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Spin mechatronics:  
mechanical generation of spin current 

Sadamichi Maekawa1

1Advanced Science Research Center, Japan Atomic Energy Agency, Tokai, 319-1195, Japan
�keywords:� spintronics, spin current, spin Hall effect, Bernett effect.

A.	 Einstein	 and	 W.J.	 de	 Haas	
discovered experimentally the equivalence 
of magnetic moment and mechanical 
rotation	 in	 19151.	 In	 the	 same	 year,	 
S.J.	 Bernett	 showed	 that	 the	 mechanical	
rotation	 can	 generate	 a	 magnetic	 field, 
	 i.e.,	 the	so-called	Bernett	 field,	even	 in	a	
body	with	no	electric	charge2.

These	phenomena	are	caused	by	the	
angular	momentum	conservation	between	
electron	 spin	 and	 mechanical	 rotation,	
which	 has	 been	 proved	 in	 the	 general	
relativistic quantum mechanics3.

We	 introduce	 mechanical	 effects	 
in spintronics and propose a variety of 
novel	spintronics	phenomena.	In	particular,	
the	 coupling	 between	 nuclear	 spin	 and	
mechanical rotation is demonstrated4.

Since the Bernett field is enhanced 
more than three orders of magnitudes in 
nuclei	than	electron	spins,	the	mechanical	
nuclear-magnetic-resonance	 (NMR)	 may	
provide	new	applications	of	NMR.

We	 also	 observe	 the	 generation	 of	
spin	 current	by	 the	 flow	of	 liquid	metals.	
Combining	 this	 effect	 with	 the	 spin	 Hall	
effect5,	the	spin-hydrodynamic	generation	
of	electricity	is	obtained6.

The	 mechanical	 generation	 of	 spin	
and spin current opens a door from 
«Spintronics»	to	«Spin-Mechatronics».

1 Einstein A. and  de Haas W. J. (1915), Verhandl. Deut. Physik. Ges, 17, 154. 
2 Bernett S. J.  (1915), Phys. Rev. 6, 239.
3 Matuo M., Ieda J. and Maekawa S. (2011), Phys. Rev. Lett. 106, 076601.
4 Chudo H., Ono M., Harii K., Matsuo M., Ieda J., Haruki R., Okayasu S., Maekawa S.,  

Yasuoka H.and Saitoh E., (2014), Appl. Phys. Express 7, 063004.
5 Maekawa S. et al eds. (2012). Spin Current. Oxford University Press: Oxford.
6 Takahashi R., Ono M., Harii K., Okayasu S., Matsuo M., Ieda J., Takahashi S., Maekawa S.  

and Saitoh E. (2016), Nature Phys. 12, 52.
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X-ray magnetic circular dichroism: unique probe of magnetism
Andrei Rogalev and Fabrice Wilhelm

European Synchrotron Radiation Facility (ESRF), 71 avenue des Martyrs,  
38000, Grenoble, France

�keywords:� XMCD, magneto-optics, spin and orbital moments.

Discovery	of	X-ray	magnetic	circular	
dichroism	 (XMCD)	 more	 than	 25	 years	
ago	 ushered	 in	 a	 new	 era	 of	magnetism	
research	 with	 objectives	 that	 previously	
would	 have	 been	 unattainable.	 Because	
of	 their	 inherent	 element	 and	 orbital	
specificity	 and	 ability	 to	 probe	 extremely	
small	 sample	 volumes,	 XMCD	 has	 now	
became	 a	 workhorse	 technique	 in	
magnetism research leading to a deeper 
understanding of the microscopic origin 
of	magnetic	state	of	matter,	as	well	as	 to	
major	 technological	 advances.	 Availability	
of	 high	 fluxes	 of	 circularly	 polarized	
x-rays	 at	 the	 3rd	 generation	 synchrotron	
radiation facilities make this technique 
widely	 available.	 Today,	 more	 than	 50	
state-of-the-art	 beamlines	 for	 XMCD	

are open for users. Sophisticated end 
stations	 have	 facilitated	 its	 use,	 offering	
a	 large	 variety	 of	 sample	 environments,	
including high static and pulsed magnetic 
fields,	 low	 and	 ultralow	 temperatures,	
high	pressure,	etc.	In	this	talk,	we	highlight	
the	 applications	 of	 XMCD	 to	 magnetism	
research	 with	 few	 examples:	 the	 first	
one	 deals	 with	 studies	 of	 molecular	
magnets under high static magnetic field; 
the second example concerns magnetic 
proximity effects at the interfaces of 
normal	metal	with	 ferromagnets	 and	 the	
last	one	is	about	measurements	on	heavy	
fermion systems under multiple extreme 
conditions,	 temperature,	 magnetic	 field	
and pressure.
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Spin-split metallic surface states of 2D alloys  
and compounds on silicon

A.A. Saranin1,2, D.V. Gruznev1,2, L.V. Bondarenko1,2, A.V. Matetskiy1,2,  
A. Y. Tupchaya1, A. N. Mihalyuk1,2, A. V. Zotov1,2,3, S.V. Eremeev4, C.R. Hsing5,  

C.M. Wei5, S. Ichinokura6, R. Hobara6, A. Takayama6 and S. Hasegawa6

1Institute of Automation and Control Processes FEB RAS, 690041,Vladivostok, Russia  
2Far Eastern Federal University, School of Natural Sciences, 690950, Vladivostok, Russia  

3Dep. of Elect., Vladivostok State Univ. of Economics and Serv., 690600, Vladivostok, Russia  
4Institute of Strength Physics and Materials Science, 634050, Tomsk, Russia 

5Institute of Atomic and Molecular Sciences, Academia Sinica, 23-166, Taipei, Taiwan  
6Department of Physics, University of Tokyo, 113-0033, Tokyo, Japan

�keywords:� surface states, superconductivity, 2D alloys, Si(111)

The	 Rashba	 spin	 splitting1 in the 
two-dimensional	electron	gas	systems	on	
semiconductors	is	considered	to	be	the	key	
concept for many promising spintronics 
applications.	 To	 combine	 Rashba-effect	
based	spintronics	with	a	silicon	technology	
metallic	surface	states	with	a	strong	spin-
orbit	 coupling	 on	 a	 silicon	 surface	 are	
demanded.	Unfortunately,	the	most	of	the	
metal/silicon	systems	with	spin-split	surface	
state	bands	are	semiconducting.	The	only	
known	 exceptions	 are	 the	 Tl/Si(111)1×1	
modified	by	adsorption	of	additional	Tl	and	
Au/Si(111)√3×√3	mo-dified	by	adsorption	of	
In,	Tl,	Cs	or	Na2.

In	 the	 present	 study,	we	propose	 a	
strategy	for	tailoring	the	spin-split	metallic	
surface	 states.	 The	main	 concept	 resides	
in	 taking	the	surfaces	with	spin-split	non-
metallic	surface-state	bands	and	by	alloying	
them	with	suitable	metals	to	obtain	dense	
reconstructions	with	spin-split	metallic	bands.	
Validity of the approach is demonstrated 
with	Bi/Si(111)√3×√3	alloyed	with	Na	and	Tl/
Si(111)1×1	alloyed	with	Pb5.

Following	this	strategy	we	succeeded	
in	the	formation	of	a	number	of	2D	alloys	
and	 compounds	 on	 the	 Si(111)	 surface	
with	metallic	spin	split	states:	(i)	sandwich-
like structure made of one monolayer of 
Tl	 and	 one	 monolayer	 of	 Sn6,	 (ii)	 TlxBi1−x	
compound	 which	 represents	 a	 quasi-
periodic	 tiling	 structures	 that	are	built	by	
a	set	of	tiling	elements	as	building	blocks7 
and	 (iii)	 Si(111)2×2-(Au,Al)	 with	 unusual	
spin texture8.	 We	 demonstrated	 that	
one	 atom	 layer	 Si(111)√3×√3-Tl,Pb	 allow	
exhibits	a	giant	Rashba-type	spin	splitting	
of	 metallic	 surface-state	 bands	 together	
with	 two-dimensional	 superconducting	
transport properties9.

The	work	was	supported	by	Russian	
Scientific	 Foundation	 (Grant	 14-12-
00479).

1 Bychkov Y. & Rashba E. (1984), JETP Letters, 39, 78–81.
2 Bondarenko D.V. et al. , (2013), Sci. Rep., 3, 1826.
3 Gruznev D.V. et al., (2014), Sci. Rep., 4, 04742.
4 Gruznev D.V. et al., (2015), Phys. Rev. B, 91, 035421.
5 Gruznev D.V. et al.., (2016), Sci. Rep., 6, 19446.
6 Gruznev D.V. et al., (2015), Phys. Rev. B, 92, 245407.
7 Matetskiy A.V. et al., (2015), Phys. Rev. Lett., 115, 147003.
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Skyrmion magnetism in confined geometries
Michael Farle

Faculty of Physics, University Duisburg-Essen, 47057, Duisburg, Germany
�keywords:� Dzyaloshinskii-Moriya interaction, electron holography, ferromagnetic resonance.

Dzyaloshinskii-Moriya	 interaction	
(DMI)	 in	 magnetically	 ordered	 systems	
favors	 a	 spin	 canting	 of	 otherwise	 (anti)	
parallel aligned magnetic moments and 
thus,	e.g.,	is	a	source	of	weak	ferromagnetic	
behavior	in	an	antiferromagnet1. Over the 
last	 years,	 the	 topological	 nature	 of	 spin	
textures	 (so	 called	 Skyrmions)	 originating	
from	the	existence	of	DMI	at	interfaces	or	
in the volume has found a tremendous 
interest in the magnetism community.

The	magnetic	textures	are	the	result	
of	 a	 delicate	 balance	 between	 magnetic	
exchange,	 DMI,	 and	 Zeeman	 energy.	 The	
presence	of	DMI	can	be	indirectly	seen	in	
the	chirality	of	domain	walls2 for example. 
For	confined	geometries	it	was	calculated	
that	the	DMI	and	micromagnetic	boundary	
conditions	should	cause	a	bending	of	the	
magnetization	 at	 the	 edges,	 which	 allow	
for certain geometries the isolation of 
single skyrmions3.	Furthermore,	spin	wave	
excitations	in	the	presence	of	DMI	show	a	
non-symmetric	dispersion	relation4,5.

Here,	 I	 will	 present	 the	 size	 and	
shape dependence of skyrmions in 
geometrically	 confined	 FeGe	 lamellas	
(Figure	 1).	 Furthermore,	 the	 predicted	
tilted	 edge	 magnetization	 and	 the	 field	
dependent phase transition from a helical 
to	 the	 skyrmion	phase	was	 visualized	 for	
the first time as a function of magnetic field 
and	 temperature.	 For	 similarly	 laterally	
confined	 DMI	 materials	 the	 standing	
spin	wave	modes	which	 arise	 due	 to	 the	
presence	of	DMI	will	be	discussed.

The	 electron	 holography	 work	 was	
performed	 by	 Zi-An	 Li	 at	 the	 FZ	 Jülich.	
The	 work	 on	 standing	 spin	 wave	 modes	
in	confined	geometries	was	performed	 in	
collaboration	 with	 R.	 Camley,	 R.	 Stamps	
and	B.	Zingsem.	I	thank	all	my	collaborators	
and	my	team	for	their	contributions	to	this	
work.

1 Moriya T. (1960), Physical Review, 120, 91.
2 Ramchal R., Schmid A. K., Farle M. and Poppa H., (2003), Physical Review B, 68, 054418.
3 Rohart S. and Thiaville A., (2013), Phys. Rev. B, 88, 184422.
4 Zakeri K. et al. (2010), Physical Review Letters, 104 (13), 137203.
5 Cho J. et al. (2015), Nature Communications, 6,  7635.

Figure 1. Electron holography of FeGe lamella. 
Magnetic contrast images of skyrmions in 
laterally confined geometry at different magnetic 
fields. The color wheel indicates the direction of 
the in-plane magnetization.

Pl.4



13

EASTMAG-2016

All-optical magnetization reversal with femtosecond laser 
pulses: the role of interfaces

Alexey V. Kimel
1Radboud University, Institute for Molecules and Materials, Nijmegen, Netherlands

�keywords:� ultrafast spin dynamics, femtosecond magneto-optics and opto-magnetism

In	my	talk	 I	will	 review	the	progress	
in	 understanding	 of	 the	 ultrafast	 laser-
induced spin dynamics in metallic alloys 
and multilayers highlighting the strengths 
and	 weaknesses	 of	 the	 first	 theoretical	
models	 for	 the	 helicity-dependent	 all-
optical	 magnetic	 switching5,6. Note that 
practically	all	systems	exhibiting	all-optical	
switching	 are	 either	 multi-sublattice	
alloys or multilayers3,4.	 Referring	 to	 our	
experiments	 in	 X-ray7,	 visible	 and	 THz	
spectral ranges8.	 I	 will	 argue	 that	 the	
interfacial	and/or	intersublattice	exchange	
interactions	as	well	as	interfacial	spin	orbit	
interaction do play in the optical control of 
magnetism a decisive role.

Figure 1. Artistic representation of control of 
spins and currents in magnetic materials with 
the help of circularly polarized light. The image 
was used to highlight Ref.8.

1 Kimel A.V., Kirilyuk A., Usachev P.A., Pisarev R.V., Balbashov A.M. and Rasing Th. (2005), 
Nature, 435, 655.

2 Stanciu C.D., Hansteen F., Kimel A.V., Kirilyuk A., Tsukamoto A., Itoh A. and Rasing Th., 
(2007), Physical Review Letters, 99, 047601. 

3 Mangin S., Gottwald M., Lambert C.H., Steil D., Uhlir V., Pang L., Hehn M., Alebrand S., 
Cinchetti M., Malinowski G., Fainman Y., Aeschlimann M. and Fullerton E.E. (2014), Nature 
Materials, 13, 286–292.

4 Lambert C.H., Mangin S., Varaprasad B., Takahashi Y.K., Hehn M., Cinchetti M., Malinowski 
G., Hono K., Fainman Y., Aeschlimann M. and Fullerton E.E. (2014), Science, 345, 1337.

5 Vahaplar K., Kalashnikova A.M., Kimel A.V., Hinzke D., Nowak U., Chantrell R., Tsukamoto A., 
Itoh A., Kirilyuk A. and Rasing Th. (2009), Phys. Rev. Lett., 103, 117201.

6 Vahaplar K., Kalashnikova A.M., Kimel A.V., Hinzke D., Nowak U., Chantrell R., Tsukamoto A., 
Itoh A., Kirilyuk A. and Rasing Th. (2012), Phys. Rev. B, 85, 104402.

7 Radu I., Vahaplar K., Stamm C., Kachel T., Pontius N., Durr H.A., Ostler T.A., Barker J., Evans 
R.F.L., Chantrell R.W., Tsukamoto A., Itoh A., Kirilyuk A., Rasing Th. and Kimel A.V. (2011), 
Nature, 472, 205-208.

8 Huisman T.J., Mikhaylovskiy R.V., Costa J.D., Freimuth F., Paz E., Ventura J., Freitas P.P., 
Blügel S., Mokrousov Y., Rasing Th., Kimel A.V. (2016), doi:10.1038/nnano.2015.331. 
arXiv:1505.02970.
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Synthetic magnetic liquids for biotechnology applications
Russell Cowburn

Cavendish Laboratory, Cambridge University, CB3 0HE, Cambridge, UK
�keywords:� biomagnetism, biotechnology.

Applications	of	magnetic	nanoparticles	in	biotechnology	are	discussed.

Pl.6
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Excitation of magnetization dynamics by pure spin currents
S.O. Demokritov1,2 ,V.E. Demidov1 and S. Urazhdin3

1Department of Physics, University of Muenster, 48149, Muenster, Germany  
2Institute of Metal Physics, Ural Division of RAS, 620041, Yekaterinburg, Russia  

1Department of Physics, Emory University, Atlanta, GA 30322, USA
�keywords:� Magnonics, spintronics, spin current, inelastic light scattering.

Injection	 of	 pure	 spin	 currents	
generated	 due	 to	 the	 spin	 Hall	 effect	
(SHE)	 has	 recently	 become	 recognized	
as an efficient route for the excitation of 
coherent	 magnetization	 auto-oscillations	
in magnetic nanostructures1–6.	In	contrast	
to	the	devices	operated	by	spin-polarized	
electrical	 currents,	 spintronic	 devices	
driven	by	pure	spin	currents	are	expected	
to	 be	 less	 affected	 by	 the	 heating	 and	
electromigration	 effects	 caused	 by	 the	
charge	 flow	 through	 the	 active	 magnetic	
layer.	Separation	of	charge	and	spin	flows	
also	eliminates	a	number	of	constraints	on	
the geometry and thus on the magnetic 
characteristics of devices.

In	 addition	 to	 the	 SHE,	 pure	 spin	
currents	can	be	also	generated	in	nonlocal	
spin	 valve	 structures,	 where	 charge	 and	
spin	 currents	 are	 separated	 by	 providing	

an	 additional	 current	 path	 that	 bypasses	
the	 active	 magnetic	 layer.	 This	 approach	
eliminates the detrimental effects of layers 
with	strong	spin-orbital	coupling,	utilized	in	
the	SHE	devices,	on	the	dynamic	damping	
in active magnetic layers.

Here	 we	 review	 our	 recent	
experiments on the excitation of 
magnetization	 auto-oscillations	 by	
injection	 of	 pure	 spin	 currents	 in	 SHE-
based	 devices	 and	 in	 nonlocal	 spin	 valve	
structures.	 We	 show	 that	 nonlocal-spin-
injection	 oscillators	 exhibit	 a	 number	 of	
unique features making them significantly 
more	 promising	 in	 comparison	 with	 the	
spin-Hall	oscillators.

1 Demidov V.E. et al. (2012), Nature Materials 11, 1028.
2 Demidov V.E. et al. (2012), Nature Materials, 11, 1028.
3 Demidov V.E. et al. (2014), Nature Commun., 5, 3179.
4 Duan Z. et al. (2014), Nature Commun., 5, 5616.
5 Demidov V.E. et al. (2014), Appl. Phys. Lett., 105, 172410.
6 Demidov V.E. et al. (2015), Sci. Rep., 5, 8578.
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Magnetic effects in topological insulators
E.V. Chulkov1,2,3,4, A. Ernst5, S.V. Eremeev4,6, V.N. Men’shov7, M.M. Otrokov1,4, V.V. 

Tugushev7  and M. Vergniory1

1Donostia International Physics Center (DIPC), 20018, Donostia - San Sebastián, Spain
2Departamento de Física de Materiales, UPV/EHU, Apdo. 1072, 20080 and CFM - MPC, 

Centro Mixto CSIC - UPV/EHU, 20018, Donostia - San Sebastían, Spain  
3Saint Petersburg State University, Saint Petersburg, 198504, Russia  

4Tomsk State University, pr. Lenina 36, 634050, Tomsk, Russia  
5Max-Planck-Institut für Mikrostrukturphysik, Halle, Germany  

6Institute of Strength Physics and Materials Science, RAS SB,  
Tomsk, 634021, Russia  

7National Research Centre Kurchatov Institute, Kurchatov Sqr. 1,  
123182, Moscow, Russia  

8Prokhorov General Physics Institute, Vavilov st. 38, 119991, Moscow, Russia
�keywords:� topological insulators, Dirac surface states, ferromagnetism.

Topological	 insulators	 (TIs)	 are	
narrow–gap	 semiconductors	 that	 exhibit	
Dirac-like	surface	state	protected	by	time-
reversal	 symmetry.	 External	 or	 internal	
magnetic	 field	 breaks	 this	 symmetry	
causing splitting of the topological surface 
state at the Dirac point making the surface 
insulating,	and	also	results	in	complex	spin	
texture	 on	 the	 surface	 of	 TIs1,2.	 Internal	
magnetic	 field	 in	 TIs	 can	 be	 created	 by	
various	ways,	in	particular,	by	introducing	
vacancies	 or	 carbon	 atoms,	 doping	 with	
3d-transition	 metal	 atoms,	 displaying	
magnetic semiconductor or organic 
overlayers	 as	 well	 as	 bulk	 materials	 on	
the	 surface	 of	 three-	 or	 two-dimensional	
TIs1–6.

Here	 we	 present	 and	 discuss	
recent results of the study of magnetic 
and	 nonmagnetic	 impurities	 as	 well	 as	
magnetic proximity effects on electronic 
and	 spin	 structure	 of	 TIs	 and	 splitting	 of	
the	topological	surface	state.	We	propose	
a method for engineering of structures 
that	result	systematically	in	big	splitting	of	
the	Dirac	cone.	We	also	analyze	magnetic	
effects	 in	 two-dimensional	 topological	
insulators and recent results for quantum 
anomalous	Hall	effect.

1 Henk J. et al. (2012), Phys. Rev. Lett. 109, 076801.
2 Henk J. et al. (2012), Phys. Rev. Lett. 108, 206801.
3 Roy S. et al. (2014), Phys. Rev. Lett. 113, 116802.
4 Eremeev S.V. et al. (2013), Phys. Rev. B 88, 144430.
5 Menshov V.N. et al. (2013), Phys. Rev. B 88, 224401.
6 Otrokov M.M., Chulkov E.V., Arnau A. (2015), Phys. Rev. B 92, 165309.
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In	the	first	part	I	will	briefly	overview	
a fundamental study of the relaxation 
dynamics	 of	 a	 single	 hole	 in	 the	 two	
dimensional t-J	 model	 initially	 excited	 by	
a	strong	quench.	Taking	fully	into	account	
quantum	effects	we	may	follow	the	time-
evolution of the system from a highly 
excited state until it reaches a steady state. 
Relaxation	 occurs	 on	 the	 time-	 scale	 of	 
10	fs	due	to	inelastic	scattering	of	a	photo-

excited carrier on spin excitations1,2.	Within	
this ultrafast relaxation time an excess of  
1	 eV	 of	 initial	 photo	 absorbed	 energy	 by	
the	 doped	 charge	 carrier	 is	 distributed	
among	 neighboring	 spin	 bonds.	 This	
mechanism can explain a finite raise of the 
scattering	rate	observed	in	ultrafast	pump-
probe	experiments	on	cuprates2.

In	 the	second	part	 I	will	discuss	 the	
primary relaxation process of a photo 
excited charge carrier coupled to quantum 
Einstein	 phonons3.	 If	 the	 pump	 pulse	 is	
sufficiently	strong,	the	system	relaxes	after	
the	primary	energy	redistribution	towards	
a	 steady	 state.	 The	 one-particle	 density	
matrix computed in the steady state of a 
system	described	by	a	pure	state	overlaps	
with	 its	 thermal	 counterpart	 computed	
using	 the	 Gibbs	 state	 –	 thermal	 average	
over	 all	 states.	 The	 optical	 conductivity	
is	 as	well	 independent	 of	 the	 initial	 state	
ad	 resembles	 its	 thermal	 counterpart.	
Our results indicate that steady states are 
(quasi)thermal	 and	 the	 temperature	 can	
be	read	out	from	the	optical	conductivity.	
Therefore,	secondary	relaxation	processes	
observed	 in	 time	 resolved	 ultrafast	
spectroscopy	 can	 be	 efficiently	 described	
by	 applying	 (quasi)thermal	 approaches,	
e.g.,	the	many-temperature	models.

Finally,	 I	 will	 compare	 relaxation	
mechanisms of a charge coupled to 
phonon	 degrees	 of	 freedom	 and	 hard-
boson	 degrees	 of	 freedom.	 I	 will	 discuss	
the	dependence	of	relaxation	times	of	two	
systems on the pulse energy.

Relaxation and thermalization in many-body systems coupled 
to different bosonic degrees of freedom

J. Bonča
Faculty of Mathematics and Physics, University of Ljubljana, 

1000 Ljubljana Slovenija and J. Stefan Institute, 1000 Ljubljana, Slovenija
�keywords:� relaxation dynamics, correlated electron systems, electron phonon interaction, 

optical conductivity

1 Golež D., Bonča J., Mierzejewski M. and Vidmar L., (2014) Phys. Rev. B, 89, 165118; 
MierzejewskiM., Vidmar L., Bonča J., Prelovšek P., (2011), Phys. Rev. Lett., 106, 196401.

2 Dal Conte S. et al. (2015), Nat. Phys., 11, 421.
3 Kogoj J., Vidmar L., Mierzejewski M., Trugman S.A., and Bonča J., arXiv:1509.08431.

Figure 1. Time evolution of optical conductivity of 
a Holstein model starting from: a) a free electron 
solution initially positioned on the top of the 
conducting band with maximal kinetic energy 
then switching on electron-phonon coupling - an 
interaction quench and b) staring from the polaron 
ground state then driving the system with a constant 
external electric field up to the same total energy 
as in a). Picture taken from Ref.3.
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One-dimensional	S=1/2	antiferromag	
-nets	 demonstrate	 a	 variety	 of	 collective	
quantum	 effects,	 such	 as	 a	 spin-liquid	
behavior	 at	 zero	 temperature	 and	
fractionalized	 spin	 excitations	 (spinons),	
which	 result,	 e.g.,	 in	 a	 two-particle	
continuum of excitations1.	 In	 a	 magnetic	
field	the	continuum	splits	into	two	branches	
of transverse and longitudinal fluctuations 
and	 develops	 a	 fine	 structure.	 A	 fine	
structure of longitudional spin fluctuations 
near	 a	 Brillouin	 zone	 boundary	 was	
observed	by	neutron	scattering2.	Typically,	
the	continuum	structure	is	undetectable	by	
the	electron	spin	resonance	(ESR)	probing	
strictly	zero	wave	vector	(q=0)	excitations.	
We	address	now	to	a	fine	structure	of	the	
two-spinon	 continuum,	 appearing	 at	q=0	
in	 spin	 chains	 with	 the	 so-called	 uniform 
Dzyaloshinskii-Moriya	 interaction	 (DMI).	 I 
n contrast to a conventional staggered	DMI,	
causing	a	tilting	of	magnetic	sublattices	in	
a	 classical	 antiferromagnet,	 the	 uniform 
DMI	 interaction	 would	 stabilize	 a	 spiral	
spin	 structure.	 In	 case	 of	 a	 quantum	
spin	 chain,	 which	 has	 a	 disordered	
ground	 state,	 DMI	 was	 predicted	 to	
shift the spinon continuum in q-space	
by	 a	 wavevector	 qDM=D/(Ja)	 (here	 D is a 
value	 of	 of	DMI	 vector,	 J	 is	 the	 exchange	

integral and a	 -	 interspin	 distance)3.  
As	 a	 result,	 in	 a	 magnetic	 field	 H	 ||	 D,	 
the	ESR	line	should	split	into	a	doublet	with	
the	 frequencies	 at	 the	 upper	 and	 lower	
boundaries	 of	 the	 unshifted	 transversal	
continuum	 at	 the	 wavevector	 qDM.  
We	 describe	 ESR	 experiments	 on	 S=1/2	
quasi-1D	 antiferromagnet	 K2CuSO4Br2,	
and	 quasi	 2D	 antiferromagnet	 with	 a	
triangular lattice Cs2CuCl4,	 both	 allow	
uniform	 DMI.	 We	 observe	 and	 study	 the	
spinon	doublet	 ESR	 in	 a	 frequency	 range	 
0.5-300	 GHz,	 rising	 from	 sub-D	 to	 over-J 
domains.	 In	particular,	we	observe	at	 low	
temperatures a soft mode at a magnetic 
field HD=D/(gμB)	 and	 a	 collapse	 of	 the	
spinon	 doublet	 in	 a	 high	 magnetic	 field,	
suppressing	 zero	 point	 spin	 fluctuations.	
Besides	 we	 follow	 a	 crossover	 from	
the	 spinon-type	 resonance	 to	 magnon	
branches	 in	 a	 saturated	 phase.	 In	 the	
ordered	phase,	 appearing	well	 below	 the	
Curie-Weiss	temperature,	 the	coexistence	
of	 spinon	 modes	 and	 low-frequency	
antiferromagnetic resonance modes is 
observed.

1 Tennant D.A. et al. (1995), Rev. B, 52, 13368.
2 Dender D.C. et al. (1997), Phys. Rev. Lett., 79, 1750.
3 Gangadharaiah S., Sun J., Starykh O.A. (2008), Phys. Rev. B, 78, 054436.
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Investigation of magnetocaloric effect 
in strongly correlated metallic systems
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In	 this	 work	 we	 systematically	
investigated change of entropy S	within	
magnetocaloric effect for ferromagnetic 
strongly	correlated	metallic	systems.	It	was	
done	in	the	frame	of	single	band	Hubbard	
model	 under	 mean-field	 approximation	
(so	called	Stoner	model).	For	this	model	the	
value of S	 can	 be	 obtained	 analytically.	
Analysis	of	the	solution	of	the	model	shows	
that	in	contrast	to	the	Heisenberg	model	in	
the Stoner model S strongly depends not 
only on spin value and Curie temperature 
but	also	on	bare	electronic	structure.	This	
fact	 gives	 additional	 possibilities	 to	make	
magnetocaloric effect stronger.

Numerical calculations of S in the 
Stoner	 model	 were	 done	 for	 different	
values	 of	 model	 parameters:	 small	
enough	 Coulomb	 interaction	 U,	 hopping	
integrals	 t	 and	 t’	 and	 occupancies	 n.	 All	
calculation	were	performed	for	the	infinite	
dimensions	Bethe	 lattice.	 It	 is	shown	that	
for the case of second order magnetic 
phase transition S	is	always	negative	for	
any set of model parameters. Maximum 
value of S naturally appearing neat 
Curie	 temperature	 found	 to	 become	 eve	
stronger	 while	 approaching	 van	 Hove	
singularity.

Also	 in	 this	 work	 magnetocaloric	
effect is studied for the case of first 
order magnetic phase transition. Phase 
separation	 region	 was	 found	 as	 a	
function of U and n for different t’/t ratios. 
Interestingly	that	in	contrast	to	the	second	
order magnetic phase transition the S 
value changes sign in the phase separation 
region	with	U	or	n	change.	This	allows	one	
some	practical	application	as,	for	example,	
thermo	stabilizing	system.

To	 overcome	 mean-field	
approximation	 restrictions	 magne-
tocaloric change of entropy S	 was	 also	
investigated	 within	 dynamical	 mean-field	
theory	(DMFT).
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Recently	 a	 new	 trend	 in	 physics	 of	
multiferroics	appears	to	be	on	the	rise:	the		
study of magnetoelectrity on the scale of 
individual	domains	and	domain	walls	1-2.

In	 this	 review	 report	 the	 major	
attention is paid to the magnetoelectric 
phenomena	 observed	 in	 epitaxial	 iron	
garnet	 films,	 such	 as	 electrically	 induced	
displacement and tilting of domain 
boundaries,	 as	 well	 as	 magnetic	 bubble	
domain generation in electric field 
(Figure	 1)	 that	 show	 striking	 examples	 of	
magnetoelectricity in micromagnetism. 

The	report	also	presents	the	results	
of micromagnetic simulations of the 
electric field effect on other topological 
defects	 in	 magnetically	 ordered	 media,	
including Bloch lines and points at domain 
boundaries,	 magnetic	 vortices,	 and	
skyrmions. 

The	 practical	 application	 of	 the	
observed	phenomena	includes	the	electro-
magnetooptical	modulation	(Figure	2).	

This	 work	 is	 supported	 by	 RFBR	
grants	#16-29-14037_ofi_m,	#16-02-00494	
and	#14-29-08216-	ofi-m.

Figure 1. Magnetic bubble domain blowing with 
electric probe: a) initial single domain state b) 
bubble domain generation.   

Figure 2. Domain wall in iron garnet as an 
electrically controlled shutter for the focused 
laser light.

 

1 Matzen S., Fusil S. (2015), C. R. Physique, 16, 227-240.
2 Pyatakov A. et al (2015) Phys. Usp. 58, 981-992
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Self-consistent	 approximation	 (SCA)	
of a higher level compared to the standard 
SCA,	known	in	various	fields	of	physics	as	
Migdal,	Kraichnan	or	Born	SCA,	is	derived	
taking	 into	 account	 both	 the	 first	 and	
second terms of the series for the vertex 
function.	 In	 contrast	 to	 the	 standard,	 a	
new	SCA1	is	described	by	a	system	of	two	
coupled nonlinear integral equations for 
the	 self-energy	 and	 the	 vertex	 function.	
In	 addition	 to	 all	 the	 diagrams	 with	
non-intersecting	 lines	 of	 correlations/
interactions	 taken	 into	 account	 by	 the	
standard	 SCA,	 the	 new	 approach	 takes	
into account in each term of the Green’s 
function	 expansion	 a	 significant	 number	
of	 diagrams	 with	 intersections	 of	 these	
lines.	 Analytical	 formulas	 for	 the	 number	
of diagrams in each order of the expansion 
of	both	the	Green	function	and	self-energy	
as	 for	 the	 standard,	 and	 for	 the	 new	
approach	 have	 been	 derived.	 Tables	 and	
graphs	that	are	based	on	these	formulas,	
demonstrate	 the	 advantages	 of	 the	 new	
SCA	in	relation	both	to	a	standard	SCA,	and	
to	 some	of	 the	 results	 beyond	 the	 scope	
of	 the	 standard	 SCA,	 obtained	 by	 taking	
into account the vertex corrections2. 
Comparison	of	the	new	and	standard	SCA	
has	been	carried	out	by	us	 in	solving	 the	

problem	of	 the	Green’s	 function	of	scalar	
waves	 in	 inhomogeneous	 media.	 This	
function	has	been	found	also	numerically	
for	 random	 realizations	 with	 further	
averaging	over	these	realizations.	Green’s	
functions	 found	 by	 both	 the	 numerical	
simulation	and	 the	new	SCA,	are	close	 to	
each	other.	The	 theory	of	magnetoelastic	
resonance	 (MER)	 in	 inhomogeneous	
media	 was	 developed	 previously3 in 
the	 framework	 of	 the	 standard	 SCA.	 To	
develop	a	more	precise	theory	of	MER	we	
use	the	new	SCA4.	It	permits	us	to	correct	
many deficiencies of the previous theory 
of	 MER.	 The	 results	 obtained	 in	 solving	
these	problems	suggest	that	the	new	SCA	
has	 undoubted	 advantages	 in	 the	 study	
of	 problems	 of	 both	 stochastic	 radio	
physics	 and	optics	 in	media	with	 enough	
long-wave	 inhomogeneities,	 because	 it	
better	describes	the	shape,	linewidth,	and	
amplitude of the resonance lines than the 
standard	 SCA.	 The	 proposed	 approach	
could	 be	 also	 applied	 in	 other	 areas	
of	 physics	 (the	 scattering	 of	 electrons	
on	 impurities,	 the	 electron-phonon	
interaction,	 etc.).	 As	 the	 usefulness	 and	
limits	 of	 applicability	 of	 the	 new	 SCA	 in	
these areas require special studies.

1 Ignatchenko V. A. and Polukhin D. S. (2016), J. Phys. A: Math. Theor., 49, 095004.
2 Danylenko O.V. and Dolgov O.V. (2001), Phys. Rev. B, 63, 094506.
3 Ignatchenko V. A. and Polukhin D. S. (2013), Zh. Eksp. Teor. Fiz., 144, 972–989.
4 Ignatchenko V. A. and Polukhin D. S. (2016), Abstract of the EASTMAG – 2016.
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novel tool for study ultrafast magnetic phenomena
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The	 European	 X-ray	 free	 electron	
laser	 (XFEL)	 is	 a	 new	 international	
research installation that is currently 
under	 construction	 in	 the	 Hamburg	 area	
in	 Germany.	 The	 facility	 will	 generate	
new	knowledge	in	almost	all	the	technical	
and scientific disciplines that are shaping 
our	 daily	 life	 -	 including	 nanotechnology,	
medicine,	 pharmaceutics,	 chemistry,	
materials	science,	power	engineering	and	
electronics.

The	ultra-high	brilliance	femtosecond	
X-ray	flashes	of	coherent	radiation	will	be	
produced	 in	 a	 3.4-kilometre	 long	 facility.	
Most	of	 it	will	be	housed	 in	 tunnels	deep	
below	ground.	In	its	start-up	configuration,	
the	 European	 XFEL	 will	 comprise	 3	 self-
amplified	 spontaneous	 emission	 (SASE)	
light sources – undulators operating in 
energy	 ranges	 3	 –	 25	 keV	 (SASE	 1	 and	 
SASE	 2)	 and	 0.2	 –	 3	 keV	 (SASE	 3),	
respectively.	 The	world-unique	 feature	 of	
this	 free	 electron	 laser	 is	 the	 possibility	

to	provide	per	second	up	to	27.000	ultra-
short	 (10	 –	 100	 fs),	 ultra-high	 brilliance	
flashes that makes this facility particular 
suitable	 for	 research	 in	 the	 field	of	ultra-
fast magnetic phenomena.

In	 this	 presentation,	 selected	
examples	of	experiments	will	be	given	and	
plans for implementation of dedicated 
instrumentation	at	the	European	XFEL	will	
be	described.
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Spin	 wave	 attracts	 many	 interests	
because	of	its	extremely	low	joule	heating	
during	 propagation	 in	 waveguide.	 This	
can	 offer	 fruitful	 wave	 functionalities	 in	
several tens to hundreds nano meter 
scale,	like	spin-wave	refraction,	diffraction,	
and	 interferences.	 Here,	 to	 show	 one	
of	 the	 important	 functionalities,	 we	

demonstrated	 the	spin	wave	 interference	
using	 forward	 volume	 mode	 excited	 in	
16	 μm	 thick	 yttrium	 iron	 garnet	 (YIG).	 
The	forward	volume	was	is	appropriate	to	
use	in	circuits,	but	this	was	unstable	because	
of many reflection such as perpendicular 
resonance,	 and	 edge	 reflections.	 For	
suppression	 of	 edge	 reflection,	 we	 used	
30	 nm	 thick	 Au	 layers	 deposited	 at	 the	
edge	of	the	YIG	waveguide.	This	Au’s	high	
conductivity increased the damping factor 
of	 spin	 wave	 locally	 and	 decreased	 edge	
reflections1. Three	 microstrip	 antennas	
were	 fabricated	 on	 YIG	 film,	 and	 two	
outside	antennas	were	used	as	spin	wave	
input	 port	 and	 the	 center	 antenna	 was	
used	as	output	port	to	obtain	an	interfered	
spin	wave.	As	shown	in	Figure		1,	the	spin	
wave	 interference	 was	 demonstrated	
and	 its	 stability	 was	 also	 evaluated	 with	
duplicate	measurements.	The	comparison	
between	 the	 sample	 with	 Au	 and	 that	
without	 Au	 layer	 on	 the	 waveguide	 edge	
showed	obvious	 improvement	of	 stability	
to	 external	 magnetic	 field	 noises.	 These	
results	show	the	stable	way	to	use	forward	
volume	spin	wave	in	low	YIG	in	circuits.

1 J.D. Adam. (1985), Circuits, Systems and Signal Processing, 4, 1, 105-113.

Figure 1. Phase interference results using 
forward volume spin wave. Constructive and 
destructive interference in Au coated YIG spin-
wave waveguide were controlled by phase shifter.
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The	 rare-earth	 ferroborates	
RFe3(BO3)4	 exhibit	 a	 variety	 of	 magnetic	
structures and multiferroic features. Due 
to	 the	 neutron	 research,	 the	 easy-plane	
(EP)	antiferromagnetic	structure	 is	found1 
in	YFe3(BO3)4 at T < TN	≈	37	K.	In	PrFe3(BO3)4 
at T < TN	 ≈	 30.5	 K,	 the	 easy-axis	 (EA)	
structure	is	established2	with	the	magnetic	
moments	of	Fe	and	Pr	directed	along	the	
trigonal	c-axis.

In	this	work,	we	study	a	transformation	
from	 EA	 to	 EP	 structure	 caused	 by	 the	
weakening	 of	 the	 EA	 contribution	 of	 the	
Pr	 subsystem	 due	 to	 their	 diamagnetic	
dilution.	It	is	established	from	the	neutron	
research3 carried out for x=0.67,	 0.55	
and	 0.45	 that	 this	 transformation	 occurs	
through	the	formation	of	the	 inclined	(IC)	
magnetic	 state	 with	 an	 inclination	 angle	
ΘFe	 of	 the	 Fe3+	 moments	 from	 the	 basal	
plane	 decreasing	 when	 the	 Pr	 content	 x 
decreases	(see	Figure	1).

The	 field	 and	 the	 temperature	
dependences	 of	 the	 magnetization	
are measured on the single crystals  
with	 х =	 0÷1	 at	 the	 temperature	 range	
2÷300	 K	 and	 in	 the	 fields	 H||c	 and	 H⊥c 
up	to	90	kOe.	The	data	show	the	gradual	
transition	 of	 the	 magnetization	 and	
susceptibilities	curves	which	are	typical	of	
the	EP	structure	to	those	of	EA	one.

An	approach	based	on	a	crystal-field	
model for the Pr3+	ion	and	on	the	molecular-

field approximation is successfully 
used	 to	 describe	 the	 experimental	 field	
and temperature dependences of the 
magnetization.	 The	 parameters	 of	 the	
crystal	 field,	 of	 the	 exchange	 d-d	 and	 f-d	
interactions and the anisotropy constants 
for	 Fe	 subsystem	 are	 determined	 
for every x.

The	 unusual	 two-step	 spin	
reorientation transitions are found in 
the	 compounds	 with	 x=0.75	 and	 0.67	
magnetized	 along	 the	 c-axis.	 The	 effect	
is	 explained	 by	 the	 formation	 of	 the	
interjacent	IC	state	with	the	ΘFe	value less 
than that in the initial state.

3 Ritter C., Vorotynov A., Pankrats A., et al. (2008), J. Phys.: Condens. Matter 20, 365209.
4 Ritter C., Vorotynov A., Pankrats A., et al. (2010), J. Phys.: Condens. Matter 22, 206002.
5 Ritter C., Pankrats A., Demidov A., et al. (2015), Phys. Rev. B 91, 134416.

Figure 1. Neel temperature and the inclination 
angle ΘFe νs Pr content.

0,00 0,25 0,50 0,75 1,00
0

30

60

90

x

T=2 K

EAEP IC IC?EP?

30

32

34

36

38

40

ΘFe
 (°

)

 

T N
 (K

)

I1.10



28

August 15-19, 2016  
Krasnoyarsk, Russia

Frustrated and incommensurate states  
in 2D J1-J2-J3 Heisenberg model

A.F. Barabanov1, A.V. Mikheyenkov1,2,3, A.V. Shvartsberg2 and V.E. Valiullin2

1Institute for High Pressure Physics RAS, 142190, Troitsk (Moscow), Russia  
2Moscow Institute of Physics and Technology, 141700, Dolgoprudnyi, Moscow region, Russia 

3National Research Centre «Kurchatov Institute», 123182, Moscow, Russia
�keywords:� Heisenberg model, frustration, correlation length, incommensurate order

The	 2D	 spin-1/2	 J1-J2	 Heisenberg	
model	 is	widely	 used	 in	 the	 investigation	
of	 frustration	 phenomena.	 This	 is	 also	
a	 basic	 model	 for	 the	 quantum	 phase	
transition.	 Finally,	 in	 moderately	 doped	
magnets	 the	model	 adequately	describes	
spin	subsystem.

Until	 recently,	 the	 majority	 of	
experimentally investigated compounds 
described	 by	 the	 model	 corresponded	
to	 AFM	 signs	 of	 both	 the	 nearest	 and	
next-nearest	 exchanges,	 J1	 >	 0	 and	 
J2	 >	 0.	 However,	 in	 recent	 years	 several	
compounds	with	 a	 variety	 of	 parameters	
J1	and	J2	has	been	explored.

A	 significant	 part	 of	 theoretical	
studies	 have	 also	 been	 focused	 on	 the	
AFM-AFM.	 The	 conventional	 picture	 is	
as	 follows.	 At	 T=0,	 two	 successive	 phase	
transitions	occur	as	φ	(J1=cos(φ),	J2=sin(φ))	
increases:	 from	 the	 AFM	 to	 a	 spin	 liquid	
and then from spin liquid to a stripe 
phase.	Recent	experiments	related	to	FM-
AFM	 region	 (π/2<φ<π),	 stimulated	 new	
theoretical	studies.	Here	it	is	also	assumed	
that there exists a disordered phase 
between	the	FM	and	stripe	phases.

Thus,	there	are	several	experimental	
points,	 and	 a	 number	 of	 analytical	 and	
numerical	works	carried	out	within	various	
approaches in local regions of parameters. 
So	 it	 seems	 expedient	 to	 describe	
the	 general	 picture	 within	 a	 unified	
approach.

In	 the	 present	 work,	 we	 study	 the	
model in the entire range of exchange 
parameters	within	a	spherically	symmetric	
self-consistent	 approach.	 The	 method	
preserves	 the	 SU(2)	 symmetry	 of	 the	

Hamiltonian,	 the	 translation	 symmetry,	
and	 the	 site	 spin	 constraint.	 At	 T≠0	 the	
Mermin-Wagner	theorem	also	holds.

We	 have	 obtained	 spin-spin	
correlation	 functions,	 the	 spin	 excitation	
spectrum	ω(q)	and	spin	gaps	at	symmetrical	
points	in	a	wide	interval	of	temperatures.	
The	structure	factor	cq	is	calculated	as	well,	
making	 it	 possible	 to	 obtain	 correlation	
length	ξ.	A	radical	difference	between	the	
frustrated	 (0<φ<π)	and	 the	nonfrustrated	
(π<φ<2π)	regions	is	demonstrated.

For	a	frustrated	AFM	(J1	>	J2	>	0),	the	
results	 obtained	 are	 compared	 with	 the	
experiment.	A	correspondence	is	proposed	
between	 frustration	 in	 a	 spin	model	 and	
the	 doping	 of	 an	 antiferromagnet	 with	
holes.

We	 have	 also	 calculated	 the	
thermodynamic properties – energy and 
heat	 capacity.	 Let	 us	 mention,	 among	
other	 results,	 the	 frustration-induced	
additional	heat	capacity	peak	at	low	T	near	
the	transition	FM-spin	liquid.	Switching	the	
nonzero	J3>0	can	leads	to	incommensurate	
states	 (without	 dipole-dipole	 or	
Dzyaloshinskii-Moriya	 interaction).	 This	
scenario is also discussed.

The	 work	 was	 supported	 by	 the	
Russian	 Foundation	 for	 Basic	 Research	
(grant	no.	16-02-00304А).
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Recent	studies	of	the	rare-earth	(RE)	
iron	 borates	 RFe3(BO3)4	 have	 shown	 that	
they	belong	to	a	new	class	of	multiferroics.	
Their	 magnetic	 properties	 are	 governed	
by	 the	 presence	 of	 two	 interacting	
magnetic	 subsystems	 –	 Fe3+ and R3+.  
The	 magnetic	 structure	 of	 RFe3(BO3)4 
changes	 as	 a	 function	 of	 temperature,	
external	magnetic	 field,	and	substitutions	
in	 the	 RE	 subsystem.	 Compounds	
belonging	 to	 this	 family	 display	 a	
considerable	 magnetoelectric	 effect	 and	
their	 electric	 (magnetic)	 properties	 can	
be	 controlled	 by	 the	 magnetic	 (electric)	
field.	This	is	a	promising	finding	in	view	of	
possible	device	applications.

We	 have	 shown	 that	 spectroscopy	
in	the	terahertz	range	allows	investigating	
magnetoelastic	 interactions	 in	 RE	 iron	
borates1.	 The	 work2 dedicated to the 
terahertz	 reflection	 spectroscopy	 of	 the	
PrFe3(BO3)4 single crystal has revealed a 
spectral signature of the interaction of a 
low-frequency	 phonon	 with	 the	 lowest-	
frequency electronic excitation of the 
RE	 ion	 and	 of	 formation	 of	 the	 coupled	
electron-phonon	 mode.	 Modeling	 of	 the	
experimental data resulted in the value  
W	=	14.8	cm–1	of	this	interaction	-	a	record	
value for such compounds2.

Further	 studies	 of	 the	 reflection	
spectra	 in	 strong	 magnetic	 fields	 (up	 to	
10	 T)	 have	 revealed	 a	 number	 of	 effects	
(see	Figure		1).	Thus,	a	small	increase	of	a	
magnetic	field	leads	to	an	abrupt	splitting	
of	 the	 coupled	 electron-phonon	 mode	
(bifurcation).	 Simulation	 has	 explained	

this	 phenomenon	 and	 has	 shown	 that	
the	 electron-phonon	 coupling	 constant	
does not depend on the magnetic field.  
We	also	succeeded	in	simulating	a	behavior	
of	 the	 coupled	 electron-phonon	 mode	 
at H>HSF	(the	field	of	the	spin-flop	transition	
HSF=	4.2	T	at	1.5	K).

I	 am	 grateful	 to	 my	 coauthors	 
M.N.	Popova,	T.N.	Stanislavchuk,	S.A.	Klimin,	
A.A.	 Sirenko,	 and	 L.N.	 Bezmaternykh.	
Financial	 support	 by	 the	 Russian	 Science	
Foundation	under	Grant	№	14-12-01033	is	
acknowledged.

1 Boldyrev K.N., Stanislavchuk T.N., et al. (2012), Phys. Lett. A, 376, 2562.
2 Boldyrev K.N., Stanislavchuk T.N., et al. (2014), Phys. Rev. B Rapid Comm. 90, 121101(R).

Figure 1. Magnetic field dependence of the 
reflectance spectra in THz region of PrFe3(BO3)4 
at T = 1.5K.
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The	 effect	 of	 disorder	 on	 various	
types	of	long	range	ordering	is	probably	one	
of the most fascinating yet not completely 
resolved	 problems	 in	 condensed	 matter	
physics.	 While	 previously	 this	 issue	 has	
been	 mostly	 addressed	 for	 fermionic	
systems	 (Ref.1; for recent achievements 
see	 Ref.2),	 the	 recent	 upsurge	 of	 interest	
to	dirty	bosons	is	motivated	by	their	novel	
experimental	 realizations	 in	 quantum	
simulators	 (ultracold	 atoms	 in	 optical	
lattices	with	controlled	disorder,	see,	e.g.,	
Ref.3)	 as	 well	 as	 in	 quantum	 magnets	
with	bond	disorder	(for	review,	see	Ref.4).	
The	 latter	 phenomenon	 is	 realized	 by	
substituting	different	atoms	on	peripheral	
sites involved into superexchange 
interaction paths.

From	 theoretical	 side,	 the	 picture	
of	a	Mott	 insulator	 (MI)	 to	 superfluid	 (SF)	
phase transition in presence of disorder 
in	 bosonic	 systems	 via	 specific	 gapless	
Bose-glass	 (BG)	 phase	 originates	 from	
pioneering paper5	 by	 M.	 Fisher	 and	 co-
workers,	the	MI↔BG	transition	was	found	
to	be	of	Griffiths	type.	However	the	nature	
of BG↔SF	 transition	 is	 still	 debated	 (see,	
e.g.,	Refs.6,7).

We	examine	the	nature	of	quantum	
phase	 transition	 (QPT)	 from	 SF	 phase	
to	 BG	 one	 by	 discussion	 of	 particular	
simple	 modeling	 system:	 ferromagnet	 
with	 small	 easy-plane	 one-ion	 anisotropy	
in	transverse	magnetic	field	with	disorder	
in	 values	 of	 the	 one-ion	 anisotropy.	 
We	 demonstrate	 explicitly	 that	 for	
weak	 enough	 disorder	 the	 QPT	 can	 be	
described	 in	 terms	 of	 disappearance	 of	
the	infinite	magnetically	ordered	network.	 
We	relate	critical	exponents	characterized	
BG↔SF	 transition	 with	 percolation	
ones	 and	 find	 excellent	 agreement	 with	
available	 experimental	 results	 and	 some	
theoretical	 works	 considering	 the	 Bose-
Hubbard	model	with	a	moderate	disorder	
strength.

1 Anderson P.W. (1958), Phys. Rev., 109, 1492.
2 Evers F., Mirlin A.D. (2008), Rev. Mod. Phys., 80, 1355.
3 Sanchez-Palencia L., Lewenstein M. (2014), Nat. Phys., 6,  87.
4 Zheludev A., Roscilde T. (2013),  C. R. Phys., 14, 740.
5 Fisher M.P., Weichman P.B., Grinstein G., Fisher D.S. (1989), Phys. Rev. B, 40, 546.
6 Yao Z., da Costa K.P.C., Kiselev M.,. Prokof’ev N (2014), Phys. Rev. Lett., 112, 225301.
7 Rong Y., Vivien Z., (2014), Tommaso Roscilde, arXiv:1403.6059v1.
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In	 this	work	 the	 properties	 of	 edge	
states and features of electronic transport 
of	 condensed	 matters	 able	 to	 realize	 a	
Majorana	zero	modes	are	investigated.

The	 excitation	 spectrum	 properties	
of	 the	 Kitaev	 model1,	 describing	 the	
1D	 ensemble	 of	 spinless	 fermions	 with	
proximity-induced	 superconductivity	 are	
considered	 in	 details.	 It	 is	 shown	 that	
Majorana	 zero	 modes	 could	 be	 realized	
on the continuous lines in the parameter 
space,	 beyond	 the	 special	 point	 of	 the	
model.	 The	 modification	 of	 spectral	
properties,	distribution	of	electron	density	
and modification of the phase diagram 
emerges	 by	 introducing	 in	 the	 model	 of	
spin	 states	 of	 freedom	 as	 long	 as	 spin-
orbit	coupling	is	also	considered.

The	 influence	 of	 Majorana	
zero	 modes	 on	 the	 current-voltage	
characteristics of the tunnel structure 
which	 electronic	 device	 is	 a	 nanowire	
with	 spin-orbit	 interaction	 is	 studied.	 The	
peculiarity	 of	 this	 mode	 is	 the	 possible	
existence	 of	 the	 Majorana	 fermions	
localized	on	the	opposite	ends	of	the	wire2. 
The	two	possible	orientations	of	the	wire:	
along and perpendicular to the current  
are considered.

The	 conditions	 of	 the	 existence	 of	
surface	 states	 and	 Majorana	 modes	 in	
two-dimensional	 electron	 systems	 on	 a	
triangular	 lattice	 and	 honeycomb	 lattice	
are studied.

Superconducting pairing on a 
triangular	 lattice	 with	 open	 boundary	
conditions leads to the formation of 
edge	states.	It	was	shown	that	taking	into	
account	 the	non-collinear	magnetic	order	
leads to the implementation of the surface 
Majorana	modes	with	zero	energy3.	In	this	
work	 on	 the	 basis	 of	 the	 self-consistent	
calculations the conditions of the 
coexistence	of	superconductivity	and	non-
collinear	magnetism	are	determined,	when	
the	Majorana	mode	is	implemented.

For	 the	 honeycomb	 lattice	 the	
conditions	of	the	realization	of	edge	states	
are considered in the case of three types 
of	boundaries:	
1)	 the	 boundary	 is	 aligned	 parallel	 to	

the translation vector that leads to 
breaking	one	bond;	

2)	the	boundary	is	formed	as	in	the	first	
case	but	with	two	bonds	breaking;	

3)	the	boundary	is	aligned	perpendicular	
to	the	translation	vector.	It	is	shown	
that	 in	 the	 first	 two	 cases	 the	 edge	
states	are	localized	on	the	sublattice,	
the	 sites	 of	 which	 are	 located	 on	
the	 surface.	 In	 the	 third	 case,	 both	
sublattices	 are	 equivalent	 and	 edge	
states do not occur.

1 Kitaev A.Yu. (2001), Physics Uspekhi, 44, 131.
2 Chen Q. et. al. (2000), Journal of Low Temperature Physics, 182, 82.
3 Lu Y.-M., Wang Z. (2013), Physical Review Letters, 110, 096403.
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Two	 novel	 generic	 quantum	 effects	
in magnetic systems are proposed.

The	 first	effect	 is	 related	 to	bosonic	
spinons	(S=	1/2)	at	the	deconfined	quantum	
critical	 point.	 The	 deconfined	 criticality	
is	 unconventional	 criticality,	 it	 violates	
the	 standard	 Landau-Ginzburg-Wilson	
paradigm.	 It	 also	 violates	 the	 standard	
Pauli	 spin-statistics	 relation1. Similar to 
conventional magnons the unconventional 
spinons can form Bose condensate  
in	 an	 external	magnetic	 field.	We	 predict	
highly unusual properties of the Bose 
condensate.	 In	 particular,	 the	 Bose	
condensate	does	not	support	superfluidity,	
the Landau criterion of superfuidity is 
essentially	 violated.	 We	 formulate	 a	
«smoking	 gun»	 criterion	 for	 searches	 of	
the novel Bose condensation2.

The	 second	 effect	 is	 asymptotic	
freedom of magnons at a conventional 
quantum	 critical	 point.	 The	 conventional	
means	 that	 the	 criticality	 is	 within	 the	
Landau-Ginzburg-Wilson	 paradigm.	 
We	show	that	magnetic	coupling	constant	

decays logarithmically at the magnetic 
quantum critical point. Magnons  
do	 not	 interact,	 they	 become	 free3. 
The	 freedom	 of	 magnons	 is	 somewhat	
similar to asymptotic freedom of gluons  
in quantum chromodynamics.  
The	analysis	 of	 recent	data4 on quantum 
antiferromagnet	 TlCuCl3	 remarkably	
confirms the effect of the critical magnetic 
freedom.

1 Sandvik A. W., Kotov V. N., Sushkov O. P. (2011), Phys. Rev. Lett. 106, 207203.
2 Scammell H. D., and Sushkov O. P. (2015), Phys. Rev. Lett. 114, 055702.
3 Scammell H. D., and Sushkov O. P. (2015), Phys. Rev. B 92, 220401(R).
4 Merchant P., et al (2014), Nature Physics, 10, 373.
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We	 studied	 magnetic,	 magne-
tothermal	 and	 magnetoelastic	 pro-
perties of quasiternary R1–xR`xMn2Si2 and  
R1–xR`xMn6Sn6	rare-earth	intermetallics.	For	
these	compounds	with	layered	structures,	
strong ferromagnetic interaction of 
magnetic	atoms	within	the	 layer	provides	
high	ordering	 temperatures.	At	 the	 same	
time,	the	formation	of	magnetic	structure	
as	a	whole	is	traceable	to	a	relatively	weak	
interlayer interaction. Such magnetic 
structures are sensitive to changes in 
magnetic	field,	temperature	or	pressure.

In	 the	 studied	systems,	 substitution	
of different R	 atoms	 allows	 us	 to	 change	
gradually	 the	 interatomic	 distances,	
interlayer exchange interactions and 
contributions	 of	 R and Mn magnetic 
sublattices	 to	 the	magnetic	 anisotropy	of	
the compounds.

The	 RMn2Si2	 compounds	 exhibit	 an	
unusual variation of the type of interlayer 
Mn-Mn	 ordering	 from	 antiferromagnetic	
(AF)	to	ferromagnetic	(F)	with	increasing	the	
intralayer	 Mn-Mn	 distance.	 Temperature	
of	 the	 AF	 to	 F	magnetic	 phase	 transition	
depends on the composition and is 
strongly	 influenced	 by	 magnetic	 field	
and	 pressure.	 Field-induced	 magnetic	
phase	 transition	 is	 accompanied	by	 large	
linear and volume magnetostrictions1.  
The	 magnetocaloric	 effect	 of	 different	
signs	 is	 observed	 for	 different	
temperature ranges2.	The	Mn	sublattice	is	

characterized	by	unusually	high	magnetic	
anisotropy	 in	 both	 ferromagnetic	 
and paramagnetic states.

For	 the	 YMn6Sn6	 compound,	 the	
double	 flat	 spiral	 magnetic	 structure	
is	 formed	 below	 the	 Neel	 temperature	
333	 K.	 Substitution	 of	 Tb	 for	 Y	 enhances	
the	 indirect	 positive	 Mn-R-Mn	 interlayer	
interaction	 and	 stabilizes	 the	 collinear	
ferrimagnetic ordering. Near a critical 
concentration,	 the	 AF-F	 transition	 can	
be	 realized	 in	 low	magnetic	 fields,	 which	
makes these compounds attractive for 
magnetothermal applications.

The	 obtained	 results	 show	 a	
significant	 role	 of	 the	 Mn-Mn	 and	 Mn-R 
exchange interactions and magnetic 
anisotropy in formation of magnetic 
structures	 and	 realization	 of	 magnetic	
phase transitions in layered intermetallic 
compounds.

The	 study	 has	 been	 supported	 by	
Russian	 Science	 Foundation	 (project	 No	
15-12-10015).

1 Mushnikov N.V., Gerasimov E.G., (2016) J. Alloys Compounds (submitted).
2 Mushnikov N.V., Kuchin A.G., Gerasimov E.G., Terentev P.B., Gaviko V.S., Serikov V.V., 

Kleinerman N.M., Vershinin A.V. (2015) J. Magn. Magn. Mater., 383, 196-202.
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Chalcogenides of transition metals 
and,	 especially,	 iron	 chalcogenide	
compounds have attracted much attention 
in recent years due to the discovery of high 
temperature	 superconductivity	 in	 Fe1+zSe 
based	compounds.	Characteristic	features	
of these materials are a layered character 
of the crystal structure and the closeness of 
superconductivity	to	magnetism.	A	strong	
coupling	between	the	crystal	structure	and	
magnetism	 was	 also	 revealed	 in	 Fe1–yX	
compounds	(X	=	S,	Se)	having	a	deficiency	
of	Fe	and	crystallizing	in	layered	NiAs-type	
hexagonal structures.

In	 the	 present	 contribution	 the	
results	 of	 comprehensive	 studies	 will	
be	 presented	 for	 two	 groups	 of	 layered	
chalcogenide	 compounds,	 namely,	 for	
the	 pyrrhotite-type	 compounds	 Fe7X8 
and	 titanium	 dichalcogenides	 FeyTiX2 
intercalated	 with	 iron.	 The	 compounds	
Fe7X8 consist of completely filled layers of 
chalcogen	 sandwiched	between	Fe	 layers	
with	vacancies.	Unlike	Fe7X8,	in	the	crystal	
structure of titanium dichalcogenides 
TiX2,	 one	 cationic	 layer	 is	 empty.	 Thus,	
the	 structure	 of	 TX2	 allows	 intercalating	
foreign atoms into such a van der 
Waals	 gap	 between	 X-Ti-X	 tri-layers.	 
The	 ferrimagnetic	 and	 antiferromagnetic	
orderings	 have	 been	 revealed	 in	 Fe7X8 
and	 in	 highly	 intercalated	 FeyTiX2 

compounds	(y	>	0.4).	The	super-exchange	
interaction	dominates	in	Fe7Se8,	while	the	
combination	of	super-exchange	and	RKKY-
type exchange interactions is suggested to 
be	 responsible	 for	 the	magnetic	 order	 in	
FeyTiX2.	 The	magnetic	properties	of	 Fe7X8 
are	 strongly	 influenced	 by	 substitutions	
in	both	the	Fe	and	chalcogen	sublattices1,	
and	 by	 the	 application	 of	 pressure.	 The	
replacement	 of	 iron	 in	 Fe7X8	 by	 other	 3d	
metal	 atoms	 is	 found	 to	 be	 non-random	
and dramatically affects the magnetic 
behavior.	 The	 compounds	 Fe0.5Ti(S,Se)2 
exhibit	unique	properties	and	show	field-
induced	phase	transitions	to	the	metastable	
high-coercive	 ferromagnetic	 state2. 
Unusually high values of the coercive field  
Hc	~	 (20	-	50)	kOe	at	 low	temperatures	 in	
Fe7–yTiyX8	and	FeyTi(S,Se)2 compounds are 
ascribed	to	the	presence	of	an	unquenched	
orbital	moment	of	Fe	ions.

This	 work	 was	 supported	 by	 the	
RFBR	(projects	No	16-02-00480	and	16-03-
00733)	and	by	 the	program	of	UB	of	RAS	
(project	No	15-17-2-22)

1 Baranov N.V., Ibrahim P.N.G., Selezneva N.V. et al., (2015), Journal of Physics: Condensed 
Matter, 27(28), 286003.

2 Baranov N.V., Sherokalova E.M., Selezneva N.V. et al., (2013), Journal of Physics: Condensed 
Matter, 25 (6), 066004.
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Ni5Ge(BO5)2	 is	 an	 oxyborate	 with	
ludwigite	 structure.	 One	 of	 ludwigite	
peculiarities	 is	 subunits	 in	 its	 structure,	
which	 form	 three-leg-ladders	 (3LL).	
Ludwigites	 unite	 a	 variety	 of	 different	
compounds	 with	 close	 structure	 and	
magnetic	 and	 non-magnetic	 ions.	 Due	 to	
this	variation,	magnetic	properties	become	
deeply different.

In	 the	 unit	 cell,	 there	 are	 4	
nonequivalent	positions	occupied	by	metal	
ions. 2 types of metal ions are presented 
–	 magnetic	 nickel	 and	 non-magnetic	
germanium. Position 4g is randomly 
occupied	by	Ni	and	Ge	ions	in	proportion	
1:1	through	whole	crystal.

For	Ni5Ge(BO5)2 magnetic structures 
analysis and superexchange interactions 
estimation,	 a	 simple	 indirect	 coupling	
model1,2	 based	 on	 the	 theory	 of	 the	

super-exchange	 interaction	 of	 Anderson,	
Savadskii3,	and	Eremin4	was	applied.

Using	 this	 theory,	 superexchange	
integrals	 values	 were	 calculated.	
All	 superexchange	 integrals	 are	
ferromagnetic,	 excluding	 one,	Ni-O-Ni	 via	
165°	angle,	which	is	antiferromagnetic.

According	 to	 calculated	 values	 of	
superexchange	 integrals,	 two	 magnetic	
structures	 were	 proposed	 (Figure	 1),	 in	
which	magnetic	moments	 are	directed	 in	
ab plane	for	ions	in	positions	1,	3,	and	along	
a	axis	for	ions	in	positions	2,	4	(Figure	1a),	
for the 2nd	 case,	 magnetic	 moments	 are	
directed along b axis for ions in positions 
1,	3,	and	along	a	for	ions	in	positions	2,	4	
(Figure	1b).

1 Bayukov O.A., Savitskii A.F. (1989), Phys. Stat. Sol. (B), 155, 249.
2 Bayukov O.A., Savitskii A.F. (1994), Fiz Tverd. Tela, 36, 1923.
3 Anderson P.W. (1959), Phys. Rev., 115, 2.
4 Eremin M.V. (1982), Fiz Tverd. Tela, 24, 423.

(a)	

Figure 1. (a) The 1st type of magnetic ordering 
in Ni5Ge(BO5)2; (b) The 2nd type of magnetic 
ordering in Ni5Ge(BO5)2.

(b)
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Magnetoelectricity	 is	 rapidly	develo-
ping area of research. Prospects of 
application of magnetoelectric materials 
in	a	wide	 range	of	 spintronics	along	with	
their unconventional physical properties 
make these compounds attractive for 
researchers	 and	 technologists.	 Recent	
breakthroughs	 in	 magnetoelectricity	 are	
related to the discovery of multiferroic 
properties	 of	 cubic	 magnets	 (rare	 earth	
iron	garnets	and	orthoferrites)1–4.

We	 report	 a	 new	 mechanism	 
of magnetoelectric effect in rare earth 
iron	garnets	related	to	low	symmetry	rare	
earth ions environment and the presence 

of	domain	walls	of	the	iron	subsystem.	The	
lack of space inversion in the dodecahedral 
rare-earth	 ion	 environments	 allows	
ferroelectric ordering in these materials. 
In	 iron	 garnets	 exchange	 interaction	
between	 rare	 –	 earth	 (f)	 and	 iron	 (d)	
magnetic	 sublattices	 induces	 the	 electric-
dipole structure4.	 In	 single-domain	
samples	 the	 electric-dipole	 structure	
appear	 to	 be	 antiferroelectric	 and	 as	
a	 result	 electric	 polarization	 is	 absent.	 
We	show	that	 the	magnetic	domain	walls	
of	the	iron	subsystem	generate	an	effective	
inhomogeneous magnetic field arising from 
the	rare-earth	–	iron	exchange	interaction,	
which	 leads	 to	 emergence	 of	 electric	
polarization.	 A	 hallmark	 of	 this	 effect	 is	
that magnetoelectricity is independent of 
the	type	of	magnetic	domain	walls.	Figure	
1	 shows	 the	 distribution	 of	 polarization	
vector	 across	 71°	 Bloch	 domain	 wall	 in	
Eu3Fe5O12	 (EIG).	 Polarization	 at	 domain	
walls	with	various	magnetic	configurations	
is also considered.

The	work	is	supported	by	the	Russian	
Foundation	 for	 Basic	 Research	 (grant	 
№16-02-00336).

1 Wang X., et al. (2015) Phys. Rev. Lett. 115, 087601.
2 Tokunaga Y., Taguchi Y., Arima T.-h. and Tokura Y. (2012), Nat. Phys. 8, 838.
3 Zvezdin A. K. and Mukhin A. A. (2008), JETP Lett. 88, 505
4 Popov A. I., Plokhov D.I., Zvezdin A. K. (2014), Phys. Rev. B, 90, 214427.

Figure1. Distribution of projections of reduced 
polarization vector across 71° Bloch domain wall 
in EIG. Profile of the 71° Bloch domain wall is 
shown in insert.
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The hexagonal lattice of spiral domains in ferrite-garnet films
Ju.A. Siryuk, A.V. Bezus and V.V. Smirnov

Donetsk National University, 24 Universitetskaya str., Donetsk 83001, Ukraine
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phase transition

The	 hexagonal	 lattice	 of	 spiral	
domains	 is	 being	 formed	 by	 pulsed	
magnetic field in the presence of 
displacement	 field	 which	 is	 equal	 to	 
Н=(30–40)Oe	 (Figure	 1).	 The	 lattice	 is	
retained	for	infinite	time	after	switching	off	
the pulsed field at preservation of external 
conditions.	 It’s	 an	 equilibrium	 domain	
structure.

The	 lattices	 of	 spiral	 domains	
combine	in	themselves	elements	of	more	
simple	 and	 already	 well	 studied	 domain	
structures	(DS):	spiral	domains,	stripes	and	
honeycomb	domain	structure.	Each	cell	of	
the lattice of spiral domains represents 
a	 hexagon,	 inside	 which	 there	 is	 a	 spiral	
domain.	The	coiling	is	in	any	direction.

The	 comparison	 of	 the	 theoretical	
energy	curves	of	 stripe	DS,	bubble	 lattice	
and	 spiral	 domain	 lattice	 is	 shown	 that	
the local minimum depth of the lattice of 
spirals	coincides	with	the	minimum	depth	
of	 the	 lattice	 of	 cylindrical	 domains,	 but	
its	 profile	 is	 wider.	 Therefore,	 the	 lattice	

of spiral domains is energetically most 
favorable	domain	 structure	of	 all	DS	 in	 a	
range	of	fields	Н=(30–40)Oe.

By	 reducing	 the	 field	 value	 to	 zero,	
the stripe domains forming the spiral have 
transformed	into	a	wave	DS	(WDS)	with	a	
smaller	 period	 and	 bigger	 length.	 Thus,	
there	was	a	phase	transition	from	stripe	DS	
to	WDS.	The	spiral	shape	has	transformed	
into	a	«flower».

Phase transition in the spiral domain 
induces the phase transition in the lattice of 
spiral	domains	at	its	 invariable	hexagonal	
packing.	 Thus,	 the	 phase	 transitions	 in	
domain	structures	which	form	a	lattice	of	
spirals,	are	interconnected.

When	 the	 temperature	 is	 changed	
or	the	bias	field	is	 increased	there	are	no	
phase transitions in the spiral domain 
lattice.	 The	 lattice	 vanishes	 due	 to	 spiral	
length decrease.
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Figure 1. The influence of temperature on a 
lattice of spiral domains.
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The magnetostriction effect  
in the bilayered manganites single crystals
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The	 nature	 of	 the	 metamagnetic	
transition	 in	 bilayered	 manganites	 is	
not	 explained	 till	 our	 days,	 although	
large	 number	 of	 papers	 was	 published	
last years. Some authors argue that this 
metamagnetic transition is due to the 
role	of	the	4-f	element	ion	included	in	the	 
La-subsystem.	 Other	 scientists	 confirm	
that the chemical pressure plays the most 
important role in this effect1–3.

The	 rare-earth	 magnetism	 and	
chemical pressure affect also the 
magnetostriction.	 The	 magnetic	 field	
dependences of magnetostriction for 
the	 (La1–zNdz)1.4Sr1.6Mn2O7	 samples	 with	 
z	=	0	and	0.3	shows	that	the	metamagnetic	
transition	 is	 accompanied	 by	 a	 sharp	
increase in the negative magnetostriction 
value,	 and	 exceeds	 the	 value	 for	 the	
initial	 compound	 without	 substitution	 of	
neodymium	by	an	order	of	magnitude.

The	 obtained	 experimental	 data	
allow	 us	 to	 state	 the	 effects	 of	 both	 the	
rare-earth	 magnetism	 and	 chemical	
pressure.	 However,	 investigating	 the	
only	 sample	 series,	 we	 cannot	 separate	
these	 two	 effects	 on	 the	 magnetic	
properties.	 Therefore,	 we	 synthesized	
the La1.4Sr1.6(Mn0.9Co0.1)2O7 sample  
with	substitution	of	cobalt	for	manganese.	
This	 compound	 does	 not	 contain	 a	 rare-

earth	 ion;	 consequently,	 its	 magnetic	
properties	 will	 be	 mainly	 affected	 by	
chemical	pressure	caused	by	a	decrease	in	
the ionic radius of the element at the center 
of	oxygen	octahedra	(Co	for	Mn)	resulting	
in	the	lattice	distortion	(contraction).

Using	 this	 sample,	 we	 measured	
magnetostriction in applied magnetic 
fields.	 Despite	 the	 absence	 of	 the	
rare-earth	 magnetism,	 the	 sample	
also undergoes the metamagnetic 
transition,	 though	 somewhat	 smoother.	 
The	 saturation	 magnetization	 of	 the	
sample is approximately the same as  
in	 the	 sample	with	 neodymium,	whereas	
the relative value of the magnetostriction 
effect	 variation	 is	 larger	 by	 an	 order	 
of magnitude than for initial sample and 
even	larger	for	25%,	than	for	the	sample	with	
neodymium. Comparing the experimental 
data	 for	 the	 (La1–zNdz)1.4Sr1.6Mn2O7  
and La1.4Sr1.6(Mn0.9Co0.1)2O7	 samples,	 we	
can state the strong effect of chemical 
pressure,	while	the	role	played	by	the	rare-
earth magnetism remains undisclosed.

Consequently,	 we	 stated	 that	
mechanism,	responsible	 for	 the	magnetic	
properties	of	bilayered	manganites	 is	 the	
mechanism of chemical pressure.

1 Moritomo Y. (1999), Australian Journal of Physics 52, 255.
2 Mitchell J.F. et all. (2001), Journal of Applied Physics, 89, 6618.
3 Matsukawa M. et all. (2007), Phys. Rev. Lett., 98, 267204.
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Some aspects of magnetization reversal processes of nanoscale 
permalloy films with surface roughness
A.A. Akhmetova, R.M. Vakhitov and L.S. Uspenskaya

ISSP RAS, Chernogolovka, 142432, Russia

The	paper	theoretically	analyzes	the	
domain structure and its transformation 
in	 a	 planar	 magnetic	 field	 observed	
experimentally	 in	 nano-scale	 permalloy	
films	 which	 serve	 as	 a	 control	 layer	 in	
heterostructures. Surface roughness of 
permalloy	 films	 which	 results	 from	 the	
specific character of their production is 
approximated	 by	 a	 sinusoidal	 function.	

The	expression	obtained	for	full	energy	of	
the	film	has	the	form	which	is	acceptable	
for	using	OOMMF	software	which	enables	
investigating	 magnetization	 reversal	
processes employing the numerical 
modelling technique.
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Because of progress in developing 
methods	 for	 the	 high-field	magnetization	
studies	 led	 to	 feasibility	 of	 experiments	
in	very	high	 (up	 to	100	T)	magnetic	 fields	
became	 feasible.	 This	 has	 demonstrated	
that some theoretical models used 
previously	 to	 describe	 the	 magnetization	
behavior	 were	 inaccurate;	 in	 particular,	
crystal-field	 parameters	 have	 been	
reported	with	the	insufficient	precision1–5. 

This	 work	 reports	 on	 the	 high-field	
magnetization	 study	 of	 the	 rare-earth	
(R)	 intermetallics	 RFe11Ti,	 which	 have	
attracted a great deal of attention  
in the past decades during the search 
for	 new	 permanent	 magnet	 materials.	
At	 the	 same	 time,	 functional	 magnetic	
properties,	 initially	 inferior	 to	 those	 of	
Nd2Fe14B,	can	be	improved	significantly	by	
doping	RFe11Ti	 interstitially	with	nitrogen,	
carbon,	 or	 hydrogen1.	 The	 compounds	
are interesting also from the fundamental 
viewpoint,	 as	 in	 contrast	 to	 the	 famous	
R2Fe14B	 and	 R2Fe17N3,	 they	 have	 a	 single	
rare-earth	 position	 and	 three	 positions	
for iron5,	 thus	 making	 the	 theoretical	
calculations	 simpler.	 In	 our	 work,	 we	
have performed an experimental study 
of	 the	 magnetization	 in	 a	 single-crystal	
of	 TmFe11T	 in	 fields	 up	 to	 60	 T	 at	 4.2	 K	
have	been	done	along	the	[001]	and	[100]	
crystallographic axes.

To	 describe	 our	 experimental	 data,	
the	 magnetization	 curves	 for	 TmFe11Ti	
were	treated	theoretically1. Calculations of 
the crystal field and exchange interaction 
parameters	 have	 been	 performed	 (see	
Table	 1).	 The	 obtained	 crystal-field	 para-
meters	 are	 in	 good	 agreement	 with	
the	 parameters	 available	 in	 literature4.  

Figure 1. Magnetization curves for the 
TmFe11Ti single crystal obtained along the main 
crystallographic directions at 4.2 K. Dashed 
lines are experimental data and solid lines are 
the model fit for the set of CF and exchange field 
parameters determined in this work (see Table I).
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The	agreement	with	the	experimental	data	
has	 been	 significantly	 improved	 in	 the	
range of high fields.

By employing the calculated 
parameters	 we	 succeeded	 in	 modeling	
theoretical	 magnetization	 curves	 for	
TmFe11Ti	 up	 to	 120	 Т.	 This	 allowed	us	 to	
study	in	detail	the	field-induced	transition	
from ferrimagnetic to a ferromagnetic 
state taking place in magnetic fields 
exceeding	60	T.

This	 work	 was	 supported	 by	 the	
Russian	 Foundation	 for	 Basic	 Research,	
projects	no.	15-02-08509	,	16-03-00612.

Tablk 1. CF (in cm−1) anr kxchangk 
paoamktkod fwo TmFk11Ti wbtainkr be 
fitting kxpkoimkntal rata in thk pokdknt 
ywo�. Hkx id dhwyn in T.

B0
2 B0

4 B0
6 B4

4 B4
6 Hex

-0.12 5.7·10–4 22·10–6 5.89·10–3 0 470

1 Kostyuchenko N.V., Zvezdin A.K. et. al. (2015), Phys. Rev. B, 92, 104423.
2 Skourski Y., Bartolom´e J., Kuz’min, Skokov K., Bonilla M., Gutfleisch O. and Wosnitza J. 

(2013), Journal of Low Temperature Physics, 170 (5-6), 307–312.
3 Nikitin S.A., Tereshina I.S., Pankratov N.Yu., Skourski Yu.V. (2001), Phys. Rev. B., 63, 134420.
4 Stewart G., Cadogan S., Acosta R.C. and Muñoz-Pérez S., (2012), AIP2012, CMMSP.
5 Tereshina I., Nikitin S., Nikiforov V., Ponomarenko L., Verbetsky V., Salamova A. and  

Skokov K. (2002), Journal of alloys and compounds, 345, 1, 16-19.
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Among	magnetic	oxides	exhibiting	d0-
magnetism,	zinc	oxide	is	of	great	interest.	
Experiments	show	magnetism	of	undoped	
ZnO	 nanoparticles1 and nanofilms2 at 
room	 temperature.	 Moreover,	 some	
first principles calculations elucidate the 
cause	 of	 magnetism	 of	 ZnO	 sphalerite-
type	 structure	 is	 the	 oxygen	 to	 carbon	
atom	 replacement	 or	 Zn	 vacancies.	 Also,	
using	 density	 functional	 theory	 (DFT)	
calculations in3,	 it	 was	 established	 the	
ferromagnetism	of	 the	wurtzite-type	ZnO	
is	induced	by	point	defects.	As	the	result,	it	
was	found	that	the	magnetic	properties	of	
the structure occur due to the presence of 
two	kinds	of	point	defects,	namely,	oxygen	
adatoms	and	zinc	vacancies.

In	 our	 work	 the	 DFT	 investigations	
of	 single	 defects-	 oxygen	 and	 zinc	
adatoms,	 zinc	 and	 oxygen	 vacancies	
inside	 bulk	 ZnO	 sphalerite-type	 structure	
have	been	made	 for	 (2×2×2)	 and	 (3×3×3)	
supercells	 included	 30	 and	 110	 atoms	
correspondently.	It	was	found	the	oxygen	
adatoms	 and	 zinc	 vacancies	 in	 the	 bulk	
material	 having	 (2×2×2)	 supercell	 induce	
the	magnetic	moment	of	1.98	and	1,27	μB 
correspondently,	 that	were	 changed	with	
the	supercell	size	increasing.	More	specific,	
first	 magnetic	 moment	 was	 changed	
slightly	while	 the	 second	was	 reduced	 to	
0,51	μB	for	the	(3×3×3)	supercell.

Also	 for	 the	 small	 (2×2×2)	 supercell	
the	defect	magnetic	moments	have	been	
founded	 for	 a	 number	 of	 structures	
stretched	along	z	axis	with	varying	degrees,	
see	Table	1.	It	was	found	that	the	oxygen	

adatom magnetic moment is reduced and 
zinc	vacancy	moment	is	increased	with	cell	
stretching.

Investigation	of	the	density	of	states	
(DOS)	for	both	bulk	structures	has	shown	
that these structures are semimetals.

The	 distribution	 of	 a	 spin	 density	
has displayed that for the structures 
having	 zinc	 vacancy	 the	 spin	 density	 is	
distributed	 on	 the	 defect	 surrounding	
oxygen	 atoms,	 while	 for	 the	 structures	
having oxygen adatom the spin density 
is	distributed	on	 this	and	nearest	oxygen	
atoms,	 thereby	 confirm	 a	 conclusion	
the	 magnetic	 properties	 of	 the	 zinc	
oxide materials are a consequence of 
the	 oxygen	 nonstoichiometry.	 Thus	 has	
been	 approved	 by	 increasing	 of	 the	
oxygen	 adatom	 possibility	 to	 relax,	 while	
increasing	of	the	supercell	size	has	leaded	
to the cell magnetic moment decreasion.

Also	 defects	 properties	 calculations	
have	been	made	for	ZnO	slabs	with	(1010)	
surface.	 This	 surface	 have	 been	 chosen	
because	 of	 it	 has	 the	 lowest	 surface	
energy among all other surfaces4. During 
the	 calculations	 the	 point	 defects	 were	
located	at	different	distances	from	the	slab	
surfaces.	The	calculations	of	a	slab	having	
minimum	 supercell	 size	 and	 included	 96	
atoms	in	the	cell	have	shown	the	both	types	
of	 defects	 are	 nonmagnetic.	 At	 that	 the	
calculations	of	the	slab	having	240	atoms	
in	the	cell	have	shown	the	oxygen	adatom	
on the surface has magnetic moment of 
1.62	μB	,	which	is	reduced	while	the	oxygen	
adatom	goes	into	the	slab	deeper	layers.
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Tablk 1 Twtal magnktic mwmkntd wf 
dtoktchkr dtouctuokd

Supercell 
ZnO Magnetization,	µB

2x2x2 
Zn15O15

Oxygen 
interstitial 

Zinc	
vacancy

0% 1.98 1.26

6% 1.93 1.47

8% 1.83 1.73

10% 1.65 1.75

1 Banerjee S., Mandal M., Gayathri N., Sardar M. (2007), Appl. Phys. Lett., 91, 182501.
2 Xu Q., Schmidt H., Zhou S. et. al. (2008), Appl.Phys. Lett., 92, 082508..
3 Zuo X., Yoon S.-D., Yang A. et al., (2009), Journal of applied physics, 105, 07C508
4 Diebold U., Koplitz L. V., Dulub O. (2004), Applied Surface Science, 237, 336–342.
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The	 typical	 example	 of	 hexagonal	
manganites	 is	 HoMnO3,	 which	 magnetic	
phase	 diagram	 is	 well	 established.	
Following	 to	 [1],	 at	 temperature	 TN	 =	 72	
K,	 HoMnO3 ordered in noncollinear spin 
structure	 with	 magnetic	 P63cm group 
symmetry.	 At	 the	 spin	 reorientation	
temperature	 Toff	 =	 40	 K,	 manganese	
moments	 rotate	 in	 a	 plane	 with	 the	
changing	 magnetic	 P63cm symmetry to 
P63cm,	and	transition	temperature	~	to	4	K	
associated	with	rare-earth	ordering.

In	 this	 study,	 single	 crystal	 of	
hexagonal	 manganite	 HoMnO3	 was	
synthesized	 by	 optical	 floating	 zone	
melting.	 The	 effect	 of	 magnetostriction	
was	 measured	 in	 a	 temperature	 range	
of	4.2	to	100	K	at	applied	magnetic	 fields	
up	 to	 14	 T.	 The	 effect	 was	 measured	
along all axes in different crystallographic 
configurations	(longitudinal	and	transverse	
magnetostriction).

The	behavior	of	the	magnetostriction	
effect	 showed	 a	 large	 number	 of	
features	 (Figure	 	 1)	 observed	 in	 different	
temperatures	 and	 field	 configurations,	

including nonmonotonically striction and 
change	 the	 sign	 of	 the	 effect.	 Moreover,	
the	 behavior	 of	 the	 magnetostriction	
effect	 in	temperatures	below	the	spin-flip	
transition	 of	 Mn	 correlates	 well	 with	 the	
magnetic	phase	diagram	HoMnO3.

However,	 since	 original	 compound	
attended	 2	 of	 the	 magnetic	 subsystem	
(4f	 and	 3d	 elements),	 it	 was	 decided	
to	 synthesize	 a	 pattern	 of	 hexagonal	
substituted	 lanthanum	 manganite	 with	
replacement	 on	 non-magnetic	 ion	 in	
the	 rare-earth	 subsystem	 in	 order	 to	
determine	 the	 impact	on	 the	behavior	of	
4f	subsystem	magnetostrictive	effect.

For	this,	the	sample	was	synthesized	
with	a	nonmagnetic	YMnO3	4f	subsystem,	
on	 which	 the	 measurement	 of	 the	
magnetostriction	 effect	 were	 also	 been	
done.	 Measurement	 results	 showed	
that the value of the magnetostriction 
decreased	 by	 the	 order	 and	 lost	 all	
the	 features	 typical	 of	 HoMnO3.	 It	 can	
be	 concluded	 that	 the	 main	 role	 in	
magnetostriction	 effect	 is	 the	 role	 of	 Ho	
ions.

1 Yen F., dela Cruz C., Lorenz B., Galstyan E., Sun Y.Y., Gospodinov M., Chu C.W. (2007),  
J. Mater. Res., 22, 8, 2163.

Figure 1. Magnetostriction along 
c-axis of HoMnO3.
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A	method	is	proposed1–3	that	allows	
one to divide the magnetoresistance 
(MR)	 observed	 in	 manganites	 into	 three	
mechanisms:	 dimensional,	 orientational,	
and	magnetic.	 The	 first	 two	mechanisms	
are	 associated	 with	 the	 stratification	
of	 a	 substance	 into	 ferromagnetic	
and	 nonferromagnetic	 phases,	 which	
significantly differ in electric resistivity. 
The	 dimensional	 mechanism	 of	 MR	 is	
attributed	 to	 the	 effect	 of	 a	 magnetic	
field	 on	 the	 size	 of	 magnetic	 inclusions.	
The	 orientational	 mechanism	 of	 MR	 is	
determined	by	the	dependence	of	electric	
resistivity on the mutual orientation of the 
magnetizations	 of	 magnetic	 inclusions.	 
The	 magnetic	 mechanism	 of	 MR	 is	
determined	 by	 the	 properties	 of	 the	
magnetization	 of	 a	 ferromagnet,	 
in	particular,	by	the	Curie–Weiss	singularity	
on the temperature dependence of 
magnetic	susceptibility	at	the	Curie	point.	
This	 mechanism	 exists	 in	 homogeneous	
substances,	 although	 its	 value	 may	
depend on the magnetic properties  
of	 inhomogeneities.	 The	 method	 is	
developed	for	substances	with	activation-
type conductivity and is applied to 
the	 analysis	 of	 MR	 of	 La0.85Sr0.15MnO3 

manganite	near	the	Curie	point,	where	the	
MR	attains	its	maximum.	The	dimensional	
mechanism	 turns	 out	 to	 be	 dominant	
in magnetic fields H greater than the 
saturation field Hs (H > Hs ).	The	orientational,	
dimensional,	 and	 magnetic	 mechanisms	
have	 a	 comparable	 effect	 on	 the	MR	 for	
H < Hs.	 The	 effect	 of	 the	 orientational	
mechanism	on	MR	is	relatively	weak	(does	
not	exceed	the	third	part	of	the	total	MR),	
although this mechanism determines the 
giant	MR	 in	multilayered	metal	 films.	The	
possibility	 of	 application	 of	 the	 method	
to	 the	analysis	of	MR	near	 the	 insulator–
metal	transition	is	analyzed.

This	work	is	a	part	of	the	Fano	Russia	
federal	state	program	(theme	«Quantum»	
01201463332).	 The	 partial	 support	 of	
UB	 RAS	 (project	 15-8-2-10)	 and	 Russian	
Foundation	of	Basic	Research	(project	14-
02-00260)	is	gratefully	acknowledged.

1 Gudin S. A., Kurkin M.I., Neifel’d A., Korolev A.V., Gapontseva N.N., Ugryumova N.A. (2015), 
JETP, 121 (5), 1005-1011.

2 Kurkin M.I., Neifel’d A., Korolev A. V., Ugryumova N. A., Gudin S.A., Gapontseva N. N. (2013), 
Phys. Solid State, 55 (5), 974–976.

3 Kurkin M.I., Neifel’d A., Korolev A. V., Ugryumova N. A., S.A.Gudin, Gapontseva N. N. (2013), 
JETP, 143 (5), 948-952.
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Antiferromagnets	 (AFs)	 on	 face-
centred	 cubic	 (f.c.c)	 lattice	 have	 attracted	
much attention since the discovery of 
antiferromagnetic order in the most 
famous	 member	 of	 this	 family,	 MnO1.	 It	
is	well	 known	 that	MnO	 is	 a	 type	 II	AF	 in	
which	 magnetic	 momenta	 of	 Mn2+ ions 
belonging	to	the	same	(1,1,1)	planes	order	
ferromagnetically	whereas	magnetizations	
of	 adjacent	 ferromagnetic	 planes	 have	
opposite	directions.	Exactly	the	same	spin	
ordering	was	obtained	also	in	EuTe,	EuSe,	
α-MnS,	α-MnSe	and	some	others	AFs	with	
f.c.c	 lattice.	 An	 anisotropy	 of	 unknown	
origin	 has	 been	 observed	 experimentally	
also	 within	 (1,1,1)	 planes.	 E.g.,	 in	 MnO	
and	EuTe,	 this	anisotropy	 favours	 (1,1,–2)	
direction	within	(1,1,1)	planes.

Compounds	 mentioned	 above	 are	
described	usually	by	the	Heisenberg	model	
with	exchange	couplings	between	nearest	
and	 next	 nearest	 neighbouring	 spins.	 It	
was	 also	 found	 that	 a	 correction	 to	 the	
classical energy from dipolar interaction 
makes	 (1,1,1)	planes	 to	be	easy	planes	 in	
accordance	 with	 experiments.	 We	 rather	
use the fact2 that quantum fluctuations 
stabilize	 the	 collinear	 sublattices 
arrangement and calculate the spectrum 
in the first order in 1/S in the collinear 
state.

In	 the	 present	 work,	 we	 examine	
the role of quantum fluctuations in the 
model	 mentioned	 above.	 In	 particular,	
we	calculate	the	first	1/S-correction	to	the	
ground state energy and its temperature 
dependence.	 We	 have	 found	 that	 due	
to dipolar interaction this correction is 
anisotropic	 favouring	 (1,1,–2)	 direction	
within	 (1,1,1)	 planes	 in	 accordance	 with	
the experimental findings in MnO and 
EuTe.	 Thus,	 we	 show	 that	 a	 contribution	
exists	 of	 order-by-disorder	 origin	 to	 the	
anisotropy	within	(1,1,1)	planes.	The	value	
of	 the	 anisotropy	 obtained	 is	 compared	
with	those	observed	in	MnO	and	EuTe.	We	
make	also	the	prediction	about	anisotropy	
origin	in	the	metamagnet	EuSe.

1 F. Keffer and W. O’Sullivan, Phys. Rev. 108, 637 (1957).
2 T. Yildirim, A. B. Harris, and E. F. Shender, Phys. Rev. B 58, 3144 (1998).



49

EASTMAG-2016

Measurement of magnetocaloric effect  
in pulsed magnetic fields

Alexander Kamantsev1,2, Alexey Mashirov1,2, Elvina Dilmieva1,2,Victor Koledov1,2,
Vladimir Shavrov1 and Leonid Butvina3

1Kotelnikov Institute of Radio-engineering and Electronics of RAS, 125009, Moscow, Russia
2International Laboratory of High Magnetic Fields and Low Temperatures,  

53-421, Wroclaw, Poland
3Fiber Optics Research Center of RAS, 119333, Moscow, Russia
�keywords:� magnetocaloric effect, pulsed magnetic fields, gadolinium

In	 recent	 years,	 a	 large	 number	 of	
new	 magnetically	 ordered	 compounds	
with	magnetic,	metamagnetic	and	structural	
phase	transitions	(PTs)	of	the	1st	and	2nd	
orders,	which	accompanied	with	anomalies	
of	 magnetic,	 thermal	 and	 mechanical	
properties is created and studied around 
the	world1.	And,	despite	 the	 fact	 that	 the	
PTs	in	magnetics	was	studied	during	long	
time	both	theoretically	and	experimentally,	
at the moment there is no sufficiently deep 
understanding of kinetics phenomena 
accompanying	PTs.	Theoretically,	the	growth	
of	the	new	phase	at	PT	of	the	1st	order	is	
described	 by	 the	 kinetic	 equation	 of	 the	
Fokker-Planck2.	 The	 relaxation	 processes	
near	PT	of	 the	2nd	order	 is	described	by	

the	Landau-Khalatnikov	equation2.	However,	
the	applicability	of	these	equations	for	the	
magnetic	PT	has	not	been	tested	until	now.

The	problem	of	rate	of	PTs	requires	an	
indispensable	solution,	because	the	creation	
of	new	technologies	based	on	«giant»	effects	
in	 vicinity	 of	 PTs	 in	magnetic	materials	 is	
impossibly	without	solving	of	this	problem.	
For	example,	the	magnetocaloric	effect	(MCE)	
reaches	its	peaks	near	the	PTs	in	magnetics1,	
therefore	knowledge	of	PT’s	rate	is	necessary	
for	creation	of	new	technology	of	magnetic	
refrigeration at room temperature3.	The	rate	
of	PT	limits	the	frequency	of	thermodynamic	
cycles.	Accordingly,	the	power	of	refrigeration	
will	 depend	 on	 the	 frequency	 of	 cycles,	
and	 it	 is	difficult	 to	 judge	 the	profitability	
and competitiveness of the creation of 
this	 machine	 without	 determining	 the	
parameters	of	cooling	power.

In	 this	 paper,	 we	 present	 a	 new	
technique for experimental study of kinetics 
of	 PTs	 and	 measurement	 of	 the	 MCE	 in	
pulsed	 magnetic	 fields	 by	 using	 the	 fast	
response	temperature	probe	with	infrared	
optical	 fiber	 and	 semiconductor	 photo	
resistor.	 As	 a	 preliminary	 demonstration	
of	 the	 new	 technique,	 the	 result	 of	 MCE	
measurements for Gd4 near Curie point  
ΔT	 =	 0,7	 °C	 under	 pulsed	 magnetic	 field	 
H	=	6	kOe,	with	20	kHz	frequency	resolution	
is	plotted	on	Figure		1.

The	 work	 is	 supported	 by	 Russian	
Science	Foundation	grant	No.	14-22-00279.

1 Planes A., Manosa L., Acet M. (2009), J.Phys.: Condens. Matter, 21, 233201.
2 Lifshitz E. M., Pitaevskii L. P. (1981), Physical Kinetics, Pergamon Press, Oxford.
3 Gschneidner K.A. Jr., Pecharsky V.K. (2008), Journal of Refrigeration, 31, 945-961.
4 Kamantsev A.P., Koledov V.V., Shavrov V.G., Tereshina I.S. (2014), Solid State Phenomena, 

215, 113-118.

Figure 1. Measurement of MCE by using the 
temperature probe with infrared optical fiber. 
Magnetic field change is 6 kOe at initial temperature 
24 °C. Frequency resolution is 20 kHz.
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Triangular	 lattice	 geometry	
entails strong magnetic frustration 
that	 is	 rooted	 in	 a	 subtle	 competition	
between	 ordered,	 partially	 ordered,	 and	
completely disordered magnetic ground 
states.	 Individual	 microscopic	 effects	
stabilizing	 each	 of	 these	 states	 are	 far	
from	being	understood,	 and	many	exotic	
states,	 including	spin	 liquids	and	partially	
disordered	 antiferromagnets,	 remain	 to	
be	achieved	experimentally.

Here,	we	report	the	low-temperature	
magnetic	 behavior	 of	 Li2NiW2O8.  
This	 spin-1	 antiferromagnet	 shows	 two	
consecutive	magnetic	 transitions	 at	 TN1 ~ 
18	K	and	TN2	~	12.5	K.	Spatial	arrangement	
of the magnetic Ni2+	 ions	 resembles	
triangular lattice in the ab plane of the 
crystal	 structure.	 Therefore,	 Li2NiW2O8 
is	 a	 candidate	material	 for	 observing	 the	
partially disordered antiferromagnetic 
state1	between	TN1	and	TN2.

By extensive neutron scattering and 
7Li	 nuclear	 magnetic	 resonance	 (NMR)	
measurements	 we	 uncover	 the	 nature	
of	 low-temperature	 magnetic	 states	 in	
Li2NiW2O8.	We	 find	 that	 the	phase	below	
TN2 features commensurate and collinear 
spin	 configuration	 with	 the	 propagation	
vector �	=	(0.5,	0,	0.5).

Between	 TN1	 and	 TN2,	 the	
propagation vector is incommensurate. 
Our thermodynamic measurements reveal 
significant amount of the magnetic entropy 

released upon crossing the transition at 
TN2.	 Therefore,	 partial	 disorder	 should	
be	 present	 above	 TN2.	 In	 contrast	 to	
expectations from theory1, we	 do	 not	
find	 individual	 magnetic	 sites	 with	 fully	
disordered	 spins.	 Instead,	 a	 spin-density-
wave	 (SDW)	 is	 formed.	The	spin	direction	
is the same as in the commensurate state 
below	 TN2,	 but	 the	 size	 of	 the	 ordered	
moment is modulated.

We	 further	 rationalize	 this	behavior	
microscopically	 using	 density-functional	
band	 structure	 calculations	 that	 confirm	
the formation of the triangular spin 
lattice in the ab	 plane	 but	 additionally	
indicate strong interlayer couplings. 
This	 microscopic	 model	 bears	 strong	
relationship to Ca3Co2O6,	where	a	 similar	
competition	between	 commensurate	 and	
incommensurate	 (SDW)	 states	 has	 been	
reported.	 Remarkably,	 in	 Ca3Co2O6 the 
SDW	 state	 is	 metastable	 and	 eventually	
gives	 way	 to	 the	 stable	 commensurate	
state,	 whereas	 in	 Li2NiW2O8 the 
incommensurate	 state	 appears	 to	 be	
thermodynamically	 stable,	 but	 only	 at	
elevated temperatures.

We	 acknowledge	 financial	
support	 from	 Alexander	 von	 Humboldt	
Foundation.

1 Takagi T. & Mekata M. (1995), J. Phys. Soc. Jpn., 64, 4609–4627.
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Recently	 the	 magneto-electric	
(ME)	 effect	 in	 thin	 multiferroic	 films	 has	
been	 investigated	 theoretically1–3 and 
experimentally2.	In	this	work,	to	study	the	
ME	effect,	we	 introduce	a	 FM/FE	 coupled	
thin	 film	 model	 with	 magnetic	 spins	 in	
the	 FM	 part	 and	 electric	 dipoles	 located	
in	 the	 FE	 part.	 The	 mean	 responses	 of	
the	 magnetic	 spins	 (magnetisation)	 and	
the	 electric	 dipoles	 (polarisation)	 have	
been	 obtained	 by	 using	 the	 Metropolis	
algorithm	 in	Monte	 Carlo	 simulation.	We	
assume in our model that the multiferroic 
film consists of magnetic and ferroelectric 
layers	 following	 one	 after	 another.	 The	
magnetic	 layer	 we	 are	 modeling	 as	 two	
equivalent	 magnetic	 sublattices	 as	 a	
classical	 anisotropic	 Heisenberg	 model	
in	view	of	 influence	an	external	magnetic	
field:

Here	 Jij	 – the exchange interaction 
parameter,	Si	–	the	spin	vector	component,	
H – the external magnetic field directed 
perpendicular	 to	 the	 XY	 –	 plane,	 Pi– the 
deviation	 of	 the	 polarization	 vector	
of	 the	 ferroelectric	 sublattice	 from	 its	

equilibrium	value,	χ1,	χ2 – inverse dielectric 
susceptibility	tensors,	Am – the constant of 
the magnetoelectric interaction.

In	 this	 work	 the	 Monte	 Carlo	
simulation of the properties of 
orthorhombic	 multiferroic	 is	 carried	 out	
using highly effective techniques such 
as histogram technique and the method 
of homogeneous density of states of the 
Wang-Landau.	Computer	calculations	were	
performed for the nanofilm of multiferroic 
with	 linear	 dimensions	 N=100×100×(4–8).	
Our	results	show	that	the	transition	from	
the antiferromagnetic to the paramagnetic 
phase	 for	 the	 magnetic	 subsystem	 and	
the corresponding transition from the 
antiferroelectric phase of multiferroic are 
second-order	 transitions.	 It	 can	 also	 be	
observed	and	 the	energy	histogram	near	
the	 critical	 temperature.	 The	 histogram	
has	 one	 maximum,	 which	 allows	 us	 to	
speak	 with	 confidence	 about	 the	 second	
order phase transition3–4.	 We	 found	
temperature and field dependence of the 
magnetic	 and	 ferroelectric	 susceptibility,	
specific heat and of the energy spectra.

1 Chotorlishvili L., Khomeriki R., Sukhov A., Ruffo S. and Berakdar J., (2013), Phys. Rev. Lett., 
111, 117202.

2 Wang Z.D. and Grimson M.J. (2015), Eur. Phys. J. Appl. Phys., 70, 30303.
3 Diep H.T. (2015), Phys. Rev. B, 91, 014436.
4 Рамазанов М.К., Муртазаев А.К. (2015), Письма в ЖЭТФ, 101 (10), 793-798.
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Researches	 of	 the	 magnetocaloric	
effect	 (MCE)	 are	 actually	 for	 the	 creation	
of	a	new	 type	of	 solid-state	 refrigerators.	
In	 addition	 MCE	 allows	 to	 carry	 out	 the	
study of magnetic phase transitions and 
magnetic anisotropy and other questions 
in the field of the physics of magnetic 
phenomena.

It	is	known	that	the	MCE	can	be	due	
to suppression of thermal fluctuations 
of	 the	magnetic	moments	by	an	external	
magnetic	 field	 (paraprocess)	 ΔTpar and to 
magnetization	 vector	 rotation	 (change	 of	
magnetic	 anisotropy	 energy)	 ΔTrot.	 The	
rotational	MCE	can	be	interesting	to	create	
a	 magnetic	 refrigerator,	 a	 working	 body	
which	is	magnetized	and	demagnetized	by	
rotating it in a magnetic field1,2.

In	1937,	S.V.	Vonsovsky3 theoretically 
predicted	the	possibility	of	changes	in	the	
heat	capacity	upon	changing	magnetization	
orientation	 in	 ferromagnetic	 cobalt	
single	 crystals.	 Later,	 N.S.	 Akulov	 and	 
L.V.	 Kirensky4 experimentally and 
theoretically	 studied	 the	MCE	 induced	by	
rotation	 of	 a	 spontaneous	magnetization	
vector	 in	 a	 nickel	 single	 crystal.	 The	
maximum	values	of	the	MCE	were	observed	
–	0.05	K	under	the	field	changes	of	0.6	T.	
In	article5	was	shown	that	rotational	MCE	
spin-reorientation	 transition	 region	 in	
a single crystal NdCo5 reaches the giant 
value	 1,6	 K	 in	 a	 magnetic	 field	 of	 1.3	 T.	
In	 addition,	 in	work6,7	was	 shown	 that	 in	
single	crystals	of	Tb-Gd	family	in	the	Curie	
temperature	of	the	area	can	be	observed	
high	values	of	rotational	MCE.	It	is	known	
that the intermetallic compounds have a 
high	anisotropy	energy	values.	Therefore,	
magnetic saturation of the sample along 
the axis of the hard axis takes place in 
very	high	fields.	On	this	basis,	the	study	of	
rotational	MCE	by	the	direct	method	in	the	
high	magnetic	fields,	is	interesting.

An	 experimental	 device	 has	 been	
designed,	 constructed	 and	 developed,	
that	 allowed	 direct	 MCE	 measurements	
in	 magnetic	 fields	 up	 to	 14	 T	 in	 the	
temperature	 range	 of	 77-350	 K	 using	
the	 extraction	 method.	 A	 Bitter-type	
magnet generated steady magnetic field. 
Both the temperature of the sample 

Figure 1. Temperature dependence of MCE for 
Tb0.22Gd0.78 single crystal measured along of 
easy ΔTa and hard ΔTc magnetization axes. Open 
symbols show the rotational MCE of ΔTrot.
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and	 the	 temperature	 change	 (due	 to	
MCE)	 were	measured	 using	 a	 differential	
thermocouple.	 Measurements	 of	 MCE	
were	 performed	 on	 a	 single	 crystal	
Tb0.22Gd0.78	 along	 easy	 (a)	 and	 hard	
(c)	 axes	 of	 magnetization.	 In	 Figure	 1	
MCE	of	 ΔTa measured along the axis a is  
18.3	K	in	a	field	of	14	T.	In	this	case,	value	
of	MCE	of	ΔTc measured along the axis c is 
significantly	lower,	i.e	there	is	a	significant	
anisotropy	of	the	MCE.	This	rotational	MCE	
reaches	the	giant	quantities	ΔTrot	=	3.2	K.

In	 this	work	 the	 theoretical	 analysis	
of	 the	 experimental	 data	 obtained	 by	 a	
direct	method	on	the	basis	the	first	of	the	
two	constants	of	magnetic	anisotropy	and	
torque curves is carried out.

The	research	was	supported	by	RFBR	
Grant	13-02-00916.	The	research	was	also	
supported	 by	 the	 NCBR	 (Poland)	 within	
the	 project	 «ERA.Net	 RUS	 Plus:	 No.	 146-	
MAGNES»	financed	by	the	EU	7th	FP,	grant	
no	609556.
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No SU 1021889, A1.

2 Skokov K.P., Koshkid’ko Yu.S., Pastushenkov Yu.G., Nikitin S.A., Ivanova T.I., (2010), Patent 
No. RU 2479802, C2.

3 Vonsovskiy S.V. (1938), Sov. Phys. JETP, 8, 1104.
4 Akulov N.S. and Kirensky L.W., (1940), Journal of Physics, 3 (1), 31-34
5 Nikitin S.A., Skokov K.P., Koshkid’ko Yu.S., Pastushenkov Yu.G. and Ivanova T.I. (2010),  

Phys. Rew. Lett.,105, 137205.
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The	 model	 of	 magnet	 with	
ferromagnetic	exchange	between	nearest	
neighbours	J1,	antiferromagnetic	exchange	
between	next	neighbours	J2	and	the	easy	
axis anisotropy δ	>	0	is	considered.	The

collinearity constraints of local exchange 
fields and spins1–2 in the continual 
approach lead to the nonlinear differential 
equations on the orientation angles of 
spins.	This	equations	are	the	equations	of	
motion	of	magnetization	vector	along	the	
direction	 of	 incommensurability	 vector.	
For	 the	 class	 of	 the	 flat	 solutions	 in	 the	
plane	with	an	anisotropy	axis	the	equation	
has a form 

where	 R=J1/J2,	 θ – is a polar angle of 
magnetic moment counted from easy 
axis,	θ1,2’,	θ1,2’’ – are the series of the odd 
and even derivatives on θ,	 respectively,	

and εo is	a	density	of	exchange	energy	(1)	
normalized	on	the	exchange	J1	at	absence	
of	an	anisotropy	(δ	=	0)

Using	the	equation	of	motion	(2)	the	
density	of	exchange	energy	(1)	takes	a	form	
which	is	the	product	of	the	functions	on	the	
anisotropy and frustration parameters

In	 a	 linear	 approximation	 on	 θ’’	
and	 absence	 all	 derivatives	 above	 the	
second	order	Eq.(2)	allows	the	solution	in	
a quadratures that takes an explicit form 
of angular velocity dependence from the 
polar	 angle.	 The	 nonuniform	 soliton-like	
solutions	of	the	equation	become	ground	
state ones if the threshold condition 
on	 the	 relation	 between	 parameters	 of	
anisotropy δ	 and	 frustration	R	 is	 fulfilled.	
The	phase	transition	on	the	parameters	is	
occur.

1 Martynov S.N. (2015), JETP Letters 102(2), 100-104.
2 Martynov S.N. (2016), JMMM 398, 121-126.
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Materials	 with	 magnetostructural	
phase transitions are considered as 
the most promising ones for magnetic 
refrigeration	 technology.	 In	 addition	
to magnetic entropy change in these 
materials	a	lattice	entropies	changes	can	be	
observed	 due	 to	 large	 magnetostricition.	
This	 can	 result	 to	 a	 giant	 value	 of	 the	
magnetocaloric	 effect	 (MCE).	 But	 to	
date	 there	 is	 no	 suitable	 and	 generally	
accepted method of estimation of the 
contributions	 to	 the	 MCE.	 In	 materials	
with	magnetostructural	 phase	 transitions	
long-term	 relaxation	 processes	 can	 be	
observed	 too.	These	processes	can	affect	
the magnetocaloric properties of materials 
in alternating magnetic fields and restrict 
the use of them.

This	 report	 presents	 the	 results	 of	
study of magnetocaloric properties of 
Sm1–xSrxMnO3 manganites in alternating 
and	 static	 magnetic	 fields	 up	 to	 8	 T.	 
FM-PM	 phase	 transitions	 in	 these	
manganites	 are	 accompanied	 by	 a	 sharp	
volume	 increase.	 A	 method	 to	 estimate	
the	 lattice	 and	magnetic	 contributions	 to	
the magnetocaloric effect is proposed on 
the	basis	of	field	dependences	of	the	MCE	
and	 magnetostriction,	 measured	 under	
identical conditions in alternating magnetic 

fields.	Two	assumptions	are	used	for	that:	
lattice	 contribution	 is	 proportional	 to	 the	
magnetostriction; and field dependence 
of	 magnetic	 contribution	 obeys  
ΔTm = aHb relation	 (in	 this	 case,	 it	 is	
assumed	 that	 b=0.75).	 The	 evaluation	
shows	that	the	54%	of	the	observed	effect	
in Sm0.6Sr0.4MnO3 manganite is due to 
the change in entropy of the magnetic 
subsystem,	 46%	 is	 due	 to	 change	 in	 the	
lattice	 entropy.	 Evaluation	 of	 the	 MCE	
contributions	allows	you	to	conduct	target	
search	for	materials	with	a	giant	MCE.

Study	 of	 the	 MCE	 in	 Sm1–xSrxMnO3 
manganites in alternating magnetic fields 
up	 to	 20	 Hz	 shows	 that	 with	 frequency	
increasing	the	value	of	MCE	as	well	as	the	
temperature	width	of	the	effect	is	reduced.	
Magnetostriction study of the materials 
shows	 that	 the	 reason	 for	 such	 behavior	
of	the	MCE	may	be	to	due	large	relaxation	
times of structural transitions.

The	 results	 show	 that	 the	materials	
with	magnetostructural	 phase	 transitions	
despite	 the	 large	 values	 of	 the	MCE	may	
have certain limitations to use in the 
magnetic refrigeration technology.

The	 study	 was	 supported	 by	 RFBR	
(Grant	No.	14-02-01177).
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Recently	large	value	of	magnetoelectric	
effect	is	observed	for	the	materials	of	the	
lithium orthophosphates family LiMPO4,	
where	M	=	Mn,	 Fe,	 Co,	 and	Ni1,2. Lithium 
metal	 orthophosphate	 has	 been	 studied	
as	 cathode	materials	 for	 power	 batteries	
in electric devices3,4.	They	possess	olivine-
type crystallographic crystal structure and 
the antiferromagnetic type of magnetic 
ordering	at	low	temperatures.
Tablk 1. Calculatiwn magnktic cwndtantd 
in thk cadk wf applikr magnktic fiklr 
alwng thk a-axid.

Single crystal TN (K) μeff (μB) Θp	(K)
LiNiPO4 23 3.53 -78

LiNi0.9Co0.1PO4 24 3.56 -68

The	 aims	 of	 this	 work	 are	 to	 study	
the temperature evolution of magnetic 
ordering in LiNiPO4 and LiNi0.9Co0.1PO4 
single	crystals,	in	order	to	find	correlation	
between	magnetic	structure	and	the	type	
of 3d-transition	ion	in	two	crystallographic	
directions to explain the nature of a very 
strong	interaction	between	ferroelectric	and	
magnetic	subsystems	in	multiferroics.

Single	 crystals	 were	 synthesized	
by	 the	 standard	 flux	 growth	 method.	
The	 orientation	 of	 the	 single	 crystal	 was	
determined	 by	 the	 X-ray	 Laue	 back-
scattering	method,	which	was	performed	
at	 an	 Imaging	 Plate	 XRD	 Laue	 Camera	
(IP-XRD).	 Magnetic	 measurements	 were	
carried out on superconducting quantum 
interference	 devices	 (SQUID)	 in	 range	
temperature	 from	10	K	up	 to	 300	K,	 and	
by	applied	magnetic	field	is	equal	500	Oe,	
along the a-	and	c-axes.

Figure	 	 1	 shows	 temperature	
dependence	 of	 molar	 susceptibility	 for	
LiNi0.9Co0.1PO4	 single	 crystal.	 For	 analysis	
magnetic	 susceptibility	 and	 calculation	
constants	 we	 use	 of	 Curie-Weiss	 model.	
Using	this	model,	we	calculated	constants	
for LiNiPO4 and LiNi0.9Co0.1PO4	which	 are	
presented	 in	 Table	 1	 (Neel	 temperature,	
magnetic moment of 3d-transition	 metal	
and	Weiss	temperature).

The	 research	 was	 partly	 supported	
by	 FASO	 of	 Russia	 (theme	 «Flux»	 No.	
01201463334)	and	by	Ural	Federal	University	
(contract	No.	1362).

Figure 1. Temperature dependence of the 
molar susceptibility for single crystal of the 
LiNi0.9Co0.1PO4 applied magnetic field (Hdc = 
500 Oe) along the a- and c-axes.
1 Rivera J.-P. (1994), Ferroelectrics, 161, 147–164.
2 Fiebig M., Eremenko V.V. and Chupis I.E. (2003). Magnetoelectric Interaction Phenomena 

in Crystals. Kluwer Academic Publishers: Ukraine.
3 Zaghib K., Mauger A., Groult H., Goodenough J.B. and Julien C.M. (2013), Materials, 6, 1028–1049.
4 Ben Bechir M., Ben Rhaiem A. and Guidara K. (2014), Bull. Mater. Sci., 37, 473–480.
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The	 crystal	 structure	 and	 magnetic	
properties	 of	 compounds	 with	 the	
general	 formula	 R3+Fe3+Ti2O7	 (R-rare	
earth	 element)	 have	 been	 studied	 in	 the	
past years1,2.	The	possibility	of	 rare-earth	
cation	substitution	allows	the	investigation	
the	role	of	magnetic	iron	Fe3+ ions and rare 
earth	R3+	ions	subsystems	in	ground	state	
formation	in	RFeTi2O7.

Samples	 of	 RFeTi2O7	 (R=Sm,	 Gd,	
Tb,	Tm,	Dy	and	Lu)	were	prepared	by	the	
solid-phase	reaction	from	a	stoichiometric	
mixture	 of	 oxides	 Fe2O3,	 TiO2,	 R2O3 at 
temperature	1250º	C.

The	 room	 temperature	 crystal	
structure	 of	 compounds	 RFeTi2O7 is 
centrosymmetric	 orthorhombic	 with	
the space group Pcnb.	 There	 are	 five	
nonequivalent crystallographic positions 
for	iron	ions	and	fixed	alone	position	for	R	
ions.	The	crystal	structure	features	lead	to	
atomic	disorder	 in	 the	distribution	of	 the	
magnetic	Fe3+ ions.

From	 date	 of	 heat	 capacity,	
magnetization	and	frequency	dependent	ac	
susceptibility	measurements	we	conclude	
that highly frustrated antiferromagnetic 
spin	 systems	 of	 RFeTi2O7 undergo a 
spin	 glass	 magnetic	 transition	 at	 low	
temperatures.

Rare-earth	 cation	 substitution	 do	
not influences on magnetic ground state 
of these compounds. Since cation Lu is 
not	 magnetic,	 the	 spin	 glass	 behavior	 in	
LuFeTi2O7	 (Figure	 1)	 is	 caused	 mainly	 by	
the	disordered	distribution	of	the	magnetic	
Fe3+ ions in the different crystallographic 
positions.

The	 disordered	 magnetism	 in	
RFeTi2O7 is due to the presence of 
competing	magnetic	interactions	between	
Fe3+ ions that lead to a large degeneracy 
of	ground	states	and	formation	of	a	spin-
glass magnetic state.

1 Drokina T., Petrakovskii G., Velikanov D., Molokeev M. (2014), Solid State Phenomena, 215, 
470-473.

2 Drokina T., Petrakovskii G., Molokeev M., Velikanov D., Pletnev O., Bayukov O. (2013), Fizika 
Tverdogo Tela, 55(10), 1922-1927.

Figure 1. Temperature dependence of the 
magnetization (ZFC (squares) and FC (circles) 
curves at H = 0.5 kOe) and of the heat capacity 
(inset) in LuFeTi2O7

 

0 2 4 6 8 10 12 14 16 18 20
0,000

0,004

0,008

0,012

 

 

M
(µ

B/f
u)

T(K)

TSG=4.5 K

P1.2



61

EASTMAG-2016

Synthesis, X-ray and magnetic measurements of LiCuFe2(VO4)3
German Petrakovskii, Tamara Drokina, Dmitrii Velikanov and Maxim Molokeev

Kirensky Institute of Physics, 660036, Krasnoyarsk, Russia
�keywords:� magnetic properties, inorganic compounds, vanadate.

In	this	paper	we	are	reported	about	
properties	 of	 new	 magnet	 LiCuFe2(VO4)3,	
which	has	been	synthesized	by	 the	 solid-
phase method from a stoichiometric 
mixture	 of	 CuO,	 Fe2O3,	 Li2CO3,	 and	 V2O5 
at	 650º,	 680º	 C	 for	 2	 days..	 X-ray,	 bulk	
magnetic	 measurements	 have	 been	
performed	to	characterize	this	material.

Crystal	 structure	 of	 LiCuFe2(VO4)3 
was	 first	 described	 by	 A.	 Belik1.	 X-ray	
phase	 analysis	 of	 a	 specimen	 showed	
that it consisted of the expected phase. 
The	LiCuFe2(VO4)3	 crystallizes	 in	a	 triclinic	
system	 (space	 group	 P-1)	 with	 the	 unit	
cell parameters a	 =	 8.1489(2)	 Å,	 b	 =	
9.8047(2)	Å,	c	=	6.6341(1)	Å,	α	=	103.811(2)º,	 
β	 =	 102.370(2)º,	 γ	 =	 106.975(2)º,	 
V=468.74(2)	 Å3,	 Z=2.	 A	 peculiarity	 
of the crystal structure is that polyhedra 
with	 magnetic	 ions	 are	 connected	 into	
infinite	chains	…-Fe(2)-Fe(2)-Cu-Fe(1)-Fe(1)-
Cu-Fe(2)-Fe(2)-…	 .	 extended	 along	 the	
crystallographic b–c	direction	(Figure	1).

Magnetic measurements of the 
temperature dependence of the magnetic 
moment	 show	 a	 broad	 maximum	 near	
9.6	K	(Figure	2),	which	is	the	characteristic	
property	 of	 low	 dimensional	 magnetic	
spin	 systems.	 The	 magnetic	 transition	
temperature	 TN	 =	 7	 K.	 The	 inverse	

susceptibility	 above	 T	 =	 50	 K	 can	 be	
approximated	by	a	Curie-Weiss	law.

The	negative	asymptotic	temperature	
(θp	 =	 –81	 K)	 shows	 the	 prevailing	
presence of the antiferromagnetic 
exchange	 interactions	 in	 LiCuFe2(VO4)3.  
Note,|θ|/TN	 =	 12	 which	 is	 typical	 value	
for	 frustrated	 magnetic	 sublattice.	 
The	 experimental	 value	 of	 the	 effective	
magnetic	 moment	 (molar	 value)	 
µeff	 =	 8.6	 µB	 (µB	 is	 the	 Bohr	 magneton)	
close to the theoretically expected value of 
8.5	µB	of	 the	magnetic	system	formed	by	
Fe3+	and	Сu2+ions.

1 Belik A.A. (1999), Materials Research Bulletin, 34 (12/13), 1973–1980.

Figure 1. Fragment of the crystal structure in LiCuFe2(VO4)3.

Figure 2. Temperature dependence of the 
magnetic moment of LiCuFe2(VO4)3, magnetic 
field H=0.05 T.
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The	process	of	forming	of	the	spiral	
domain	 structure	 (SpDS),	 the	behavior	 of	
SpDS	under	magnetic	field	change	(H)	and	
studying	 the	 macro-	 and	 micromagnetic	
vortex structures is important not only for 
basic	science,	but	also	in	applied	terms.

The	stable	SpDS	 is	being	formed	by	
monopolar pulsed magnetic field normal to 
the	film	plane.	The	SpDS	is	surrounded	by	the	
bubble	lattice	and	it	is	retained	for	infinite	
time	after	switching	off	the	pulsed	field.	Such	
SpDS	 is	equilibrium	due	 to	 the	stabilizing	
action	 of	 bubble	 lattice.	 It	 can	 newly	 be	
formed	with	the	same	parameters.

The	 coexistence	 of	 two	 domain	
structures	 is	 observed	 at	 study	 of	 spiral	
domain	 surrounded	 by	 the	 bubble	
lattice.	The	SpD	and	the	bubble	lattice	are	
equilibrium	at	equality	of	their	magnetostatic	
pressure.	 The	 following	 experiment	 was	
carried out on purpose to study the 
conditions of coexistence of different DS 
and the clarification of nature of the spiral 
domains:	on	the	DS	(Figure	1)	is	acted	the	
field	H>0.	The	pressure	of	bubble	lattice	at	
a certain value of the field had decreased so 
that	the	balance	between	SpD	and	bubble	
lattice	was	disrupted.	As	a	result,	the	external	
end	of	spiral	began	to	unfold,	the	radius	of	
SpD	decreased,	i.e.	its	pressure	decreased	
and	the	balance	was	restored.	The	length	of	
spiral domain decreases under increasing 
the	H,	and	the	bubbles	occupy	a	free	place.	
The	spiral	turned	into	a	dumbbell-shaped	
domain	 (Figure	 1).	 This	 experiment	 gave	

three	important	results.	Firstly,	it	was	visually	
shown	that	equality	of	their	magnetostatic	
pressures	 is	 the	 condition	 of	 balance	 of	
the	two	domain	structures.	Secondly,	 the	
experiment	 allowed	 to	 visually	 observe	
the	action	of	magnetostatic	pressure:	the	
bubbles	occupy	the	free	place	at	untwisting	
the	 spiral	 domain,	 i.e.	 the	 gradient	 of	
magnetostatic	pressure	moves	the	bubbles.	
Thirdly,	the	dumbbell-shaped	domain	is	a	
nucleus	of	 spiral	 domain.	 The	dumbbell-
shaped	domain	untwists	into	spiral	under	
the	action	of	pulsed	field.	At	this,	the	number	
of	 vertical	 Bloch	 lines	 (VBL)	 increases,	
and	 is	 evenly	 distributed	 over	 the	 stripe	
domain.	In	its	turn,	the	spiral	is	converted	
into	a	dumbbell-shaped	domain	under	the	
influence of displacement field. Since the 
part	 of	 VBL	 is	 annihilated	 at	 H>0,	 in	 the	
dumbbell-shaped	domain	there	is	a	smaller	
number	of	VBL	than	in	the	spiral	domain.

It	 has	 been	 shown	 that,	 the	
dumbbell-shaped	 domain	 is	 a	 nucleus	 of	
spiral	domain,	it	implies	that	the	structure	
of	 spiral	 domain	 boundaries	 is	 complex.	
The	 dumbbell-shaped	 domain	 is	 formed	
by	a	pulsed	field	in	the	temperature	range	
in	 which	 the	 magnetization	 of	 film	 is	
high,	 i.e.	 away	 from	TN	 and	 TC.	 Thus,	 the	
spiral	 domain	 can	be	 formed	only	 in	 this	
temperature	 range.	 The	 experimental	
facts	 shows	 the	 inextricable	 link	between	
dynamic microvortices inside domain 
boundaries	 and	 macro-vortex	 domain	
structure.

Figure 1. 
The influence 
on SpDS H, Oe: 
A– 0; 
B– 105; 
C– 115.
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Magnetization	 curves	 of	 the	 
Tm2Fe17–xMnx	(x	=	0,	0.2,	0.5,	1,	1.5)	single	
crystals	 have	 been	 studied.	 Figure	 1	
presents the measured and calculated 
magnetization	 curves	 M(H) along the 
a- and b-axes	 in	 the	 basal	 plane	 and	 the	
hexagonal	 c-axis	 of	 the	 Tm2Fe17–xMnx 
compounds	 with	 x	 =	 0,	 0.2	 and	 1.5	 at	 
T	 =	 4	 K.	 The	 compounds	 are	
magnetized	 easily	 along	 the	 c-axis.	
The	 temperatures1	 of	 the	 ferrimagnet-
antiferromagnet transition ΘT	and	of	spin-
reorientation Тsr,	 as	 well	 as	 the	 Curie	 TC  
and	 Néel	 TN temperatures of the  
Tm2Fe17–xMnx	compounds	are	summarized	
in	Table	1	 together	with	 the	spontaneous	
magnetizations	 Ms.	 They	 are	 about	 the	
same	 as	 the	 early	 published	 for	 the	
Tm2Fe17 compound2. One can see that the 
positive	 exchange	 interactions	 become	
stronger and Ms decreases monotonically 
with	increasing	the	Mn	content.

Compositional and temperature 
dependences of the magnetic anisotropy 
constants K1, K2, K3,	 K’3	 (Table	 1)	 were	
calculated	via	analyzing	the	magnetization	
curves. K1	>	0,	K2	>	0,	and K1 is predominant 
for	all	compounds.	In	accordance	with	the	
theory3	 of	 the	 first-order	 magnetization	
process	 (FOMP),	 the	 FOMP	 in	 the	 hard	
basal	 plane	 exists	 in	 the	 compositions	 
x	=	0	–	0.5	with	K3	<	0,	and	disappears	for	 
x	 =	 1,	 1.5	with	K3	 >	 0	or	K3	 =	 0	 (Figure	1,	 
Table	 1).	 The	 moments	 of	 Tm	 and	 Fe	
ions rotate from the c-axis	 to	 the	 basal	
plane	 during	 this	 sharp	 field-induced	
magnetization	of	the	Tm2Fe17 compound2. 
The	critical	field	Hcr.	of	the	FOMP	increases	
in the system as the Mn content increases 
(Table	 1).	 The	 values	 of	 Hcr. measured 
along the a-	and	b-axes	of	the	compounds	
are	 somewhat	 different	 (Figure	 1)	 due	 to	
the existence of magnetic anisotropy in 
the	basal	plane.
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Figure 1. Magnetization curves of the Tm2Fe17 (1), Tm2Fe16.8Mn0.2 (2) and Tm2Fe15.5Mn1.5 (3) 
compounds measured (solid symbols) and calculated (open symbols) along the a (squares) and b (circles) 
axes at T = 4 K. Experimental magnetization (x) and demagnetization (+) curves along the c-axis.
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One	 can	 see	 from	 Figure	 1	 that	
the anisotropy field increases in the 
system	 as	 the	 Mn	 content	 increases,	 i.e.	
the uniaxial magnetic anisotropy in the  
Tm2Fe17–xMnx	 compounds	 become	
stronger.	 This	 strengthening	 of	 the	
magnetic	 anisotropy	 of	 the	 easy-axis	
type stipulates the increase in the 
temperature	 Tsr of the spontaneous 
spin-reorientation	 in	 the	 Tm2Fe17–xMnx 
system as the Mn content increases  
(Table	 1).	 The	 magnetization	 of	 the	 
Tm2Fe17–xMnx	 compounds	with	 x	 =	 0	 and	
0.2	 along	 the	 hard-magnetization	 a-axis	
Ma	 is	 larger	 than	 that	 along	 the	 easy-
magnetization	 c-axis	 Mc in the internal 
fields	above	~5	T	at	T	=	4	K	(Figure	1).	Thus,	
the	magnetization	 anisotropy	 takes	place	
in the compounds and quickly diminishes 
as	the	Mn	content	grows	in	the	system.	The	
quantity	 of	 the	magnetization	 anisotropy	

δM	=	(Ma – Mc)/Mc	in	the	field	7	T	at	T	=	4	K	
equals	4.6	%	for	the	compound	with	x	=	0,	
1.8 % for x	=	0.2,	and	is	absent	for	x	=	1.5.

K1(T)	 of	 the	 compounds	 decreases	
with	 increasing	 T and changes sign at 
Tsr due to the competition of magnetic 
anisotropy	 of	 Tm-	 and	 3d-sublattices	
having K1 values of different signs and 
differently dependent on temperature. 
For	 the	 compounds	 with	 x	 =	 0,	 0.2	 the	
anisotropy constants K2	>	0,	K3	<	0,	and	K2,	
|K3|	 decrease	 with	 about	 the	 same	 rate	
as	 the	 temperature	 increases	 to	 Tsr.	 As	 a	
result,	 the	Hcr.	 field	of	the	FOMP	tends	to	
zero	approximately	at	T	=	50-60	K,	where	
K3	=	K’3	=	0,	in	accordance	with	the	theory	
of	the	FOMP3.

The	research	was	supported	by	RSF	
(project	No.	15-12-10015).

Tablk 1. Toanditiwn ΘT anr dpin-okwoikntatiwn Tdo tkmpkoatuokd, TN anr TC, dpwntankwud 
magnktizatiwn Md, coitical fiklr Hco wf FOMP anr anidwtowpe cwndtantd K1, K2, K3, K’3  
at T = 4 K in thk Tm2Fk17–xMnx cwmpwunrd.

x ΘT	(K) TC
*(K) Tsr(K)

Ms (Am2/
kg) Hcr(T)

K1 (MJ/
m3)

K2 (MJ/
m3)

K3 (	MJ/
m3)

K’3 (	MJ/
m3) 

0 240 278.9 72.1 95.9 3.2 1.54 0.40 -0.50 0.02

0.2 - 290.1 84.3 90.2 3.5 1.64 0.26 -0.43 0.03

0.5 - 305.1 92.8 83.9 3.7 1.48 0.37 -0.42 0

1.0 - 308.8 124.9 67.8 - 1.12 0.33 0.07 0

1.5 - 305.4 135.8 63.1 - 1.47 0.12 0 0

* TN	for	x	=	0

1 Kuchin A.G., Gabay A.M., Makarova G.M., Voronin V.I., Berger I.F., Platonov S.P., Volegov A.S. 
(2014), Solid State Phenomena, 215 (2), 123-126.

2 Park J., Jo Y., Park J.-G., Prokeš K., Welzel S., Lee C.H., Kudrevatykh N., Valiev E., Pirogov A., 
Sheptyakov D. (2001), J. Magn. Magn. Mater., 237 (2), 158-168.

3 Asti G., Bolzoni F. (1980), J. Magn. Magn. Mater., 20 (1), 29-43.
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A	 new	 system	 of	 the	 intermetallic	
compounds	 (Pr1–xTmx)2Fe17,	 x	=	0	–	1	has	
been	synthesized	and	the	investigation	of	
structural,	 magnetic,	 and	 magnetocaloric	
properties	 has	 been	 put	 forward.	 
The	 structural	 and	 magnetic	 parameters	
for	 the	 binary	 compounds	 are	 close	 to	
those	published	by	Givord	et	al.1	and	Kou	
et al.2	 It	 is	 obtained	 that	 the	 alloys	 with	 
x	=	0	–	0.4	are	crystallized	in	the	rhombo-
hedral	lattice	of	the	Th2Zn17-type,	and	the	
alloys	 with	 x	 =	 0.8,	 1	 are	 crystallized	 in	

the	 hexagonal	 lattice	 of	 the	 Th2Ni17-type.	 
The	transformation	of	the	crystal	lattice	of	
the	 compounds	 from	 the	 rhombohedral	
type	 to	 the	 hexagonal	 one	 is	 realized	 in	
the	 concentration	 interval	 x	 =	 0.45	 –	 0.7,	
where	 both	 these	 lattices	 coexist.	 The	
lattice parameters in the system decrease 
monotonically	as	x	 increases	from	0	to	1.	
Strong microdeformations in the alloys 
have	been	detected	by	means	of	neutron	
diffraction	at	room	temperature.	They	are	
larger	in	the	alloys	with	the	two	coexisting	
crystal	 lattices.	 A	 non-homogenous	
distribution	of	Pr	and	Tm	rare-earth	atoms	
due to the large difference of their radiuses 
can	 be	 the	 reason	 for	 this	 strengthening	
of	 the	 microdeformations.	 Feasibly,	
these microdeformations stipulate a 
slightly nonmonotonous variation of the 
temperatures of the magnetic phase 
transitions	 in	 the	 system.	 It	 is	 commonly	
assumed that the magnetic states and 
the temperatures of magnetic ordering in 
the	 Tm2Fe17 and Pr2Fe17 compounds are 
determined	by	the	competition	of	positive	
and negative exchange interactions 
between	 Fe	 atoms1.	 These	 interactions	
are positive or negative if the interatomic 
Fe-Fe	 distance	 is	 larger	 or	 smaller	 of	 the	
critical	value,	respectively.
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The	 Pr2Fe17 compound is a 
ferromagnet	 with	 the	 Curie	 temperature	
TC	=	284.3	K.	The	Tm2Fe17 compound is a 
helical	 antiferromagnet	 below	 the	 Néel	
temperature TN	 =	 273.9	 K	 and	 at	 lower	
temperature ΘT	 =	 235.6	 K	 becomes	 a	
collinear	 ferrimagnet.	 A	 rotation	 of	 the	
easy-magnetization	 direction	 from	 the	
basal	 plane	 to	 the	 hexagonal	 axis	 takes	
place	 below	 the	 temperature	 Tsr=76.5	 K.	
The	 compounds	with	 x	 =	 0.5	 -	 1	 are	 also	
characterized	by	the	same	three	magnetic	
phase	transitions	as	the	Tm2Fe17	compound,	
although their temperatures are not quite 
clearly pronounced in the temperature 
dependence	of	magnetization	as	is	shown	
in the case of the composition x	 =	 0.6	 in	
Figure	1.	However,	one	can	see	two	distinct	
peaks on the temperature dependence of 
the magnetocaloric effect of the compound 
at	T	near	TN and ΘT	values	in	Figure	2.

The	research	was	supported	by	RSF	
(project	No.	15-12-10015).

1 Givord D., Lemaire R. (1974), IEEE Trans. Magn., MAG-10 (2), 109-113.
2 Kou X.C., de Boer F.R., Grössinger R., Wiesinger G., Suzuki H., Kitazawa H., Takamasu T.,
3 Kido G. (1998), J. Magn. Magn. Mater. , 177-181 (7), 1002-1007.

Figure 2. Temperature dependence of magnetic 
entropy change -ΔSM(T) of (Pr0.4Tm0.6)2Fe17 
compound under different external field 5, 4, 3, 2, 
and 1 T (top-down).
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Currently,	 there	 are	 a	 number	 of	
industries	 in	 which	 using	 of	 corrosion-
resistant	 and	 heat-resistant	 steels	 and	
alloys	 based	 on	 iron	 and	 nickel	 has	 
no alternative.

The	 08×18H10T	 stainless	 steel	 is	
one	 of	 most	 widely	 used	 heavily	 alloyed	
material.	 The	 microstructure	 of	 such	
steels in the quenched state represents 
the	 austenite	 with	 FCC	 lattice1.	 Annealed	
austenitic	 stainless	 steels	 have	 a	 low	
magnetization	 value	 (about	 1).	 Due	 to	
different external factors in the steels 
can	 be	 formed	 certain	 amount	 of	
ferromagnetic	 α-phase.	 This	 can	 lead	 to	
changing of physical properties of the 
steels,	particularly,	a	corrosion	resistance.	
The	 aim	 of	 this	 work	 was	 to	 determine	
the	 corrosion	 parameters	 of	 08×18H10T	
stainless	steels	with	α-phase	presence.

The	 crystal	 structure	 of	 samples	
was	 studied	 by	 X-ray	 diffraction	 method	
in	 CuKα	 -	 radiation	 in	 the	 3º	 ≤	 2θ	 ≤	 150º	
angles range at room temperature. Before 
corrosion	 the	 alloy	 samples	were	 subject	
to	X-Ray	Photoelectron	Spectroscopy	(XPS)	

measurements for evidence the state of 
surface.	 It	was	carried	out	on	a	Quantera	
SXM	 equipment,	 with	 a	 base	 pressure	 
in	 the	 analysis	 chamber	 of	 10–9	 Torr.	 
The	 corrosion	 behavior	 of	 these	 samples	
was	 studied	 by	 the	 mass	 lost	 method	 
in	3,5	%	NaCl	and	 in	HCl	during	5	month	
and	by	potentiodynamic	corrosion	in	3,5	%	
NaCl	at	25°C.

The	X-ray	diffraction	investigations	of	
studied	 samples	 showed	 a	 redistribution	
of	 diffraction	 peaks	 intensity	 without	
changes of crystal structure resulting in 
corrosion	action	on	samples	of	08×18H10T	
stainless	 steel.	 The	 open	 circuit	 potential	
measurement	gave	the	following	results	of	 
EOCP	=	–56.29	V	for	the	sample	with	magnetic	
α-phase	 and	 –113.40	 V	 for	 the	 sample	
without	 α-phase.	 Corresponding	 kinetic	
data	 calculated	 from	 polarization	 curves	
is	presented	in	Table	1	and	it	demonstrate	
that	both	present	alloys	have	good	corrosion	
resistance	in	the	salt	solution,	but	sample	
without	α-phase	is	better.

Tablk 1. Kinktic paoamktkod calculatkr fowm Tafkl cuovkd.
Probe EOCP (mV) E(i=o) (mV) icor (μA/cm2) Rp (KΩ	cm) CR	(mm/an)

with	α-phase -56.29 -128.5 0.8188 26.33 0.0941
without	α-phase -113.40 -206.4 0.1937 121.46 0.0118

1 Covert R.A. & Tuthill A.H. (2000), Dairy, Food and Environmental Sanitation, 20 (7), 506-
517.
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Shubin-Vonsovskii	 model	 or	 s–d(f)-
exchange	model	is	widely	used	to	describe	
many-electron	 (correlation)	 effects	 
in	metals	(and	their	compounds)	with	un-
filled	d-	and	f-shells.	Correlation	effects	due	
to	s–d(f)-exchange	coupling	(with	coupling	
constant	 J)	 between	 the	 spin	 moments	 
of	 itinerant	 s-	 and	 localized	d(f)-electrons	
can	lead	to	the	long-range	magnetic	order.	
The	well	known	RKKY	interaction1,2 occurs 
in	the	second	order	of	J.

In	 this	 paper	 with	 the	 aim	 of	
describing	 the	 localized	 spin	 sub-system	
in	 the	 framework	of	 effective	 spin	model	
we	 develop	 general	 procedure	 for	
deriving	multicenter	spin-spin	interactions	 
in	 the	 arbitrary	 order	 of	 the	 coupling	
constant	J.

The	problem	is	solved	by	integrating	
Fermi	 degrees	 of	 freedom	 using	 the	
diagram	technique	for	Matsubara	Green’s	
functions.	 As	 a	 result	 the	 spin	 Green’s	
function

with	β=1/T,	and	τ	–	Matsubara	imagi-nary	
time,	is	expressed	in	terms	of	temperature	
scattering	matrix	S	 (β)	 that	 is	obtained	 in	
the	form	of:

where	 Ω	 –	 effective	 action,	 describing	
the	 spin-spin	 effective	 interactions	 in	
an	 arbitrary	 n-th	 order	 in	 the	 coupling	
constant	J.

The	 effective	 action	 of	 the	 second	
order	 Ω2 in the static approximation 
reproduces	the	result	of	RKKY1,2.	However,	
a significant advantage of the proposed 
approach	 is	 the	 ability	 to	 go	 beyond	 the	
static approximation and take into account 
the retardation effects of the exchange 
interaction.	 Furthermore,	 in	 the	work	 the	
contributions	of	the	3rd	and	4th	orders	are	
analyzed.

The	work	was	supported	by	the	RNF	
16-12-10153.

1 Yosida K. (1954), Physical Review, 106, 893.
2 Kasuya T. (1956), Progress of Theoretical Physics, 16, 45.
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The	 search	 for	 new	 insulating	
materials	 exhibiting	 interrelation	 of	
magnetic	 and	 charge	 subsystems	 has	
both	practical	 and	 fundamental	 interest1. 
In	 this	 report	 we	 present	 the	 results	 of	
study	 of	 magneto-dielectric	 (MD)	 effect	
in	 antiferromagnetic	 (AF)	 compound	
Cu3B2O6.

Cu3B2O6	 belongs	 to	 the	 triclinic	
crystal	 system	 (the	 space	 group	 is	 P1,	
a	 =	 3.344	 Å,	 b	 =	 19.757	 Å,	 c	 =	 19.587	 Å,	
α	 =	 88.91°,	 β	 =	 70.05°,	 γ=69.93°).	 The	
crystal	 has	 a	 layered	 structure	 in	 which	
layers correspond to bc-planes	 spaced	
by	2.90	Å.	Single	crystal	studied	here	was	
grown	 by	 flux	 technique2.	 To	 measure	
the	permittivity	 ε,	 conductive	plates	were	
applied	to	the	crystal	bases	(corresponded	
to bc-planes).	The	capacitance	C	(ε	~	C)	of	
such	a	capacitor	was	measured	at	10	kHz	
and voltage 1 V.

It	 was	 found	 that	 MD	 effect	 is	
observed	only	for	one	direction	of	magnetic	
field	 H	 with	 respect	 to	 crystallographic	
axes	of	a	crystal,	namely	for	H	||	b.	Figure	1	
show	temperature	and	field	dependences	
of	 MD	 effect	 together	 with	 data	 on	
magnetic	 properties.	 It	 is	 seen	 from	 the	
Figure	 1	 that	 the	 MD	 takes	 place	 in	 the	
temperature	range	of	AF	ordering	(the	AF	
Néel	temperature	is	≈	10	K).	Portion	of	the	
M(H)	dependence	with	positive	 curvature	
for the direction H	||	b	reflects	«sequential	
spin-flop	 transitions»	 between	 various	
magnetic structures3.	 This	 fact	 strongly	
correlates	 with	 observation	 of	 MD	 effect	
for	 this	 direction	 (H	 ||	 b).	 Therefore,	 the	
existence of the MD effect in Cu3B2O6 
correlates	with	the	anisotropic	behavior	of	
magnetic properties4.

1 Pyatakov A.P. and Zvezdin A.K. (2012), Phys.- Usp., 55 (6), 557.
2 Petrakovskii G.A., Sablina K.A. et. al. (1999), Phys. Solid State, 41 (4), 610.
3 Kudo K., Noji T., Koike Y. et. al. (2003), J. Phys. Soc. Jpn., 72 (3), 569.
4 Balaev D.A., Sablina K.A., (2016), Physics of the Solid State, 58 (2), 284.

 

 

Figure1 Temperature (a) and magnetic field (b) 
dependences of magnetization and permittivity.
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The	 creation	 of	 gradient	 structures	
allows	 to	 overcome	 the	 inherent	 in	
homogeneous materials a disadvantage – 
the	thermal	instability	of	their	properties1,2. 
On	 base	 of	 (Ni1–хZnx)Fe2O4	 (х=0,0;	 0,1;	
0,2)	 solid	 solutions	 using	 the	 method	 of	
slip	 casting	 the	 multilayer	 ceramics	 with	
composition	 gradient	 are	 synthesized.	 At	
studying of the temperature dependences 
of	the	specific	magnetization	and	magnetic	
susceptibility	 in	 the	 «heating	 –	 cooling»	
mode	 it	 is	 established	 that	 magnetic	
properties	 of	 the	 synthesized	 multilayer	
ceramic are resistant at heating up to ~ 
900	K.	The	 increasing	of	zinc	x	content	 in	
multilayer ceramics leads to an increase 
of the antiferromagnetic ordering 
recompen-sation	 inherent	 to	 the	 ferrite.	
Increased	 antiferromagnetic	 structure	
recompensation creates conditions to 
increase	 the	 specific	 magnetization	 from	
value	 45.30	 А·m2·kg–1	 to	 70,95	 А·m2·kg–1 

at	room	temperature,	and	the	magnitude	
of	 the	magnetic	moment	 from	2,09	μВ to 
3.48	μВ near liquid nitrogen temperature. 
The	increase	in	the	size	of	the	unit	cell	at	
increasing	the	zinc	content	in	the	multilayer	
structure	 leads	 to	 the	 weakening	 of	 the	
magnetic	 exchange	 interactions	 between	
the cations and it leads to a decrease 
in	 the	 Curie	 temperature	 (Table	 1).	
Experiment	 and	 calculation	 have	 shown	
that the parameters of the magnetic 
hysteresis loops of the multilayer ceramics 
with	 composition	 gradient	 observed	
in the experiment geometry H⊥∇σ,	 
are	 at	 8-14%	 higher	 than	 the	 average	
values of the relevant parameters of 
magnetic loops of homogeneous layers 
that	 form	 it.	 The	 shift	 of	 the	 magnetic	
hysteresis loops in the studied materials in 
different	experiment	geometry	(	H⊥∇σ	and	
H||∇σ)	 of	 the	 application	 of	 an	 external	
magnetic field is not detected.

Table 1. The Curie temperature, values of specific magnetization (σ) and the magnetic 
moments (μ) of the solid solutions of the (Ni1–хZnx)Fk2O4 dedtkm, okdpkctivkle,  
of the homogeneous х= 0.0; х=0.1; х=0,2 compositions and by multilayer (0.0+0.1+0.2) 
structure on their basis at 80К and 300К temperatures.

Composition ТС	,	K
σ80,	

А·m2·kg–1
σ300,	

А·m2·kg–1 μ80,	μВ μ300,	μВ

x=0.0 790 50.02 45.30 2.09 1.90
x=0.1 740 68.76 60.04 2.89 2.53
x=0.2 720 82.42 70.95 3.48 2.99

Ckoamicd yith goariknt wf 
composition	0.0+0.1+0.2 735 65.46 58.20 2.77 2.42

1 Shut V.N. et al. (2009), Ferroelectrics, 386 (1), 125-132.
2 Mandal S.K. et al. (2011), Physical review B, 84, 014432-014438.
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In	 our	 previous	 investigations1,2	 we	
have found the magnetic field dependent 
attenuation	 for	 the	 ultrasonic	 slow	
shear	 wave	 propagating	 along	 the	 [110]	
crystallographic	axis	 in	the	ZnSe:Cr2+.	The	
external	magnetic	field	was	applied	along	
the	 wave	 vector.	 The	 ZnSe:Cr	 crystal	 has	
a	 zinc-blende	 structure	 with	 tetrahedral	
surrounding of the chromium ion and 
a d4 configuration resulting in a 5T2(e2t2)	
high-spin	 ground	 state.	 Magnetoacoustic	
investigations	 revealed	 a	 resonant-like	
curve	 in	 the	 magnetic-field	 dependence	
of	 the	 attenuation	 at	 considerably	 low	
magnetic	 fields	 (up	 to	 20	 kOe)	 and	 a	
monotonic increase of attenuation at 
higher	magnetic	 fields.	We	show	 that	 the	
ultrasonic attenuation in high magnetic 
fields	(up	to	140	kOe)	is	due	to	the	change	
in	populations	of	the	lowest	energy	levels	
of	the	impurity	centers	CrZn4Se,	produced	
by	the	Jahn-Teller	effect	and	split	by	spin-
orbital	 interaction	 and	 the	 magnetic	
field.

In	 the	present	work	we	 studied	 the	
magnetic field dependence of attenuation 
for	the	ultrasonic	slow	shear	wave	(defined	
by	 elastic	 modulus	 (c11-c12)/2)	 when	
magnetic	field	was	applied	perpendicular	to	

the	wave	vector	and	along	[001]	and	[1-10]	
crystallographic	axes.	Measurements	were	
carried	out	with	the	frequency	f=33	MHz	at	
the temperature T=1.3	K.	It	was	found	that	
the monotonic increase of the attenuation 
in	 high	magnetic	 field	 disappeared	when	
the	magnetic	 field	 is	 parallel	 to	 the	 [001]	
axis,	 or	 strongly	 suppressed	 (when	 it	 is	
parallel	to	the	[1-10]	axis).	At	low	magnetic	
fields	(near	1	kOe)	position	and	magnitude	
of	 the	 absorption	 peak	 depend	 on	 the	
magnetic	field	orientation	as	well.

The	research	was	carried	out	within	
the	 state	 assignment	 of	 FASO	 of	 Russia	
(theme	 «Electron»	 №	 01201463326),	
supported	 in	 part	 by	 RFBR	 (project	 
№	 15-02-02750	 a)	 and	 by	 UrFU	 Center	
of	 Excellence	 «Radiation	 and	 Nuclear	
Technologies»	 (Competitiveness	Enhance-
ment	Program).

1 Gudkov V.V. et. al. (2012), Solid State Phen., 190, 707-710.
2 Averkiev N.S. et. al. (2015), Solid State Phen., 233-234, 125-128.
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Composite	 magnetoelectric	 (ME)	
materials attract attention due to their 
record	value	of	ME	interaction	efficiency1. 
However,	 temperature	 characteristics	 of	
resonance	 ME	 interactions	 in	 composite	
structures	of	various	contents	are	not	well	
studied yet.

In	 this	 paper	 we	 investigated	
temperature	 characteristics	 of	 ME	
interactions	 in	 a	 three-layer	 structure	
Metglas-PZT-Metglas.	 The	 structure	
contained	 a	 metalized	 piezoelectric	 layer	
with	 dimensions	 2.6	 x	 20	 x	 1.3	 mm3 
fabricated	 of	 hard	 lead-zirconate	 titanate	
piezoceramics	(PZT-4)	placed	between	two	
20	µm	thick	Metglas-2601s	ribbons.	These	
layers	were	soldered	together	with	a	lead-
containing	paste.	The	structure	was	placed	
in	 a	 longitudinal	 dc	 bias	 field	H	 =100	Oe	
and	ac	pumping	field	with	amplitude	up	to	
h=10	Oe	and	frequency	up	to	f=100	kHz.

The	 generated	 ME	 voltage	 u	 was	
measured at the acoustic resonance 
frequency.	 Temperature	 dependences	
u(T)	 were	 measured	 in	 the	 150…400	 K	
range using specially designed automated 
installation	where	a	sample	was	cooled	or	
heated	in	the	nitrogen	flow.	Figure	1	shows	
typical u(T)	dependence.	The	ME	coefficient	
reached	maximum	αE	=	7.93	V/(Oe·см)	at	
the	room	temperature	and	dropped	down	
nearly	 to	 zero	 as	 temperature	 increased	
or	 decreased.	 The	 quality	 factor	 of	 the	
structure Q reached maximum near the 
room	 temperature	 (Figure	 2)	 while	 the	
resonance frequency f gradually increased 
with	an	increase	of	the	temperature.	It	was	
shown	 that	 temperature	 dependences	 of	

the	ME	 interaction	 efficiency	 are	 defined	
mainly	by	the	temperature	characteristics	
of	the	PZT	layer.

The	 work	 was	 supported	 by	 the	
Russian	 Foundation	 for	 Basic	 Research,	
grant	16-32-00417.

1 Wesler J., Bourianoff J., Zhirnov V. (2008), J. Nanopart. Res., 10, 1-10.
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Figure 1. ME signal vs temperature.

Figure 2. Resonance frequency and quality 
factor of the ME structure vs T.
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Figure	of	the	system	built	on	principle	
of	Halbach,	which	has	a	maximum	field	in	
its	 center,	 will	 be	 called	 a	 limit	 Halbach	
figure.	 The	 limit	 Halbach	 figure	 shape	 is	
described	by	the	equation

where	b	is	the	semi-minor	axis	of	this	figure,	
r and θ are the spherical coordinates of a 
point of this figure outer surface relatively 
to	its	center.	Here

γ(θ) = θ + arctg 
Halbach	spheroid	has	a	maximum	field	in	
its center at elongation factor of its outer 
surface	equal	to	about	1.265223.

Maximum	 fields	 were	 calculated	
in	 centers	 of	 Halbach	 sphere,	 Halbach	
spheroid	 and	 limit	 Halbach	 figure.	 These	
figures have concentric spherical cavity 
with	 a	 volume	 Vс,	 and	 a	 volume	 of	 the	
material is equal to V.

Tablk 1. Ratiwd wf thk maximum fiklr 
in ckntko wf Halbach dphkowir anr thk 
maximum fiklr in ckntko wf limit Halbach 
figuok tw thk maximum fiklr in ckntko 
Halbach dphkok k1 anr k2 okdpkctivkle  
at valukd V/Vс .

V/Vс k1 k2

20
10
4
2
1
0.5
0.3

1.007625
1.009682
1.014425
1.021132
1.033493
1.057256
1.088485

1.008063
1.010237
1.015252
1.022344
1.035415
1.060542

–

1 Halbach K. (1985), J. Appl. Phys., 57 (1, Part IIA), 3605–3608.
2 Leupold H.A., Potenziani II E. (1991), J. Appl. Phys., 70 (10, Part II), 6621–6623.
3 Нечаев М.А. (2008), Изв. вузов. Физика, 51 (9/2), 65–69.

 

Figure 1. Axial section of limit Halbach figure 
with concentric spherical cavity at V/Vс=0.5.
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Structural and magnetic properties of 
CoxPt1–x	thin	films	with L10-type	are	widely	
investigated	 in	 connection	 with	 potential	
use	for	high-density	magnetic	recording	of	
information,	as	well	as	special	permanent	
film magnets1.	For	obtaining	CoxPt1–x thin 
films	 we	 used	 the	 solid-state	 reactions	 
in	Co/Pt	bilayer	structures2.	In	recent	papers	
devoted to the study of mechanisms of 
occurrence in these materials a rotational 
magnetic	 anisotropy	 (RMA)	 (easy	 axis	
RMA	 anisotropy	 rotate	 by	 the	 magnetic	
field),	and	it	is	the	goal	of	research	in	this	
paper2.	In	[2]	it	is	assumed	that	a	possible	
mechanism	for	the	emergence	of	the	RMA	
is	 the	 presence	 epitaxial	 intergrowth	 of	
CoPt	 (L10)	 and	 CoPt3	 phases.	 To	 confirm	
this	 hypothesis,	 we	 prepared	 layered	
structures of these phases.

The	CoPt3	 film	with	 an	 atomic	 ratio	
1/3 is previously made at a temperature of 
annealing	Тan	~	550	°C.	Further	a	Co	layer	
was	evaporated	on	the	synthesized	CoPt3 
(111)	film	sample	for	increasing	the	atomic	
ratio up Co/Pt ~ 1/1 and the Co/CoPt3 
(111)	bilayer	was	annealed	at	Tan	=	650	°C	 
for	the	obtaining	ordered L10CoPt phase.

Figure	1	 shows	X-ray	 spectra	of	 the	
synthesized	structures.	It	can	be	seen	that	
the	 system	 formed	 two	 epitaxial	 cubic	
phases:	 CoPt3	 (111)	 and	 CoPt	 (111).	 On	
these samples at such phase composition 

was	observed	the	presence	the	RMA,	which	
may	 be	 due	 to	 the	 exchange	 interaction	
of	 the	 epitaxial	 intergrowth	 CoPt3 and 
CoPt	phases.	These	sample	have	the	RMA	
anisotropy	 constant	 ~	 5	 ·	 106 erg / cm3,	 
and the coercive force of ~ 8 kOe.

This	 work	 was	 supported	 by	 grant	
RFBR	 (grants	 ##	 16-03-00069,	 15-02-
00948).

1 McCallum R.W., Skomski R., Kramer M.J., Lewis L.H., Anderson, I.E. (2014), Annual Review of 
Materials Research, 44 (1), 451-477.

2 Myagkov V.G., Zhigalov V.S., Bykova L.E., Bondarenko G.N., Rybakova A.N., Matsynin A.A., 
Tambasov I.A., Volochaev M.N., Velikanov D.A. (2015), JETP Letters, 102, 355-360.

Figure 1. Formation of cubic phase system Co/
CoPt3 (111) / MgO ratio of elements with atomic 
Pt/Co ≈ 1/1 after annealing at 850 °C
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Peculiarities of the magnetocaloric 
effects	(MCE)	are	investigated	theoretically	
in	 a	 paramagnetic	 crystal	 with	 uniaxial	
symmetry	 in	 which	 the	 crystal	 fields	
produce	 the	 easy-plane	 magnetic	
anisotropy.	It	 is	shown	that	in	the	case	of	
non-Kramers	ion	with	total	spin	S=1	there	
is	a	 low-field	and	 low-temperature	region	
of	 the	 inverse	 MCE	 where	 the	 magnetic	
field is directed perpendicularly to the 
easy	plane	of	 the	magnetization.	 Sizes	of	
this	 region	 are	 restricted	 with	 conditions	
0 < kBT ≤ 0.7 D and 0 < µ0Hi , µ0 Hf ≤ D 
(here	 D=3B2

0 >0 is the parameter of the 
second	 order	 anisotropy,	 Hi is the initial 
magnetizing	field	and	Hf	 is	the	final	field).	
The	 perpendicular	magnetization	 outside	

of this region leads only to the normal 
MCE.	 If	 one	magnetizes	 this	 paramagnet	
parallel	to	the	easy	plane,	then	the	normal	
MCE	over	the	whole	temperature	and	field	
intervals	can	be	obtained.

In	 a	 paramagnet	 with	 Kramers	
ions	 (total	 spin	 S=3/2	 per	 ion)	 there	 is	 as	
well	 a	 region	 of	 the	 inverse	 MCE	 which	
can	 be	 detected	 by	 the	 perpendicular	
magnetization	to	the	easy	plane.	However,	
in	 comparison	 with	 the	 case	 of	 non-
Kramers	 ion	 S=1	 its	 field	 boundaries	 are	
shifted	 to	 more	 high	 magnetic	 fields:	
D ≤ µ0Hi	 ,	 µ0Hf ≤ 2D.	 The	 perpendicular	
magnetization	outside	of	this	field	intervals	
as	 well	 as	 the	 magnetization	 parallel	 to	
easy	 plane	 give	 only	 the	 normal	 MCE.	 
It	 is	 shown	 that	 the	 occurrence	 of	 the	
inverse	MCE	is	connected	with	the	energy	
level crossing of ions in magnetic fields.

The	 work	 is	 supported	 by	 Russian	
Scientific	Foundation,	grant	14-12-00502.
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The	 La1–xTbxMn2Si2 intermetallic 
compounds	crystallize	in	the	ThCr2Si2-type	
structure	(space	group	I4/mmm)	consisting	
of	alternating	atomic	layers	of	–(La1–xTbx)–
Si–Mn–Si–(La1–xTbx)–	 which	 are	 aligned	
perpendicular	to	the	tetragonal	c-axis.

In	 this	 work,	 we	 studied	 field-
induced magnetic phase transitions  
in the La1–xTbxMn2Si2	 compounds	 with	 
x	 ≥	 0.25	 in	magnetic	 field	 up	 to	 350	 kOe	 
and	 temperature	 range	 4.2–320	 K	 using	
quasi-single-crystal	 and	 free	 powder	
samples.

The	 exchange	 interactions	 in	 the	
La1–xTbxMn2Si2 compounds depend 
on	 the	 intralayer	 Mn-Mn	 distance	 and	
Tb	 concentration	 and	 can	 be	 varied	
smoothly via changing concentration of 
Tb.	 In	 the	 compounds	 with	 x	 >	 0.2,	 the	
intralayer	 Mn-Mn	 distance	 is	 less	 than	

the critical distance and the interlayer 
Mn-Mn	 exchange	 interactions	 are	
antiferromagnetic.	 In	 the	 compounds	
with	 0.2	 <	 x	 <	 0.6	 the	 neighboring	 Mn	
layers	 ordered	 antiferromagnetically,	
whereas	 in	 the	 compounds	 with	 x	 ≥	 0.6	
the	 antiferromagnetic	 Tb-Mn	 exchange	
interactions	 increase	 with	 increasing	 Tb	
concentration	 and	 the	 neighboring	 Mn	
layers	become	ordered	ferromagnetically.	
Thus,	 the	 La1–xTbxMn2Si2 compounds 
with	 x	 >	 0.2	 exhibit	 frustrated	 exchange	
interactions	 between	 magnetic	 moments	
of	Mn	and	Tb	in	the	neighbor	atomic	layers,	
which	arise	as	result	of	strong	competition	
of	 antiferromagnetic	 Mn-Mn	 and	 Tb-Mn	
interlayer exchange interactions.

The	magnetization	 curves	 show	 the	
existence	 of	 jumps	 corresponding	 to	 the	
field-induced	 magnetic	 phase	 transitions	
in	the	compounds	(Figure	1).

The	 variation	 of	 critical	 fields	 of	
the	 field-induced	 phase	 transitions	 with	
temperature and concentration and 
possible	 changes	 of	 magnetic	 interlayer	
ordering are discussed.

The	research	was	supported	by	RSF	
(project	No.	15-12-10015).

Figure 1. Magnetization curves for La1–

xTbxMn2Si2 compounds measured on free 
powder samples at 4.2 K.
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We	report	the	results	of	investigations	
of the transport properties of the Mn/SiO2/
p-Si	 hybrid	 structure.	 The	 experiments	
were	 conducted	 at	 temperatures	 of	
4.2−350	K	in	the	dc	and	ac	current	modes	
in applied magnetic field H.	The	ac	current	
frequency	lied	in	the	range	from	20	Hz	to	
2	 MHz;	 the	 applied	magnetic	 fields	 were	
up	to	10	kOe;	and	the	bias	voltage	on	the	
structure	was	Vb	=	(−5)−(+5)	V.

Study	of	the	ac	transport	properties,	
specifically,	 the	 impedance	 Z	 =	 R	 +	 iX,	
of the Mn/SiO2/p-Si	 structure	 revealed	
magnetoresistance	 (MR)	 of	 up	 to	 200%.	
We	 attribute	 this	 effect	 to	 recharging	 
of	 interface	 centers	 localized	 at	 the	
dielectric/semiconductor	 interface.	 The	
magnetic field shifts the energy levels 
of	 the	 interface	 centers	 toward	 higher	
energies	 and	 the	 bias	 on	 the	 structure	
leads	 to	 the	 bending	 of	 semiconductor	
bands	 at	 the	 dielectric/semiconductor	
interface1.

When	 studying	 the	 Mn/SiO2/p-Si	
structure,	 we	 observed	 even	 a	 stronger	
effect	 of	 the	 bias	 than	 in	 the	 earlier	
investigated	 Fe/SiO2/n-Si2 structure. Both 
in	 the	 dc	 and	 ac	 current	 mode,	 at	 the	
bias	 over	 a	 threshold	 value	 of	 3	 V,	 the	
magnetoresistance of the structure attains 
107%.	This	effect	originates	from	the	onset	

of	 impact	 ionization	 in	 the	 bulk	 of	 the	
semiconductor over the threshold applied 
voltage,	which	results	in	the	sharp	drop	of	
the structure resistance and impedance. 
In	 this	 case,	 both	 the	 acceptor	 states	 
in	Si	and	the	interface	states	become	fully	
ionized	and,	thus,	the	ac	recharging	of	the	
interface state is completely suppressed. 
Suppression	 of	 the	 impact	 ionization	 
by	 a	 magnetic	 field	 rapidly	 restores	
high resistance and impedance values. 
To	 explain	 this	 effect,	 we	 attracted	 two	
physical	 mechanisms.	 The	 first	 of	 them	
is	 the	 shift	 of	 acceptor	 levels	 toward	
higher	energies	with	respect	to	the	top	of	
the	 valence	 band	 in	 the	 semiconductor,	 
which	requires	high	voltages	to	initiate	the	
impact	ionization.	The	second	mechanism	
is	related	to	the	action	of	the	Lorentz	force,	
which	leads	to	the	deviation	of	the	carrier	
trajectories	in	a	magnetic	field	and	lowers	
the kinetic energies of carriers in the 
chosen	direction,	so	the	impact	ionization	
starts	at	higher	bias	values.

This	 study	 was	 supported	 by	 the	
Russian	 Foundation	 for	 Basic	 Research,	
project	no.	14-02-00234-a.

1 Volkov N.V., Tarasov A.S., Smolyakov D.A. et. al. (2015), J. Magn. Magn. Matt., 383, 69-72. 
2 Volkov N.V., Tarasov A.S., Smolyakov D.A. et. al. (2014), App. Phys. Lett., 104, 222406. 
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In	 studying	 physics	 of	 magneto-
resistance,	 tunneling	 mechanisms,	 and	
exchange interactions and in designing 
nano-	 and	 micro-scale	 magnetically	
coupled	 devices,	 it	 is	 often	 necessary	
to enclose a magnetic material into 
nonmagnetic media.

We	 present	 the	 experimental	 data	
on	 fabricating	 by	 aluminothermy	 the	
thin-film	 Al2O3-CoPt	 composite	 structure.	 
In	our	case	we	fabricated	an	initial	Co(111)/
Pt(111)	 bilayers	 with	 the	 1Co:1Pt	 atomic	
ratio	 and	 a	 total	 thickness	 of	 ~200	 nm	
on	 single-crystal	 MgO(001)	 substrates	
at	 a	 residual	 pressure	 of	 ~10–6	 Torr.	 The	
substrate	 temperature	 during	 the	 bilayer	
formation	 ensured	 the	 epitaxial	 growth	
of	the	samples	with	the	(111)	orientation,	
but	 without	 the	 solid-state	 reaction	
between	 Co	 and	 Pt	 layers.	 The	 obtained	
Co(111)/Pt(111)	 samples	 were	 oxidized	
in	air.	After	 that,	 the	aluminum	layer	was	
deposited onto the sample’s surface and 
the	 samples	 were	 annealed	 up	 650	 °С	 
in	vacuum	~10–6	Torr.	Reaction	product	was	
intergrown	tetragonal	L10–CoPt and CoPt3 
grains	20	–	25	nm	in	size	embedded	in	the	
Al2O3	 dielectric	 matrix.	 The	 synthesized	
structure	 exhibits	 high	 resistivity,	 high	
coercivity	(~	5	–	8	kOe),	and	magnetic-field-
induced	 high	 rotational	 anisotropy	 (RA)1. 

The	RA	easy	axis	can	rotated	by	a	magnetic	
field,	which	exceeds	the	coercive	force	HC 
in	 any	 direction	 (in-plane	 and	 out-plane)	
relative	the	substrate	plane.

Figure	 1	 shows	 the	 in-plane	 and	
out-plane	 hysteresis	 loops	 after	 applying	
the	magnetic	field,	which	was	higher	than	
the	coerstivity	field.	The	in-plane	and	out-
plane hysteresis loops have same shape 
and	it	is	distinctive	RA	property.

This	 study	 was	 supported	 by	 the	
RFBR	 (grants	 ##	 15-02-00948,	 16-03-
00069).

1 Myagkov V.G., Zhigalov V.S., Bykova L.E., Bondarenko G.N., Rybakova A.N. et. al. (2015), 
Jetp. Letters, 102 (6), 355-360..
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Figure 1. The advantages in both aspects 
of synthesis and magnetic RA properties 
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The	RMn2X2 compounds are natural 
superlattices	 and	 exhibit	 a	 unique	 set	
of magnetic phase transitions due to 
an	 unusual	 correlation	 between	 the	
intralayer	 Mn-Mn	 distance	 (dMn–Mn)	 and	
interlayer magnetic arrangement of the 
Mn	magnetic	moments.	In	the	compounds	
there exits a critical distance for intralayer 
Mn	atoms,	which	is	considered	to	be	equal	 
to dc	 ≈	 0.285–0.287	 nm	 at	 room	
temperature.	 As	 a	 rule,	 at	 dMn–Mn > dc ,	 
the Mn layers are ordered ferromagnetically 
along the c-axis,	 whereas	 at	 dMn Mn < dc,	
they are ordered antiferromagnetically.

In	 the	 present	 work	 we	 studied	
anisotropic magnetic properties of 
the	 quasi-ternary	 layered	 intermetallic	
compounds La1–xTbxMn2Si2	 (0	 ≤	 x	 ≤	 0.4)	
in	which	there	is	a	possibility	to	gradually	
change,	 by	 increasing	 Tb	 content,	 
the	 intralayer	 Mn-Mn	 distances	 from	
dMn–Mn > dc	 (LaMn2Si2)	 to	 dMn–Mn < dc 
(TbMn2Si2)	 and	 the	 Tb-Mn	 and	 Tb-Tb	
exchange	 interactions.	 Anisotropic	
magnetic properties of the compounds 
were	 investigated	 using	 magnetic	
measurements	 on	 quasi-single	 crystals.	
The	 anisotropy	 field	 Ha	 and	 anisotropy	
constants K1,	 K2	 were	 determined	 
(Figure	1).	It	was	shown	that	all	compounds	
show	 strong	 magnetic	 anisotropy	 with	
the	 easy-axis	 magnetization	 aligned	
with	 the	 c-axis.	 The	 magnetic	 anisotropy	
remarkably	 increases	 with	 increasing	 Tb	

content	as	result	of	growth	of	contribution	
of	 the	 Tb	 magnetic	 anisotropy	 to	 the	
magnetic anisotropy of the compounds 
and	 increase	 in	 the	 Tb-Mn	 exchange	
interactions. Unexpectedly high values 
of the second anisotropy constant K2 and 
anisotropy	 field	 in	 Tb	 rich	 compounds	
(x>0.27)	are	discussed.

The	research	was	supported	by	RSF	
(project	No.	15-12-10015).
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In	 this	work,	we	present	 the	 results	
of the experimental studies of the 
magnetocaloric	 effect	 (MCE)	 for	 new	 off-
stoichiometric	 ErCo2Mnx	 compounds.	 In	
these compounds the Curie temperature 
and the magnetic moment of 3d transition 
metals	strongly	increase	with	increasing	of	
Mn	concentration.	We	determined	the	values	
of	MCE	using	measurements	of	magnetic	
properties and the heat capacity.

We	 calculated	 the	 values	 of	
the	 magnetic	 entropy	 change	 (ΔS)	 in	
the	 magnetic	 field	 H	 =	 10	 kOe	 using	
the temperature dependences of 
magnetization	 of	 ErCo2Mnx and the 
Maxwell	 thermodynamic	 relations.	 The	
values	of	ΔS	as	a	function	of	temperature	
in	the	magnetic	field	H=10	kOe	are	plotted	
in	Figure	1.

We	 measured	 the	 heat	 capacity	 of	
the	 compounds	 and	 divided	 electronic,	
lattice	 and	magnetic	 contributions	 in	 the	
heat	 capacity.	 Using	 the	 obtained	 results	
for	 ΔS	 and	 the	 heat	 capacity,	 we	 also	
estimated	the	temperature	change	(ΔT)	in	
the	magnetic	field	H=10kOe	(Figure	2).

As	 can	 be	 seen,	 the	 characteristic	
feature of the magnetocaloric effect of the 
off-stoichiometric	 ErCo2Mnx compounds 
is	a	wide	 temperature	 range,	where	exist	
maximum	of	MCE.	It	is	important	for	practical	
applications in magnetothermal devices.

The	 research	 was	 carried	 out	
supported	in	part	by	RFBR	(project	No.	15-
02-05681a).

Figure 1. Temperature dependences of the 
magnetic entropy change for the ErCo2Mnx 
compounds in the magnetic field H=10kOe.

Figure 2. Temperature dependences of the tempe-
rature change of ErCo2Mnx in the magnetic field 
of 10 kOe.
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We	 have	 theoretically	 considered	
the features of quantum oscillations 
of	 the	 magnetization	 in	 the	 quasi-two	
dimensional	 (2D)	antiferromagnetic	 (AFM)	
wideband	 semimetals	 with	 low	 carrier	
density.	 It	 is	shown	that	 in	these	systems	
the	 Fermi	 energy,	 which	 is	 determined	
from	the	frequency	analysis	of	the	de	Haas-
van	Alphen	(dHvA)	effect,	according	to	the	
standard	 procedure,	 may	 significantly	
differ from the true value.

The	 observed	 discrepancy	 is	 due	
to	 the	 s-d(f)-exchange	 coupling	 between	
the	 charge	 carriers	 (electrons	 and	 holes)	
and	 the	 localized	 magnetic	 moments.	
It	 is	 shown	 in	 the	 work1,	 that	 due	 to	
this	 coupling,	 the	 canting	 of	 sublattice	
magnetization	 caused	 by	 the	 external	
magnetic field leads to the additional 
motion	 of	 the	 quasiparticle	 bands.	 As	
a	 result,	 the	 velocity	 of	 Landau	 levels	
shifting relative to the chemical potential 
μ	is	determined	not	only	by	their	repulsion	
due	to	an	increase	in	the	magnetic	field	H,	
but	also	by	the	displacement	of	the	hole’s	
and	 electron’s	 bands	 owing	 to	 the	 s-d(f)	
exchange	 coupling.	 It	 is	 the	 described	
dynamics of the Landau levels in the canted 
phase that leads to misinterpretation of 

the	 experimental	 data	 on	 dHvA	 effect	 in	
the	AFM	semimetals	with	 s-d(f)	 exchange	
coupling.

We	 have	 proposed	 the	 method	 of	
obtaining	 the	 correct	 Fermi	 energy	 value	
for	 these	two-dimensional	systems	 in	 the	
canted	AFM-phase.	The	method	consists	in	
the	 Fourier	 analysis	 of	 the	magnetization	
oscillations not as a function of the reverse 
magnetic	 field	 1/H,	 but	 as	 a	 function	 of	
1/cosγ,	 where	 γ	 is	 the	 inclination	 angle	
of	 the	magnetic	 field	 with	 respect	 to	 the	
semimetal’s	 plane.	 It	 is	 shown	 that	 this	
approach	allows	us	to	obtain	the	values	of	
the	Fermi	energy	that	are	virtually	identical	
to the real ones.

Note that the presented result is 
obtained	within	 the	model	which	 is	 used	
to	describe	the	magnetic	properties	of	the	
iron-based	superconductors2,3.

The	 work	 was	 supported	 by	 the	
RFBR-Siberia,	grant	№	15-42-04372.

1 Valkov V.V. & Dzebisashvili D.M. (1997), Fizika Tverdogo Tela, 39, 204.
2 Yin W-G., Lee C-C, Ku W. (2010), Physical Review Letters, 105, 107004.
3 Lv W.,Kruger F., Phillips P. (2010), Physical Review B, 82, 045125.
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In	 soft	 magnetic	 FeSiNbCuB	 alloy	
ribbon	 during	 annealing	 under	 tensile	
loading	 (stress	 annealing	 –	 SA)	 magnetic	
anisotropy	 (MA)	 is	 induced.	 The	 type	 of	
MA	depends	on	 the	 silicon	 concentration	
in the alloy1.	At	low	silicon	concentrations	
(CSi <	 0.09),	 after	 the	 SA	 treatment	 the	
magnetization	 is	 predominantly	 oriented	
along	 the	 ribbon	 and	 along	 the	 direction	
of	 the	 application	 of	 the	 load,	 i.e.	 the	
longitudinal	 MA	 is	 induced,	 whereas	 the	
transverse	 MA	 is	 induced	 at	 high	 silicon	
concentrations	(CSi	>	0.09).

The	 X-ray	 diffraction	 investigations	
of	 the	 structure	 of	 α-FeSi	 nanocrystals	
revealed	 that	 after	 SA	 there	 are	 residual	
strains	in	bcc	lattice	of	the	nanocrystals.	In	
accordance	with	the	theory	of	elasticity	for	
crystals	with	cubic	symmetry,	 the	 relative	
value of the residual strain depends on 
the	crystallographic	direction	 (hkl).	Within	
the	 limits	 of	 the	measurement	 error,	 the	
relative	 strains	 are	 absent	 in	 the	 (111)	
directions and reach a maximum in the 
(100)	 directions.	 Since	 during	 annealing	
all nanocrystals are under the same 
tensile	stress,	the	results	indicate	that	the	
nanocrystals	 are	 characterized	 by	 sharp	
anisotropy of mechanical properties.

For	 six	 different	 directions,	 the	
compliance	 values	 were	 determined,	
which	can	be	compared	with	similar	values	

for	 bulk	 Fe-Si	 crystals	 calculated	 using	
tabulated	 values	 of	 elastic	 tensor	 c11,	 c12 
and c44.	It	turned	out	that	if	the	compliance	
in crystals and nanocrystals in the direction 
(100)	are	practically	the	same,	the	direction	
(111)	 in	 nanocrystals	 is	 much	 tougher	
than	 in	 the	 Fe-Si	 crystals.	 The	 thermal	
stability	of	 the	strains	 induced	during	the	
SA	treatment	was	investigated.	The	values	
of	 the	 anisotropic	 Poisson’s	 ratio	 before	
and	after	the	relaxation	annealing	without	
external	influences	were	determined.	The	
dependence of the reduction of the strains 
and the Poisson’s ratio on the annealing 
duration	was	established.

Thus,	 we	 studied	 in	 detail	 the	
nanocrystal	 residual	 lattice	 strains,	which	
are formed during annealing under tensile 
loading and are the cause of the anisotropy 
of	magnetic	properties	of	FeSiNbCuB	alloy.

These	 results	 were	 obtained	 within	
the	 state	 assignment	 of	 FASO	 of	 Russia	
(theme	 «Magnet»	 No.	 01201463328),	
supported	 in	 part	 by	Ural	 Branch	 of	 RAS	
(project	№	15-9-2-33).

1 Serikov V.V., Kleinerman N.M., Volkova E.G., Lukshina V.A., Potapov A.P., Svalov A.V. (2006), 
Physics of Metals and Metallography, 102 (3), 268-273.

P1.22



83

EASTMAG-2016

Crystal structure and magnetic properties  
of the ferromagnetic FePd alloy after different treatments

V.S. Gaviko, A.G. Popov, N.I. Vlasova, N.M. Kleinerman,  
L.A. Stashkova and V.V. Serikov

M.N. Miheev Institute of Metal Physics of Ural Branch of Russian Academy of Sciences,  
S. Kovalevskaya 18, 620990, Ekaterinburg, Russia

�keywords:� hysteresis properties, phase transitions, crystal structure.

Magnetic properties and crystal 
structure	 of	 equiatomic	 FePd	 alloy	 have	
been	 studied.	 Samples	 in	 the	 initial	 state	
were	 produced	 by	 different	methods:	 (1)	
as	 cast	 alloy	 was	 annealed	 at	 950	 °С	 for	
6h	 and	 quenched	 to	 water;	 (2)	 rapidly	
quenched	 alloy	 was	 produced	 by	 melt	
spinning	onto	 a	 copper	drum;	 (3)	 as	 cast	
samples	were	subjected	 to	high	pressure	
torsion	 between	 rotating	 anvils	 (HPT).	
To	 obtain	 an	 ordered	 state,	 samples	
were	 annealed	 in	 the	 temperature	 range	
450	–	550	 °С.	 It	 is	established	 that	 in	 the	
course	 of	 annealing,	 the	 formation	 of	
the ordered highly anisotropic L10 phase 

occurs	 in	 different	 ways,	 depending	 on	
the	production	technique.	For	example,	at	
450	°С,	it	forms	most	quickly	in	the	rapidly	
quenched samples. Despite the higher 
values of coercitivity Нс	(see.	Figure	1),	the	
L10	 phase	 forms	 the	 slowest	 of	 all	 in	 the	
samples	after	HPT.	In	these	samples,	X-ray	
experimental data evidence the presence 
of an intermediate tetragonal phase of 
the	 А6	 type.	 The	 decelerated	 formation	
of the L10 phase in the deformed samples 
is,	 in	our	opinion,	connected	with	a	more	
homogeneous	 distribution	 of	 Fe	 and	 Pd	
atoms	 after	 HPT,	 which	 is	 indicated	 by	
the	 data	 of	 Mosbauer	 spectroscopy.	 In	
such	 case,	 a	 larger	 number	 of	 nuclei	 of	
the L10	 phase	 arise.	Hence,	 upon	 further	
annealing	 at	 450°,	 a	 quick	 coarsening	
of the L10 precipitates is hindered. Such 
structure	 formed	 after	 HPT	 favorably	
affects the hysteresis properties of the 
alloys and provides higher values of Нс. 
In	as	cast	and	rapidly	quenched	samples,	
already	in	the	initial	state	regions	with	the	
L10	 ordered	 structure	 are	 found.	 Further	
annealing	results	in	their	quick	growth	and	
lowered	values	of	Нс.

The	 work	 was	 carried	 out	 with	 the	
support	 of	 Ural	 Branch	 of	 RAS	 (project	 
№	15-9-2-19).

Figure 1. Dependences of Hc on annealing time 
after different treatments: 
1 - as-cast +950ºC 6h +450ºC; 
2 - as-cast +950ºC 6h +550ºC; 
+ melt-spun + 450ºC; 
4 melt-spun +500ºC; 
HPT +450ºC; 
6 – as-cast+950ºC 6h + HPT +500ºC.
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The	 magnetocaloric	 effect	 (MCE)	
is	 the	 ability	 of	 magnetic	 materials	 to	
change	 their	 temperature	 with	 changing	
an	 external	magnetic	 field.	 The	magnetic	
materials	with	large	values	of	MCE	can	be	
applied	 as	 work	 substances	 in	 magnetic	
cooling devices.

In	this	work	the	structural,	magnetic	
and	magnetocaloric	 properties	 of	 the	Ni-
Co-Mn-Sn	 Heusler	 alloys	 were	 studied.	
Ingots	 were	 prepared	 by	 an	 arc-melting	
method from highly pure elements. 
Samples	 for	 measurements	 were	 cut	
from	 the	 middle	 part	 of	 the	 ingots.	 The	
crystal	structure	was	determined	by	X-Ray	
diffraction	(Cu-Kα)	and	the	microstructure	
of	 the	 samples	were	 carried	 out	 through	
scanning electron microscopy. Magnetic 
properties	 for	 samples	 were	 measured	 

by	 VKAF-02	 Magnetometer.	 The	
magnetization	 curves	 of	 samples	 are	
shown	 on	 Figure	 1.	 Magnetocaloric	
measurements	 were	 made	 by	 a	 direct	
method	 with	 a	 magnetic	 field	 up	 to	 2	 T	
by	 AMT&C’s	 Magnetocaloric	 Setup	 by	
two	 protocols1.	 The	 maximum	 values	 of	
MCE	 near	 0.7	 K	 observed	 near	 the	 Curie	
temperature.

This	work	was	supported	by	Russian	
Scientific	Fund	(Grant	№14-1200570).

Tablk 1. Enkoge Didpkodivk X-oae (EDX) 
analedid okdultd.

Sample Ni Co Mn Sn

1 50.2 5.8 33.6 10.4

2 53.7 5.5 30.7 10.1

1 Fayzullin R., Buchelnikov V., Drobosyuk M., Mashirov A., Kamantsev A., Hernando B., Zhukov 
M., Koledov V., Shavrov V. (2015), Solid State Phenomena, 233-234, 183-186.

Figure 1. The low-field magnetization curves 
for sample 1 & 2.
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Compounds such as recently found 
group	 of	 orthorhombic	 PbMBO4	 which	
contain	 stereoactive	 Pb2+ and Bi3+ ions 
with	a	pair	of	6S2 electrons having a high 
polarizability	may	be	 interesting	due	 to	a	
possibility	of	the	magnetodielectric	effect1. 
The	 first	 investigations	 of	 PbMBO4	 were	
done on polycrystals2	 where	 the	 strong	
dependence of the magnetic structure 
on the M3+	 ion	 was	 found,	 the	 structure	
is ferromagnetic or antiferromagnetic  
for	M	=	Mn3+	or	Fe3+,	respectively.

Single	 crystals	 of	 the	 PbMnBO4 up 
to	 3x1x0.5	mm3	 were	 obtained	 by	 a	 flux	
technique1.	Magnetic	measurements	were	

performed	using	a	vibration	magnetometer	
in	 the	 temperature	 range	 4.2÷300	 K	 and	
in	magnetic	 fields	 up	 to	 70	 kOe	 directed	
along	 the	 three	 orthorhombic	 axes.	 
It	 is	 shown	 that	 the	 PbMnBO4 is a 
ferromagnet	 with	 Curie	 temperature	 
of	 31	 K,	 the	 direction	 of	 the	 easy	
magnetization	 coincides	 with	 the	
orthorhombic	 axis	 a,	 the	 b and c axes 
are	 difficult	 ones	 with	 anisotropy	 fields	 
HAb	 =	 23.5	 kOe	 and	 HAc	 =	 47.5	 kOe	 
at	T	=	4.2	K.

The	 resonance	 properties	 of	 the	
compound	 were	 studied	 using	 a	 FMR	
spectrometer	 with	 a	 pulse	 magnetic	
field	 in	 the	 frequency	 range	 30÷110	GHz	 
at	T	=	4.2	K	(Figure	1).	The	obtained	frequency	
– field dependences are in good agreement 
with	 the	 theoretical	 curves	 calculated	 for	
orthorhombic	 ferromagnets3.	 The	 fields	
of	 modes	 softening	 are	 coincided	 with	
the	 anisotropy	 fields	 obtained	 from	 the	
magnetic	 measurements.	 The	 extremely	
large	 value	of	 the	energy	gap	112	GHz	 is	
associated	 with	 the	 strong	 anisotropy	 
of	the	PbMnBO4.

It	 is	 shown	 that	 both	 the	
ferromagnetic order and the strong 
anisotropy of this compound are 
associated	with	the	Yan-Teller	effect	of	the	
Mn3+ ion.

This	work	 is	supported	by	 the	RFBR	
grant	No.	16-02-00563.

1 A.I. Pankrats, K.A. Sablina, et al.(2014) JMMM, 353, 23.
2 Park, H. et al. (2003). Chemistry of materials, 15(8), 1703-1712.
3 A. Pankrats, V. Tugarinov, K. Sablina,(2004) JMMM, 279, 231.
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Figure 1. Frequency – field dependences of FMR 
in PbMnBO4 at T=4.2K for the orthorhombic 
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The	 synthesis	 of	 new	 magnetic	
materials	with	semiconducting	properties,	
study of its crystal structure features and 
establishment	 of	 the	 interrelation	 of	 the	
physical	and	chemical	properties	in	a	wide	
temperature range are the priority goal 
of	 condensed	matter	 physics	 because	 of	
availability	of	their	use	in	the	development	
of	 multi-functional	 instrument	 arrays	 for	
solid-state	electronics1,2.

Polycrystalline samples of the 
system Mn1–xGdxSe solid solutions are 
synthesized	 in	 vacuum	 by	 solid	 phase	
reactions	method.	 It	was	established	that	
all samples of

Mn1–xGdxSe	 system	 have	 a	 cubic	
lattice	 of	 the	NaCl-type	 and	 Fm3m	 space	
group.	 The	 crystal	 unit	 cell	 parameters	
and density changing vs. concentration 
dependences of system Mn1–xGdxSe solid 
solutions	are	built.

By ponderomotive method3	 were	
studied the temperature dependences of 
the	 specific	 magnetization	 and	 magnetic	
susceptibility.	 Is	 established:	 a)	 the	
magnetic	 susceptibility	 values	 of	 solid	
solutions	 increase	 with	 increasing	 of	
gadolinium	content;	b)	with	the	gadolinium	
content increasing in solid solutions the 
Neel temperature value tends to decrease 
(Figure	 	1);	 c)	 the	dependence	of	10–2/χ	=	
f	 (T)	 in	the	80	–	900	K	temperature	range	
is practically identical for measurements 
in	a	«heating-cooling»	mode4.	All	facts	lead	
to	the	conclusion	about	the	stability	of	the	
magnetic characteristics of Mn1–xGdxSe 
solid	solutions	up	to	~	900	K.

1 Yanushkevich K.I. (2009) Solid solutions monochalcogenides 3d-metal, Minsk, 256 p.
2 Aplesnin S.S. et al. (2010), Bulletin of the Russian Academy of Sciences: Physics, 74 (5), 

708-710.
3 Yanushkevich K.I. (2009) Magnetization and magnetic susceptibility measurements 

procedure Certificate MVI.MN3128-2009, 19 p.
4 Aplesnin S.S. et al. (2015), Acta Physica Polonica A, 127(2), 371–373.
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Single	 crystals	 of	 new	 Cu2MnBO5 
ludwigite	 have	 been	 synthesized	 by	 the	
flux method. Crystal structure parameters 
of	a	single	crystal	fragment	were	obtained	
by	 the	XRD	method.	The	unit-cell	metrics	
is	 monoclinic,	 space	 group	 P21/c.	 
The	 structure	 was	 solved	 by	 the	 direct	
methods and refined in the anisotropic 
approach	 using	 SHELX-97	 program	
package.

The	 X-ray	 absorption	 spectra	
were	 measured	 at	 experimental	 station	
«Structural	material	science»	of	Kurchatov	

source of synchrotron radiation.  
The	resultant	composition	was	determined	
using	 the	 jump	of	 the	 K-edge	 absorption	
and	it	is	Mn:	Cu=1:2,	that	quite	differ	from	
the content of the initial components 
Mn2O3	 –	 CuO	 (Mn:Cu=1:1,5)	 and	 X-ray	
diffraction data.

Using	X-ray	diffraction	data	and	 the	
resultant	 composition,	 we	 propose	 that	
the	Mn	 ions	occupy	one	4e	position	 (site	
4	 on	 Figure	 1)	 and	 Cu	 ions	 occupy	 other	
positions	 (4e,	 2d	 and	 2a,	 site	 1,	 2,	 3	 on	
Figure	1).

For	 Cu2MnBO5 magnetic structures 
analysis and superexchange interactions 
estimation,	 a	 simple	 indirect	 coupling	
model1,2	 based	 on	 the	 theory	 of	 the	
super-exchange	 interaction	 of	 Anderson,	
Savadskii3,	and	Eremin4	was	applied.

Using	 this	 theory,	 superexchange	
integrals	values	were	calculated.	According	
to calculated values of superexchange 
integrals,	 the	 magnetic	 structure	 were	
proposed	(Figure	1).

1 Bayukov O.A., Savitskii A.F. (1989), Phys. Stat. Sol. (B), 155, 249.
2 Bayukov O.A., Savitskii A.F. (1994), Fiz Tverd. Tela, 36, 1923.
3 Anderson P.W. (1959), Phys. Rev., 115, 2.
4 Eremin M.V. (1982), Fiz Tverd. Tela, 24, 423.

Figure 1. The proposed magnetic ordering  
in Cu2MnBO5.
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The	 materials	 based	 on	 rare-earth	
metals	including	the	rare-earth-containing	
amorphous alloys remain attractive 
objects	because	of	outstanding	properties	
and	 prospect	 for	 practical	 applications,	
particularly,	 for	 magnetic	 refrigeration.	
The	amorphization	of	alloys	with	different	
compositions	allows	varying	the	magnetic	
transition	 temperature.	 Thereby	 it’s	
possible	 to	 obtain	 new	 materials	 for	
efficient magnetic cooling in different 
temperature	ranges.	The	aim	of	this	work	
was	 to	 study	 the	 magnetic	 properties	
and	 magnetocaloric	 effect	 of	 melt-spun	
Gd75(Co1–xFex)25	 alloys.	 The	 samples	were	
prepared	by	a	melt-spinning	technique.

The	 Gd3Co compound is an 
antiferromagnet	 with	 the	 Néel	
temperature	 TN	 ≈	 131	 K	 and	 with	 zero	

magnetic moment on Co atoms1,	 while	
crystalline Gd3Fe	compound	does	not	exist.	
The	 amorphization	 of	 Gd3Co modifies its 
magnetic	 state	 to	 the	 ferromagnetic-like	
behavior	 and	 leads	 to	 the	 appearance	
of a magnetic moment on Co atoms of 
about	1.6	µB aligned antiferromagnetically 
with	 Gd	 magnetic	 moments.	 Melt-spun	
Gd75Co25 alloy reveals the increased Curie 
temperature compared to the crystalline 
compounds that indicated enhanced 
the energy of exchange interactions. 
The	 Fe	 substitution	 for	 Co	 preserves	
ferromagnetic	 ordering	 but	 leads	 to	
an increasing the Curie temperature. 
Moreover,	 the	 saturation	 magnetization	
increases	at	substitution	of	Co	by	Fe	whilst	
magnetic moment per Co atom decreases 
down	to	1.1	µB	for	melt-spun	Gd75Fe25.

Maximum value of the inverted 
isothermal	magnetic	entropy	change,	–∆Sm,	
decreases	with	increasing	of	Fe	content	from	
9.1	J	kg–1	K–1	at	x	=	0	to	3.9	J	kg-1	K–1	at	x	=	1	 
for amorphous Gd75(Co1–xFex)25 alloys 
under	 ∆H	 =	 50	 kOe.	 As	 a	 result	 the	
small	 Fe	 substitution	 is	 useful	 for	 shift	
of the magnetocaloric effect to higher 
temperatures,	but	this	is	accompanied	by	
a significant decrease in its value.

The	work	was	supported	by	program	
of	the	UB	RAS	(Project	No	15-17-2-22).

1 Baranov N.V., Andreev A.V., Kozlov A.I., Kvashnin G.M., Nakotte H., Aruga Katori H., Goto T. 
(1993), Journal of Alloys and Compounds, 202 (1-2), 215-224.
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The	 oxides	 belonging	 to	 a	 class	
of	RMn2O5	 (R	 –	 rare	earth	metal,	Bi	or	 Y)	
compounds,	 are	 studied	 intensively	 in	
recent	 years.	 This	 is	 due	 to	 the	 fact	 that	
long-range	 magnetic	 and	 ferroelectric	
orderings	can	be	observed	simultaneously	
in	 compounds	 where	 R	 are	 rare	 earth	
metals	 harder	 than	 neodymium,	 Bi	 or	 Y.	
Since	 electric	 polarization	 arises	 in	 them	
only	 after	 the	 appearance	 of	 long-range	
magnetic	 ordering,	 it	 is	 interesting	 to	
investigate the magnetic ordering over 
the	whole	 range	of	 these	 compounds	on	
purpose	of	identification	the	most	suitable	
magnetic ordering for the emergence of 
electric	 polarization,	 and	 the	 reasons	 for	
its	absence	in	some	oxides.

A	 group	 theory	 analysis	 of	 the	 low-
temperature antiferromagnetic phase of 
LaMn2O5	oxide	is	carried	out	in	this	work.	
Taking	into	account	the	results	of	neutron	
diffraction	 studies	 at	 low	 temperatures,	
this	 oxide	 can	 be	 described	 as	 a	 four	
sublattice	 anti-ferromagnetic	 where	 the	
manganese	ions	occupy	two	types	of	sites:	
Mn3+	(4h	position)	and	Mn4+	(4f	position).

The	 group	 theory	 analysis	 showed	
that the ground state of LaMn2O5 oxide 
in	 low-temperature	 antiferromagnetic	
phase	is	determined	by	the	two	irreducible	
representations of the Pbam	(k=(0,	0,	1/2))	
space	 group,	 namely,	 τ2 for the Mn ions 
in	 a	 4h	 position	 and	 τ1 in a 4f position. 
This	 allowed	 us	 to	 write	 down	 the	 free	

energy of the studied oxide ground state 
within	the	framework	of	Landau	theory	of	
phase	 transitions.	 The	 state	 of	 LaMn2O5 
is	 described	 with	 two	 order	 parameters,	
thus a transition from paramagnetic to 
antiferromagnetic	state	is	realized	over	the	
above	two	irreducible	representations.

The	 analysis	 of	 possible	 phases	 of	
studied oxides and phase transitions to 
an antiferromagnetic structure is carried 
out	within	a	fourth	degree	approximation	
over the introduced order parameters1. 
It	 is	 shown	 that	 magnetic	 transition	 to	
antiferromagnetic state is the second 
order	 at	 low	 temperatures	 in	 mean-field	
approximation in LaMn2O5	 oxide,	 if	 the	
order parameters coupling u3	 is	 weak.	
The	 weakness	 condition	 is	 (u3 )2<4u1u2,	
and u1,	 u2 values determine the fourth 
degree	 contribution	 of	 respective	 order	
parameters to the free energy of the system. 
The	transition	to	antiferromagnetic	state	is	
the	 first	order	one,	when	 the	 coupling	of	
the order parameters is strong.

This	work	is	a	part	of	the	Fano	Russia	
federal	state	program	(theme	«Quantum»	
01201463332).	 The	 partial	 support	 of	
UB	 RAS	 (project	 15-8-2-10)	 and	 Russian	
Foundation	 of	 Basic	 Research	 (project	 
14-02-00260)	is	gratefully	acknowledged.

1 Men`shenin V.V., Gapontseva N.N. (2015), Basic Problems of Material Science, 12 (4), 423.
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Understanding the energy transfer 
between	 charge,	 orbital,	 and	 spin	
degrees of freedom is the important 
problem	 for	 many	 fields	 of	 solid	 state	
physics. Since the first experiments1–2 
optical excitation of electronic spins and 
ultrafast	 magnetization	 dynamics	 have	
obtained	 much	 attention3–4.	 A	 possibility	
to	 control	 the	 exchange	 interaction	 by	
a light is important in many physics 
areas,	 from	 quantum	 computing5–7 to 
strongly correlated materials8–10.	 In	many	
experiments the effect of optical pumping 
on	 the	 exchange	 interaction	 in	 the	Mott-
Hubbard	 insulators	 like	manganites8,	etc.	
has	been	found.

In	 this	 paper	 we	 calculate	 the	
exchange interaction in nondoped La214 
cuprate	 under	 optical	 pumping	 within	
the	 hybrid	 LDA+GTB	 (generalized	 tight	
binding)	 approach.	 To	 incorporate	 effect	
of	optical	pumping	we	include	in	this	work	
the	excited	single-hole	local	l	-	and	l’-	states	
as	well	as	all	excited	µ	 -	 two-hole	singlets	
and	 triplets.	 Finally	 we	 have	 obtained	
the modification of the superexchange 
interaction

	 (1)

induced	 by	 stationary	 light	 irradiation,	
Here	is

,	 (2),

where	  is a hopping integral involving 
all	 possible	 ground	 and	 excited	 states	
of	 the	 cell,	 and	  
is	 an	 analogue	 Hubbard	 repulsion	 U	 in	

a	 realistic	 configuration	 space	 of	 Mott-
Hubbard	material.

The	 optically	 stimulated	 nonzero	
occupation	 (	 	 )	 of	 excited	 states	
in	 MFA	 expression	 for	 exchange	 part	 of	
energy:

takes place only at the resonant frequency 
. So the light pumping effects in 

superexchange	(1)	are	frequency	selective	
and linear on the amplitude irradiation.

We	test	the	approach	on	the	high-Tc 

Figure 1. Dependence of the antiferromagnetic 
contribution (3) on the occupation of the first 
excited single-hole state.
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nondoped	 material	 La214.	 Using	 LDA	
parameters	 for	 La214	 cuprate,	we	obtain	
the	result	shown	in	Figure	1.,	which	implies	
that	most	likely	superexchange	contribution	
will	 increase	 at	 any	 small	 occupation	 of	

single-hole	excited	local	states	in	La214	by	
a	factor	~	4×10–3	eV/(%).

This	 work	 was	 supported	 by	 RFBR	
Grant	16-02-00273.

1 Beaurepaire E., Merle J.-C., Daunois A., Bigot J.-Y., (1996), Phys. Rev. Lett., 76, 4250.
2 Hohlfeld J., Matthias E., Knorren R., Bennemann K. H., Phys. Rev. Lett., (1997), 78, 4861.
3 Stanciu C., Hansteen F., Kimel A. V., Tsukamoto A., Itoh A., Kirilyuk A., Rasing Th.,  

Phys. Rev. Lett., (2007), 98, 207401.
4 Ostler T.A., Barker J., Evans R.F.L., Chantrell R.W., Atxitia U., Chubykalo-Fesenko O., 

Moussaoui S. E., Le Guyader L., Mengotti E., Heyderman L.J., Nolting F., Tsukamoto A.,  
Itoh A., Afanasiev D., Ivanov B.A., Kalashnikova A.M., Vahaplar K., Mentink J., Kirilyuk A., 
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At	 present,	 there	 has	 been	 a	
continuous	 search	 for	new	materials	 and	
structures promising for application in 
magnetic devices. Such devices should 
be	 highly	 sensitive	 to	 the	 magnetic	
field.	 This	 feature	 is	 intrinsic	 to	 the	 
Fe/SiO2/p(n)-Si	and	Mn/SiO2/p(n)-Si	trilayer	
hybrid	 structures	 with	 a	 silicon	 Schottky	
barrier,	 which	 makes	 them	 useful	 for	
spintronic applications.

We	 have	 been	 exploring	 hybrid	
structures	 with	 different	 combinations	
of metals and semiconductors1–3 for a 
few	 years.	 In	 this	 work,	 we	 investigate	
the magnetotransport properties of the  
Fe/SiO2/p(n)-Si	 and	 Mn/SiO2/p(n)-Si	
structures,	 which	 represent	 MIS	 diodes	
with	 the	Schottky	barrier	operating	on	ac	
and dc currents under the action of an 
external magnetic field.

The	 diodes	 have	 different	 work	
functions,	 which	 allowed	 us	 to	 establish	
the effect of different parameters 
of	 the	 Schottky	 barrier	 on	 the	
magnetoimpedance of the structures 
under	 study.	 We	 found	 that	 below	 40	 K,	 
the impedance of the structures is 
significantly	 affected	 by	 an	 external	
magnetic	 field	 (Figure	 	 1).	 In	 the	 applied	
dc	 bias	 voltage,	 the	 magnetoimpedance	
attains	 107%.	 We	 attribute	 this	 effect	 to	
the	impact	ionization	phenomenon.

1 Volkov N.V., Tarasov A.S., Eremin E.V., Eremin A.V., Varnakov S.N. and Ovchinnikov S.G. 
(2012), J. Appl. Phys. 112, 123906.

2 Volkov N.V., Tarasov A.S., Eremin E.V., Varnakov S.N., Ovchinnikov S.G. and Zharkov S.M. 
(2011), J. Appl. Phys., 109, 123924.

3 Volkov N.V., Tarasov A.S., Eremin E.V., Baron F.A., Varnakov S.N. and Ovchinnikov S.G. 
(2013),J. Appl. Phys., 114 , 093903.

Figure 1. Temperature dependence of the real 
part of the impedance of the forward-biased Mn/
SiO2/p-Si structure in an external magnetic 
field. The bias voltage is 3.5 V.
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Description	 of	 giant	 magnetore-
sistance effects in magnetic multilayered 
structures	with	the	use	of	the	anisotropic	
Heisenberg	 model1 for determination of 
magnetic properties of thin ferromagnetic 
films forming these structures is given. 
Monte Carlo simulations of magnetic 
properties	 for	 structures,	 which	 are	
constructed	from	two	ferromagnetic	films	
divided	 by	 nonmagnetic	 film,	 are	 carried	
out.

The	 temperature	 and	 magnetic	
field dependencies are considered for 
ferromagnetic and antiferromagnetic 
configurations of these structures.  
The	 calculation	of	 the	magnetoresistance	
coefficient is carried out for different 
thicknesses	 of	 the	 ferromagnetic	 films.	 I 
t	was	shown,	that	the	obtained	temperature	
dependence for the magnetoresistance 
coefficient	 is	 agreed	 very	 well	 with	
experimental results2,	 measured	 for	 the	
magnetic multilayered structures similar 
to	structures,	which	are	considered	in	our	
investigations.

Acknowledgments.	 The	 reported	
study	 was	 supported	 by	 the	 Russian	
Science	 Foundation	 through	 project	 
No.	14-12-00562.

1 Prudnikov P.V., Prudnikov V.V.,et al. (2015), J. Magn. Magn., Mater. 387, 77-82.
2 Bass J. and Pratt W.P. (1999), J. Magn. Magn. Mater., 200, 274-289.

Figure 1. Comparison of the temperature 
dependences of the CPP-magnetoresistance 
for multilayer structure Fe/Cr2 with thickness 
equal 3 nm for the iron and prediction of the 
magnetoresistance for 16 monolayer thickness.
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Nowadays	 the	 Mn-based	 ternary	
carbides	Mn3-X-C	(where	X	are	sp	elements,	
such	 as	 Ga,	 Ge,	 Sn)	 have	 attracted	 the	
huge attention due to their functional 
properties	 (giant	 magnetoresistance,	
magnetovolume	 effect,	 magnetocaloric	
effect	(MCE))	and	a	potential	application	in	
the magnetic cooling technology1.

Generally,	 Mn3-X-C	 compounds	
crystallize	 to	 ordered	 antipervoskite	
cubic	 structure	 with	 space	 gpoup	 of	
Pm3m	 and	 demonstrate	 two	 magnetic	
phase	 transitions	 upon	 heating.	 The	 first	
one is the first order phase transition 
from	 antiferromagnetic	 (AFM)	 state	
to	 ferromagnetic	 (FM)	 one	 which	 is	
accompanied	by	a	volume	change	without	
a	 change	 in	 the	 lattice	 symmetry.	 In	 the	
case	 the	 large	 change	 in	 magnetization	
and	giant	inverse	MCE	were	found1–4.	With	
respect	to	second	phase	transition,	 it	 is	a	
second	 order	 phase	 transition	 from	 FM	
state	to	paramagnetic	(PM)	state	observed	
at higher temperatures.

In	 this	 work,	 we	 investigated	
theoretically the ground states properties 
in a series of Mn3-X-C	 (X	=	Ga,	Ge,	Sn,	 In)	
compounds	 in	 the	 framework	 of	 first-
principles	 calculations.	 To	 calculate	

electronic	 structures,	 we	 used	 the	 
SPR-KKR5	 and	 VASP	 packages6.  
The	 generalized	 gradient	 approximation	
for the exchange correlation functional 
in	 the	 formulation	 of	 Perdew,	 Burke	 and	
Ernzerhof	 (PBE)	 was	 taken	 into	 account7. 
To	 evaluate	 the	 magnetic	 effects,	 the	
calculations	were	carried	out	for	different	
magnetic	spin	configurations	including	FM	
and	ferrimagnetic	(FIM)	ones.

As	 the	 result,	 we	 have	 found	 the	
equilibrium	 lattice	 parameters,	 the	
optimized	 magnetic	 reference	 states,	
the exchange coupling constants and 
densities of states for stoichiometric and 
off-stoichiometric	Mn3-X-C	(X	=	Ga,	Ge,	Sn,	
In)	compounds.	By	using	the	dependence	
of exchange parameters on the lattice 
parameter	 variation,	 we	 have	 estimated	
also	 the	 magneto-volume	 coupling	
constants.

With	 work	 is	 supported	 by	 RFBR	
Grant	 No.	 14-02-01085,	 Russian	 Science	
Foundation	(RSF)	No.	14-12-00570,	and	RF	
President	Grant	No.	MK-8480.2016.2.

1 Gschneidner, K.A., Pecharsky V.K. and Tsokol A.O. (2005), Rep. Prog. Phys., 68, 1479-1539.
2 Cakir O. and Acet M. (2012), Appl. Phys. Lett.100, 202404-3.
3 Cakir O. and Acet M. (2013), J. Magn. Magn. Mater. 344, 207-210.
4 Dias. E.T., Priolkar K.R., Nigam A.K. (2014), J. Magn. Magn. Mater., 363, 140.
5 Kresse G., Furthmuller J. (1996), Phys. Rev. B, 54, 11169.
6 Ebert H., Kodderitzsch D. and Minar J. (2011), Rep. Prog. Phys., 74, 096501-48.
7 Perdew J.P., Burke K. and Ernzerhof M. (1996), Phys. Rev. Lett., 77, 3865-3868.
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The	 magnetically	 ordered	
ferroelectric or ferroelastic materials – 
multiferroics	can	be	perspective	materials	
for functional electronics or spintronics. 
The	 hexagonal	 orthoferrites	 h–RFeO3  
(R	=	Ho,	Er	and	Lu)	compose	a	new	group	of	
materials	in	this	category.	According	to	the	
literature	 data	 the	 two	order	 parameters	
the ferroelectric and antiferromagnetic 
one may coexist in the hexagonal 
orthoferrites1.	This	can	 lead	to	new	types	
of optical nonlinearities2.

We	studied	optical	second	harmonic	
generation	 (SHG)	 in	 epitaxial	 films	 of	
hexagonal	 iron	 oxides	 h–RFeO3	 (R	 =	 Ho,	
Er,	Lu).	Thin	nanosized	films	of	hexagonal	
orthoferrites	were	grown	by	metal	organic	
chemical	 vapor	 deposition	 (MOCVD)	 on	
single-crystalline	 (111)–substrates	 of	
cubic	 yttria-stabilized	 zirconia	 ZrO2(Y2O3).	
Measurements	 of	 spectral,	 temperature	
and	 polarization	 dependences	 of	
SHG	 intensity	 were	 done	 in	 two	 main	
polarization	 geometries,	 when	 Eω||E2ω 
and	Eω⊥E2ω.	These	measurements	allowed	
us	 to	 separate	 the	 interface,	 ferroelectric	
and	antiferromagnetic	SHG	from	h–RFeO3 
films.

Figure	 1	 shows	 the	 temperature	
dependence	 of	 the	 SHG	 intensity	 in	
epitaxial	 h–HoFeO3.	 We	 observed	 a	
temperature	break	of	SHG	 intensity	close	
to	the	Néel	temperature	TN	=	144	K	in	this	
material.

Comparison of linear and nonlinear 
optical	spectra	were	done	in	the	hexagonal	
orthoferrites	 h–RFeO3.	 Contributions	 to	
the	 nonlinear	 polarization	 related	 with	
the electronic d–d transitions and charge 
transfer	transitions	were	found3.

This	 work	 is	 supported	 by	 the	
Russian	 Foundation	 for	 Basic	 Research	
(projects	15-52-12015	and	16-02-00377).

1 Xu X., Wang W. (2014), Modern Physics Letters B 28, 1430008.
2 Fiebig M., Pavlov V. V., Pisarev R.V. (2005), J. Opt. Soc. Am. B 22, 96.
3 Pavlov V. V., Akbashev A. R., et.al. (2012), J. Appl. Phys. 111, 056105.
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All	 calculation	 was	 made	 in	 VASP	
with	 PAW	 pseudopotentials	 and	 GGA+U.	
A	 frequency	 of	 lattice	 vibrations	 were	
calculated	 EuB4O7	 (EBO)	 in	 the	 center	 of	
the	Brillouin	zone	within	the	framework	of	
density	 functional	 theory.	 The	 frequency	
values	 are	 in	 good	 agreement	 with	
the	 experimental	 data.	 The	 electronic	
band	 structure	 was	 calculate.	 Density	 of	
electronic states and partial density of 
electronic	states	for	each	atoms	was	build.	
The	 resulting	 value	 of	 the	 band	 gap	 of	
approximately 4 eV.

The	 dependence	 of	 absorption	
coefficient	 on	 wavelength	 was	 calculated	
and	 you	 can	 see	 it	 at	 Figure	 	 1.	 There	
are	 two	peaks	 at	wavelengths	of	 240	nm	 
and	280	nm.	These	findings	are	consistent	
with	 the	 experiment	 for	 the	 study	 of	
the	 absorption	 of	 the	 isostructural	
crystal SrB4O7	 doped	 with	 5%Eu+2,	 
where	light	absorption	peaks	are	observed	
at	 wavelengths	 of	 around	 240	 nm	 
and	300	nm.

The	 calculation	 of	 the	 magnetic	
properties	of	EBO	crystal	showed	that	the	
ground	state	is	a	state	with	ferromagnetic	
ordering	of	Eu2+	spins.	The	calculated	values	
of	the	exchange	constants:	J1	=	–	1.4·10–5	eV,	 
J2=3.9·10–5	eV,	J3=5.3·10–5	eV,	J4=0.7·10–5 eV. 
As	part	of	the	molecular	field	approximation	
has	 been	 carried	 out	 the	 temperature	 of	
the phase transition to a ferromagnetic 
state,	 which	 amounted	 to	 T	 ≈	 1	 K.	 This	
low	 temperature	 of	 phase	 transition	 is	
due	 to	 both	 low	 values	 obtained	 in	 the	
calculation	 of	 the	 exchanging	 constants,	
and	the	presence	of	competition	between	
them.	 EBO	 is	 magnetic	 and	 pyroelectric	
crystal,	 therefore,	can	be	magnetoelectric	
properties.	 Evaluation	 of	 changes	 in	 the	
electrical	polarization	in	the	ferromagnetic	
ordering	ΔPz=	3973	µC/m2.

Figure 1. Calculated the dependence of absorption 
coefficient on wavelength.
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The	 critical	 behavior	 of	 dilute	 Ising-
type	 magnetic	 systems	 was	 studied	
in1–4	 using	 the	 renormalization-group	
techniques,	 numerical	 Monte	 Carlo	
simulations,	 and	 experimental	 methods.	
It	 is	 still	 not	 quite	 clear	 whether	 the	
asymptotic values of the critical exponents 
are independent of the degree of dilution 
in	 the	 system,	 how	 the	 crossover	 effects	
can	change	these	values,	and	whether	two	
or	more	regimes	of	the	critical	behavior	for	
weakly	 and	 strongly	 disordered	 systems	
can	 exist.	 These	 questions	 are	 still	 open	
and are actively discussed.

The	partition	function	of	the	pure	3D	
Ising	model	on	a	lattice	of	extent	L	without	
an applied magnetic field and at an inverse 
temperature β = 1/T in terms of the total 
energy,	E is

where	p(E, β)	is	the	density	of	states.
A	 complex	 zero	 in	 the	 partition	

function	 indicates	a	non-analyticity	 in	 the	
free	 energy.	 In	 the	 thermodynamic	 limit	
(L→∞),	 the	pinching	of	 such	 zeros	of	 the	
real temperature axis precipitates a phase 
transition.	Nevertheless	we	can	study	the	

transition	 in	 a	 finite	 system	 by	 analytical	
continuation	 to	 complex	 temperatures,	 
β = η + iξ5.	We	used	a	Monte	Carlo	simulation	
of the structurally disordered three 
dimensional	 Ising	model.	For	the	systems	
with	 spin	 concentrations	 p	 =	 0.95,	 0.8,	
0.6	and	0.5	we	calculated	the	correlation-
length critical exponent ν	 by	 finite-size	
scaling.	These	results	are	compatible	with	
some previous estimates from a variety 
of	 sources.	 The	 analysis	 of	 the	 results	
demonstrates the nonuniversality of the 
critical	 behavior	 in	 the	 disordered	 Ising	
model.

Investigations	 were	 supported	 by	
Russian	 Scientific	 Fund	 through	 project	
No.	14-12-00562.
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Thin	 magnetic	 films	 have	 a	 wide	
range of practical application like data 
storage devices1 and magnetic sensors2. 
Multilayer	structures	consist	of	a	few	thin	
magnetic	films	separated	by	nonmagnetic	
material. Such structures demonstrate 
interesting properties like the giant 
magnetoresistance	 and	 much	 work	 is	
carried out for theoretical and experimental 
research of these structures3–4.

Bilayer	 magnetic	 structure	 was	
simulated	 by	 the	 Heisenberg	 model	
using	 Mote-Carlo	 method.	 Exchange	
interaction	 and	 uniaxial	 anisotropy	 (with	
the axis perpendicular to the surface of 

the	 film)	were	considered	 in	 layers.	Spins	
in	 different	 neighboring	 layers	 interplay	
between	each	other	by	dipolar	interaction.	
This	 long-range	 interaction	 has	 an	
antiferromagnetic	 character,	 that	 means	
it leads to antiferromagnetic ordering of 
magnetization	in	neighboring	layers	at	low	
temperatures.	An	example	of	this	behavior	
is	demonstrated	in	Figure	1.

Behavior	 of	 the	 system	 was	
considered	with	increasing	temperature	or	
applying external magnetic field. Magnetic 
field oriented perpendicular to the 
surface of layers resulted in destruction of 
antiferromagnetic order and replacing it 
by	the	ferromagnetic	one.

Simulation	 was	 conducted	 with	
systems of several layer thicknesses 
and slightly varying distances  
between	layers.

This	 work	 was	 supported	 by	
Russian	 Science	 Foundation	 (project	 no.	 
14-12-00562).	 The	 simulations	 were	
supported	 by	 the	 Supercomputing	
Center	 of	 Lomonosov	 Moscow	 State	
University,	 Moscow	 and	 St.	 Petersburg	
Joint	Supercomputer	Center	of	the	Russian	
Academy	of	Sciences.

1 Heinrich B., Bland J.A.C., Eds. (2005). Ultrathin Magnetic Structures. Vol 4, Springer: Berlin.
2 Melzer M., Kaltenbrunner M., Makarov D., Karnaushenko D., Karnaushenko D., Sekitani 

T., Someya T., Schmidt O.G. (2015), Nature Communications, DOI: 10.1038/ncomms7080.
3 Skubic B., Holmström E., Iusan D., Bengone O., Eriksson O., Brucas R., Hjörvarsson B., 

Stanciu V., Nordblad P. (2006), Physical Review Letters, 96, 057205.
4 Michez L.A., Hickey B.J. (2008), Physical Review B, 77, 012408.

 

Figure 1. Temperature dependence of the out-of-
plane layer magnetization
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We	study	the	non-equilibrium	critical	
evolution	 of	 three-dimensional	 pure	 and	
site-diluted	 spin	 systems	 described	 by	
Ising	 model	 from	 different	 initial	 states	
specified	by	values	of	initial	magnetization	
m0	with	displaying	such	features	as	aging	
and	violation	of	the	fluctuation-dissipation	
theorem1.	 We	 investigate	 an	 influence	
of	 initial	 states	 with	 different	 m0 and 
nonmagnetic impurities on relaxation of 
system	 magnetization M(t)	 and	 two-time	
dependence of correlation and response 
functions	 on	 characteristic	 time	 variables	
as	waiting	time	tw	and	time	of	observation	
t.	 The	Monte	 Carlo	 simulation	 results	 for	
systems	 with	 the	 spin	 concentration	 p	
varying	 in	 a	 wide	 range	 are	 given.	 The	
obtained	curves	for	autocorrelation	C(t,tw)	
and response R(t,tw ) functions demonstrate 
that	 the	 aging	 effects	 are	 increased	 with	

growth	 of	 defect	 concentrations.	 We	
found	 for	 magnetization	 M(t)	 (Figure	 1),	
autocorrelation C(t,tw)	and	response	R(t,tw) 
functions universal scaling functions 
which	 are	 independent	 on	 the	 initial	
values	 of	 magnetization	 m0 in frame of 
universal	 classes	 of	 critical	 behavior	 for	
pure,	weakly	and	strongly	diluted	Ising-like	
ferromagnets.

Ac�nwylkrgmkntd.	 The	 reported	
study	 was	 supported	 by	 the	 Russian	
Science	 Foundation	 through	 project	 No.	
14-12-00562.

1 Prudnikov P.V., Prudnikov V.V., Pospelov E.A., Malyarenko P.N. and Vakilov A.N. (2015), 
Prog. Theor. Exp. Phys., 053A01.

Figure 1. Time dependence of magnetization M(t) 
(a) and its scaling function FM(t/tm) = =M(t)tβ/νz 
(b) for different initial states with magnetizations 
m0 =1:0; 0:6; 0:4, and 0:02.
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The	present	work	 is	concerned	with	
the studies of multicomponent alloys 
Tbx(Dy0.5Ho0.5)1–xCo2	 and,	 additionally,	
alloys	with	substitution	in	cobalt	sublattice	
Tbx(Dy0.5Ho0.5)1–x(Co1.75Al0.25)2.	 It	 is	known	
that the highest values of magnetocaloric 
effect	are	observed	in	the	vicinity	of	the	first-
order	 phase	 transitions.	 The	 conditions	
under	 which	 the	 first-	 and	 second-order	
transitions exist for multicomponent alloys 
may	be	obtained.	Here,	we	investigate	the	
type and nature of different transitions 
evidenced	experimentally	by	using	several	
techniques	 (x-ray,	 thermal	 expansion,	
magnetostriction,	 specific-heat,	 and	
magnetization	 measurements)	 in	 the	
multicomponent alloys under study. Such 
comprehensive	 approuch	 allow	 exactly	
determinate the magnetic phase transition 
temperatures.

A	 series	 of	 alloys	 synthesized	 by	
arc-melting	 with	 the	 use	 of	 high-purity	
rare-earth	 metals	 crystallize	 in	 the	 
C15-type	 cubic	 Laves	 phase	 structure	
at	 room	 temperature.	 Also	 the	 X–ray	
diffraction studies at various temperatures 
were	 carried	 out	 in	 a	 low-temperature	
attachment	 COBRA	 in	 the	 temperature	
range	from	110	to	250	K.	It	was	found	that	
alloys	 under	 study	 Tbx(Dy0.5Ho0.5)1–xCo2 
undergo	 the	 transition	 from	 the	 cubic	
to	 rhombohedral	 phase	 as	 temperature	
decreases near the Curie temperature 
(TC).		

Particular attention is paid to the 
study	 of	 transitions	 from	 magneto-
ordering	to	magneto-disordering	states	(at	
TC).	 In	the	current	research,	the	character	
(first	 or	 second	 order)	 of	 the	 magnetic	
phase	 transition	 at	 TC	 for	 all	 alloys	 was	
determined	 by	 the	 Inoue-Shimizu	 s–d	
model	using	an	Arrott	plot.	A	large	group	of	
Tbx(Dy0.5Ho0.5)1–xCo2 alloys demonstrating 
the	 first-order	 transition	 was	 revealed.	
However,	 the	Curie	 temperature	of	 these	
samples	does	not	 exceed	150–160	K.	 For	
a	 practical	 application,	 it	 is	 important	 to	
shift the transition temperature to climatic 
temperatures	 region.	 For	 this	 purpose,	
we	 carried	 out	 substitution	 of	 Al	 for	 Co.	 
The	TC	of	the	Tbx(Dy0.5Ho0.5)1–x(Co1.75Al0.25)2 
alloys	is	higher	than	that	of	similar	Al-free	
samples,	and	partial	substitution	in	cobalt	
sublattice	changes	the	transition	type	from	
first–	to	the	second-order.

This	 work	 was	 supported	 by	 the	
Russian	 Foundation	 for	 Basic	 Research,	
projects	no.	15-33-70040	mol_a_mos.
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Multiferroics	 combine	 two	 or	
more	 ferroic	 orderings	 (ferroelectricity,	
ferromagnetism,	and	ferroelasticity)	within	
some temperature ranges1	 which	 make	
them promising functional materials for 
various	 applications.	 The	 only	 «intrinsic»	
room-temperature	 multiferroic	 found	 till	
recently	is	BiFeO3	while	the	magnetoelectric	
coupling	 in	 it	 is	 not	 strong.	 To	 find	
magnetoelectrics	 with	 more	 appropriate	
parameters,	 many	 efforts	 were	 made	
to	 design	 various	 new	 multiferroics	
including	 ceramic	materials,	 in	 particular,	
on	the	basis	of	BiFeO3	(see,	for	instance,2.  
A	 characteristic	which	 influences	 strongly	
the magnetoelectric coupling in ceramics is 
the temperature of the antiferromagnetic 
phase	 transition.	 For	 substituted	 BiFeO3 
ceramics the pronounced decrease of 
the Neel temperature from the value 
370	 °C	 for	 pure	 BiFeO3	 was	 observed3. 
For	 composite	 ceramics	 the	 problem	
of	 the	 Neel	 temperature	 shift	 was	 not	
discussed	 and	 it	 was	 assumed	 a	 priory	
that this temperature remains equal to 
the	bulk	value	for	big	enough	grains.	Here	
we	present	results	of	dielectric	studies	of	
composite	 ceramics	 (BaTiO3)x/(BiFeO3)1–x 
for	x=0,	0.25,	0.5,	0.75,	and	1.	Temperature	

dependences of the dielectric permittivity 
were	obtained	in	a	range	of	23	to	450	°C.	
The	 results	 give	 unambiguous	 evidence	
of the regular decrease in the Neel 
temperature	 with	 increasing	 x	 from	 0	 
to	0.75.

The	 studies	 of	 linear	 dielectric	
permittivity in the composite ceramics 
(BaTiO3)x/(BiFeO3)1–x	 (x=0,	 0.25,	 0.5,	 
075,	 1)	 showed	 pronounced	 anomalies	
related to the ferroelectric phase 
transition	 in	 the	 BaTiO3 grains and to 
the antiferromagnetic phase transition 
in	 the	BiFeO3	grains.	The	positions	of	 the	
dielectric	permittivity	local	maxima	at	both	
transitions	 did	 not	 depend	 noticeably	 on	
frequency.	 The	 permittivity	 maxima	 near	
the	 Neel	 temperature	 were	 treated	 as	 a	
result of the magnetoelectric coupling. 
Along	 with	 studies	 of	 third	 harmonic	
generation	in	the	composite	ceramics,	the	
findings for the linear permittivity revealed 
unambiguously	 a	 reduction	 of	 the	 Neel	
temperature	 with	 increasing	 the	 fraction	
of	the	BaTiO3 grains.

1 Schmid H. (1994), Ferroelectrics, 162 (4), 317-338.
2 Sahni M, Kumar N, Singh S, Jha A, Chaubey S, Kumar M, Sharma MK. (2014), J Mater Sci: 

Mater Electron, 25 (3), 2199-2209.
3 Rao T.D., Asthana S. J (2014), Appl Phys, 116 (1), 164102.
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Ferromagnetic	 half	 metals	 are	
promising candidates for use in spintronic 
devices	 because	 of	 the	 high	 spin	
polarization	 of	 the	 electron	 density	 of	
states	(DOS)	at	the	Fermi	level.	This	means	
that in this case there is an energy gap in 
a	DOS	spin	configurations.	As	a	result,	the	
100	%	of	the	spin-polarized	current	in	these	
materials	 can	 be	 achieved1.	 In	 this	 work,	 
we	present	results	of	ab initio investigations 
of the structural and magnetic properties  
of the Co2CrZ	(Z	=	Al,	In)	Heusler	alloys,	which	
are promising for applying in spintronics. 
To	perform	this	study	we	used	VASP2,3 and 
the	SPR–KKR4	packages.	In	our	calculations,	
we	considered	16–atom	L21	supercell	with	
three	 magnetic	 configurations.	 The	 first	
one	 was	 the	 ferromagnetic	 (FM)	 state,	 
in	which	all	magnetic	moments	of	Co	and	
Cr	 atoms	 are	 positive.	 The	 second	 one	
was	 the	 antiferomagnetic	 (AFM)	 state,	 
in	which	magnetic	moments	of	Co	atoms	
are positive and magnetic moments of Cr 
atoms	are	negative.	The	third	one	was	the	
ferromagnetic	(FIM)	state,	where	magnetic	
moments of Co atoms are positive 
and magnetic moments of Cr have an 
antiparallel arrangement.

Experimental	 and	 theoretical	
lattice constants and magnetic moments 

for different magnetic states of Co2CrZ	 
(Z	=	Al,	In)	alloys	are	listed	in	Table	1.

Tablk 1. Cwmpaoidwn bktykkn ab initio 
calculatiwn anr kxpkoimkntal rata5,6.
Alloy a0calc	(Å) a0

exp	(Å) µcalc	(µB) µexp	(µB)

Co2CrIn 6.05965 1.185

(FM) 5.976 3.04

(AFM) 6.024	 0.5	

(FIM) 6.003	 1.29	

Co2CrAl 5.736 1.66

(FM) 5.711 2.96

(AFM) 5.725 0.56

(FIM) 5.726	 1.56

It	 is	 shown	 that	 the	 calculated	
ground	state	of	Heusler	Co2CrZ	(Z	=	In,	Al)	
alloy in L21	phase	is	FM.	But,	the	calculated	
properties	for	the	FIM	state	where	the	Cr	
atoms are ordered antiferromagnetically 
agrees	better	with	experimental	data5,6.

1 Comtesse D., Geisler B., Entel P., Kratzer P. and Szunyogh L., (2014), Phys. Rev. B, 89, 
094410.

2 Kresse G. and Furthmuller J., (1996), Phys. Rev. B, 54, 11169.
3 Kresse G. and  Joubert D., (1999), Phys. Rev. B, 59, 1758.
4 Ebert H., Kodderitzsch D. and  Minar J., (2011), Rep. Prog. Phys., 74, 096501.
5 Wurmehl S., Fecher G.H. and Felser. C., (2006), J. Chem. Sci., 61, 749.
6 Hakimi M., Kameli P., Salamati H., (2010) J. Magn. Magn. Mater., 322, 3443.
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Metal-organic	 molecular	 nano-
magnets	 (so	 called	 single	 molecular	
magnets)	 are	 in	 the	 focus	 of	 intense	
research	 at	 the	 fascinating	 point	 where	
quantum mechanics meets the classical 
world.	Such	mesoscopic	objects	is	a	source	
of	 novel	 physical	 effects,	 they	 inspire	 the	
development of profound theories and 
prospective applications.

From	 this	 point	 of	 view,	 metal-
organic	 molecules	 with	 a	 ring	 rare-earth	
ion core are of significant importance. 
Such	 an	 ordering	 can	 naturally	 be	
described	 in	 terms	 of	 toroidal	 moment,	
and	 the	 presence	 of	 rare-earth	 ions	
enhances the magnetoelectricity to a 
great	 extent.	 Such	 systems	 can	 be	 called	
single	 molecular	 toroics	 (SMTs).	 A	 whole	
series	of	dysprosium	based	ring	molecular	
nanoclusters	 (Dy3,	 Dy4,	 and	 Dy6)	 has	
recently	been	synthesized.

The	 present	 work	 is	 devoted	 to	
the	 investigation	 of	 dysprosium	 based	
SMTs	 by	 example	 of	 Dy4	 ring	 molecular	
clusters.	 We	 describe	 the	 structure	 of	
the systems and determine the hierarchy 
of	 interactions	 in	 them.	 The	 magnetic	
properties of the Dy4 molecular cluster 
is	 depicted.	 The	 dependencies	 of	 the	
magnetization	 on	 the	magnetic	 field	 and	
temperature	 are	 obtained.	 Then,	 we	
proceed to the magnetoelectricity of the 
system.	 The	 spin-electric	 Hamiltonian	 is	
derived and the magnetoelectric effect 
(MEE)	 is	predicted.	Finally,	we	discuss	 the	
toroidal	moment	dynamics,	especially	the	

phenomenon of macroscopic quantum 
tunneling of the toroidal moment.

The	 present	 analysis	 reveals	 that	
chirality	 of	 antiferromagnetic	 rare-earth	
nanoclusters	 with	 Ising-like	 magnetic	
anisotropy leads to the occurrence 
of	 the	 toroidal	 moment	 that	 allows	
specic	 spin-electric	 interactions	 and	
quantum magnetoelectric effect in them. 
The	 resulting	 quantum	 structure	 of	
nanocluster is rather rich and versatile to 
be	 manipulated	 by	 external	 electric	 and	
magnetic	fields	or	just	by	current.	Although	
we	 have	 considered	 mainly	 the	 specic	
rare-earth	 nanocluster,	 many	 results	 can	
be	applicable	to	other	Ising-like	lanthanide	
nanoclusters.	 The	 rare-earth	 spin	 rings	
might	 be	 the	 best	 candidates	 to	 observe	
the	quantum	MEE	in	molecules	as	well	as	
other	peculiar	spin-electric	effects	owing	to	
their	spin	 toroidal	ground	state	with	 long	
relaxation time. Our study suggests that 
spin chirality and the anapole moment 
are	 essential	 parameters	 in	 realizing	 a	
nanoscale quantum computing device.

We	wish	to	acknowledge	the	financial	
support	 of	 the	 Russian	 Foundation	
for	 Basic	 Research	 (Project	 No.	 15-02-
08509)	and	the	Ministry	of	Education	and	
Science	of	the	Russian	Federation	(Project	 
No.	2528).
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Any	 physicist	 well	 known	 that	 the	
exact	 solution	 of	 any	 how	 a	 complex	
physical	 problem	 are	 of	 special	 interest.	
Such solutions allocate a lot of the specific 
characteristics	 of	 physical	 models,	 which	
are	 not	 always	 visible	 in	 any	 conceivable	
way	 of	 their	 approximate	 solution.	
Audience	 attention	 is	 an	 exact	 solution	
of	 the	basic	problem	of	statistical	physics	
for	 the	 onedimensional	 Hubbard	 model	
in a magnetic field in the limit of infinite 
correlation.	The	Hamiltonian	of	this	model	
written	as:

	 	 (1)

where	 ε – energy of an electron at the 
site,	tfm–	hopping	integral	between	f– and 
m–sites,	h	=	gs μB B/2 –	spin	Lande	factor,	
μB–	 Bohr	 magneton,	 B – the magnetic 
field	in	the	material.	It	turns	out	that	such	
a	 model	 can	 be	 built	 nonperturbative	
exact	 solution	 that	 is	 not	 based	 on	 the	
Bethe	ansatz1	and	the	results	of	Lieb	and	
Wu2.	 Moreover,	 this	 solution	 uses	 only	
the	 foundations	 of	 statistical	 physics,	 
i.	e.	those	of	its	results,	which	are	not	based	
on	 techniques	 borrowed	 from	 quantum	
field theory.

The	 resulting	 solution,	 of	 course,	
allows	 to	 get	 numerically	 exact	
dependencies	of	the	basic	thermodynamic	

parameters	 (free	 energy,	 entropy,	 heat	
capacity,	 internal	 energy	 and	 chemical	
potential)	 of	 the	 hole	 concentration,	
temperature and magnetic field in the 
material.	 The	 resulting	 dependence,	 as	
one	would	expect,	correctly	reproduce	all	
the	basic	properties	of	systems	with	strong	
electron	correlations:	the	rapid	increase	in	
the	entropy	by	increasing	the	value	of	hole	
doping3,4,	the	two	peaks	depending	on	the	
heat capacity of the temperature caused 
by	 spin	 and	 charge	 excitations,	 and	 so	
on.	We	also	obtain	interesting	asymptotic	
especially	 at	 high	 and	 low	 temperatures	
and	fields.	For	the	magnetic	susceptibility	
it	is	possible	to	obtain	an	exact	expression	
of	 the	Curie	 law.	Thus	Pauli	 susceptibility	
does not occur at any concentration of 
electrons	 in	 the	 system.	 This	 is	 due	 to	
the	 exact	 factorization	 of	 the	 partition	
function as a product of holon and 
spinons	 partition	 functions.	 In	 addition,	
it	 is	possible	 to	prove	 that	 in	 the	nearest	
neighbor	 approximation	 the	 magnetic	
susceptibility	 does	 not	 depend	 on	 the	
parameter	 t	 hopping	 between	 nearest	
neighbors.	This	fact	is	also	a	consequence	
of	the	said	factorization.

1 Bethe H. (1931), Phys Z., 71, 205.
2 Lieb E.H. and Wu F.Y. (1968), Phys. Rev. Lett., 20, 1445. Erratum: ibid. (1968), 21, 192.
3 Cooper J.R. and Loram J.W. (2000), J. Phys. IV France, 10, Pr3-213 - Pr3-224.
4 Loram J.W., Luo J., Cooper J.R., Liang W.Y., Tallon J.L. (2001), J. Phys. Chem. Solids, 62, 59–64.
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Dynamic	 spiral	 domains	 (SD)	 are	
formed	 in	 the	 films	 with	 perpendicular	
magnetic anisotropy in the alternating 
magnetic	field,	which	«live»	for	a	while,	and	
then disappear.

Spiral	 domains	 were	 studied	
theoretically for dynamic1 and static2–5 
cases.	The	main	problem	of	the	models	is	
that only one parameter of the structure 
varies	 whereas	 the	 other	 parameters	
fixed	 in	 both	 dynamic	 and	 static	 cases.	 
A	 disadvantage	 of	 the	 model1 is the 
fact that disappearance of SD occurs  
by	reducing	its	size,	whereas	in	experiments,	
this scenario is not implemented.

As	a	model	was	 chosen	a	 single	SD	
with	domain	boundaries	having	distortions	
in	the	form	of	a	sinusoidal	transverse	wave	
(Figure	 1).	 The	 domains	 with	 different	
direction	 of	 magnetization	 are	 shown	
in	 white	 and	 gray.	 The	 magnetization	
in the domains is perpendicular to the 
sample	 surface,	 and	 the	 width	 of	 the	
domain	wall	is	considered	to	be	zero.	This	
approximation	is	valid	for	films	with	a	large	
quality factor.

Dissipative model of spiral domain1 
has	been	extended	 to	 the	case	when	 the	
geometric parameters of SD can change 
with	the	time:	a	spiral	period	–	p; domain 
width	–	d; radius of the inner spiral core – 
r0;	 twist	 angle	 of	 the	outer	 ending	of	 the	
domain; the amplitude of the crossed 
distortion of domain shape. Some of 
geometric	domain	parameters	were	fixed	
to investigate the influence of different 
deformation of domain forms on its 
evolution,	and	was	solved	the	system	with	
smaller	number	of	equations	were	solved	
numerically	 by	 Gere’s	 method.	 It	 was	
chosen	because	this	system	of	equations	is	

stiff.

The	 spiral	 domain	 model	 with	
the	 possibility	 of	 deformation	 allows	 to	
extend	the	number	of	evolution	scenarios	
of the dynamic SD in an alternating 
magnetic	 field,	 including	 scenarios	 of	 SD	
extinction.	 Thus,	 it	 was	 found	 that	 the	
appearance	 of	 the	 empty	 area	 within	
the	 SD	 is	 factor	 of	 instability	 and	 leads	
to the disappearance of the domain. 
This	 mechanism	 SD	 destruction	 was	
confirmed	 by	 experiments6.	 In	 addition,	
is taking into account the change in 
the	 width	 of	 the	 domain	 and	 its	 period,	
new	 scenarios	 of	 SD	 destruction	 was	
realized	 by	 transforming	 it	 into	 a	 giant	
or	a	 cylindrical	domain,	or	 in	a	giant	 ring	
domain,	 with	 their	 instant	 collapse	 after	
that.	 In	 the	 experiments	 there	 is	 always	
the	immediate	disappearance	of	SD,	which	

Figure 1. Geometry of the spiral domain.
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has	a	finite	size,	so	it	can	be	assumed	that	
obtained	evolution	scenario	of	the	SDs	 in	
the	model	corresponds	to	those	observed	
in the experiment.

Accounting	 of	 additional	 domain	
deformation	 allows	 to	 introduce	 the	
concept	 of	 domain	 «lifetime»,	 as	 the	
period	of	 time	 from	 the	beginning	of	 the	
field	 action	 until	 the	 moment	 when	 the	

domain	collapses.	This	will	allow	to	study	
dependences of this parameter on the 
amplitude	 and	 frequency	 of	 the	 field,	 in	
order	 to	 compare	 them	with	observed	 in	
the experiment dependencies.

1 Mal’tsev V. N., Kandaurova G. S., Kartagulov L. N. (2003), Physics of the Solid State, 45(4), 
691-695.

2 Borisov A.B., Yalyshev Ju.I. (1995), Fizika metallov i metallovedenie, 79 (5), 18-31.
3 Lamonova K.V., Mamaluj Ju.A. (1997), Fizika i tehnika vysokih davlenij, 7(2), 82-93.
4 Sojka E. N. (1998), Fizika i tehnika vysokih davlenij, 8(2), 65-70.
5 Mamaluj Ju.A., Sirjuk Ju.A. (1999), Fizika i tehnika vysokih davlenij, 9(4), 88-93.
6 Pashko A.G. (2009), Konfiguracii dinamicheskih domennyh struktur i processy 

peremagnichivanija plenok ferritov-granatov [Configuration of the Dynamic Domain 
structures and processes of magnetisation reversal of iron garnets films], Ph.D. thesis 
abstract, Yekaterinburg, 23p..
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The	search	for	materials	with	a	high	
magnetocaloric	 effect	 (MCE)	 and	 their	
study	 are	 of	 great	 interest,	 because	 they	
can	be	used	for	applications	in	new	types	
of	 magnetic	 refrigerators.	 Moreover,	 a	
study	of	the	MCE	provides	new	important	
information	 about	 the	 magnetic	 phase	
transitions and many other physical 
phenomena.	 Usually	 the	 MCE	 value	 is	
evaluated	 by	 indirect	 methods	 based	 on	
the	calculation	of	the	magnetic	contribution	
to	the	entropy	of	the	magnetization	curves	
or on heat capacity measurements in a 
magnetic	 field.	 However,	 for	 applications	
direct	 measurements	 of	 the	 MCE,	 are	
needed,	 i.e.	 measuring	 the	 temperature	
change upon applying an external 
magnetic field1–4.

Recently	 the	MCE	has	been	 studied	
intensively	 in	 Heusler	 alloys	 based	 on	
Ni–Mn–Z	(Z	=	Sn,	 In,	Sb,	Ga),	 in	particular,	
in Ni43Mn46Sn11–xZx	 (Z	 =	Ge,	 Si;	 0	 ≤	 x	≤	4)	
alloys5,6. Modifications of the composition 
of	 the	 alloys	 and	 their	 doping	 allow	
to	 change	 the	 MCE	 value	 and	 to	 vary	
the phase transition temperatures 
in	 a	 wide	 temperature	 range.	 The	
purpose	of	 this	work	 is	 to	study	 the	MCE	 
in Ni43Mn46Sn11–xZx	 (Z	=	Ge,	Si;	x	=	0,	1,	2)	
using direct and indirect methods and to 
compare	 the	 results	 obtained	 by	 these	
two	 methods	 as	 well	 as	 to	 visualize	 the	
austenite-martensite	 phase	 transition	
at different temperatures and magnetic 
fields using an optical microscope7.

Ni43Mn46Sn11–xZx	 (Z	 =	 Ge,	 Si;	 x	 =	 0,	
1,	 2)	 Heusler	 alloys	 were	 synthesized	 in	
an induction furnace under inert argon 
atmosphere.	The	ingots	were	annealed	at	
1.123	K	 for	24	hours	 followed	by	 furnace	
cooling.	 The	 elemental	 analysis	 made	
with	 a	 scanning	 electron	 microscope	
(Inspect	 F,	 FEI	 Company),	 equipped	 with	
an	 EDAX	 spectrometer,	 showed	 that	 the	
alloy composition corresponded to the 
initial	 one.	 Room	 temperature	 x–ray	
studies confirmed the presence of the 
L21	 structure	 in	 all	 samples.	 The	 direct	
measurements	 of	 the	 MCE	 were	 carried	
out	 on	 a	 unique	 computerized	 setup	
in	magnetic	 fields	of	 up	 to	 14	 T	 and	 in	 a	
temperature	 range	 from	 77	 to	 350	 K8.  
To	 evaluate	 the	 MCE	 «indirectly»,	
calculations of the magnetic entropy 
change	 were	 made	 from	 the	 isothermal	
magnetization	 curves.	 The	 magnetization	
was	measured	on	a	SQUID–magnetometer	
MPMS	 XL7	 (Quantum	 Design)	 from	 10	
to	 330	 K	 in	magnetic	 fields	 of	 up	 to	 7	 T.	 
To	 visualize	 the	 austenite-martensite	
phase	 transition,	 an	 optical	 microscope	
operating	in	a	temperature	range	from	77	K	 
to	420	K	and	in	magnetic	fields	of	up	to	14	T,	 
was	used7.

The	 characteristic	 temperatures	 of	
the phase transitions are the martensitic 
and the austenitic start and finish 
temperatures,	i.e.,	Ms,	Mf,	As	and	Af,	which	
were	 determined	 from	 the	 temperature	
dependence	 of	 the	magnetization.	 It	 was	
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demonstrated	 that	 the	 substitution	of	 Sn	
atoms	by	Ge	changes	 the	MCE	and	shifts	
the temperature maximum to higher 
temperatures.	 On	 the	 contrary,	 when	
the	 Sn	 atoms	 are	 replaced	 by	 Si	 atoms,	
the temperature maximum is shifted to 
lower	temperatures.	The	comparison	and	
analysis	of	 results,	obtained	by	 the	direct	
and	indirect	methods,	were	confirmed	by	
the	 visual	 observation	 of	 the	 austenite-
martensite	 phase	 transition	 obtained	 by	
optical microscopy.

This	 work	 was	 partly	 supported	 by	
the	 state	 assignment	 of	 FASO	 of	 Russia	
(theme	 «Spin»,	 No.	 01201463330),	 the	
Scientific	 Program	 of	 UB	 RAS	 (project	
No.	 15-17-2-12),	 RFBR	 grant	 (No.	 15-02-
06686)	 and	RFBR	youth	grant	 (No.	 16-32-
00072),	 and	 by	 the	NCBR	 (Poland)	within	
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We	 seek	 to	 determine	 the	 accurate	
values	of	critical	parameters	of	Ising	model	
in	 triangular	 lattice	 with	 next-nearest-
neighbors	interactions	using	a	reliable	and	
checked	scheme,	special	replete	algorithm	
of	Monte-Carlo	(MC)	method,	and	keeping	
to	 the	united	 technique.	Research	of	 this	
Ising	model	 allows	 to	 clarify	 an	 influence	
of	 next-nearest-neighbors	 interaction	
on features and a character of critical 
behavior.

Ising	Model	 on	 triangular	 lattice,	 as	
an archetypical example of a frustrated 
system,	 was	 initially	 studied	 by	 Wannier	
and	 Newll1,2.	 The	 triangular	 Ising	 model	
has	attracted	much	attention	and	because	
of	 its	 remarkable	properties	 it	has	a	 long	
history of investigation. No exact solution 
is	 available	 in	 triangular	 Ising	 model.	
Hence,	simulations	of	the	Ising	model	are	
essential. Monte Carlo simulation methods 
have	 been	 widely	 using	 techniques	 to	
update the spins of the system and to 
study	the	Ising	model	on	triangular	lattice	
to	obtain	numerical	solutions.

An	 inclusion	 of	 the	 interaction	
between	 the	 next-to-nearest	 neighbors	
results in appearance of frustration that 
complicates the solution.

In	 recent	 years,	 intensive	
experimental and theoretical investigations 
of	 critical	 behavior	 of	 this	 model	 are	
being	 carried	 out.	 In	 Refs.3 investigated 
Ising	 model	 on	 a	 stacked	 triangular	
lattice,	 with	 antiferromagnetic	 first-	 and	
second-neighbor	 in-plane	 interactions,	
are	 studied	 by	 extensive	 histogram	
Monte	 Carlo	 simulations.	 The	 results,	 in	
conjunction	with	 the	 recently	determined	

phase	 diagram,	 strongly	 suggest	 that	 the	
transition from the period–3 ordered state 
to the paramagnetic phase remains in the 
XY	universality	class.

In	 Refs.4	 investigated	 Ising	
antiferromagnet on a stacked triangular 
lattice	 in	 zero	 field	 is	 studied	 by	 Monte	
Carlo	 simulations,	 focusing	 on	 the	
character	 of	 the	 low-temperature	 phase	
and the effect of the relative strength of 
the exchange interaction in the stacking 
direction	α.	Results	support	the	presence	of	
the	3D	Wannier	phase,	with	the	sublattice	
magnetization	 structure	 (m,	 –m,	 0)	 and	
power-law	 decaying	 m	 with	 the	 lattice	
size.	 The	 extent	 of	 this	 low-temperature	
phase	shrinks	with	decreasing	α,	however,	
it	 appears	 even	 at	 very	 low	 values	 if	 it	 is	
accessed	 from	 higher	 temperatures	 by	
sufficiently	slow	cooling.

The	 frustrated	 Ising	 model	 is	
described	by	the	classical	Hamiltonian:

where	 the	 summations	 are	over	nearest-
neighbor	 (nn)	 and	 next	 nearest-neighbor	
(nnn)	 pairs	 with	 J1	 and	 J2	 interactions,	
respectively.	 Calculations	 were	 carried	
out	 for	 systems	 with	 periodic	 boundary	
conditions	 (PBC)	 and	 linear	 dimensions	 
L	 ×	 L	 ×	 L	 =	 N,	 L	 =	 30	 –	 90.	 The	 ratio	 of	
the	 exchange	 interaction	 of	 the	 next-
to-nearest	 and	 nearest	 neighbors	 
k=J2/J1	 =	 0,	 1.	 To	 bring	 the	 system	
in the state of thermodynamic 
equilibrium,	 the	 segment	with	 the	 length	 
2.5×105	 MC–step/spin	 (that	 is	 several	
times	 larger	 than	 the	 nonequilibrium	
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segment)	 was	 cut	 off.	 The	 averaging	 of	
thermodynamic	 parameters	 were	 made	
along	a	Markov	chain	with	the	length	up	to	
1.5×106 MC–step/spin.

The	 investigation	 of	 the	 phase	
transitions of frustrated spin systems 
by	 traditional	 theoretical,	 experimental,	
and numerical methods meet some 
difficulties.	The	 last	 is	due	to	existence	of	
numerous	valleys	of	 local	energy	minima,	
which	 is	 typical	 for	 such	 systems.	 The	
MC	 algorithms	 based	 on	 microscopic	
Hamiltonians	 contribute	 to	 strict	 and	
sequential evaluation of such systems. 
May	 be	 the	 most	 powerful	 and	 efficient	
algorithm tools for phase transitions and 
critical properties study in frustrated 
systems	 is	 the	 replica	 MC	 algorithms.	 In	
the	present	paper,	we	use	a	highly	efficient	
MC replica exchange algorithm.

For	 calculation	 of	 static	 critical	
exponents	of	specific	heat	α,	susceptibility	
γ,	 ordering	 parameter	 β,	 and	 correlation	
radius	 ν,	 we	 used	 the	 relations	 of	 the	
finite-size	scaling	theory5.

The	 work	 has	 been	 supported	 by	
the	grant	of	RFBR	(project	№	16-02-00214;	
project	№	16-32-00105.

1 Wannier G.H. (1950), Phys. Rev., 79, 357.
2 Newell G.F. (1950), Phys. Rev., 79, 876.
3 Diep H.T., Plumer M.L., Mailhot A., Ducharme R., Caille A. (1993), Phys. Rev. B, 47, 14312.
4 Zukovic M., Mizisin L., Bobak A. (2014), ACTA Phys. Polonica A , 126, 1, 40.
5 Murtazaev A.K., Ramazanov M.K., Badiev M.K. (2015), Physica B: Condensed Matter,  

476, 1–5. 
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In	 the	 theory	 of	 phase	 transitions,	
the	 effect	 of	 non-ideal	 characteristics	
(such	as	impurities,	defects	of	structure)	of	
real	systems	on	phase	transitions	(PT)	and	
critical	phenomena	(CP)	magnetic	systems	
is	one	highly	topical	problem1.

In	 this	 work,	 we	 research	 the	
influence of quenched nonmagnetic 
impurities on the phase transitions and 
critical	 phenomena	 in	 two-dimensional	
antiferromagnetic	 (AF)	 Potts	 model	
with	 q=3	 in	 strongly	 diluted	 regime	
(the	 concentration	 of	 spins	 p≤0.70.).	
Investigations	 were	 carried	 out	 on	 the	
basis	of	the	standard	Metropolis	algorithm	
in	conjunction	with	the	Monte	Carlo	Wolff	
cluster algorithm.

Interest	 in	 this	 model	 is	 based	 on	
the	 fact	 that	 there	 is	still	no	 reliable	data	
on	 the	 effect	 of	 non-magnetic	 impurities	
on the phase transition2. Only one the 
determined	 reliably	 is	 the	 occurrence	
of	 first-order	 phase	 transition	 in	 a	 pure	
model3.	The	Hamiltonian	of	the	model	can	
be	written	as4:

 Si	=	1,2,3	 	 (1)

where	 J is the parameter of exchange 
antiferromagnetic	 interaction	 between	
nearest	neighbors.

Systems	 with	 linear	 sizes	 L×L = N,  
L	=	9÷144	are	studied.

The	nature	of	 the	PT	 is	 determined	
by	 the	 method	 of	 fourth	 –	 order	 Binder	
cumulants5:

,	 	 (2)

,	 	 (3)

where	E is the energy and m is the order 
parameter	 of	 the	 system	of	 linear	 size	 L. 
Equations	 (2)	 and	 (3)	 allow	 accurately	 to	
determine the Tc(p)	in	the	first	and	second	
transitions,	 correspondly.	 Application	 of	
the Binder cumulants can also determine 
the	 order	 of	 PT	 system.	 First	 order	
phase transitions have an outstanding 
characteristics6:	 the	 average	 value	 of	
the VL(T, p)	 tends	 to	a	non-trivial	value	V* 
according to the equations

	 (4)

at L→∞	and T=Tc(L),	where	V*	is	diffe-rent	
from	2/3,	and	the	minimum	value	of	UL,min(T 
= TC ,p)	differ	from	  
at L→∞7.

The	 dependence	 of	 the	 specific	
heat	C,	susceptibility	χ	and	magnetization	
m on the temperature for all are 
obtained	 considered	 systems	 with	 a	
range of impurity concentration p≤0.70.	 
For	 susceptibility	 χ,	 well-defined	 maxima	
are	 observed	 on	 all	 dependencies	 and	
the	maxima	for	the	systems	with	different	
spin concentration occurre at the same 
temperature	within	the	error
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On	 the	 basis	 of	 the	 Binder	
cumulant method critical temperatures 
Tc(p),	 as	 well	 as	 a	 defined	 type	 
of phase transition occurring in the 
system	with	the	introduction	of	significant	
amounts of impurities are determined. 
Also	 critical	 exponents	 for	 systems	 with	 
p	=	0.90,	0.80,	0.70,	0.65	are	estimated.

Obtained	 data	 points	 out	 that	 the	
introduction	of	non-magnetic	impurities	in	
the	 two-dimensional	 structure	 described	

by	the	two-dimensional	antiferromagnetic	
Potts	 model	 with	 q	 =	 3	 on	 a	 triangular	
lattice	leads	to	a	change	in	the	first-order	
phase	 transition	 to	 the	 second-order	
phase transition.

This	 work	 was	 supported	 by	 the	
Russian	 Foundation	 for	 Basic	 Research	
(project	nos.	16-32-00105).

1 Dotsenko V. S. (1995), Phys. Usp., 38, 457–496.
2 Qian X., Deng Y., Blöte W. (2005), J. Phys. Rev. E., 72, 056132-1.
3 Wu F.Y. (1982), Rev. Mod. Phys., 54, 235.
4 Murtazaev A.K., Babaev A.B., Aznaurova G.Y. (2011), Low Temp. Phys., 37, 134.
5 Eichhorn K., Binder K. (1996), J. Phys. Condens. Matter., 8, 5209.
6 Loison D., Schotte K.D. (1998), Eur. Phys. J. B., 5, 735.
7 Murtazaev A.K., Babaev A.B., Aznaurova G.Y. (2011), Solid State Phenomena, 168-169, 357.
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Based on soft magnetic materials 
exchange-coupled	 superlattices	 are	
most sensitive to a magnetic field1.	 In	
this	 study	 the	 correlation	 between	 the	
crystal structure and coercivity has 
been	 investigate	 on	 Ni65Fe15Co20/Cu 
superlattices	 with	 (Ni80Fe20)60Cr40	 buffer	
layer.	The	superlattices	were	sputtered	by	
DC magnetron from targets of correspond 
compositions	 in	 magnetic	 field	 80	 Oe.	
Texture	 was	 measured	 by	 XRD	 (ω–scan)	
and	confirmed	by	TEM	investigations	and	
surface	morphology	AFM–patterns.

It	was	 revealed	 that	 the	addition	of	
Ta	 under-layer	 to	 (Ni80Fe20)60Cr40	 buffer	
layer	 leads	 to	 increase	 of	 <111>	 texture	

perfection	 (Figure	 	 1)	 and,	 as	 the	 result,	
to	reduction	of	coercivity	from	49	to	6	Oe	
with	 GMR–effect	 of	 14	 %	 and	 saturation	
field	about	130	Oe.

The	research	was	carried	out	within	
the	 state	 assignment	 of	 FASO	 of	 Russia	
(«Spin»	 No.	 01201463330),	 supported	
in	 part	 by	 RFBR	 (P.	 No.	 16-32-00501)	
and	 Russian	 Ministry	 of	 Education	 and	
Science	(Contract	Nos.	14.Z50.31.0025	and	
7539.2016.2-SS).

1 Parker M., Hossain S., Seale D., Barnard J., Tan M., Fujiwara H. (1994), IEEE Transaction  
on Magnetics, 30 (2), 358-363.

Figure 1 The surface morphology of Ni65Fe15Co20 /Cu superlattices 
with (Ni80Fe20)60Cr40 (a) and Ta/(Ni80Fe20)60Cr40 (b) buffer 
layers. The insert shows the XRD ω–scans.
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Spin crossover in condensed matter 
physics is a transformation of a system 
with	 one	 spin	 S1 into another state 
with	 spin	 S2	 induced	 by	 some	 external	
parameter	 like	 strong	 magnetic	 field,	
high	 pressure,	 light	 etc.	 The	 thermally	
induced spin crossover transition can 
be	 described	 as	 the	 thermal	 equilibrium	
between	 the	 lowest	 and	 excited	 states.	 
It	 accompanies	 by	 the	 energy	 level	 E1  
and	 E2	 crossing,	 where	 E	 is	 the	 local	
energy	 of	 the	 magnetic	 ion	 with	 spin	 Sα 
(α	=	1,	2).	This	phenomenon	is	due	to	the	
presence	of	two	low-lying	electronic	states,	
resulting	 from	 the	 competition	 between	
the	 ligand	 (or	 crystal)	 field	 in	 transition-
metal complexes and electronic exchange 
interaction.	 There	 is	 no	 thermodynamic	
order parameter that can distinguish 
one	 phase	 versus	 the	 other.	 At	 T=0	 spin	
crossover is a quantum phase transition.

We	 obtained	 and	 consider	 the	
following	 effective	 Hamiltonian	 for	
description of spin crossover in magnetic 
ordered	systems:

where	 J,	 J1,	 J3	are	the	exchange	constants,	
the	Pauli	matrices	being	 ,	and	ν	=	1,	–3	for	
antiferromagnetic/ferromagnetic	 order,	
respectively.	The	summation	 is	perfomed	

over	 neight-boring	 sites	 i,	 j	 on	 a	 lattice	
with	coordination	number	c.	The	last	term	
describes	 the	 effect	 of	 pressure	 on	 the	
electron	 configuration	 of	 the	 high-spin	
(HS)	and	low-spin	(LS)	states.	The	subindex	
α	 takes	 values:	 α=1	 (HS	 state),	 and	 α=2	
(LS	 state).	 A	 pseudo-spin	 operators	
is	 introduced	 with	 two	 eigenvalues:	

,	where	λα	=	1(HS)	and	λα	=	–1	
(LS).

In	the	spin	crossover	problem	there	
are	two	order	parameters:	spin	and	orbital.	
This	 may	 strongly	 affect	 the	 behavior	
of	 the	 system.	 For	 instance,	 by	 applying	
pressure one can change the filling of 
orbital.	On	the	other	hand,	a	magnetic	field	
acting	 on	 the	 spins	 modifies	 the	 orbital	
configuration.	 To	 describe	 this	 nonlinear	
effects	 we	 adopt	 approach	 developed	 
in	Kugel’-Khomskii	model.

We	found	that	adding	of	interatomic	
interactions leads to rearrangement of 
quantum phase transition in to first order 
phase transition and formation of some 
metastable	states.

This	work	has	been	supported	by	the	
RAS	 program,	 the	 state	 task	 0358-2015-
0006,	 RFBR	 Grant	 no.	 16-02-00507	 and	
Scholarship	of	the	President	of	the	Russian	
Federation	СП-1844.2016.1
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The	 models	 of	 phase	 second	 kind	
transitions φ4 and φ6	 were	 proposed	 in	
the	 works	 of	 authors1–3.	 These	 models	
coincide	with	the	Landau	theory	for	purely	
ordered	and	disordered	phases,	but	 they	
admit	 the	 existence	 of	 the	 metastable	
(amorphous	or	glass)	states	 in	 the	region	
below	 the	 critical	 temperature.	 At	 slow	
cooling of magnetic materials the system 
usually	falls	in	an	ordered	state	by	passing	
the	 critical	 point,	 and	 disordered	 frozen	
state	occurs	to	be	hidden	from	the	casual	
observer.

The	 existence	 of	 the	 hidden	 states	
could	be	predicted	by	the	micro-theory,	for	
example,	in	iron	alloys	with	two	exchange	
interactions4.	 In	 the	 phase	 diagram,	
there	 are	 two	 nested	 one	 into	 another	
branches.	 The	 outer	 branch	 is	 observed	
and,	as	it	were,	shields	the	internal	branch,	 
which	 is	 impossible	 to	 get	 into	 for	 the	
normally	 slow	 cooling.	 At	 the	 same	
time,	 upon	 rapid	 cooling,	 we	 can	 skip	
intermediate	state	and	get	into	this	branch.	
A	 characteristic	 feature	 of	 the	 behavior	
of	 such	 a	 system	 is	 that,	 once	 got	 into	
this	branch,	the	system	does	not	 jump	to	

the	outer	branch.	So	 it	becomes	possible	
to repeat multiple cycles of heating and 
cooling,	while	remaining	concealed	at	the	
inside	branch.

The	 experimental	 confirmation	 of	
the	 feasibility	 of	 such	 a	 way	 of	 behavior	
can cause the temperature dependence 
of	 magnetization	 of	 slowly	 cooled	
and	 tempered	 in	 water	 from	 850°C	
Mn0,89Cr0,11NiGe alloy5.	 The	 system	 gets	
into	a	hidden	branch	at	the	rapid	cooling.	
Upon	 subsequent	 heating	 the	 system	
does	 not	 jump	 to	 the	 outer	 branch,	 but	
evolves	 along	 hidden	 branch	 practically	
without	hysteresis	in	the	reverse	direction.	
Moreover,	 at	 the	 exit	 above	 the	 Curie	
point of conventional phase transition and 
the	 second	 slow	 cooling	 the	 system	 still	
remains	on	the	«hidden»	branch	 ignoring	
more	 pronounced	 opened	 branch.	 A	
similar	 effect	was	 observed	 in	 Kotelnikov	
IREE

1 Metlov L.S. http://arxiv.org/abs/1505.03727v1.
2 Metlov L.S. http://arxiv.org/abs/1309.6791v1.
3 Poimanov V.D., Metlov L.S., (2015), Bulletin of the Chelyabinsk State University, No 22 

(377), Physics, p. 15-19.
4 Grebennikov V.I., Radzivonchik D.I., (2015), Abstracts of International Conference «Phase 

Transitions, Critical and Non-Linear Phenomena in Condensed Matter» Chelyabinsk, p. 31.
5 Sivachenko A.P. et al., (2013), Low Temperature Physics, V. 39, p. 1051.
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Ferrimagnets	with	hexagonal	crystal	
structures system of  Ba2Ме2Fe12O22 
(Ме2-Y)	are	different	from	other	hexaferrite	
structure types so that their crystal 
structure is not a center of symmetry 
and	 their	 possible	 manifestation	 of	 the	
multiferroic properties1.	 Therefore,	 they	
are of interest for the development of 
magnetoelectric materials that properties 
are	 controlled	 by	 electric	 and	 magnetic	
fields.	 The	 system	 	of	Ba2Ni2-xCuxFe12O22  
(Ni2-xCux)-Y	 have	 been	 chosen	 for	 the	
research. 

Samples	 were	 prepared	 by	
conventional	 ceramic	 technology.	 Final	
calcination	was	carried	out	at	1280	°C	for	
6	hours.

The	 x-ray	 analysis	 was	 performed	
using	 a	 SHIMADZU	 XRD-6000	
polycrystalline diffractometer. Studies 
of the static magnetic characteristics of 
samples	was	carried	out	on	an	automated	
complex	 in	 pulsed	 magnetic	 fields.	 The	
ferromagnetic	 resonance	 (FMR)	 spectra	
were	measured	by	the	standard	waveguide	
transmission technique in the frequency 
range	26–37	GHz.

The	 results	 of	 X-ray	 analysis	 of	 the	
synthesized	 materials	 are	 given	 in	 Table	
1.	 From	 the	 table	 it	 is	 clear	 that	 all	 the	
samples	 are	 multiphase.	 Additionally	 to	
the	 target	 Y-phase	 they	 contain	 various	
amounts	 of	 related	 phases:	 magnetite	
(Fe3O4),	 hematite	 (Fe2O3)	 and	 M	 type	
barium	hexaferrite.

Таблица 1 – Фазовый состав гексафер-
ритов Ba2Ni2-xCuxFk12O22

Phase

х

0.2 0.4 1.0 1.2

Fe3O4 9.3 8.9 11.0 8.1

Fe2O3 4.0 1.5 3.0 2.2

Me2	-Y	 72.7 83.0 83.0 85.0

Ba-М	 14.0 6.6 3.0 4.7

For	 synthesis	 of	 single-phase	
hexaferrite samples need to carefully 
select the temperature and the time of 
synthesis.	However,	it	is	of	interest	to	carry	
out a preliminary assessment of the values 
of magnetocrystalline anisotropy fields of 
multiphase	 samples.	 This	 will	 hereinafter	
to conduct the purposeful synthesis of 
materials	with	specified	properties.

Research	 of	 the	 magnetocrystalline	
anisotropy	of	the	samples	was	carried	out	
by	the	method	of	ferromagnetic	resonance	
(FMR).	 FMR	 is	 the	 only	 method	 for	 the	
study of the magnetocrystalline anisotropy 
of	 the	 multi-phase	 polycrystalline	 or	
powder	 samples	 consisting	 of	 a	 phases	
with	 significantly	 different	 values	 of	 the	
anisotropy fields2.	 We	 will	 present	 the	
methodology and results of the analysis of 
the magnetocrystalline anisotropy of the 
synthesized	 multi-phase	 samples	 in	 the	
report.

1 Pullar R. C., (2012),  Progress in Material Science, 57, 1191–1334. 
2 Zhuravlev V.A., Naiden E.P., (2009), Physics of the Solid State, 51, 327-333.
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The	 work	 is	 focused	 on	 theoretical	
description of electron dynamics in 
correlated	 materials.	 The	 report	 consists	
of	two	sections:	

1)	 Non-equilibrium	 dynamics	 of	
correlated	materials:	 perturbation	 theory	
approach.

2)	 Magnetic	 susceptibility	 in	
transition metal systems.

In	the	first	part	we	study	the	single-
band	 Hubbard	 model	 on	 a	 infinite-
dimensional lattice in the presence of a 
large spatially uniform electric field out 
of	equilibrium.	We	study	the	model	out	of	
equilibrium	 using	 the	 Keldysh	 formalism	
and	 perturbation	 theory	 in	 the	 Coulomb	
interaction	U.	This	work	present	numerical	
results for the total energy of the system 
on	 an	 infinite-dimensional	 hypercubic	
lattice	with	nearest-neighbor	hopping1.

Thus	 using	 time	 dependent	
dynamical	mean-field	theory	and	iterative	
perturbation	 theory	 we	 investigate	 the	
behavior	of	the	total	energy	of	the	system,	
as	 a	 function	 of	 time,	 strength	 of	 an	
external	electric	field	and	on-site	Coulomb	
repulsion	U	(Figure	1).	

The	 second	 part	 of	 investigations	
conducted	dynamic	magnetic	susceptibility	
because	 these	 response	 function	
provides information on the strength 
of	 the	 response	 to	 	 probes	 of	 the	 given	
characteristics.

In	 this	 work,	 the	 spin-flip	 response	
function	 χ±	 is	 determined	 by	 means	 of	
the	 Time	 Dependent	 Density-Functional	
Theory	 (TDDFT).	 The	 implementation	
used	 involves	 the	 full-potential	 linearized	
augmented	 plane-wave	method	 (FLAPW).	
The	 influence	 of	 the	 computational	
parameters is evaluated for the simple 
transition	 metals	 Iron,	 Cobalt	 and	
Nickel2.

Magnetization	(using	the	sum	rule3)	
and the fluctuations of the magnetic 
moment	 (using	 fluctuation-dissipation	
theorem),	 for	 these	 three	 systems	 were	
calculated.

Dynamics of correlated materials
V.N. Valmispild1, V. Antropov2, E. Gorelov3, A. Joura1,  

M. Eckstein4 and A. Lichtenstein1

1Institute of Theoretical Physics, University of Hamburg, Jungiusstrasse 9,  
20355 Hamburg, Germany
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Figure 1. Total energy of the system as a function 
of time and strength of an external electric field 
at U=0.25 eV.
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One	 of	 the	 most	 striking	 mani-
festations of the complex interplay 
between	 superconducting	 and	 magnetic	
phases occurs in the La2CuO4 family of 
high	 –Tc supercon-ductors	 (HTSC),	 where	
superconductivity and magnetism appear 
to have the same onset temperature1–3. 
Dopant disorder has a strong impact 
on the electronic properties and may 
lead to a nanoscale phase separation 
with	 the	 coexistence	 of	 magnetic	 and	
superconducting states3–5.	To	gain	 insight	
on	 the	 intimate	 connection	 between	 the	
superconducting and magnetic ground 
states,	 one	 needs	 to	 control	 the	 dopant	
distribution	with	 atomic	 precision.	 In	 our	
work,	 we	 demonstrate	 a	 novel	 approach	
to dope La2CuO4.	 Instead	 of	 random	 
La/Sr	substitution,	we	use	atomic	layer-by-
layer	oxide-MBE	in	order	to	replace	single	
planes of LaO2	with	SrO2 dopant planes6.

We	 investigate	 superlattices	 (SLs)	 
[(LaO – SrO – CuO2) + N × (LaO – LaO – CuO
2)]	 (δSr – LCON)	 grown	 on	 (001)	 oriented	
SrLaAlO4	 substrates.	 We	 report	 low-
energy	 muon-spin-rotation,	 magnetic	
susceptibility,	 and	 THz	 magneto-
conductivity	 studies	 on	 δSr – LCON 
SLs	 with	 N	 =	 3,7,	 and	 11,	 which	 show	

superconductivity	 with	 Tc ranging  
from	18	to	29	K,	and	a	London	penetration	
depth	 of	 λ	 ~	 500	 nm.	 The	 SC-induced 
magnetism	 is	 found	 right	 below	 Tc  
on	 the	 background	 of	 the	 AFM	 long-
range	 order	 state	 (as	 in	 bulk	 La2CuO4)	
below	TN	 ≈	150	K.	The	upper	critical	 field	
is significantly reduced compared to 
bulk	 La2–xSrxCuO4.	 The	 SC	 gap	measured	 
by	THz	transmittance	spectroscopy	 in	the	
Faraday	geometry	closes	at	Hc2	≈	1.5	Tesla.	 
Above	 HC2,	 increasing	 field	 alters	
the scattering rate of the charge 
carriers	 in	 the	 SC	 layers.	 The	 negative	
magnetoconductivity is determined to 
be	 of	 ~	 15%	 at	 8T.	 An	 external	magnetic	
field parallel to the SC layers is much 
less	 effective	 for	 pair	 breaking	 with	 only	
a	half	of	the	normal	state	spectral	weight	
recovered	within	 the	SC	gap.	This	 finding	
implies that the SC state is layered in nature 
and	 likely	 localized	 around	 the	 charged	 
SrO–layers	 The	 paramagnetic	 Meissner	
effect	 is	 observed	 in	 this	 geometry.	 
Our	results	show	that	the	close	proximity	
of	 the	 AFM	 and	 SC	 ground	 states	 
in	 δSr	 –LCON	 is	 leading	 to	 a	 non-trivial	
interplay	between	the	two	orders.

1 Kimura H. et. al. (1999), Phys. Rev. B, 59, 6517.
2 Lee Y.S. et. al. (1999), Phys. Rev. B, 60, 3643. 
3 Udby L. et. al. (2013), Phys. Rev. Lett., 111, 227001. 
4 Mohottala H.E. et. al. (2006), Nature Matt., 5, 377. 
5 Fratini M. et. al. (2010), Nature, 466, 842. 
6 Baiutti F. et. al. (2015), Nature Commun., 6, 8586. 
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The	 work	 gives	 the	 answer	 to	 the	
long standing issue on the role of the 
Coulomb	repulsion	between	oxygen	holes	
on the Cooper pairing in the cuprate 
superconductors.

It	 is	 known	 that	 the	 Cooper	
pairing of fermions resulting from the 
kinematic1,	exchange	and	spin-fluctuation2 
mechanisms,	 which	 are	 considered	 in	
the	 framework	 of	 the	 Hubbard	 model,	 
t–J	 model	 and	 t–J*–model,	 is	 suppressed	
by	the	Coulomb	interaction	V	between	the	
current carriers located at the nearest sites 
of	 the	 lattice.	 This	 effect	 manifests	 itself	
most	 strongly	 in	 the	 d–wave	 channel3,	 
so at the values of V~1–2 eV the Cooper 
instability	 is	 turned	 out	 to	 be	 totally	
suppressed.	 The	 s–wave	 pairing	 caused	
by	 the	 stronger	 kinematic	mechanism1 is 
more	 stable	 and,	 as	 a	 result,	 the	 Cooper	
pairing	 is	 robust	 even	with	 regard	 to	 the	
V4–5.	 Thus,	 the	 contradiction	 between	
the theoretical and experimental results 
arises:	 an	 account	 for	 the	 Coulomb	
repulsion leads to the suppression of the 
d–wave	 pairing,	 which	 is	 experimentally	
observed,	but	allows	for	the	s–wave	pairing,	
which	 is	 not	 realized	 in	 the	 experiment.	 
This	 fact	 significantly	 restricts	 the	
capabilities	of	 the	above-cited	theories	of	
high–Tc superconductors.

In	this	work,	it	is	shown	that	account	
for the real structure of the CuO2 plane in the 
framework	of	 the	Emery	model6	resolves	
the	above-mentioned	contradiction.	In	our	
theory,	for	symmetry	reasons,	the	Fourier	
transform	corresponding	 to	 the	Coulomb	
repulsion	between	the	holes	located	at	the	
nearest	 oxygen	 sites	 does	 not	 contribute	
to the equation for the Cooper pairing in 
the	d–wave	channel.	At	the	same	time,	the	
self-consistent	 equation	 for	 the	 s–wave	
pairing	 contains	 the	 contribution	 of	 the	
Coulomb	 interaction	and,	as	a	result,	 this	
pairing is suppressed.

Thus,	 our	 theory:	 1)	 answers	 the	
question	of	why	d–wave	superconductivity	
survives	 despite	 the	 strong	 Coulomb	
repulsion	 between	 oxygen	 holes,	 and	
2)	 explains	 why	 at	 the	 strong	 coupling	
constant corresponding to the kinematic 
mechanism it is the dx2–y2–wave	 pairing	
(rather	 than	 s–wave	 pairing)	 that	
emerges.

The	work	was	supported	by	the	RFBR,	
grant	№	16-02-00073,	16-02-00304.

1 Zaitsev R.O. & Ivanov V.A. (1987), Sov. Phys. Solid State, 29, 1475.
2 Izyumov Yu.A. (1997), Phys. Usp., 40, 445; (1999), Phys. Usp., 42, 215.
3 Plakida N.M. & Oudovenko V.S., (2013), Eur. Phys. J. B, 86, 115; (2014), JETP 146, 631.
4 Val’kov V.V. & Korovushkin M.M., (2011), JETP, 112, 108.
5 Kagan M.Yu., Mitskan V.A. & Korovushkin M.M., (2015), Phys.Usp., 58, 733.
6 Emery V.J., (1987), Phys. Rev. Lett., 58, 2794.

I2.2



123

EASTMAG-2016

Magnetic Susceptibility of Hole  
and Electron-doped HTSC Cuprates

Mikhail Eremin
Institute of Physics, Kazan (Volga region) Federal University, 420008, Russia

�keywords:� HTSC, spin susceptibility, collective spin excitations.

Temperature	 dependence	 of	 17O,	
63Cu,	65Cu,	and	89Y	NMR	lines	Knight	shift	
displays clear evidence of itinerant electron 
contribution	 to	 static	 spin	 susceptibility.	 
It	is	particularly	clear	at	T<Tc. On the other 
hand	 the	 nuclear	 relaxation	 rates	 were	
interpreted assuming the presence of local 
spin moments at Cu sites in CuO planes. 
The	 most	 prominent	 models	 accounting	
for	 both	 local	 and	 itinerant	 contribution	
to	magnetic	susceptibility	are:	t–J–V	model,	 
in	which	composed	quasiparticle	operators	
are	constructed	as	for	low	Hubbard	band,	
and	 singlet-correlated	 band	 model	 in	
which	quasiparticle	operators	are	written	
like	 for	 upper	 Hubbard	 band.	 The	 first	
one	 refers	 to	 electron-doped	 cuprates,	
whereas	 the	 second	 one	 addressed	 hole	
doped	HTSCs.

Different	 approaches	 have	 been	
developed	 in	 frame	 of	 t–J–V	 model.	 
I	 will	 focus	 on	 the	 theories	which	 exploit	
composite	 Hubbard-like	 operators.	 For	
the	 beginning	 the	 expression	 for	 the	
static	spin	susceptibility	will	be	discussed,	
with	 emphasizing	 the	 role	 of	 so	 called	
kinematic	 correction	 to	 the	 Stoner-like	
factor.	 Then	 I	 will	 turn	 to	 dynamic	 spin	
susceptibility	of	hole-	and	electron-doped	

HTSC	cuprates	using	generalized	 random	
phase	 approximation	 (RPA)	 approach	
with	 projection	 operators	method1.	 I	 will	
focus	 on	 the	 mutual	 interplay	 between	
the local and the itinerant components 
of	spin	response	in	inelastic	neutron-	and	
resonance	 inelastic	 X–ray	 scattering	 (INS	
and	 RIXS).	 Near	 the	 antiferromagnetic	
wave	 vector	 the	 calculated	 dispersion	 of	
the	spin	excitation	reproduces	well	the	so	
called	hour-glass	dispersion,	characteristic	
for	some	layered	cuprates.	It	is	formed	as	a	
result	of	competition	between	the	original	
spin-gap	 in	 magnon-like	 excitations	
spectrum	 and	 the	 superconducting	 gap,	
which	 affects	 the	 itinerant	 component	 of	
the	 susceptibility.	 Calculated	 collective	
spin	 excitations	 along(0,0)	 –	 (0,π)	 are	
in	 agreement	 with	 the	 positions	 of	 the	
absorption	 peak	 in	 the	 inelastic	 X–ray	
scattering	 spectra.	 They	 refer	 to	 the	
paramagnon-like	 modes,	 characteristic	
to	 the	 itinerant	 spin	 system,	 rather	 than	
magnon-like	excitations	that	originate	from	
short range order effect in the system of 
local	spins	at	Cu	sites.	Asymmetry	between	
dispersions of collective spin excitations in 
electron-	 and	 hole-doped	 HTSC	 cuprates	
will	be	commented.

1 Eremin M.V., Shigapov I.M., Eremin I.M. (2014), Magnetic Resonance in Solids, 16 (2), 
14206.
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The	 strong	 coupling	 between	 the	
spin,	orbital	and	lattice	degrees	of	freedom	
gives	 rise	 to	a	galore	of	new	phenomena	
in oxide superconductor/ferromagnet  
(SC/FM)	superlattice	films,	such	as	magnetic	
proximity	 effect,	 giant	magnetoresistance	
and SC induced magnetic depletion in the 
FM	layers.	Search	of	triplet	superconductor	
in	 a	 ferromagnetic	 layer,	 which	 is	 
in	 contact	 with	 a	 superconductor,	 is	 one	
of intriguing field of spintronics for the 
non-dissipating	nature	of	superconductive	
flow	 and	 the	 complete	 spin	 polarization	
current.	 In	 this	 study,	 superlattice	 (SL)	 
of	[YBCO(10nm)/LSMO	(10nm)]4 multilayer 
film	were	grown	on	SrTiO3	(001)	substrates	
by	a	UHV	pulse	laser	deposition	technique.	
This	 SL	 exhibits	 a	 superconducting	
transition	 at	 80~65K	 for	 H||=0~1T.	 
The	 surface	 roughness,	 containing	
fragments	 of	 LSMO	 domains	 polarized	
in	 various	 directions	 with	 respect	 to	 the	
central	part	of	LSMO	layer	that	is	polarized	
parallel	to	the	surface	of	the	film,	served	as	
a spatial reorientation or inhomogeneous 
layer to promote a transformation of a 
mixed	 spin	 state,	 consisting	 Sz=0	 singlet	
and	triplet	superconducting	pairs,	 to	Sz=1	

triplet	 states.	 To	 reveal	 the	 magnetic	
structure	 fluctuation	 at	 SC/FM	 interfaces,	
a	 polarized	 neutron	 reflectometry	
(PNR)	 measurements	 were	 carried	 out	 
at	 300	 K	 (applied	 magnetic	 field	 
1.4mT	&	1T)	and	at	8	K	(applied	magnetic	
field	1.4mT	 field	 cooled	under	1T).	As	we	
have	 been	 expecting,	 the	 analyzed	 PNR	
data	reveals	an	interlayer	with	a	thickness	
spreading	 in	 0.6~1.3nm	 and	 an	 in-plane	
moment	which	is	smaller	than	the	central	
LSMO	layer.	At	8	K	and	H=0,	a	very	thin	layer	
in	 YBCO	 layer	 close	 to	 the	 YBCO/LSMO	
interface form an antiparallel moment 
structure.	 This	 antiparallel	 moment	 is	
confirmed	 by	 XMCD	 measurement	 and	
found	 to	 originate	 from	 Cu	 ions.	 The	
Cu moment changed from antiparallel 
to	 parallel	 when	 the	 magnetic	 field	
changes	 from	 low	 to	high	 field	 indicating	
a	 competition	 between	 inverse	 and	
direct magnetic proximity effect or even 
the existence of triplet superconducting 
pairing in LSMO layer.
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Superconductors	 with	 different	
gap	 symmetries	 behave	 differently	
being	 subject	 to	 a	 disorder.	 It	 is	
especially important to determining this 
if	 the	 exact	 behaviour	 mechanisms	 of	
superconductivity	 are	 unknown.	Here	we	
analyse	 how	 magnetic	 impurities	 affect	
the	 low-energy	 properties	 of	 two-band	
s± and s++ pairings.	 In	 a	 general	 case,	 Tc  
is	suppressed	approximately	following	the	
standard	 Abrikosov-Gor’kov	 trend.	 There	
are,	 however,	 few	 exceptional	 cases	with	
the saturation of Tc for the finite amount 
of	 impurities:	 1)	 s±	 superconductors	 with	
the purely intkobanr impurity potential 
or	 with	 unitaoe	 impurity	 scattering,	 
2)	 s++	 state	 with	 purely	 intkobanr 
scattering.

We	 show	 that	 the	 latter	 unusual	
behaviour	is	due	to	the	s++ to s± transition. 
Similar	 to	 the	 case	 of	 non-magnetic	
impurities	 in	a	 two-band	superconductor,	
the transition occurs depending on the 
sign of the average coupling constant 
<λ>.

We	 acknowledge	 partial	 support	 by	
RFBR	(Grant	RFBR	16-02-00098).
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Multifilamentary	Nb3Sn–based	wires	
are used in superconducting magnet 
systems	 of	 modern	 accelerators,	 and	
fusion	reactors,	for	example,	in	the	Toroidal	
Field	 magnet	 coils	 of	 the	 International	
Thermonuclear	 Experimental	 Reactor	
(ITER)	 (France).	 Currently	 it	 is	 planned	
to	 upgrade	 the	 Large	 Hadron	 Collider	
(Switzerland)	to	increase	the	magnetic	field	
of	its	superconducting	magnets.	To	realize	
this	 project	 the	 replacement	 of	 NbTi–
based	wires	by	the	Nb3Sn–based	wires	will	
be	required.

The	main	creator	of	superconducting	
strands	 in	 Russia	 is	 the	Bochvar	 Institute	
of	 Inorganic	 Materials	 (VNIINM,	 Moscow,	
Russia)1.	 For	 many	 years	 the	 Institute	 of	
Metal	 Physics	 UB	 of	 RAS	 (Ekaterinburg)	
collaborates	 with	 VNIINM	 in	 the	 study	
of the structure of superconducting 
composites.

The	 report	 present	 the	 structure	 of	
Nb3Sn–layers in multifilamentary strands 
produced	 by	 «bronze»	 route,	 and	 by	
Internal-Tin	 method,	 the	 mechanism	 of	
the	 Nb3Sn	 layers	 formation,	 the	 effect	
of	 Ti–doping	 on	 the	 formation	 of	 the	
superconducting	 phase	 in	 Nb/Cu–Sn	
wires,	 the	effect	of	morphology	of	Nb3Sn 
grains	on	the	critical	current	density	Jc	and	
reviews	the	achievements	in	production	of	
Nb3Sn–based	wires	for	high	magnetic	field	
applications.

The	 production	 of	 multifilamentary	
Nb3Sn–based	 superconductors	 with	
optimized	 performance	 requires	 detailed	
knowledge	of	various	processes	 involving	
mechanical	 and	 heat	 treatments.	 The	 Jc 
is	 sensitive	 to	 the	 structure	of	 the	Nb3Sn 
grains,	to	the	degree	of	stoichiometry	of	the	
Nb3Sn	layer,	to	the	concentration	of	doping	
elements and to the method of doping. 
The	 highest	 performance	 is	 achieved	
in	 the	 conductors	 with	 high	 fraction	 of	
nearly	 stoichiometric	 Nb3Sn	 layers.	 The	
main pinning centers in multifilamentary 
Nb3Sn–based	 composites	 are	 grain	
boundaries.	 The	 reduction	 of	 grain	 sizes	
results	in	larger	area	of	grain	boundaries,	
and,	 thus,	 in	 higher	 pinning	 force,	 upper	
critical field Bc2	and	Jc.	The	morphology	of	
Nb3Sn	layers	is	important	too,	because	Sn	
concentration reduces from 24.5 at.% in 
layers of equiaxed grains up to 18 at.% in 
layers	of	columnar	grains.	Thus,	to	achieve	
the	highest	values	of	 Jc	one	should	apply	
such	 annealing	 schedules	 which	 ensure	
the	maximal	zone	of	fine	equiaxed	Nb3Sn 
grains2,3.

This	 work	 has	 been	 done	 on	 the	
equipment	 of	 the	 Center	 of	 collaborative	
access	of	 IMP	UB	of	RAS,	within	the	State	
Program	«Crystal»,	with	partial	support	of	
the	UB	of	RAS	(project	No.	15-17-2-11).

1 Pantsyrny V., Shikov A., Vorobieva A., (2008), Cryogenics, 48, 354–370.
2 Deryagina I.L., Popova E.N., Romanov E.P., Dergunova E.A., Vorob’eva A.E., Balaev S.M., 

(2012), Phys. Metal. Metallogr., 113 (4), 391-405.
3 Popova E.N., Deryagina I.L., Valova-Zaharevskaya E.G., Cryogenics, (2014), 63, 63-68.
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Exchange	 biasing	 of	 diluted	
ferromagnetic	 alloys	 (low-TC	 weak	
ferromagnets)	 is	 a	 serious	 problem	
since	 basic	 condition	 TC>TN	 (TC and TN 
are Curie and Neel temperatures of a 
ferromagnet	 and	 an	 antiferromagnet,	
respectively),	 fulfilled	 in	 conventional	
room-temperature	spin-valves,	is	violated.	
The	 ability	 to	 exchange	 bias	 diluted	
ferromagnetic alloys is a keypoint for every 
kind	of	cryogenic	spin-valve,	Josephson	or	
proximity,	 if	 low–TC	 alloy	 is	 utilized	 as	 a	
functional	 material	 in	 a	 superconductor-
ferromagnet	heterostructure.	We	present	
our recent finding of strong exchange 
biasing	 of	 Cu41Ni59	 weak	 ferromagnet	 by	
CoOx/Cu41Ni59	 interface	 with	 the	 aid	 of	
very	 thin	 cobalt	 sublayer	 adjacent	 to	 the	
CoOx antiferromagnet from the opposite 
side to the alloy layer1.	 The	 magnetic	
properties	 of	 Si(substr.)/Si(buffer)/Co/

CoO x/Cu 41N i 59/Nb/Cu 41N i 59/S i ( cap )	
superconducting	 spin-valve	 system	
were	 extensively	 investigated	 further	 by	
SQUID	 magnetometry,	 and	 two	 strongly	
exchange	 biased	 signals	 were	 observed.	
The	 layers	 thickness	 dependence	 of	 the	
exchange	 bias	 is	 studied.	 The	 obtained	
results	 are	 compared	with	 predictions	 of	
the	 domain	 state	 and	 spin-glass	 models	 
of	exchange	bias.

The	 support	 by	 DFG	 (grant	 
No	HO	955/9-1),	partially	by	RFBR	 (grants	
No.	 16-02-01171-a)	 and	 the	 Program	 of	
Competitive	 Growth	 of	 Kazan	 Federal	
University	 (R.G.D.	 and	 L.R.T.)	 is	 gratefully	
acknowledged.

1 Zdravkov V.I., Kehrle J., Lenk D., Obermeier G., Ullrich A., Mueller C, von Niddla H.-A. K., 
Morari R., Sidorenko A.S., Tagirov L.R., Horn S., Tidecks R. (2013), J. Appl. Phys., 114, 033903.
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The	existence	of	proximity	effect	for	
the	 layered	 ferromagnet-superconductor	
(FS)	 structures	 gives	 rise	 to	 a	 number	 of	
interesting	 phenomena	 and	 effects	 (see	
reviews1,2	and	the	references	therein),	for	
example,	 the	 reentrant	 superconductivity	
In	 present	 work,	 we	 theoretically	
investigate a solitary superconductivity 
for	 asymmetrical	 F1SF2	 and	 F1F2S system. 
The	effect	was	predicted	before	 for	clean	
F1SF2 systems3.	 Now	 we	 consider	 more	
realistic	«dirty»	case,	which	allows	solving	
the Usadel equations4.	 The	derived	 value	
problem	and	the	system	of	self-consistent	
equations for the order parameters in 
the	 S	 and	 F	 layers	 allow	 us	 to	 calculate	
the	 phase	 diagrams	 of	 states	 with	
different	values	of	the	parameters	(layers	
thicknesses,	 borders	 transparencies,	
the values of the exchange and external 
magnetic	 fields,	 etc.).	 The	 results	 agree	
with	the	experimental	data5,6.

We	 predict	 that	 the	 states	 with	 a	
pronounced solitary superconductivity 
are	 possible	 for	 both	 systems.	 The	
influence	 of	 electron-electron	 interaction	
in	 the	 S	 and	 F	 layers	 on	 the	 solitary	
superconductivity	 is	 also	 explored.	 The	
solitary superconductivity corresponds to 

a	 localized	 region	 on	 the	 phase	 diagram	
of	 Tc(df),	 in	 which	 Tc	 >	 0	 and	 thickness	
df	 belongs	 to	 region	 [df*,df**],	 where	 
df*>	0.	This	occurs	only	at	the	antiparallel	
orientation	 of	 magnetizations	 in	 the	 F1 
and	F2	 layers.	The	superconductivity	does	
not occur at the parallel orientation that 
makes	 relevant	 the	 study	 of	 states	 with	
solitary	 superconductivity,	 as	 they	 may	
prove	 to	 be	 the	 most	 promising	 for	 the	
superconducting spin valve applications7,8. 
The	 review	 of	 recent	 publications	 on	 the	
subject	confirms	it.	Based	on	the	numerical	
analysis	of	phase	diagrams,	we	suggest	the	
conditions	 for	 the	 possible	 experimental	
observation	 of	 solitary	 superconductivity	
and	 detecting	 «latent»	 electron-electron	
interaction	in	the	F	layers.	We	also	conclude	
that	 the	 model	 of	 spin-valve	 based	 on	
states	 with	 solitary	 superconductivity	 for	
F1F2S	system	has	a	number	of	advantages	
compared	to	the	F1SF2 system9.

The	 work	 is	 partially	 supported	
by	 the	 Russian	 Program	 of	 Competitive	
Growth	of	Kazan	Federal	University.	YNP	is	
also	thankful	to	the	RFBR	(16-02-01016)	for	
partial support.

1 Izyumov Y.A., Proshin Yu.N., Khusainov M.G. (2002), Phys. Usp., 45 (2), 109-148.
2 Buzdin A. (2005), Rev. Mod. Phys., 77 (3), 935-976.
3 Khusainov M.G., Khusainov M.M., Ivanov N. M., Proshin Yu.N. (2009), JETP Lett., 90, 359.
4 Avdeev M.V., Proshin, Yu.N. (2015), JETP Letters, 102 (2), 96-99.
5 Avdeev M., Proshin Y. (2014), Supercond. Sci. Technol., 27 (3), 035006 (11 pp).
6 Antropov E. et al. (2013), Supercond. Sci. Technol., 26 (8), 085003 (9 pp).
7 Oh S., Youm D., Beasley M. (1997), Appl. Phys. Letters, 71 (16), 2376- 2378.
8 Buzdin A.I., Vedyayev A.V., Ryzhanova N.V. (1999), Europhys. Letters, 48 (6), 686-691;
9 Tagirov L.R. (1999), Phys. Rev. Letters, 83 (10), 2058- 2061.
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Nematicity	 and	magnetism	 are	 two	
key	features	in	Fe-based	superconductors,	
and their interplay play gives rise to 
the rich normal phase diagram as 
well	 as	 the	 superconductivity.	 In	 FeSe,	
the	 magnetic	 order	 is	 absent	 below	
the structural transition temperature  
Tstr=90	 K,	 in	 stark	 contrast	 that	 the	
magnetism	 emerges	 slightly	 below	 Tstr 
in	 other	 families.To	 understand	 such	
amazing	 material	 dependence,	 we	
investigate	 the	 spin-fluctuation-mediated	
orbital	 order	 (nxz≠nyz)	 by	 focusing	 on	 the	
orbital-spin	interplay	driven	by	the	strong-
coupling	 effect,	 called	 the	 Aslamazov-

Larkin	(AL)	vertex	correction1.	This	orbital-
spin	 interplay	 is	 very	 strong	 in	 FeSe	
because	 of	 the	 small	 ratio	 between	 the	
Hund’s	 and	 Coulomb	 interactions	 (J/U)	
and	 large	 (xz,	 yz)–orbitals	 weight	 at	 the	
Fermi	 level.	 For	 this	 reason,	 in	 the	 FeSe	
model,	 the	 orbital	 order	 is	 established	
irrespective that the spin fluctuations are 
very	 weak,	 so	 the	 magnetism	 is	 absent	
below	Tstr.	Thus,	the	orbital-spin	 interplay	
due	to	the	AL	vertex	correction	is	the	key	
ingredient in understanding the rich phase 
diagram	with	nematicity	and	magnetism	in	
Fe-based	superconductors2,	as	well	as	the	
CDW	in	cuprate	superconductors3.

 

Figure 1: (a) Temperature dependence of the charge and spin Stoner enhancement factors, SC and SS, 
in the FeSe model. (b) Sign-reversing orbital polarization realized in the FeSe model. (c) C2–symmetric 
χs(q) in the orbital ordered state.
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Here,	we	study	the	spin	susceptibility	
χs(q)	 and	 orbital	 susceptibilities	 χc

x2–y2(q)	
in	 the	 first-principles	 Hubbard	 models	
for	 FeSe	 and	 LaFeAsO	 by	 applying	 the	
self-consistent	 vertex	 correction	 (SC–VC)	
method.	In	both	FeSe	and	LaFeAsO	models,	
χs(q)	is	enharged	at	q=(π,0),(0,π)	due	to	the	
nesting	of	the	Fermi	surfaces.	In	addition,	
χc

x2–y2(q)	is	strongly	enlarged	at	q=(0,0)	due	
to	the	AL	vertex	correction,	in	the	presence	
of	 weak	 (strong)	 spin	 fluctuations	 in	 the	
FeSe	 (LaFeAs)	 model.	 The	 orbital	 order	
nxz	≠	nyz	emerges	when	χc

x2–y2(0)	diverges.	
Figure	 1	 (a)	 shows	 the	 temperature	
dependences of the cgarge and spin Stoner 
enhancement	 factors,	 SC=χc

x2–y2(0)/
[χc

x2–y2(0)]U=0 and SS=χs(q)/[χs(q)]U=0,	
obtained	in	the	FeSe	model2.	We	stress	that	
SC	follow	the	Curie-Weiss	behavior	with	the	
Weiss	 temperature	 θC=12	 meV,	 which	 is	
consistent	 with	 the	 Curie-Weiss	 behavior	
with	 positive	 θC	 in	 FeSe	 observed	 by	 the	
shear modulus softening. Since the spin 
Weiss	temperature	takes	a	 large	negative	
value	(θS	20meV	),	which	is	also	consistent	
with	 the	 NMR	 and	 neutron	 inelastic	
scattering	 studies,	 one	 may	 consider	
that	 the	orbital	order	 in	FeSe	stems	from	
causes other than spin fluctuations.

We	also	perform	 the	 self-consistent	
analysis of the k-dependent	 orbital-
polarization	(ΔExz(k),	ΔEyz(k))	and	anisotropic	
χs(q),	which	is	a	natural	extension	of	the	SC–
VC	 theory	 into	 the	orbital	ordered	state2. 
The	 obtained	 ΔExz(k),	 ΔEyz(k))	 in	 the	 FeSe	
model	is	shown	in	Figure		1	(b).	The	hole-
pocket	around	Γ–point	becomes	ellipsoidal	
along the ky–axis	due	to	the	«sign-reversing	
orbital	polarization».	That	is,	ΔEyz(k)[ΔExz(k)]	
changes its sign on the kx(ky)–axis.	 Figure		 
As	 shown	 n	 Figure	 	 1(c),	 χs(q)	 at	 q=(π,0)	
increases	 in	 the	 orbital	 ordered	 state,	
whereas	its	enhancement	is	small	because	
of	the	 ill-nesting	along	q=(π,0)	because	of	
the	sign-reversing	orbital	polarization.

We	 also	 study	 the	 significant	 role	
of	 the	 orbital	 fluctuations	 on	 the	 pairing	
mechanism4.	We	analyze	the	gap	equation	
beyond	 the	 Migdal-Eliashberg	 theory	
by	 taking	 the	 vertex	 corrections	 for	 the	
electron-boson	 couplings	 in	 addition	
to	 the	 crossed-fluctuation	 terms	 into	
account.	 We	 discuss	 the	 high–Tc state in 
heavily	electron-doped	FeSe,	in	which	only	
two	electron-pockets	exist.

1 Onari S. and Kontani H., (2012), Phys. Rew. Lett., 109, 137001; Tsuchiizu M.et. al. (2013), 
Phys. Rew. Lett., 111, 057003; Onari S. et. al. (2014), Phys. Rew. Lett., 112, 187001; Kontani 
H. and Yamakawa Y. (2014), Phys. Rew. Lett., 113, 047001.

2 Yamakawa Y.  et. al., arXiv:1509.01161; Onari S. et. al., arXiv:1509.01172.
3 Yamakawa Y. and Kontani H. (2015), Phys. Rew. Lett., 114, 257001.
4 Kontani H. and Onari S. (2010), Phys. Rew. Lett., 104, 157001.
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Fe-based	 superconductors	 (FeBS)	
represent	 a	 non-cuprate	 class	 of	 high–
Tc	 systems	 with	 the	 unconventional	
superconducting state1.	 The	 origin	 of	
the latter is still a mystery. Different 
mechanisms of Cooper pairs formation 
result in the distinct superconducting gap 
symmetry and structure2.	 In	 particular,	
the	RPA–SF	(random-phase	approximation	
spin	 fluctuation)	 approach	 gives	 the	
extended	 s-wave	 gap	 that	 changes	 sign	
between	 hole	 and	 electron	 FS	 sheets	
(s±	 state)	 as	 the	 main	 instability	 for	 the	
wide	 range	 of	 doping	 concentrations2,3. 
On	 the	 other	 hand,	 orbital	 fluctuations	
promote the order parameter to have 
the	 sign-preserving	 s++	 symmetry4.  
Thus,	probing	 the	gap	 structure	 can	help	
in elucidating the underlying mechanism. 
In	this	respect,	inelastic	neutron	scattering	
(INS)	 is	 a	 useful	 tool	 since	 the	measured	
dynamical	spin	susceptibility	χ(q,ω)	 in	the	
superconducting state carries information 
about	the	gap	structure.

Here	 we	 discuss	 theoretical	
background	 for	 appearance	 of	 the	 spin–	
resonance	 peak	 in	 INS	 in	 the	 s±	 state5,6 
and	why	 it	 is	 different	 from	 the	 possible	
peak in the s++ state7,8.	For	 this	purpose,	
we	study	the	dynamical	spin	susceptibility	
χ(q,ω)	 within	 multiband	 models	 and	
see	 how	 it	 evolves	 with	 the	 increasing	
complexity of the system. Latter involves 
impurity	 scattering	 and	 unequal	 gaps,	 
ΔL	 and	 ΔS,	 on	 different	 Fermi	 surface	
pockets.	 Comparison	 with	 available	
inelastic neutron scattering data confirms 
that	what	is	seen	is	the	true	spin-resonance	
and not a peak inherent to the s++ state.

We	 acknowledge	 partial	 support	 by	
RFBR	(Grant	RFBR	16-02-00098).

1 See, e.g. Sadovskii M.V. (2008), Physics-Uspekhi, 51, 1201; Johnston D.C. (2010), Advances 
in Physics 59, 803; Stewart G.R. (2011), Rev. Mod. Phys., 83, 1589.

2 Hirschfeld P.J., Korshunov M.M., Mazin I.I. (2011), Rep. Prog. Phys., 74, 124508.
3 Korshunov M.M. (2014), Physics-Uspekhi, 57, 813.
4 Kontani H., Onari S. (2010), Phys. Rev. Lett., 104, 157001.
5 Korshunov M.M., Eremin I. (2008), Phys. Rev. B ,78, 140509(R).
6 Maier T.A., Scalapino D.J. (2008), Phys. Rev. B, 78, 020514(R).
7 Onari S., Kontani H., Sato M. (2010), Phys. Rev. B, 81, 060504(R).
8 Onari S., Kontani H. (2011), Phys. Rev. B, 84, 144518.
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Spin excitons in the unconventional superconducting  
and Kondo Lattice Compounds

Alireza Akbari
Asia Pacific Center for Theoretical Physics, Pohang, Korea

The	 heavy	 quasiparticle	 bands	
in	 Kondo	 materials,	 which	 originate	 in	
the	 hybridization	 of	 f-	 and	 conduction	
electrons	 exhibit	 numerous,	 sometimes	
coexisting,	 broken	 symmetry	 phases.	
Most	 notable	 are	 unconventional	
superconductivity,	itinerant	small	moment	
antiferromagnetism and hidden order 
of	 higher	 order	 multipoles	 of	 f-electrons	
which	 all	 lead	 to	 a	 gapping	 of	 the	 heavy	
bands.	In	rare	cases	the	chemical	potential	
lies	 within	 the	 hybridization	 gap	 and	 the	
ground	 state	 is	 a	 Kondo	 semiconductor	
without	 ordering.	 The	 dynamical	
magnetic response of such gapped 
f-electron	 systems	 has	 been	 investigated	
with	 inelastic	 neutron	 scattering.	 It	 was	
found that collective spin exciton modes 
which	 are	 due	 to	 residual	 quasiparticle	
interactions	 appear	 below	 the	 threshold	
of superconducting or hidden order gap 
or	 directly	 the	 hybridzation	 gap.	 The	

spin exciton resonance is commonly 
located	 around	 a	 zone	 boundary	 vector	
Q	 with	 nesting	 properties	 in	 the	 normal	
state.	 In	 the	 superconducting	 case	 its	
appearance gives a strong criterion for 
the gap symmetry requesting a sign 
change	 Δk+Q	 =	 −Δk due to the coherence 
factors.	 Therefore	 this	 many	 body	 effect	
with	 fundamental	 importance	 may	 also	
be	used	as	a	tool	to	discriminate	between	
proposed	 gap	 models.	 While	 the	 spin	
resonance	 has	 been	 observed	 for	 many	
compounds	we	restrict	our	discussion	here	
exclusively	to	the	small	group	of	f-electron	
superconductors	 CeCoIn5,	 CeCu2Si2 and 
UPd2Al3,	hidden	order	Kondo	compounds	
CeB6	 and	 URu2Si2	 as	 well	 as	 the	 Kondo	
semiconductor	YbB12.
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The	 effects	 of	 electron-phonon	
interaction in strongly correlated copper 
oxide	 systems	 are	 considered	within	 two	
alternative	 approaches.	 In	 the	 adiabatic	
limit	 the	 electron-phonon	 interaction	 is	
treated	 perturbatively,	 i.e.	 phonons	 are	
assumed	 to	 be	 interacting	 with	 already	
formed	 quasiparticles.	 In	 contrast	 to	
conventional	band	 theory	 these	Hubbard	
quasiparticles are generated under 
conditions	 of	 weakly	 screened	 Coulomb	
interaction,	when	double	 occupied	 states	
are	 shifted	 to	 the	 higher	 energies	 by	
large	 on-site	 electron-electron	 coupling.	
Such	 redistribution	 of	 the	 spectral	
weight	 between	 Hubbard	 fermions	
results in the reduction of the coupling 
parameters	between	electron	and	phonon	
excitations.

To	 consider	 the	 problem	 of	 a	
nonperturbative	 description	 of	 systems	
with	 strong	 interaction	 between	 charge	
and	 lattice	 vibrations	 the	 polaronic	
version2	 of	 the	multielectron	 generalized	
tight-binding3	 (pGTB)	 method	 has	 been	
proposed.	In	the	picture	of	pGTB	approach	
the	 quasiparticle	 dispersion	 of	 Hubbard	
polarons	is	determined	by	a	hybridization	
of	 the	 Hubbard	 fermion	 subbands	 with	

local	 Franck-Condon	 resonances	 so	 the	
main polaronic effect on the quasiparticle 
band	structure	is	a	splitting	of	the	Hubbard	
bands	on	the	number	of	Hubbard	polaron	
subbands.	The	Franck-Condon	broadening	
of the spectral function of the polaronic 
excitations for strongly correlated systems 
with	strong	electron-phonon	interaction	is	
reproduced	in	the	pGTB	approach.

Shwot abdtoact.	 The	 effects	 of	
electron-phonon	 coupling	 in	 strongly	
correlated copper oxide systems are 
considered	within	different	versions	of	the	
multielectron	 generalized	 tight-binding	
method.	 In	 the	 adiabatic	 limit,	 when	
electron-phonon	 interaction	 is	 treated	
perturbatively,	 the	 reduction	 of	 the	
coupling parameters is demonstrated.

To	consider	both	the	local	effects	of	
the	strong	electron-phonon	interaction	as	
a	 set	 of	 the	 Franck-Condon	 resonances	
and the electron dispersion in the 
infinite	 lattice,	 the	 polaronic	 version	 of	
the	 generalized	 tight-binding	 approach	 
is proposed.

Authors	 are	 thankful	 to	 Russian	
Science	 Foundation	 (project	 No.	 14-12-
00061)	for	financial	support.
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The	 considerable	 interest	 in	 the	
properties	 of	 heavy-fermion	 compounds	
is due to their unconventional 
superconductivity and competition 
between	 antiferromagnetic	 ordering	
and superconductivity. Under 
pressure,	 the	 phase	 diagrams	 of	
CenTmIn3n+2m compounds contain a 
superconductivity dome in the vicinity  
of the expected quantum critical point1.  
It	is	believed	that	the	coexistence	phase	of	
superconductivity and antiferromagnetism 
in such compounds is microscopic 
homogeneous.

In	 this	 work,	 using	 the	 periodic	
Anderson	model,	which	takes	into	account	
the	 exchange	 interaction	 between	
4f	 electrons,	 we	 obtain	 a	 pressure	
dependence of the Neel temperature for 
quasi-2D	cerium	intermetallic	compounds	
(Figure	 1).	 We	 show	 that	 two	 channels	
affecting	 the	 magnetic	 ordering	 occur:	 
the exchange interaction of 4f electrons 
tends	 to	 establish	 the	 antiferromagnetic	
ordering,	 whereas	 the	 low-energy	
hybridization	 of	 Ce	 f-	 and	 In	 p-electrons	
can	 both	 facilitate	 and	 suppress	
antiferromagnetism2.

It	 has	 been	 shown	 that	 in	 the	
vicinity of the antiferromagnetic quantum 
phase	 transition	 the	 Cooper	 instability	
is	 realized.	 In	 this	 case	 the	 formation	 of	
superconductivity is unrelated to quantum 
fluctuations	 and	 explained	 by	 the	 fact	

that antiferromagnetism suppresses 
Cooper	 pairing	 in	 other	 regions.	 In	 the	
same	 framework	 we	 have	 derived	 the	
microscopic	 expressions	 for	 Ginzburg-
Landau coefficients in the coexistence 
phase	 when	 the	 onset	 temperatures	 of	
antiferromagnetism and superconductivity 
are close to each other.

This	 study	 was	 funded	 by	 the	
Program	 of	 SB	 RAS	 0358-2015-0002	 and	
RFBR	 project	 No.	 16-02-00073-a.	 A.O.Z.	
is grateful for support of the Grant of 
the	 President	 of	 the	 Russian	 Federation	 
SP-1370.2015.5.

1 Pfleiderer Ch., (2009), Rev. Mod. Phys., 81, 1551-1624.
2 Val’kov V.V., Zlotnikov A.O., (2015), arXive:1509.02269, 7p.

Figure 1. Dependence of the Néel temperature on 
the energy of 4f electrons (pressure) with regard 
to hybridization (dots) and with disregard of it 
(solid line).
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Spin excitation spectra are studied 
by	inelastic	neutron	scattering	in	different	
families of superconductors and their 
parent	 compounds.	 The	 «magnetic	
resonance»	 type	 of	 response,	 first	
observed	 in	 YBCO	 family	 of	 the	 cuprate	
superconductors	and	then	confirmed	to	be	
present in the other compounds including 
iron-based	generations,	attracted	attention	
because	 it	 appeared	 when	 entering	 the	
superconducting state thus evoking a 
particular role of magnetic excitations 
in	 formation	 of	 superconductivity.	 The	
resonance is considered as a fingerprint 
of	 the	 «novel»	 type,	 called	 d-wave,	 
of superconducting pairing contrary to 
«classical»	 s-wave	 pairing.	 In	 the	 report	
we	 outline	 the	 role	 in	 this	 research	 
of neutron scattering spectroscopy at 
steady	 state	 neutron	 sources	 (nuclear	
reactors)	 with	 the	 help	 of	 three-axis	
spectrometers	 powered	 by	 «optical»	
focusing and measurement channel 
multiplexing	 as	 well	 as	 polarization	
analysis techniques.

We	 follow	 the	 evolution	 of	 the	
resonance and other magnetic excitations 
in various superconductors and relative 
compounds	as	a	 function	of	wave	vector,	

temperature,	magnetic	 field,	 doping	 with	
magnetic	 and	 non-magnetic	 impurities.	
The	 collected	 data	 are	 described	 within	
itinerant	 carrier	 models	 giving	 way	 to	
interpretation of the magnetic excitations 
in	 both	 normal	 and	 superconducting	
states.

In	the	case	of	cuprate	superconductor	
the main attention in the recent 
experiments focused on the underdoped 
regime	of	 the	YBCO	 family	with	attention	
given	to	so	called	«pseudo-gap»	state	and	
anisotropy	of	the	excitations	in	the	mono-
domain	(detwinned)	samples.

The	iron	based	superconductors	are	
represented	 by	 selenides	 family	 AFexSey 
(A	=	K,	Rb)	where	a	new	 resonance	wave	
vector	 was	 discovered.	 The	 most	 recent	
research	 in	 the	 sulfur-doped	 derivative	
has	 permitted	 us	 to	 follow	 a	 specific	
transformation of the resonance excitation 
interpreted	 as	 an	 evidence	 for	 switching	
between	 s+-	 and	 s++	 types	 of	 pairing.	 
In	 the	 other	 pnictides	 «122»-family	
BaFe2As2 with	 various	 dopings	 the	
anisotropy of magnetic response is 
emphasized	 in	 the	 experiments	 with	
uniaxial pressure applied in situ to the 
single crystal samples.
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In	 frame	 of	 t-J-V	 and	 t-J-V*	 models	
for	 layered	 materials	 with	 a	 triangular	
lattice	the	influence	Coulomb	correlations	
on the formation of superconductivity 
with	 gapless	 spectrum	 was	 studied.	 The	
equation for the superconducting order 
parameter	 (SOP)	 was	 obtained	 by	 the	
diagram	technique	for	Hubbard	operators.	
It	 was	 shown	 that	 taking	 into	 account	
the	 interactions	 within	 two	 coordination	
spheres	the	SOP	with	d+id	type	of	symmetry	
can	be	represented	as	a	superposition	of	
two	chiral	basic	functions.

In	the	case	of	chiral	superconductivity	
the order parameter is a complex and 
vanishes only at certain points of the 
Brillouin	 zone,	 located	at	 the	 intersection	
of nodal lines of its real and imaginary 
parts.	 The	 gapless	 phase	 occurs	 at	 the	
critical	 concentration	 when	 the	 Fermi	
contour crosses the nodal points of the 
order parameter.

When	 taking	 into	 account	 the	
interactions	 within	 two	 coordination	
spheres	 zero	 positions	 of	 SOP	 are	
determined	 by	 the	 ratio	 of	 the	
contributions	from	the	two	basic	functions,	
which	in	general	depends	strongly	on	the	
system parameters and the concentration 
of	 charge	 carriers.	 Without	 Coulomb	
repulsion gapless interstitial phase is 
not	 realized.	 Despite	 the	 fact	 that	 there	
is	 a	 range	 of	 parameters	 in	 which	 the	

nodal	 point	 of	 the	 parameter	 lie	 within	
the	 Brillouin	 zone,	 with	 increasing	
concentration	of	carriers,	they	are	shifted	
to	 the	 center	 of	 the	 zone,	 and	 the	 Fermi	
contour	 does	 not	 manage	 to	 «catch	 
them	up.»

When	 taking	 into	 account	 the	
Coulomb	 interaction,	 there	 are	 two	
scenarios for the formation of a gapless 
phase.	 In	 the	 case	 of	 strong	 Coulomb	
repulsion	between	nearest	sites	the	main	
contribution	 to	 the	 SOP	 is	 giving	 by	 the	
function corresponding to the second 
coordination	 sphere.	 Thus	 the	 order	
parameter	 zeros	 lie	 inside	 the	 Brillouin	
zone,	 and	 their	 position	 depends	 weakly	
on the carrier concentration. But a large 
Coulomb	 interaction	 leads	 to	 a	 decrease	
in	 both	 the	 critical	 temperature	 and	 the	
implementation of the superconducting 
phase.	 A	 similar	 scenario	 is	 described	 
in	work1.

In	 the	 case	when	 the	Coulomb	and	
exchange	 interactions	 are	 comparable	
both	basic	functions	makes	contribution	to	
the order parameter and there is a strong 
dependence of the position of the nodal 
points	on	concentration.	There	 is	a	range	
of	 parameters,	 which	 is	 implemented	
gapless phase.

This	 work	 was	 supported	 by	 RFBR	
(project	№	16-02-00073).

1 Zhou S., Wang Z. (2008), Phys.Rev.Lett., 100,. 217002.
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Encouraged	 by	 the	 recent	 studies	
of	 the	 charge	 density	 wave	 (CDW)	 and	
superconductivity	(SC)	evolution	in	NbSe2

1 
with	the	dimensionality	of	the	sample	we	
propose	the	tight	binding	electron	model	on	
hexagonal lattice to study the competition 
of	 both	 orders.	 The	 main	 experimental	
findings include1,2 the coexistence of 
CDW	 and	 SC	 orders	 with	 the	 transition	
temperature	of	 the	CDW	independent	on	
the thickness of the film until a monolayer 
limit and the monotonous decrease of 
the	 superconducting	 transition	 with	
thickness.	 It	 reaches	 1.9	 K	 in	 the	 2d	
system	while	in	the	3d	bulk	specimen	one	 
measures	7.2	K.

Theoretical	modelling	of	 the	system	
in	the	vicinity	of	the	Fermi	energy	is	based	
on	a	 3	band	 tight	 binding	 representation	
of	 the	 spectrum	 of	 the	 bulk	 system3,	

which	 changes	 to	 a	 single	 band	 one	 if	
the thickness is reduced to a monolayer. 
The	crucial	assumption	we	propose	is	the	
importance	 of	 this	 nearly	 rigid	 band	 for	
the	CDW	order	in	the	bulk	and	in	the	single	
layer	limits	with	the	superconducting	order	
existing	in	all	three	bands	in	the	bulk.

The	 work	 has	 been	 partially	
supported	by	the	National	Science	Centre,	
grant	 no.	 DEC-2014/13/B/ST3/04451	
(KIW).

1 Ugeda M.M. et. al. (2016), Nature Physics, doi: 10.1038/NPHYS3527.
2 Frindt R.F. (1972), Phys. Rev. Lett., 28, 299.; Staley N.E. et. al. (2009), Phys. Rev. B, 80, 

184505. 
3 Calandra M., Mazin I.I. and Mauri F. (2009), Phys. Rev. B, 79, 24108. 
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The	 peak	 effect	 on	 magnetic	 field	
dependencies of the critical current of 
bulk	 superconductors	 reflects	 a	 vortex	
lattice	 transition	 or	 a	 phase	 change.	 The	
rare-earth	 based	 123	 superconductors	
have usually the peak effect1.	In	presented	
work	bulk	polycrystalline	Y1–xNdxBa2Cu3O7 
was	 synthesized	 by	 standard	 ceramic	
technology.	 The	 critical	 temperature	 of	
the	superconductor	is	92	K.	The	measured	
hysteresis	 loops	 are	 supported	 to	 be	 the	
superposition of a hysteresis loop MS(H)	
of the superconducting grains and an 
additional	 paramagnetic	 magnetization	
MP(H)	of	Nd	atoms.

The	 extended	 critical	 state	 model	
(ECSM)2,3,4	 is	 applied	 to	 fit	 and	 analyze	
the MS(H)	 loops	with	 the	peak	effect.	 The	
critical current density and the depth of 
the	surface	pinning-free	layer	are	the	main	
parameters	 of	 ECSM.	 Using	 the	 ECSM,	
several important magnetic parameters 
could	 be	 determined	 including	 the	
penetration	 field,	 the	 irreversibility	 field	
and the flux pinning forces.

Figure	 1	 demonstrates	 the	
dependence of the pinning force density 
Fp(H)	 on	 the	 magnetic	 field	 at	 T	 =	 60	 K.	 
The	 peak	 position	 on	 the	 Fp(H)	 curves	
appears to depend on the concentration x 
of	Nd	atoms.	The	peak	position	decreases	
as x increases.

The	 controlled	 peak	 effect	 and	
accompanying	change	of	the	irreversibility	
field are promising for applications.

The	work	was	supported	by	Russian	
Foundation	 for	 Basic	 Research	Grant	No.	
16-38-00400.

1 Altin E., Gokhfeld D.M., Demirel S., Oz E., Kurt F., Altin S., Yakinci M.E. (2014), J. Mater. Sci.: 
Mater. Electron., 25, 1466.

2 Gokhfeld D.M., Balaev D.A., Petrov M.I., Popkov S.I., Shaykhutdinov K.A., Valkov V.V. (2011), 
J. Appl. Phys., 109, 033904.

3 Gokhfeld D.M. (2014), Phys. Solid State, 56, 2380-2386.
4 Gokhfeld D.M. (2013), J. Supercond. Novel Magn., 26, 281-283.

Figure 1. Magnetic field dependence of the 
pinning force of the samples. Points mark 
data obtained from experimental hysteretic 
magnetization curves. Solid lines are computed 
by ECSM.
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Samples	 of	 the	 copper-oxide	
YBa2Cu3O7–x	were	prepared	by	the	standard	
method	of	 solid-phase	 synthesis	of	 initial	
oxides.	 The	 density	 of	 polycrystalline	
samples	was	4.18	g/cm3.	The	temperature	
of the superconducting transition  
was	Тс	≈	92.0	К.	The	transition	width	was	
ΔTс	 ≈	 1.5	 K.	 Investigations	 were	 carried	
out	 at	 a	 temperature	 T	 ≈	 77	 K	with	 help	 
of	 four-contacts	 method.	 Contact	
resistance	 was	 less	 than	 3	 mΩ.	 Through	
the current contacts are skipped DC and 
AC	 currents.	 From	 potential	 contacts	
was	 measured	 voltage.	 The	 first	 voltage	
harmonic	 was	 allocated	 by	 selective	
amplifier.

The	dependence	D(H)1	(black	circles)	was	
approximated	by	the	function	(solid	line):

D	=	2/[exp(-(H-H1)/H0)+1],

where	H0	=	40	Oe	and	H1	=	36	Oe	are	the	
field	strengths,	 is	the	characteristic	of	the	
given sample.

The	approximation	V1(H)	is	made	by	
using	an	exponential-hyperbolic	function1:

V1=Rd· Ia=Ia· [Rd1·exp(-C1·C0· i–μ)+Rd2· 

exp(-C2·C0·i–μ)],

where	 i	 =	 Id/Ic	 is	 the	 relative	 current,	 
Id	 is	 the	 dc	 current,	 Ic	 =	 316	 mA	 is	 the	
critical	 current	 at	 H	 =	 0,	 Rd	 =	 (dV/dId)	 is	
the	 differential	 resistance,	 Ia	 =	 27	 mA	 is	
the	 amplitude	 of	 the	 alternating	 current,	 
С0	 =	 (1+1/μ)μ+1,	 μ	 =	 2/D(H)	 is	 the	
glassy state index2,	 C1	 =	 0.02,	 C2	 =	 0.14.	 
Rd1	=	0.012	mΩ,	Rd2	=	0.78	mΩ.

1 Vasyutin M.A. (2011), Pis'ma Zh. Tekh. Fiz., 37 (16), 1-6.
2 Kuzmin Yu.I. (2010), Pis'ma Zh. Tekh. Fiz., 36 (9), 17-25.

Figure 1. The dependence of the fractal dimension 
of the normal phase clusters on the magnetic 
field strength. Black circles are the data obtained 
in paper 1, solid line is empirical dependence (1).
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Figure 2. Dependence of the amplitudes of the 
first voltage harmonic on magnetic field for 
different values of DC. Black circles are the 
experimental dependences, solid lines are the 
theoretical curves calculated by the formula (2). 
The numerals represent different values DC: Id = 
30 mA (1), Id = 40 mA (2), Id = 50 mA (3), Id = 
60 mA (4), Id = 70 mA (5), Id = 80 mA (6), Id = 
90 mA (7), Id = 100 mA (8).
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The	 interest	 in	 niobium	 nitride	 is	
now	 increased	 due	 to	 the	 possibility	 of	
its	use	as	a	single-photon	bolometers,	RF	
resonators	and	others.	NbN	has	chemical	
and	 radiation	 resistance,	 mechanical	
strength and a high second critical field.

This	 article	 presents	 the	 results	
of measurements of thin film resistive 
NbN	near	 Tc.	 Film	 thickness	 d	 =	 400	 nm,	 
the	width	w	=	5	mm,	the	length	l	=	10	mm.	
The	measurements	 were	made	 standard	
four-contact	method.

In	Figure	1,	the	transition	curves	are	
represented	ac	Ia	=	0,2	mA	frequency	42	Hz	
(the	 first	 harmonic)	 in	 different	magnetic	
fields.	Curve	1	was	obtained	without	a	field,	
Curves 2 and 3 in a constant magnetic field 
of	1	T	2	and	T,	respectively.

Figure	 	 2	 shows	 the	dependence	of	
the	depinning	transport	current	density	Jc 
from	the	 reduced	 temperature	 t	=	T/Tc in 
a	dc	magnetic	field	H	=	1	T,	Tc	=	16.45	К.

The	 temperature	 and	 field	
dependence	of	Jc	is	given	by	expression1,2:	
Jc(T,B)	 =	 U0(T)/B,	 where	 U0(T)	 is	 the	
temperature dependence of the pinning 
potential.

Taking	 into	 account	 that	 U0(T)	 ~	
Hc

2(T)/	 ξn(T),	 and	 using	 the	 temperature	
dependence of the critical magnetic field 
and	 the	 coherence	 length	 ξ	 Ginzburg-
Landau	theory,	we	obtain:	

U0(T)	~	(1–t)2(1–t)–n/2. 
In	the	case	of	thick	films	n	=	3	(curve	1).	

Curve	2	 in	 the	 same	 figure	was	obtained	
by	fitting	the	temperature	dependence	of	
the critical current density in assumption 
of strong fixing vortices at temperatures t 
<	0.86	3.

1 Senapati K, Pandey N.K., Nagar R., and Budhani R.C. (2006), Physical Review B., 74 (10), 
104514-8.

2 Campbell A.M. and Evetts J.E. (1972), Advances in Physics, 21 (90), 199-428.
3 Bychkov Yu.F., Vereshchagin V.G., Zuev M.T., Karasik V.R., Kurganov G.B., Maltsev V.A. 

(1969), JETP Letters,  9 (8), 451-456.

Figure 1. Figure 2.
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We	 continued	 studying	 the	ways	 of	
increasing the efficiency of the magnetic 
field	 concentrator	 (MFC)	 in	 the	 combined	
magnetic	field	sensor	(CMFS).	The	method	
is	based	on	the	fact	that	structuring	of	the	
active	 strip	 (AS)	 in	 parallel	 branches	 and	
cuts	 (Figure	 1)	 can	 significantly	 increase	
the concentration factor F1.

In	 this	 study,	 we	 investigate	 the	
dependence of F on	 the	 number	 of	 cuts	
in	 the	 AS,	 their	 size	 wp,	 and	 London	
penetration depth of the magnetic field. 
The	 AS	 had	 a	 width	 of	 7	 000	 nm	 and	
contained	 nanosized	 elements,	 including	
20−350	 nm	 cuts	 and	 superconducting	
branches.	The	results	of	the	calculation	for	
a	low-temperature	superconductor	(LTSС)	
showed	that	the	high	values	of	the	F	can	be	
attained	by	increasing	the	number	of	cuts	
n	(Figure	2).	The	maximum	value	F ~	45	was	
obtained	at	n =	64.

It	 can	 be	 seen	 that	 wp also affects 

the F	 value:	 the	 smaller	 the	wp value,	 the	
better	 the	 results	 obtained.	 In	 this	 work,	 
wp is multiple to the minimum process step 
width	(20	nm);	this	value	is	the	optimal	wp. 
Similar	 investigations	were	performed	for	
the	 MFC	 based	 on	 a	 high-temperature	
superconductor	 (HTSC).	 It	was	 found	that	
the	 use	 of	 LTSС	 is	 preferred,	 because	
it	 allows	 the	 value	 F	 higher	 by	 a	 factor	 
of	4	to	be	obtained.

The	 results	 of	 this	 study	 can	
significantly increase the concentration 
factor	and,	consequently,	the	efficiency	of	
the	CMF	in	CMFS.

This	 work	 was	 supported	 by	 the	
Russian	 Science	 Foundation,	 project	 no.	
14-39-00044.

1  Ichkitidze L.P. and  Mironyuk A.N. (2012), Physica C, 472(1), 57-59.

Figure 1. CMFS and its elements:
(1) superconducting MFC ring, (2) dielectric 
substrate, (3) AS, (4) magnetosensitive element, 
(5) isolating film, (6) AS branches and (7) AS 
cuts.

Figure 2. Dependence F (n) (λ=50 nm) at of 
(1) 20, (2) 40, (3) 60, (4) 80, (5) 100 and (6)  
350 nm.
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The	 equation	 for	 granular	
superconductor	 was	 derived	 under	 the	
assumption	of	the	Maxwell	distribution	of	
the	size	of	separate	grains

where	 – averaged current density vector 
in	the	medium	to	the	magnetic-field	vector	
potential	 ,	 ,	 Ф0– is the magnetic flux 
quantum; с – is the speed of light; ρ – is the 
concentration	 of	 Josephson	 junctions	 in	
the medium; Ic ,	R,	and	C – are the average 
values	 of	 the	 critical	 current,	 active	
resistance,	 and	 capacitance	 of	 a	 single	
Josephson	 junction,	 respectively;	 and	a is 
the	average	size	of	the	grains	forming	the	
junction.

In	accordance	with	(1),	the	magnetic	
field	 penetrates	 the	 bulk	 HTS	 ceramic	
sample to the depth

,

where	μ	is	the	permeability	of	the	medium	
caused	 only	 by	 the	 Meissner	 currents	
of	 separate	 grains.	 We	 simulated	 the	
current	 distribution	 in	 the	 cylindrical	
and	 strip	 HTS	 ceramic	 samples	 in	 zero	
external	 magnetic	 field.	 We	 showed	 that	

the	 current	 is	 concentrated	 in	 a	 narrow	
surface	 (edge)	 layer	 of	 the	 sample	 at	 a	
depth of several λM ;	as	a	result,	the	critical	
current IC depends almost linearly on 
diameter D of the cylindrical conductor 
and	 is	 nearly	 independent	 of	 width	w of 
the	strip	conductor.	Hence,	in	the	samples	
with	 different	 shapes,	 the	 size	 effect	 will	
work	 at	 the	 critical	 current	 density	 JC ; 
	 i.e.,	 JC ~ D–1 (cylinder	 at	D≥10	λM);	 JC ~ w–1 

(strip	 at	 w≥10	 λM),	 and	 JC ~ const (strip	 
at w≤	 5	 λM).	 In	 the	 latter	 case,	 the	
demonstrate	 size	 effect	 is	 similar	 to	
the	 behavior	 of	 the	 density	 of	 critical	
Ginzburg−Landau	 depairing	 current	 in	 a	
«narrow»	classical	superconductor	film2.

The	 results	 obtained	 allow	 us	 to	
conclude	 that	 power	 current-carrying	
electronic	devices	based	on	HTS	ceramics	
should	 be	 designed	 in	 the	 form	 of	
a	 litzendraht,	 i.e.,	 conductors	 with	 a	
diameter/width	 of	 no	 more	 than	 several	
λM isolated from each other for the 
superconducting current.

1 Belodedov M.V., Ichkitidze L.P. (2013) Engineering Journal: Science and Innovation. Section: 
Mathematical modeling, 10(22), 1-21.

2 Schmidt V.V. (2000). Introduction to the physics of superconductors. 2-nd edition, rev. and 
p. 402. MTsNMO: Moskow. 
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nanostructuring

Optimal nanostructuring of the active 
strip	(AS)	of	a	magnetic	field	concentrator	
(MFC)	 based	 on	 superconducting	 films	
makes	 it	possible	 to	additionally	enhance	
the concentration factor1.	 We	 calculated	
concentration factors F and F0 for the 
nanostructured	 AS	 with	 nanosized	 cuts	
and	 for	 the	 AS	 without	 nanostructuring.	
In	 the	 calculation,	 we	 took	 into	 account	
inductances	of	MFC	receiving	rings.

The	 positions	 of	 cuts	 in	 the	 AS,	
magnetosensitive	 element	 (MSE)	 width	
w0,	and	London	penetration	depth	λ	were	
varied.	 The	 MSE	 was	 placed	 between	
two	 MFC	 rings,	 which	 lied	 in	 one	 plane	
and	did	not	 intersect.	 In	 the	 calculations,	 
we	assumed	that	the	cut	width	wp coincides 
with	 the	 gap	 wa	 between	 the	 near	 MFC	
and	 MSE	 edges	 and	 the	 AS	 width	 ws  
and	AS	branch	width	are	multiple	to	wa.

The	 results	 of	 the	 calculation	 are	
given	 in	 Table	 1.	 The	 parameters	 used	
were	 as	 follows:	 w0	 =	 0.2,	 1,	 and	 5	 μm;	 
λ	 =	 50	 and	 250	 nm;	 Jc	 =	 1010	 A/m2;  
the	 AS	 semithickness	 in	 the	 MSE	 
h	 =	 10	 nm;	 ws	 =	 30	 μm;	 ring	 radius	 
rL	 =	 1	 mm;	 ring	 thickness	 wL	 =	 0.8	 mm;	 
and wa	 =	 wp	 =	 20	 nm.	 It	 can	 be	 seen	
that	 with	 a	 decrease	 in	 w0 the F0 value 
increases and the F	 value	 decreases,	 but	
the total concentration factor F*	 grows.	
The	 MFC	 made	 of	 low-temperature	

superconducting	 materials,	 e.g.,	 niobium	
with	λ	=	50	nm,	has	 the	higher	efficiency	
than	 the	MFC	made	 of	 high-temperature	
superconducting	materials,	e.g.,	Y-123	and	
Bi-2223	with	λ	≥	250	nm.

The	investigated	MFC	with	nanosized	
cuts	will	make	 it	possible	 to	enhance	 the	
efficiency	 of	 combined	 magnetic	 field	
sensors,	SQUIDS,	and	other	sensors	with	a	
resolution	of	≤	1	pT.

The	 investigation	was	performed	by	
a	 grant	 from	 the	 Russian	 Science	 Found	
(project	№14-39-00044).

Tablk 1. Cwnckntoatiwn factwod unrko 
riffkoknt cwnritiwnd.
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5.0 278 206 2.53 2.70 702 556

1.0 891 576 2.19 2.29 1951 1320

0.2 2324 1255 2.07 2.14 4811 2685

1 Ichkitidze L.P. (2013), Nano- i microsistemnaia tehnika (Russia), 9, 38-44.
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Since	 the	 discovery	 of	 high-
temperature	 superconductivity	 (HTSC)	
in doped cuprates a huge amount of 
data	 is	 obtained,	 which	 are	 the	 results	
of theoretical and experimental studies. 
Despite	 some	 apparent	 success	 in	 high-
temperature	 superconductivity	 research,	
still	 remains	 an	open	question	 about	 the	
mechanism of this phenomenon.

At	 this	 point	 a	 close	 relationship	
between	the	superconducting	and	magnetic	
properties	 of	 layered	 HTSC	 compounds	
is	 established.	 A	 typical	 picture	 is	 the	
formation of incommensurate magnetic 
order	at	low	doping	and	the	manifestation	
of	 the	 superconducting	 properties	 with	
increasing	doping.	 In	some	 iron	pnictides	
and cuprates the simultaneous existence 
of superconductivity and incommensurate 
magnetism	 is	 experimentally	 observed	 in	
a certain range of doping1,2.	 Theoretical	
calculations	 confirm	 the	possibility	of	 the	
coexistence	 of	 these	 phases,	 predicting	
also	 a	 first-order	 phase	 transition	
between	 them3.	 On	 the	 basis	 of	 these	
results,	 we	 can	 assume	 the	 existence	 of	
macroscopic	 phase	 separation	 between	
the	superconducting	and	magnetic	phases,	
which	was	not	studied	in	the	literature	to	
our	knowledge.

We	 treat	 the	 one-band	 Hubbard	
model on the square lattice using the 
Hatree-Fock	 and	 slave-boson	 approaches	
to calculate the incommensurate spiral 
magnetic	 states	 on	 the	 equal	 foot	 with	
superconducting	 phases	 with	 different	
symmetries	 of	 the	 pairing	 wavefunction.	
We	 calculate	 the	 ground	 state	 phase	
diagrams of the model taking into account 
all	 possible	 orders	 and	 determine	 the	
boundaries	 of	 phase	 transitions	 and	
possible	 phase	 separation	 between	 the	
different states.

This	 work	 is	 supported	 by	 Ural	
Branch	 of	 RAS	 in	 project	 15-8-2-12,	 and	
by	Russian	 Foundation	of	 Basic	 Research	
in	 projects	 of	 16-02-00995	 and	 16-42-
180516.

1 Izyumov Yu.A., Kurmaev E.Z. (2008), Phys. Usp., 51, 1261.
2 Lee Y.S. et. al. (1999), Phys. Rev. B, 60, 3643. 
3 Vorontsov A.B., Vavilov M.G., Chubukov A.V. (2009), Phys. Rev. B, 79, 060508. 
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We	 investigate	 SF1F2	 and	 F1SF2	
structures	(S	is	a	singlet	superconductor,	F1	
and	F2	are	ferromagnetic	metal),	where	the	
long-range	triplet	superconducting	pairing	
is	 generated	 at	 canted	magnetizations	 of	
the	F	layers1.

An	 asymptotically	 exact	 numerical	
method2 is employed to calculate critical 
temperature	Tc	as	a	function	of	the	trilayer	
parameters,	such	as	mutual	orientation	of	
magnetizations,	interfaces	transparencies,	
and the layers thicknesses.

Transition	 temperature	 Tc	 in	 the	
semi-infinite	 SF1F2	 structures	 can	 be	 a	
non-monotonic	 function	 of	 the	 angle	 α	
between	 magnetizations3,	 against	 the	
monotonic	Tc(α)	behavior	obtained	for	the	
F1SF2	trilayers4.

It	 was	 shown5 the existence of the 
anomalous	dependence	of	the	spin-triplet	
pairing	correlations	on	the	angle	α	in	SF1F2	
structures	in	a	limit	of	thin	F	layers.

We	examine	comparatively	the	spin-
singlet	and	spin-triplet	pairing	distributions	
and amplitudes as a function of the layers 
thicknesses at different values of the 
angle	 α	 in	 SF1F2	 and	 F1SF2	 structures	
to	 clarify	 which	 one	 of	 the	 pairings	 and	
how	may	 impact	on	 the	 superconducting	
spin-valve	 switching	 modes	 in	 the	 both	
heterostructures.

The	 support	 by	 RFBR	 (grants	 
No.	 16-02-01171-a,	 14-02-31002-mol_a,	
15-32-20362-bel_a_ved),	 DFG	 and	 by	
the	 Program	 of	 Competitive	 Growth	 of	
Kazan	 Federal	 University	 is	 gratefully	
acknowledged.

1 Bergeret F., Volkov A., Efetov K. (2005), Rev. Mod. Phys., 77, 1321-1373.
2 Fominov Ya., Chtchelkatchev N., Golubov A. (2002), Phys. Rev. B, 66, 014507.
3 Fominov Ya., Golubov A., Karminskaya T., Kupriyanov M., Deminov R., Tagirov L. (2010), JETP 

Lett., 91, 308-313.
4 Fominov Ya., Golubov A., Kupriyanov M. (2003), JETP Lett., 77, 510-515.
5 Karminskaya T., Golubov A., Kupriyanov M. (2011), Phys. Rev. B, 84, 064531
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The	fascinating	issue	of	an	intertwining	
effect	 between	 bulk	 superconductivity	
and static magnetic order in cuprate 
superconductors has attracted a lot of 
attention for many years1.	 However,	 the	
mechanism for such a competition is still 
unclear	at	present.	Here	we	present	a	simple	
model	that	catches	main	features	of	the	spin-
charge	competition	in	cuprates.	We	start	with	
a	minimal	model	with	 the	 on-site	Hilbert	
space reduced to only three effective valence 
centers	 [CuO4]7–,6–,5–,	 nominally	 Cu1+;2+;3+,	 
that	we	related	with	the	three	components	 
of	 the	 S	 =	 1	 pseudo-spin	 triplet	 
with	MS	 =	 –1;	0;	 +1,	 respectively2. Central 
point of the model implies the occurrence 
of	 unconventional	 on-site	 quantum	
superpositions of the three valence states 
characterized	by	different	hole	occupation:	
nh=0,1,2	for	Cu1+;2+;3+	centers,	respectively,	
and	different	conventional	spin:	s=1/2	for	
Cu2+ center and s=0	 for	 Cu1+;3+ centers. 
Conventional spin density  
for mixed valence superpositions can 
vary	 inbetween	 0	 and	 1	 in	 accordance	
with	 the	weight	of	 the	Cu2+ center in the 
superposition.	 We	 start	 with	 a	 simplified	
model	Hamiltonian

,

that	 includes	the	on-site	 (Δ)	and	 inter-site	
(V)	 charge	 density-density	 coupling	 and	
conventional	 Heisenberg	 spin	 exchange	
interaction	with	effective	exchange	integral	

,	where	  is the conventional one. 
Depending	 on	 the	 parameters	 we	 arrive	
at	 charge	order	 (CO),	 anti,	 ferri-	 or	 ferro-
magnetic	(AFM,	FIM,	FM)	phases.	Making	use	
of	a	generalized	mean-field	approximation	
(MFA)	and	classical	Monte-Carlo	technique	
we	have	calculated	different	phase	diagrams	
and the temperature dependence of the 
charge and spin order parameters for CuO2 
plane in a model cuprate under deviation 
from	 half-filling	 due	 to	 hole	 or	 electron	
doping.	An	example	of	our	MFA	analytical	and	
numerical	calculations	is	shown	in	Figure	1.	
Here	we	observe	effect	of	a	dramatic	change	
of magnetic properties under relatively minor 
change	of	the	charge	density,	the	situation	
that	 recalls	 a	 well	 known	 suppression	 of	
the	antiferromagnetic	order	with	doping	in	
cuprates.

The	 research	 was	 supported	 by	
Act	 211	 Government	 of	 the	 Russian	
Federation,	 agreement	№	02.A03.21.0006	
and	 by	 the	 Ministry	 of	 Education	 and	
Science	of	the	Russian	Federation,	projects	 
Nos. 1437 and 2725.

1 Fradkin E., Kivelson S.A., and Tranquada J.M.(2015), Rev. Mod. Phys., 87, 457. 
2 Moskvin A.S. (2011), Phys. Rev. B, 84, 075116; (2015) JETP, 148, 549.

Figure 1. T-n phase diagram and the temperature behavior of the order parameters at n = 0.1 and n 
= 0.2. The dashed lines correspond to first order transition, the solid ones correspond to second order 
transition. All the parameters in units of I.
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In	 this	 work	 we	 investigate	 doping	
dependence	 of	 the	 band	 structure	 and	
Fermi	contours	of	quasiparticle	excitations	
in	the	HTSC	cuprates	with	taking	into	account	
strong	electron	correlations	and	electron-
phonon	interaction	(EPI).	Electronic	structure	
is	 obtained	 with	 polaronic	 GTB	 method	
in	 the	 frameworks	 of	 three-band	 p-d	 +	
Holstein	 model.	 Calculation	 is	 produced	
within	 cluster	 perturbation	 theory	 with	
exact	 diagonalization	of	 the	 intracell	 part	
of	 the	Hamiltonian	 and	 the	 intercell	 part	
is	 treated	within	 the	generalized	Hartree-
Fock	 approximation	 with	 taking	 into	
account	spin-spin	and	kinematic	correlation	
functions.	 In	 the	 system	 with	 EPI	 band	
structure	results	from	hybridization	of	the	
Hubbard	fermion	bands	and	Franck-Condon	
resonances.	However	reconstruction	of	the	
electronic	structure	with	doping	proceeds	
in one scenario as for polaronic as for pure 
electronic excitations and it qualitatively 
repeats	 reconstruction	 obtained	 in	 the	
frameworks	of	t–J*	model1. Band structure 
of polarons has splittings in the depth of 
the	 valence	 band.	 Presence	 of	 splittings	
doesn’t influence on the concentration 
dependence	of	the	Fermi	contour	up	to	x=0.3.	 
There	 are	 strong	 short-range	 anti-
ferromagnetic correlations in the undoped 
compound	therefore	band	structure	have	
maximum	of	valence	band	at	the	k=(π/2,π/2)	
similar	to	the	band	in	the	antiferromagnetic	
phase.	Fermi	contour	is	small	hole	pockets	
with	center	at	k=(π/2,π/2),	spectral	intensity	
on the one side of the pocket perpendicular to 
nodal direction is more than on the opposite 
side	 (Figure	 1).	 With	 doping	 short-range	
magnetic	order	become	weaker,	energy	of	the	
local minimum of the dispersion surface at 

k=(π,π)	increases,	hole	pockets	grows.	Then	
these pockets are transformed into large 
hole contour and large electron contour as a 
result	of	quantum	phase	transition.	Further	
doping leads to hole contour increases 
and	 electron	 contour	 decreases.	 After	
second quantum phase transition electron 
contour	disappears.	Finally	Fermi	contour	of	
overdoped compound is large hole contour 
around	k=(π,π).

Authors	 are	 thankful	 to	
Russian	 Science	 Foundation	 (project	 
No.	14-12-00061)	for	financial	support.

1 Korshunov M., Ovchinnikov S. (2007), Eur. Phys. J. B, 57, 271

Figure 1. Fermi contours of the polaronic 
excitations at different hole doping x.
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Magnesium	 diboride	 (MgB2)	
–	 material,	 which	 has	 a	 high	 critical	
temperature	 TC=39	 K	 and	 two-gap	
superconductivity.	 There	 are	 two	models	
that	 explain	 the	 existence	 of	 two	 energy	
gaps in the MgB2.	 The	 first	 model	
supposes	 display	 of	 two	 gaps	 due	 to	 the	
anisotropy of a MgB2 single gap and the 
second	 one	 with	 double	 zone	 character	
of	 the	 superconductivity.	 The	 decision	
of	 determining	 the	 nature	 of	 the	 two	
gaps	 requires	 a	 parameter	 that	 allows	
identify	 the	 nature	 of	 the	 double	 gap	
superconductivity. Such a parameter can 
be	a	high	hydrostatic	pressure.	The	MgB2 
samples	 consist	 from	grains	 of	 d≈3-5μm.	
Metal	 contacts	 are	 created	 by	 rubbing	
injector	(Ag)	in	the	surface	of	MgB2 sample 
(estimated	 size	 d	 ~	 100Å	 and	 resistance	
R	 ~	 10	 ohm).	We	 registered	 the	 features	
associated	 with	 the	 appearance	 small	
Δπ	 and	 large	 Δσ superconducting energy 
gaps.	 The	 observed	 values	 of	 the	 energy	
gaps	 fully	 comply	with	 the	data	obtained	
in several other studies1.	 Figure	 1	 shows	
the results the effect of pressure on small 
and large energy gaps in the magnesium 
diboride.	Figure	1	shows	the	results	of	the	
effect	 of	 pressure	 Δπ on small and large 
energy	 gaps	 in	 the	magnesium	 diboride.	
It	 is	 seen	 that	 under	 pressure	 increased	
(dΔπ/dp	 =	 1.6	 ·	 10–2	 kbar–1)	 and	 the	

value	 Δσ	 fell	 (dΔσ/dp	 =	 –3.5	 ·	 10–2	 kbar–1).	 
Thus,	the	pressure	results	the	 increase	in	
a small gap and decrease in a large gap. 
This	 result	 can	 be	 interpreted	 two-band	
model of superconductivity of magnesium 
diboride,	and	can	be	the	result	of	interband	
scattering various defects or increase the 
overlap	zone	under	pressure.

1 Buzea C. and Yamashita T. (2001), Supercond. Sci. Technol, cond-mat/0108265.

Figure 1. Reaction of the MgB2 superconducting 
energy gaps to the high hydrostatic pressure.
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There	is	no	consensus	regarding	the	
role	 of	 the	 electron-phonon	 interaction	 
in the formation of the electronic structure 
and superconducting properties of 
the	 HTSC	 cuprates.	 The	 main	 reason	
of	 contradictions	 is	 the	 lack	 of	 reliable	
information	about	magnitude	of	electron-
phonon	interaction	(EPI)	constant.	Indirect	
evidences	 of	 EPI	 influence	 on	 electronic	
system	 has	 been	 provided	 by	 ARPES	
experiments. Broad peak and Gaussian 
line	 shape	 of	 the	 ARPES	 spectra	 has	
been	 explained	 in	 the	 framework	 of	 the	
phenomenological approach1 that uses 
scenario	 of	 Franck-Condon	 broadening.	
These	 and	 other	 features	 were	 also	
reproduced	in	the	theoretical	works	using	
t-J-model	 with	 on-site	 electron-phonon	
coupling2,3. Polaronic features of the 
spectra	of	undoped	HTSC	cuprates	indicate	
strong	 interaction	 between	 carriers	 and	
phonons	 in	 these	 systems.	 In	 this	 work,	
we	 investigate	 local	 electronic	 structure	
and	band	 structure	 of	 undoped	 cuprates	
in	the	framework	of	polaronic	generalized	
tight-binding	method	 (p-GTB)	 with	 taking	
into	 account	 diagonal	 and	 off-diagonal	
EPI.	 Such	 approach	 expands	 possibilities	
of	the	Holstein	model	and	provides	more	
realistic description of cuprates and other 
strongly correlated oxides.

As	 a	 result	 of	 this	 work	 has	 been	
shown	 following.	 Structure	 of	 the	 local	
polaron	 states	 and	 band	 structure	 of	
polaron excitations are investigated in the 

different regions of space of parameters 
λd−	λpd.	Two	types	of	 local	polaron	states	
have	 been	 identified	 in	 the	 space	 of	
parameters	 λd −	 λpd:	 states	 with	 weak	
localization	 (λd	 <	 (λd)c)	 and	 states	 with	
strong	 localization	 (λd	 >	 (λd)c).	 Transition	
between	 these	 two	 types	 of	 polaron	
states	 with	 λd	 increasing	 can	 be	 smooth	 
(λpd	 <	 (λpd)c)	 or	 abrupt	 (crossover	 
at	 λpd	 >	 (λpd)c).	 Crossover	 between	 large	
and	small	local	polaron	states	is	obtained	
for the local eigenstates of CuO4 cluster. 
Strong	 electron	 correlations	 (SEC),	many-
particle	 effects,	 and	 polaronic	 effects	 in	
the local states significantly influence 
on	 the	 band	 structure	 forming.	 Band	
structure has different type depending on 
magnitude	and	ratio	of	λd−	λpd parameters.  
The	 general	 effect	 of	 EPI	 constant	
increasing	 on	 the	 band	 structure	 is	 the	
growth	of	 the	number	 and	magnitude	of	
splittings,	 transfer	 of	 the	 spectral	 weight	
to	 the	multiphonon	 excitations,	 and	over	
number	 of	 k-points,	 reduction	 of	 the	
Hubbard	 band	 and	 polaron	 sub	 bands	
widths.	At	(λ	pd	<(λpd)c)	λd,	increasing	leads	
to	 low-energy	 excitations	 at	 the	 top	 of	
the	 valence	 band	 and	 at	 the	 bottom	 of	
the	 conductivity	 band	 gradually	 acquire	
large	effective	mass,	 lose	dispersion,	 and	
intensity.	 At	 (λpd	 >(λpd)c)	 λd,	 increasing	
brings	 to	 effective	 mass	 of	 the	 quasi-
particles	in	the	wide	energy	range	abruptly	
increases;	 all	 spectral	 weight	 is	 on	 high-
energy multiphonon excitation.

1 Shen K.M., Ronning F., Lu D.H., Lee W.S., Ingle N.J.C., Meevasana W., Baumberger F., 
Damascelli A., Armitage N.P., Miller L.L., Kohsaka Y., Azuma M., Takano M., Takagi H.,  
Shen Z.-X. (2004), Phys. Rev. Lett., 93, 267002. 

2 Mishchenko A.S., Nagaosa N. (2004), Phys. Rev. Lett., 93, 036402.
3 Rösch O., Gunnarsson O., Zhou X.J., Yoshida T., Sasagawa T.,Fujimori A., HussainZ., Shen 

Z.-X., Uchida S. (2005), Phys. Rev. Lett., 95, 227002.
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The	 three-dimensional	 vortex	
system	 in	 anisotropic	 layered	 high-
temperature	superconductor	with	internal	
nanosized	 defects	 have	 been	 studied	
using	 Monte	 Carlo	 method.	 To	 describe	
inter-plane	 interaction	 of	 pancake	
vortices,	the	equations	for	Josephson	and	
electromagnetic	potentials	obtained	in	the	
framework	 of	 Lawrence-Doniach	 model	
by	 Goldschmidt	 and	 Tyagi1,2	 have	 been	
used.	 The	 realistic	 boundary	 conditions	
and different types of extended defects 
like	 point,	 columnar	 and	 columnar	 tilted	
have	been	 introduced	 into	 the	algorithm.	
The	 penetration	 of	 vortex	 lines	 from	 the	
boundary	of	the	slab	has	been	simulated,	
the	 effect	 of	 anisotropy	 γ	 on	 such	 a	
process	 has	 been	 analyzed.	 Anisotropy	
dependence	 of	 critical	 current	 has	 been	
studied.	 For	 columnar	 tilted	 defects,	 the	
decreasing dependencies of critical current 
on	 the	 tilt	 angle	 have	 been	 obtained.	 It	
was	shown	that	this	dependence	weakens	
as	 γ	 increases	 and	 vanishes	 at	 certain	 γ.	
The	S-type	nonlinearity	of	current-voltage	

characteristics3	has	been	shown	for	three-
dimensional vortex system in presence 
of	 ferromagnetic	 defects	 (Figure	 1).	 
Our	numerical	results	correlate	with	known	
experimental and theoretical studies4.

1 Tyagi S. and Goldschmidt Y.Y., (2004), Phys. Rev. B 70, 024501.
2 Goldschmidt Y.Y. and Tyagi S., (2005), Phys. Rev. B 71, 014503.
3 Kashurnikov V.A., Maksimova A.N., Rudnev I.A., Odintsov D.S., (2015), Physics Procedia 65, 

97 – 100.
4 Matsumoto K., Horide T., Alok K. Jha, Mele P., Yoshida Y., and Awaji S., (2015),  

IEEE Transactions on Applied Superconductivity, 25 (3), 8001106.

Figure 1. Current-voltage characteristics 
of anisotropic layered high-temperature 
superconductor with ferromagnetic defects 
in external dc magnetic field. μ is a magnetic 
moment of ferromagnetic defect.
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In	 spite	 of	 a	 remarkable	 progress	
in	 physics	 of	 high-Tc superconducting 
cuprates,	 our	 understanding	 of	 the	
unusual	normal	state	in	a	wide	doping	and	
temperature	range	as	well	as	the	origin	of	
superconducting	pairing	is	far	from	being	
complete.	 In	 this	 situation,	 experimental	
study under external pressure P is 
exceptionally	 valuable	 as	 an	 in situ	 way	
to	probe	 the	electronic	 structure	and	 the	
temperature	Tc response.

The	 experimental	 studies	 of	 high-
Tc cuprates properties under external 
pressure	 are	 mostly	 concerned	 with	
the critical temperature and structural 
parameters dependence on pressure. 
Here,	we	have	considered	more	wide	range	
of	properties:	the	electronic	structure,	the	
superexchange	interaction,	and	the	critical	
temperature.	 We	 are	 restricted	 by	 small	
pressure	 and	 small	 deformations	 to	 be	
sure	 that	our	 tight-binding	approach	 (the	
multielectron	 hybrid	 scheme	 LDA+GTB)	
accurately	 reproduces	 the	 Fermi	 surface.	
At	higher	pressure,	 the	transformation	of	
the	whole	 band	 structure	may	 be	 strong	
enough	to	involve	contributions	of	another	
band	 at	 the	 Fermi	 energy,	 and	 then	 our	
low-energy	 effective	 model	 would	 be	 no	
reliable.

We	 have	 calculated	 the	 effect	
of	 pressure	 on	 the	 area	 of	 the	 Fermi	
surface1	 that	 can	be	verified	by	quantum	
oscillations measurements and predict 
strong increase of this effect for the 
doping close to the critical concentration 
xc1	 =	 0.15	 and	 xc2	 =	 0.24	 of	 the	 Lifshitz	
transition.	 The	 effect	 of	 the	 pressure	
on the superexchange interaction  
is stronger and has different signs  
for	the	deformations	along	the	c-axis	and	
in	the	a–b	plane.	The	same	different	signs	
we	have	obtained	 for	 the	 relative	change	
of	the	Tc under anisotropic deformations. 
For	 the	 isotropic	 pressure,	 the	 relative	
change	of	Tc is in a good agreement to the 
experimental	data.	The	main	contribution	
to	 the	 Tc shift under external pressure 
results from the effect of the pressure on 
the superexchange interaction that is the 
coupling in the magnetic mechanism of 
pairing.	 The	 electron–phonon	 interaction	
contribution	to	the	Tc	is	still	under	debates;	
certainly	 it	 also	 will	 be	 affected	 by	 the	
external pressure.

This	 work	 was	 supported	 by	 RFBR	
Grants	16-02-00098	and	SB	RAS	program	
№	II.2P	contract	0358-2015-0002.

1 Sidorov K.A., Gavrichkov V.A., Nikolaev S.V., Pchelkina Z.V. and Ovchinnikov S.G. 
(2015),Physica. Status Solidi B, 1-8. DOI 10.1002/pssb.201552465.
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The	calculation	of	the	band	structure	
in	 sufficiently	 large	 systems	 without	
any approximations and simplifications 
is one of the main tasks of condensed 
matter	physics.	 The	problem	of	 restoring	
a positive definite spectral density from 
known	 Green’s	 function	 is	 the	 task	 of	
solving	Fredholm	integral	equation	of	the	
first kind.

In	 a	 realistic	 situation,	 the	 Green’s	
function	is	known	at	the	discrete	time	set	
with	a	statistical	error	at	each	point.	As	is	
well	known,	in	this	case	the	task	belongs	to	
the	class	of	ill-posed	problems.	Therefore,	
it	 is	 natural	 to	 formulate	 the	 problem	 as	
finding	 an	 approximate	 solution,	 which	
reproduces Green’s function on the finite 
time	 set	 with	 some	 minimal	 deviation1. 
The	work	presents	the	method	based	on	a	
combination	of	Monte	Carlo	and	gradient	
descent	 algorithms,	 which	 avoids	 the	
problem	of	 distortion	 of	 the	 equation	 by	
nonlinear	 terms	 and,	 therefore,	 analyzes	
the most representative range of small 
deviations.	Furthermore,	the	method	does	
not contain sources of systematic errors 
and,	 in	 principle,	 any	 spectral	 function	
can	 be	 parameterized	 with	 any	 desired	
accuracy.

With	 the	 use	 of	 the	 method,	 the	
spectral	 density	 of	 states	 was	 restored	
for	 FeAs-based	 superconductors	 (Figure		
1).	The	method	works	well	also	 for	metal	
nanoclusters and many other systems. 

1 Mishchenko A.S. (2005), Physics-Uspekhi, 48, 887.
2 Kashurnikov V.А., Krasavin А.V. (2013), JETP Lett., 97, 333.

Figure 1. Green’s function obtained with 
the use of quantum continuous time world-
line Monte Carlo algorithm2 (a); the spectral 
density restored with the use of the combined 
method «Monte Carlo + gradient descent» (b).
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The	spectral	and	the	total	density	of	
states	were	calculated	for	two-dimensional	
FeAs-clusters	within	the	 limits	of	the	two-
orbital	 model1,	 which	 is	 widely	 used	 for	
modeling	iron-based	superconductors.

The	spectra	were	restored	by	means	
of an asymptotically exact stochastic 
procedure2,	which	was	modified	to	restore	
the kernel of the integral equation relating 
the	 Matsubara	 Green’s	 function	 and	 the	
spectral	 density.	 The	 data	 for	Matsubara	
Green’s	 function	 were	 obtained	 with	 the	
use	 of	 the	 generalized	 quantum	 world-
line Monte Carlo algorithm3 adapted for 
the	 two-orbital	 model.	 The	 calculations	
were	 made	 for	 clusters	 with	 sizes	 up	 to	
10×10	 FeAs-cells.	 The	 dependence	 of	 the	
density	of	states	on	the	model	parameters,	
temperature	 and	 the	 size	 of	 the	 system	
was	studied.

It	is	shown	that	the	density	of	states	
weakly	depends	on	the	parameters	of	the	
model	near	the	Fermi	level,	but	it	is	strongly	
dependent on the interaction far from it for 
the	case	of	hole	filling	(Figure		1).	There	is	
a	«gap»	in	the	spectrum;	at	the	Fermi	level	
between	the	zones	the	density	of	electron	
states	 decreases	 sharply,	 remaining,	
however,	 finite,	 which	 indicates	 the	
metallic	 state	 of	 undoped	 FeAs-systems.	 
The	 appearance	 of	 hole	 and	 electron	
pockets	 was	 demonstrated	 with	 the	
increasing	of	the	interaction	strength,	which	
is	 also	 consistent	with	 the	data	available.	 
It	 is	 shown	 that	 the	 electron	 excitation	
branch	has	weakly	pronounced	dispersion,	
which	 leads	 to	 the	peak	 in	 the	density	of	
states	near	the	Fermi	level.	It	is	concluded	
that	 electron	 correlations	 cannot	 be	
ignored	in	FeAs-based	compounds.

1 Moreo A.,  Daghofer M., Riera J.A. and Dago E., (2009). Phys. Rev. B, 79, 134502.
2 Mishchenko A.S., (2005), Physics-Uspekhi, 48, 887.
3 Kashurnikov V.А., Krasavin А.V., (2013), JETP Lett., 97, 333.

Figure 1. The dependence of the total density of electron states on the value of the interaction parameter 
U. Cluster 8×8; 1/T=10.
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The	 layered	 cuprates	 are	 of	
continuing interest for searching a 
high-temperature	 superconductivity.	 
An	 essential	 difference	 between	
Ba2Cu3O4Cl2 and its parent compound 
La2CuO4	is	the	existence	of	additional	CuII	
atoms located at the centre of every second 
CuI	plaquette1.	Accordingly,	there	are	two	
quasi-2D	 antiferromagnetic	 subsystems	
with	 Neel	 temperatures	 TNI=320	 and	
TNII=40	 K	 2.	 It	 was	 also	 reported	 about	
seeing the diamagnetism in the single 
crystalline Ba2Cu3O4Cl2	in	field	20	Oe3.

The	 results	 of	 magnetic	
measurements of ceramic Ba2Cu3O4Cl2 are 
shown	in	Figure		1.	SQUID	magnetometer	
and	VSM	were	used.

The	 compound	 shows	 magnetic	
hysteresis properties and has a significant 
remanence.	 This	 circumstance	 must	 be	
taken	 into	 account	 when	 the	 magnetic	
measurements	carried	out	 in	weak	fields.	
The	sharp	rise	in	the	ZFC-magnetization	is	
most	 likely	 associated	with	 a	 decrease	 in	
coercivity	 as	 the	 temperature	 increases,	
which	is	typical	for	weak	ferromagnets4.

1 Schmalfuß D., Herms R., Richter J., Schulenburg J. (2003), J. Phys.: Condens. Matter, 15 (17), 
2667–2679.

2 Noro S., Kouchi T., Harada H., Yamadaya T., Tadokoro M., Suzuki H. (1994),  
Mater. Sci. Eng. B, 25 (2–3), 167–170.

3 Luz M.S., Santos C.A.M., Ferreira B., Machado A.J.S. (2002), Braz. J. Phys., 32 (3), 744–747.
4 Volkov N.V., Eremin E.V., Bayukov O.A., Sablina K.A., Solov’ev L.A., Velikanov D.A., 

Mikhashenok N.V., Osetrov E.I., Schefer J., Keller L., Boehm M. (2013), JMMM, 342, 100–107.

Figure 1. The temperature and field dependences 
of the magnetic moment for Ba2Cu3O4Cl2
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The	 study	 of	 the	 Hall	 effect,	
together	 with	 the	 study	 of	 electric	 and	
magnetoresistance is a key point in the 
theoretical and experimental analysis of 
of	the	charge	system	of	high-temperature	
superconductors	 (HTSC)	 and	 electron-
doped	high-temperature	superconductors,	
in particular.

We	 have	 investigated	 epitaxial	
single-crystal	films	Nd2–xCexCuO4+δ/SrTiO3 
synthesized	 by	 pulsed	 laser	 deposition1 
with	 x=0.14	 with	 (001)	 -	 orientation	
(c-axis	 is	 perpendicular	 to	 the	 substrate	
SrTiO3).	The	films	were	subjected	to	a	heat	
treatment under different conditions to 
obtain	samples	with	different	contents	of	
oxygen.

We	 measured	 the	 magnetic	 field	
dependencies of the longitudinal and 
Hall	 resistivities	 of	 superconductor	 
Nd2–xCexCuO4+δ in underdoped region 
(x=0.14)	 with	 different	 degree	 of	
nonstoichiometric	 disorder	 (δ)	 near	 the	
antiferromagnetic	 -	 superconductor	
boundary	at	different	 temperatures	 from	
0.53	K	to	10.3	K.

In	 the	 region	 of	 magnetic	 fields,	
where	the	 longitudinal	and	Hall	resistivity	
is	vanishingly	small	it	can	be	detected	the	
appearance	 of	 a	 power-law	 relationship	
ρxy(B)=A(T,B)ρxx

β(T,B).

We	 obtained	 that	 the	 index	 β	 is	
practically temperature independent 
from	 the	 low	 temperature	 (β=1.55)	up	 to	
the temperature near the SC transition 
(β=1.41).

Vinokur	et	al.	developed	widely	used	
phenomenological	 flux-flow	 model2 and 
demonstrates	 that	 in	 a	 mixed	 state	 with	
thermally	assisted	flux	flow	(TAFF)	pinning	
does	 not	 affect	 the	 Hall	 conductivity	
and	 the	 Hall	 resistivity	 should	 scale	 with	
β=2	 for	 small	 Hall	 angles.	 However,	 the	
values	 of	 β=1.5±0.4	 observed	 in	 the	
investigated	 samples	 substantially	 less	
than	 the	 universal	 value	 β=2	 predicted	
by	 this	 model.	 The	 observed	 feature	 in	
the	 electron-doped	 HTS	 system	 as	 well	
as	 in	 a	 number	 of	 hole-doped	 HTS	 can	
be	 explained	 by	 a	 rather	 strong	 pinning	
due to an essential degree of the sample 
inhomogeneity3.

The	research	was	carried	within	the	
state	 assignment	 of	 theme	 «Electron»	
(№	 01201463326),	 supported	 in	 part	 by	
the Program of fundamental research of 
the	 Ural	 Division	 of	 Russian	 Academy	 of	
Sciences	 (RAS)	 «Quantum	 macrophysics	
and	 nonlinear	 dynamics»	 (Project	 
№	15-8-2-6)	 with	 partial	 support	 of	 RFBR	
(grant	№	15-02-02270).

1 Ivanov A.A., Galkin S.G., Kuznetsov A.V. et al. (1991), Physica C, 180, 69.
2 Vinokur V.M., Geshkenbein V.B., Feigel’man M.V., Blatter G. (1993), Phys.Rev.Lett.,  

 71, 1242.
3 Wang Z.D., Dong J., Ting C.S. (1994), Phys.Rev.Lett., 72, 3875.
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Because of the relatively simple 
PbO-type	 crystal	 structure	 the	 Fe(Se,Te)	
compounds are considered as a 
good model system for the study of 
superconductivity	 mechanisms	 in	 iron-
based	 compounds.	 However,	 owing	 to	
the	 very	 narrow	 homogeneity	 range	 of	
the tetragonal superconducting phase 
the	 Fe(Se,Te)	 samples	 often	 contain	
foreign	phases,	 in	particular,	 the	 impurity	
hexagonal	 Fe7Se8

1	 which	 exhibits	 a	
ferrimagnetic	order.	The	aim	of	the	present	
work	 is	 to	 study	 how	 the	 coexistence	 of	
the tetragonal and hexagonal phases in 
the	 Fe7(Se,Te)8 samples influences their 
superconducting	 properties	 bearing	 in	
mind	 the	 limited	 solubility	of	 tellurium	 in	
Fe7(Se,Te)8.

Polycrystalline	samples	with	nominal	
compositions	 Fe7(Se1-xTex)8	 (x	 =	 0	 –	 0.8)	
were	 prepared	 by	 a	 solid	 state	 reaction	
method.	 The	 synthesized	 samples	 have	
been	studied	by	means	of	X-ray	diffraction,	
electrical	resistivity,	thermal	expansion	and	
magnetic	susceptibility	measurements.	

X-ray	 diffraction	 patterns	 for	 the	
Fe7(Se1-xTex)8	 samples	 show	 that	 samples	
with	 x	 =	0.1	demonstrate	only	hexagonal	
phase	 of	 the	 NiAs-type	 structure	 (space	
group	P63/mmc).	Starting	from	x	=	0.2	the	
tetragonal	phase	of	the	PbO-type	structure	
(space	 group	 P4/nmm)	 is	 observed	 to	
appear.	 Thus,	 the	 Fe7(Se1-xTex)8 samples 
with	the	tellurium	content	x	≥	0.2	contain	
both	the	hexagonal	of	the	NiAs-type	phase	
and	 tetragonal	 phase	 with	 the	 PbO-type	

structure.	According	to	X-ray	diffraction	the	
volume of the tetragonal phase increases 
with	increasing	tellirium	concetration.

The	measurements	 of	 the	 electrical	
resistivity have revealed superconductivity 
in	the	samples	with	the	Te	content	above	
x	 =	 0.3.	 Fig.	 1	 shows,	 as	 an	 example,	
the	 resistivity	 data	 obtained	 for	 the	
Fe7(Se0.5Te0.5)8 sample after quenching 
from	 700	 °C	 and	 then	 after	 annealing	 at	
200	 °C.	 The	 critical	 temperature	 Tc and 
the	 resistivity	 behavior	 of	 the	 two-phase	
samples in the vicinity of superconducting 
transition depends on the tellurim content 
and	heat-treatment	conditions.	

This	 work	 was	 supported	 by	 the	
Ministry	of	Education	and	Science	of	Russia	
(project	No	1362)	 and	by	 the	program	of	
UB	of	RAS	(project	No	15-17-2-22).

1 E. Pomjakushina et al., Physical Review B, (2009), 80, 024517.

Fig. 1. Temperature dependence of the electrical 
resistivity of two-phase sample Fe7(Se0.5Te0.5)8.
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A	 review	 of	 unusual	 magnetic,	
electronic and elastic properties of Mott 
insulators	 induced	 by	 spin	 crossover	 is	
given. Spin crossover from the high spin 
(HS)	 to	 the	 low	 spin	 (LS)	 state	 often	 is	
induced	 by	 high	 pressure.	 Examples	 of	
spin	 crossover	 in	 3d-metal	 oxides	 are	
given. Spin crossover effect on effective 
Hubbard	 U	 parameter	 is	 not	 universal	
and depends on the ionic configuration 
and	 local	 symmetry,	 In	 crystals	 with	
octahedral oxygen symmetry Ueff 
degreasing for d5 ion and increasing for d6 
ion.	 For	 tetrahedral	 local	 symmetry	 spin	
crossover results in Ueff degreasing for d5 
ion and increasing for d4 ion1.	 Thus	 spin	
crossover can decrease or increase the 
critical	 pressure	 determined	 by	 standard	
bandwidth	 control	 mechanism	 of	 the	
Mott-Hubbard	transition.

The	 nonmonotonic	 dependence	 of	
Ueff(P)	 and	 linearly	 increasing	 bandwidth	
W(P)	results	in	several	scenarios	of	metal-
insulator transitions. Cascade transitions 
insulator-metal-insulator	 or	 insulator-
metal-insulator-metal	may	happen.

The	 ferropericlase	 FexMg1–xO 
with	 x=0.2	 is	 second	 abundant	 mineral	
in	 the	 low	 mantle	 of	 the	 Earth	 in	 the	

depth	 interval	 700-3900	 km	 where	
the pressure varies from 25 GPa to  
120	GPa	and	temperature	from	2000	K	to	 
2500	K.	The	Mott-Hubbard	 transition	and	
HS-LS	spin	crossover	for	d6	Fe+2 ion occurs 
at	 56	 GPa	 at	 low	 temperatures2.	 At	 high	
temperature	 the	different	entropy	 for	HS	
and LS states results in linear increasing 
with	 temperature	 spin	 crossover	 line	
Ps(T)	 where	 concentrations	 nHS=nLS.	 That	
is	 why	 for	 high	 temperature	 cascade	 HS	
Mott	 insulator-metal-LS	 Mott	 insulator	
may	 occurs	 with	 predicted	 metallic	
region of the mantle at the depths  
1400-1800	 km.	 The	 HS/LS	 ionic	 radii	
10%	 difference	 results	 also	 in	 elastic	
anomalies3	that	are	known	experimentally	
for	 the	 depth	 1600-1900	 km.	 At	 these	
depths	 the	 HS/LS	 fluctuations	 are	 most	
pronounced.

The	 effect	 of	 spin	 crossover	 on	 the	
electronic,	magnetic	and	elastic	properties	
of	the	ferropericlase	under	low	mantle	high	
pressure and temperature is discussed.

1 Lobach K., Ovchinnikov S., Ovchinnikova T., (2015), JETP 120 (1), 132-138.
2 Lyubutin I.S. et.al, (2013), PNAS. 110 (18),7142-7147.
3 Ovchinnikov S.G., Ovchinnikova T.M., Plotkin V.V. and Dyad'kov P.G. (2015), Journal of 

Physics:Conference Series, 653, 012095.
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The	 density	 of	 states	 (DOS)	 of	 the	
two-dimensional	 fermionic	 Hubbard	
model in the perpendicular homogeneous 
magnetic field is calculated using the 
strong	 coupling	 diagram	 technique.	 The	
DOS	 at	 the	 Fermi	 level	 as	 a	 function	 of	
the	 inverse	magnetic	 induction	oscillates,	
and the frequency of these oscillations 
increases	 by	 an	 order	 of	magnitude	with	
the	change	of	the	deviation	from	half-filling	
1 – n from small 1 – n to moderate values 
(see	 Figure	1).	 This	 frequency	 variation	 is	
caused	by	the	change	of	Landau	subbands	

contributing	to	the	DOS	–	for	small	they	are	
at	the	periphery	of	the	Landau	spectrum,	
while	 for	 larger	 deviations	 the	 dominant	
contribution	 is	 provided	 by	 bands	 near	
its	 center.	With	 changing	 induction	 these	
groups	 of	 bands	 behave	 differently.	 For	
small 1 – n the calculated oscillation 
frequency	is	comparable	to	that	observed	
in quantum oscillation experiments in 
underdoped yttrium cuprates.

Figure 1. The density of states at the 
Fermi level as a function of the inverse 
magnetic induction, expressed in terms  
of n/n’ = h/ (ea2B), for the electron 
concentration n = 0.969 (a, the frequency 
F = 0.95 kT), n = 0.897 (b, F = 3.9 kT) and 
n = 0.751 (c, F = 8.6 kT). The temperature 
T = 0, the Hubbard repulsion U = 8t with 
the nearest neighbor hopping constant t, 
n’ = 3 and the intersite distance a was set 
equal to 4 Ǻ, which is close to the distance 
between copper sites in CuO2 planes  
of YBa2Cu3O7–y
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Heavy-fermion	 superconductors	
have attracted much attention due to novel 
pairing	states	and	pairing	mechanisms	by	
the	 interplay	 between	 spin,	 charge	 and	
orbital	degrees	of	 freedom.	However,	 the	
complicated	band	structure	and	the	strong	
electron	correlation	prevent	us	from	under-
standing the nature of superconductivity 
microscopically.	 Indeed,	 in	 many	 heavy-
fermion	superconductors,	even	the	super-
conducting gap structure still remains 
uncertain	so	far.	Under	the	circumstances,	
a	 recent	 progress	 on	 the	 first-principles	
approach	 can	 achieve	 a	 breakthrough.	
In	 this	 presentation,	 we	 show	 the	 first-
principles	 analysis	 on	 two	 well-known	
heavy-fermion	superconductors,	CeCu2Si2 
and UPt3;	the	former	is	the	first-discovered	
unconventional	 superconductor,	 while	
the	 latter	 is	 a	 prototype	 of	 spin-triplet	
superconductors.

First,	 in	 CeCu2Si2,	 since	 the	 early	
stage	of	 the	discovery,	 it	has	been	widely	
believed	 that	 the	 d-wave	 pairing	 state	
mediated	 by	 the	 antiferromagnetic	
(AFM)	 fluctuations	 is	 the	 promising	
candidate	 of	 the	 superconductivity,	 due	
to	non-BCS	behavior	and	the	neighboring	
antiferromagnetic	 phase.	 However,	 the	

recent detailed measurement of electronic 
specific	 heat	 at	 lower	 temperatures	
has	 indicated	 a	 fully-gapped	 nature1.  
In	 addition,	 the	 presence	 of	 the	 curious	
two	 superconducting	 dome	 emerging	
under high pressures2 implies that the 
superconduc-ting	 pairing	 mechanism	 is	
not	a	simple	AFM-fluctuation	mechanism.	
Here,	 we	 ex-plain	 that	 the	 situation	 is	
very	 similar	 to	 that	 of	 the	 iron-based	
superconductors,	 and	 the	 possible	 gap	
function	 is	 an	 s±-wave	 pairing	 state,	
mediated	 by	 the	 incommen-surate	
octupole fluctuations3.

Next,	 in	 UPt3,	 we	 provide	 the	 first	
report on the superconducting gap 
structure	 in	 the	 first-principles	 approach.	
The	 possible	 gap	 functions	 belong	 to	 E1u 
and E2u repre-sentation.	 From	 the	 gap	
nodes	 and	 gap	 minima,	 we	 analyze	 the	
recent	 results	 of	 the	 field-angle-resolved	
thermal conductivity4 and the specific heat 
measurement5.

Finally,	 we	 stress	 that	 the	 orbital-
resolved	 Fermi	 surface	 provides	 helpful	
information	 in	 clarifying	 the	 long-
standing	 problems	 of	 heavy-fermion	
superconductors.

1 Kittaka S., et al., (2014), Phys. Rev. Lett., 112, 067002.
2 Yuan H.Q., et al., (2003), Science, 302, 2104.
3 Ikeda H., et al., (2015), Phys. Rev. Lett., 114, 147003.
4 Machida Y., et al., (2012), Phys. Rev. Lett., 108, 157002.
5 Kittaka S., et al., (2013), J. Phys. Soc. Jpn., 82, 024707.
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Undoped	 ZnO1	 as	 well	 as	magnetic	
ions	 doped	 ZnO2	 exhibit	 ferromagnetism	
which	attracts	our	attention	to	investigate	
the	 ferromagnetic	 mechanism.	 From	
many	 experimental	 evidences,	 for	
instances,	 the	 vacuum	 annealing	 drives	
the	 appearance	 of	 ferromagnetism,	
which	 imply	 the	 vacancies	 of	 oxygen	 as	
well	 as	 zinc	 are	 both	 key	 factors	 for	 the	
appearance	of	ferromagnetism.	However,	
also some evidences do not support that 
the ferromagnetism is induced from the 
oxygen	 vacancy.	 Besides,	 UV	 irradiations	
can enhance the ferromagnetism of 
ZnO3	 which	 imply	 the	 ferromagnetism	
will	be	enhanced	from	conduction	carrier	
density.

Above	evidences	help	us	to	construct	
the proper ferromagnetic model for 
ZnO.	 The	 Hamiltonian	 of	 our	 model	 is	
set	 up	 from	 ZnO	 unit	 cell	 with	 Zinc	 (Zn)	
and	 Oxygen	 (O)	 vacancies,	 respectively.	 
The	 ferromagnetism	 of	 ZnO	 is	 induced	
from	O	 vacancies	 and	 singlet	 spin	 bonds	
are	formed	from	Zn	vacancies	via	magnetic	
coupling	 J.	 Besides,	 the	 Hamiltonian	
include	 two	 hybridization	 interactions	
between	ZnO	conduction	band	and	both	O	
and	Zn	vacancy	states.

Our calculation results reveal the 
facts that the controversy in oxygen 
vacancy inducing the ferromagnetism 
is due to the magnetic coupling 
between	 Zn	 vacancy	 states	 is	 too	 weak.	 
The	 ferromagnetism	 increases	 with	 the	
carrier	 density	 is	 consistent	 with	 the	
experimental	 results,	 as	 shown	 in	 Figure		
1.

1 Chang-FengYu, Shih-Jye Sun*, Hua-Shu Hsu 
(2015), Physics Letters A, 379, 211.

2 Lee H-.J., Jeong S-.Y., Cho C.R. and Park C.H. 
(2002), Appl. Phys. Lett., 81, 4020. 

3 Hsu H.S., Huang J.C.A., Huang Y.H., Liao Y.F., Lin M.Z., Lee C.H.,. Lee J.F, Chen S.F., Lai L.Y. 
and Liu C.P. (2006), Appl. Phys. Lett., 88, 242507.

Figure 1. The ferromagnetism of ZnO, m 
increases with the carrier density, ne, for various 
J. The vacancy for Zn and O are set to 5%.
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An	 interacting	 low-density	 electron	
system has a tendency to magnetic ordering 
which	is	determined	by	the	interplay	of	the	
Coulomb	 interaction	 and	 Pauli	 principle.	
As	 carrier	 density	 n	 decreases,	 the	 ratio	
rs	 between	 the	 interaction	 and	 Fermi	
energies increases pushing the system 
towards	 a	 ferromagnetic	 instability.	
The	 hierarchy	 of	 the	 potential	 magnetic	
transitions	was	discussed1	within	the	RPA	
approximation. Numerical simulations 
for	 a	 clean	 single-valley	 2D	 electron	
system	 (2DES)	 predict	 a	 Bloch	 instability	 
at rs	≈	25	followed	by	Wigner	crystallization	
at rs	 ≈	 37,	 whereas	 a	 clean	 two-valley	
system	 is	 believed	 to	 be	 stable	 against	
spontaneous	spin	polarization.

Thus	 far	 the	 ground	 state	 spin	
arrangement of the correlated electron 
system	remains	unsettled	both	for	the	liquid	
and	 solid	 state.	 Our	 spin	 magnetization	
measurements2,3,	 particularly	 performed	
in	 weak	 magnetic	 field2,	 have	 addressed	
this issue experimentally.

When	 magnetic	 field	 is	 applied	 in	
the	2D	plane,	 it	 couples	 to	electron	spins	
solely.	 We	 measured	 the	 recharging	
current	 δj	 =	 −δB(iωC/e)(∂μ/∂B)	 flowing	
between	 the	 2D	 electron	 layer	 and	
metallic	gate	when	 the	 in-plane	magnetic	
field	 B	 is	 modulated.	 Here	 δB≈40mT	 is	
the	 magnetic	 field	 modulation,	 μ	 is	 the	
chemical potential of the 2D electron 
layer,	 C	 is	 the	 total	 sample	 capacitance,	 

and	 ω/2π	 ~10	 Hz	 is	 the	 modulation	
frequency.	 Due	 to	 the	 Maxwell	 relation	
(∂M/∂n)	=	−(∂μ/∂B),	the	spin	magnetization	
per	 electron	 is	 obtained	 from	 the	
measured	recharging	current	δj.

The	 main	 result	 of	 our	
thermodynamic measurements is the 
observation	 of	 «spin-droplets»–spin	
polarized	 collective	 electron	 states	 with	
a	 total	 spin	 of	 the	 order	 of	 2.	 These	
easily	 polarized	 «nanomagnets»	 exist	
as	 a	 minority	 phase	 on	 the	 background	
of	 the	 majority	 Fermi	 liquid	 phase	 even	
though the density and the dimensionless 
conductance	are	high,	kFl~100>>1.

The	spin	droplets	contain	4	or	more	
electrons;	their	number	N	(and	the	droplet	
size)	 does	 not	 change	 with	 density	 or	
temperature.	 What	 changes	 is	 the	 total	
amount of the droplets in the 2D system. 
This	 causes	 the	 spin	 susceptibility	 (χ>0)	
to diverge ∞ T–2 in the T=0	 limit.	 With	
temperature	 or	 density	 increasing,	 the	
spin	droplets	gradually	disappear	(«melt»).	
As	 a	 result,	 the	 derivative	 dχ/dn	 changes	
sign,	 showing	 a	 critical	 behavior	 on	 the	
(T-n)	plane2.	Remarkably,	 the	sign	change	
in the T	=	0	limit	extrapolates	to	the	same	
critical	 density	 nc	 as	 that	 for	 the	 metal-
insulator transition in transport.

1 Zhang Y., Das Sarma S. (2005), Phys. Rev. B,  72, 115317.
2 Teneh N.,. Kuntsevich A.Yu, Pudalov V.M., Reznikov M. (2012), Phys. Rev. Lett., 109, 226403. 
3 Pudalov V.M., Kuntsevich A.Yu., Burmistrov I.S., Reznikov M. (2015), J. Low Temp. Phys., 

181(3,4), 99.
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The	 ground-state	 magnetic	 phase	
diagram	is	calculated	within	the	Hubbard,	
s-d	 exchange	 and	 periodical	 Anderson	
models	 for	 different	 two-	 and	 three-
dimensional	lattices	(square,	simple	cubic,	
fcc	 and	 bcc	 structures)	 vs.	 band	 filling	
and	 interaction	 parameter.	We	 employ	 a	
generalized	 Hartree-Fock	 approximation	
(HFA)	 to	 treat	 commensurate	 ferro-
magnetic,	 antiferromagnetic,	 and	
incommensurate	(spiral)	magnetic	phases.	
The	 first-order	 transitions	 between	
different types of magnetic order are 
treated	 consistently,	 which	 allows	 one	 to	
describe	 the	 magnetic	 phase	 separation,	
the corresponding phase regions 
being	 especially	 wide	 in	 the	 vicinity	 
of	half-filling.

A	 comparison	of	 the	 results	 for	 the	
different models in particular cases is 
performed.	 The	 situations	 of	 integer	 and	
intermediate valence are considered for 
the	Anderson	lattice	model.

The	 electron	 correlations	 are	 taken	
into	account	within	the	Hubbard	model	by	
using	the	Kotliar-Ruckenstein	slave	boson	
approximation.	 The	 main	 advantage	 of	
this approach is a correct qualitative 
description	 of	 the	 paramagnetic	 phase:	

its	energy	becomes	considerably	lower	as	
compared	with	HFA,	and	the	gain	in	energy	
of	 the	 magnetic	 phases	 is	 substantially	
reduced.	 It	 is	 found	 that	 the	 spiral	 states	
and especially ferromagnetism are 
strongly	suppressed	up	to	non-realistically	
large	 Hubbard	 U	 by	 the	 correlation	
effects	 if	 nesting	 is	 absent	 and	 van	Hove	
singularities	 are	 well	 away	 from	 the	
paramagnetic	phase	Fermi	level.

The	 metal-insulator	 transition	
for	 the	 half-filled	 band	 is	 studied	 in	 the	
Hubbard	 model	 within	 the	 slave-boson	
approximation.	 The	 magnetic	 (Slater)	
scenario	appears	 to	be	superior	over	 the	
Mott	one.	 The	 character	of	 the	 transition	
depends dramatically on the lattice 
geometry	 (the	 presence	 of	 frustrations):	
while	for	sc	and	bcc	lattices	the	transition	
is	 of	 the	 second	 order,	 for	 fcc	 lattice	 the	
first	 order	 transition	 occurs.	 The	 role	 of	
correlations	depends	strongly	on	the	next-
nearest	neighbor	hopping	integral	t’.

The	results	can	be	applied	to	strongly	
correlated	transition-metal	compounds.

1 Igoshev P.A., Timirgazin M.A., Arzhnikov A.K., Irkhin V.Yu. (2013),. JETP Letters, 98, 150-155.
2 Igoshev P.A., Timirgazin M.A., Gilmutdinov V.F., Arzhnikov A.K., Irkhin V.Yu. (2015), J. Phys.: 

Cond. Matt., 27, 446002.
3 Igoshev P.A., Timirgazin M.A., Gilmutdinov V.F., Arzhnikov A.K., Irkhin V.Yu. (2015), JMMM, 

383, 2-7.
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The	 ability	 of	 cobalt	 ions	 in	 a	
given	 oxidation	 state	 to	 redistribute	
their d electrons over the t2g and eg 
orbitals,	 thereby	 changing	 the	 ions’	 spin	
state,	 brings	 about	 plenty	 of	 intriguing	
phenomena	such	as	magnetic	and	metal-
insulator	 transitions.	 A	 change	 in	 the	
spin	 and	 orbital	 states	 in	 cobalt	 based	
compounds may occur in response to even 
a	slight	lattice	distortion,	which	calls	for	a	
detailed	study	of	the	interplay	between	the	
electron and lattice degrees of freedom.

In	this	work	we	use	X-ray	diffraction,	
electrical resistivity and thermal expansion 
measurements to study the interrelation 
between	 the	 structural,	 magnetic	 and	
electron-transport	 peculiarities	 in	 layered	
cobaltates	RBaCo2O5+x	(R	=	Y,	Gd).

Our measurements of RBaCo2O5+x 
samples	 performed	 over	 a	 wide	 range	
of oxygen contents have revealed a 
close	 correlation	 between	 the	 anomalies	
in	 structural,	 magnetic	 and	 resistive	
properties.	 For	 instance,	 in	orthorhombic	
YBaCo2O5+x	 samples	with	x~0.5	 (Figure	1)	
the	 unit-cell	 parameters	 show	 a	 step-like	
change	 at	 T≈295	 K	 where	 both	 the	 spin-
state	 and	 the	 metal-insulator	 transitions	
take	 place	 as	 well.	 The	 metamagnetic	 
FM-AF	 transition	 that	 occurs	 upon	
cooling	 below	 T≈265	 K	 enhances	 the	
electron	 localization,	 which	 in	 turn	
causes a slight lattice expansion 
(Figure	 1).	 And	 finally,	 broad	 transitions	
accompanied	 with	 hysteresises,	
which	 can	 also	 be	 attributed	 to	 the	 
spin-state	 transition	 of	 cobalt	 ions,	 are	
seen	 in	 both	 resistivity	 and	 thermal	
expansion	at	T≈150-230	K.

All	 the	 resistivity	 and	 thermal	
expansion	 anomalies	 shown	 in	 Figure	 1	
disappear,	 making	 the	 ρ(T)	 and	 (ΔL/L)(T)	
curves	 featureless,	 as	 soon	as	 the	 crystal	
structure	 of	 YBaCo2O5+x	 switches	 from	
the	orthorhombic	to	tetragonal	symmetry	
upon	 reducing	 the	 oxygen	 content.	 This	
gives a clear evidence for the key role that 
the crystal lattice plays in selecting the 
preferred	spin	and	orbital	states	of	cobalt	
ions and in setting the conditions for the 
spin-state	transition.

Figure 1. Temperature dependences of the 
electrical resistivity ρ and linear thermal 
expansion ΔL/L in orthorhombic YBaCo2O5+x 
samples (x~0.5).
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We	performed	a	series	of	resistivity,	
heat capacity and ultrasound speed 
measurements of a MnSi single crystal 
at high pressures and strong magnetic 
fields.	 The	 forms	 of	 the	 resistivity	 and	
heat	capacity	 curves	at	ambient	pressure	
clearly indicate a first order nature of 
the magnetic phase transition in MnSi. 
Application	 of	 high	 pressure	 shows	 fast	
degradation of the first order features of 
the	 phase	 transition.	 The	 heat	 capacity	
and temperature derivative of resistivity 
demonstrates	 two	 notable	 features	 
of the phase transition that disappear  
on	pressure	 increasing.	 They	are	a	 sharp	
peak marking the first order phase 
transition	and	a	shallow	maximum,	situated	
slightly	 above	 the	 critical	 temperature	
and pointing to the domain of prominent 
helical	 fluctuations.	 The	 shoulders	 of	 the	
heat	capacity	curves	shrink	with	decreasing	
temperature suggesting that they arise 
from	 classical	 fluctuations.	 The	 sharp	
peak and shoulder at the heat capacity 
disappear	 simultaneously	 probably	
signifying the existence of a tricritical point 
and confirming the fluctuation nature of 
the first order phase transition in MnSi.

The	 longitudinal	 and	 transverse	
ultrasound speeds and attenuation 
were	 measured	 in	 a	 MnSi	 single	 crystal	
in	 the	 temperature	 range	 of	 2-40	 K	 and	
magnetic	 fields	 to	 6	 Tesla.	 The	magnetic	
phase diagram of MnSi appears to 
depend	 somewhat	 on	 the	 experimental	
setups,	which	 is	related	to	a	difference	 in	
demagnetization	factors	arising	due	to	the	
disc shape of the sample.

The	 magnetic	 phase	 transition	 
in	MnSi	 in	 zero	magnetic	 field	 is	 signified	
by	 a	 quasidiscontinuity	 in	 the	 c11 elastic 
constant,	 which	 varies	 significantly	 with	
magnetic	 field.	 It	 is	 notable	 that	 the	
region	where	 the	c11 discontinuity almost 
vanishes closely corresponds to the extent 
of skyrmion phase along the magnetic 
to	 paramagnetic	 transition.	 This	 implies	
that the c11 elastic constant is almost 
continuous through the transition from 
the skyrmion to paramagnetic phases.  
A	recovery	of	 the	discontinuity	of	c11 and 
enhanced	 sound	 absorption	 occur	 at	 the	
crossing of the phase transition line and 
the line of minima in c11.	 The	 powerful	
fluctuations at the minima of c11 make 
the mentioned crossing point similar to a 
critical	 end	 point,	 where	 a	 second	 order	
phase transition meets a first order one.

This	 suggestion	 seemingly	
contradicts	 to	 the	 above	 proposal	 of	 a	
tricritical	 point,	 following	 from	 the	 high	
pressure	 measurements	 and	 should	 be	
resolved in future studies.

The	 skyrmion	 domain	 in	 the	 case	
of	a	«perpendicular»	setup	with	a	smaller	
demagnetization	 factor	 has	 a	 reduced	
temperature	 range,	 which	 suggests	 that	
the magnetic field inhomogeneity plays an 
important role in the skyrmion occurrence 
and,	 hence,	 opens	 a	 way	 of	 skyrmion	
manipulation.
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An	 experimental	 investigation	 of	
ternary Ce3Pd4Si4	 evidenced	 non-Fermi	
liquid properties due to the proximity 
of this paramagnetic compound to a 
quantum	 critical	 point.	 The	 ground	 state	
observed	 for	 this	 Ce	 system	 appears	 to	
be	 a	 result	 of	mutual	 interactions	 of	 the	
crystalline	electric	field,	of	the	Kondo	effect	
and	of	RKKY	interactions.	A	subtle	change	
of	 the	 balance	 of	 these	 interactions	 e.g.,	 
by	pressure	or	by	substitutions	is	expected	
to	 trigger	some	 instability,	presumably	of	
magnetic	 origin.	 The	 aim	 of	 the	 present	
investigation is to reveal the response 

of	 the	 system	 when	 certain	 atoms	 in	
Ce3Pd4Si4	 are	 exchanged	 by	 different	
other	appropriate	elements.	Here	we	will	
show,	 how	 long	 range	 magnetic	 order	
in	 the	 substituted	 materials	 develops	
on	 a	 substitution	 of	 Ce/La,	 of	 Pd/Ni	 and	 
of	 Si/Ge	 from	 a	 study	 of	 temperature,	
pressure and magnetic field dependent 
transport	properties,	of	magnetization	and	
of specific heat.

Ce3Pd4Si41 is a ternary compound 
crystallizing	in	the	U3Ni4Si4-type	structure;	
the	is	Immm	and	the	lattice	paramaters	are	
a	 =0.41618(1),	 b=0.42640(1),	 c=2.45744(7)	
nm.	 The	 structure	 of	 U3Ni4Si4	 can	 be	
explained	 by	 a	 combination	 of	 AlB2-type	
and	BaAl4-type	layers.

Ce3Pd4Si4	 can	 be	 characterized	
as	 a	 Kondo	 lattice	 system	 in	 presence	
of crystalline electric field splitting. Due 
to the closeness of a quantum critical 
point,	 distinct	 non-Fermi	 liquid	 features	
dominate	the	 low	temperature	physics	of	
this compound.

Small changes of either the lattice 
parameters and/or the electronic structure 
in this ternary compound drives then the 
emergence	of	a	rich	phase	space	as	shown	
in	Figure		1	e.g.,	for	Ce4Pd4Si4–xGex.

Work	 supported	 by	 the	 Austrian	
FWF,	P22295.	

1 Kneidinger F., Michor H., Bauer E., Gribanov A., Lipatov A., Seropegin Y., Sereni J.  
and Rogl P. (2013), Phys. Rew. B, 88, 024423.

Figure 1: Phase diagram of Ce4Pd4Si4–xGex.
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Rare	earth	based	strongly	correlated	
electron	 systems	 (SCES)	 demonstrate	 a	
wide	range	of	different	types	of	a	ground	
state.	 Its	 variety	 started	 from	 trivial	
paramagnetic one originating from crystal 
field	 splitting	 of	 f-electron	 multiplet	 and	
arrived	at	highly	exotic	ones.	The	latter,	for	
instance,	could	be	one	as	Kondo-insulator	
with	 combination	 of	 charge-,	 spin-gap	
with	 valence	 instability;	 or	 one	 with	 long	
range magnetic ordered state in initially 
singlet	 ground	 state	 system;	 or	 one	with	
some	combination	of	long	range	magnetic	
order	with	superconductivity	and	valence	
instability;	etc.

Physical	 background	 for	 these	
features	 inherent	 to	 electron	 subsystem	
may	 be	 elucidated	 by	 detailed	 neutron	
scattering	 experiments,	 first	 of	 all	 by	
magnetic neutron scattering spectroscopy 
and	 diffraction.	 These	 methods	 provide	
microscopic	 information	 about	 the	
character of the ordered state and 
magnetic	 moment	 value	 as	 well	 as	
about	 spectral	 features	 of	 the	 dynamical	
magnetic	 susceptibility	 including	 the	 spin	
fluctuation characteristics of valence 
unstable	compounds.

Specific	features	of	above	mentioned	
unusual	 ground	 states	 are	 analyzed	 on	
the	 base	 of	 the	 results	 of	 the	 extended	
experimental	studies.	The	report	displays	
previous and recent results in the field 
for	a	number	of	representative	rare	earth	
intermetallic compounds.

Several examples of unusual 
magnetic ordering are presented 
and	 related	 models	 are	 discussed,	 in	
particular:	 the	systems	with	 induced	 long	
range ordering for crystal field defined 
singlet ground state metals1;	 Kondo-
insulators	 with	 possibility	 for	 formation	
of	long	range	magnetic	order	below	metal	
to insulator transition2;	 systems	 with	
coexistence of long range magnetic order 
with	 intermediate	 valence	 state	 or	 heavy	
fermion state3.

This	 work	 is	 partially	 supported	 by	
the	 RFBR	 grant	 14-22-01002	 and	 grant	 
14-02	00272.

1 Tiden N.N., Clementyev E.S., Alekseev P.A., Nefeodova E.V., Lazukov V.N., Gvasaliya S.N., 
Adroja D. (2006), Physica B: Condensed Matter, 378-380, 1085-1086.

2 Mignot J.-M., Alekseev P.A., Robert J., Petit S., Nishioka T., Matsumura M., Kobayashi R., 
Tanida H., Nohara H., Sera M., (2014), Phys. Rev. B, 89, 161103(R).

3 Alekseev P.A., Menushenkov A.P., Mignot J.-M., Nemkovski K.S., Yaroslavtsev A.A.,  
Kozlenko D.P, (2015), Physics Procedia, 71, 303-307..
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The	 study	 of	 correlated	 systems	
with	 orbital	 ordering	 (OO)	 is	 currently	 a	
very active field of research in solid state 
physics.	 OO	 is	 not	 only	 accompanied	 (or	
caused)	by	structural	transitions,	but	it	also	
largely determines magnetic properties of 
many	materials,	e.g.	transition	metal	(TM)	
oxides.

For	 the	 doubly	 degenerate	 case	
in simple lattices as that of perovskites 
AMO3	 with	 MO6 octahedra having 
common	 corner,	 the	 typical	 situation	 is	
such	 that	 ferro-orbital	ordering	gives	 rise	
to	 the	 antiferromagnetic	 spin	 exchange,	
whereas	 antiferro-OO	 is	 rather	 favorable	
for	 spin	 ferromagnetism.	 In	 many	
different	situations	in	solids,	with	different	
geometries	of	the	lattice,	and	this	general	
paradigm	(ferro-orbital–antiferro-spin	and	
vice versa)	may	not,	and	does	not	work	in	
other	cases.	One	 is	 that	with	neighboring	
TM	ions	having	two	common	oxygens;	for	
systems	 with	 MO6	 octahedra,	 this	 is	 the	
case	 of	 common	 edge,	 with	 ~90°	M-O-M	
bonds.

There	 exists,	 however,	 the	 third,	
much	 less	 studied	 situation	 –	 that	 with	
neighboring	 MO6	 octahedra	 having	
common	 face.	 Here,	 the	 superexchange	
occurs	 via	 three	 oxygens.	 The	 situation	
with	 the	 orbital	 ordering	 in	 this	 case	
and	 the	 form	 of	 the	 resulting	 (spin	 and	
orbital)	exchange	is	practically	not	studied.	

Nevertheless,	 experimentally	 there	 are	
many	TM	compounds	with	such	geometry.	
Such are for example hexagonal crystals 
BaCoO3 or CsCuCl3,	 containing	 infinite	
columns	of	 face-sharing	octahedra;	many	
other	 similar	 systems	 have	 finite	 face-
sharing	blocks,	e.g.	BaIrO3	or	BaRuO3.

Here,	 we	 consider	 the	 form	 of	 the	
spin-orbital	 superexchange	 for	 TM	 with	
double	 or	 triple	 orbital	 degeneracy	 for	
neighboring	 TM	 ions	 with	 face-sharing	
octahedra. One surprising result of 
our	 study	 is	 that,	 whereas	 for	 doubly	
degenerate	system	of	perovskite	type	with	
180°	M-O-M	bonds,	the	form	of	orbital	term	
in	 the	Hamiltonian	 is	 rather	 complicated,	
for common face the symmetric model is 
realized,	with	the	orbital	interaction	of	the	
Heisenberg	type1.

Often	 in	 this	 geometry,	 the	 MO6 
octahedra have trigonal distortions. Such 
local distortions lead to splitting of t2g 
orbitals	into	an	a1g singlet and eg

π	doublet.	
We	 show	 that	 for	 the	 partially	 filled	 egπ 
doublet,	 the	 resulting	 superexchange	
is	 very	 similar	 to	 the	 case	 of	 «real»	 
eg	electrons,	but	here	the	orbital	moment	is	
not	quenched	and	the	real	relativistic	spin-
orbit	 leads	 to	 rather	 non-trivial	 effects,	
which	we	also	discuss	in	detail.

1 Kugel K.I., Khomskii D.I., Sboychakov A.O., Streltsov S.V. (2015), Phys. Rev. B, 91, 155125
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Emergence	 of	 ferromagnetic	 (FM)	
metal	 (M)	 clusters	 in	 the	 paramagnetic	
(PM)	 insulator	 (I)	 phase	 belongs	 to	 one	
of	 the	 forms	 of	 microscopic	 magneto-
electronic	 phase	 separation	 (MEPS)	 that	
occurs	below	some	temperature	T*	above	
TC and plays an important role in forming 
magnetic and transport properties of hole 
doped manganites1.

To	 elucidate	 a	 difference	 in	 MEPS	
details and clustered state T-behaviour	 in	
manganites	 without/with	 I-M	 transition	
we	studied	x	=	0.18,	0.22	single	crystals	of	
La1–xCaxMnO3	series	exhibiting	large	CMR,	

magneto-caloric	 effect	 and	 rich	 phase	
diagram.	 The	 ac linear and nonlinear 
(second	 and	 third	 order)	 susceptibilities	
as	 well	 as	 structure	 and	 resistance	 were	
studied.	 From	 neutron	 diffraction,	 the	
monoclinic P21/c structure in x=0.18	
compound2	 changed	 for	 orthorhombic	
Pbnm	 one	 in	 La0.78Ca0.22MnO3.  
The	sample	resistances	exhibit	 I	behavior	
with	 a	 peculiarity	 near	 TC =	 172(2)	 K	
in	 the	 former	 and	 I-M	 transition	 at	 
TIM	 ≈	 201	 K	 > TC	 =	 185(2)	 K	 in	 the	 latter.	
Measurements of field dependences of 
second	harmonic	response,	M2(H),	to	a	weak	

Figure 1. ReM2 (a) and ImM2 (b) components of 
second harmonic of the longitudinal nonlinear 
response to a weak ac field.

 

-200 0 200

-2

0

2

-200 0 200

-1

0

1

-1

0

1

-1

0

1

Re M2 (emu/g)
Open symbols -
 -reverse H-scan

 Solid symbols-
  -direct H-scan

 

H (Oe)

x = 0.18
T = 187.9 K

      TC = 172(2) K

 

Im M2 (emu/g)

H (Oe) 

b

T = 200.4K = TIM

        TC = 185(2) K

(10-4)
(10-4)

(10-5)
(10-5)

a

at close τ =(T-TC)/TC

x = 0.22



178

August 15-19, 2016  
Krasnoyarsk, Russia

ac field h·cos2πft	 (f	=15.7	MHz)	 in	parallel	
to it steady magnetic field H at different  
T	 indicate	 nucleation	 of	 FM	 clusters	 at	
T*=	231.5	and	above	280	K	in	x=0.18,	0.22	
crystals respectively traced on appearance 
of	 the	 specific	 signal	 with	 extremum	 in	
weak	 field	and	a	weak	H-hysteresis.	 Such	
M2(H)	 response	 corres-ponds	 to	 that	 of	
an	 ensemble	 of	 magnetic	 nanoparticles	
in close to superparamagnetic regime3. 
Practically	 simultaneously	 with	 FM	
clusters,	 FM	 critical	 fluctuations	 start	 to	
develop	 in	 PM	 matrix	 of	 both	 crystals	
which	 are	 detected	 as	 contributions	
with	 linear	 dependence	 of	 M2 on H  
(M2 ∞ Hh2)	 without	 any	H-hysteresis.	 For	
La0.82Ca0.18MnO3,	it	is	seen	in	Figure		1	where	
Re(Im)M2(H)	curves	at	close	values	of	τ	are	
shown	for	both	samples.	Sharp	growth	of	
the cluster density up to percolation limit 
upon cooling in x	=	0.22	manganite	leads	to	
coalescence	of	clusters	and	I-M	transition	
above	 TC accom-panied	 by	 violation	 
of	 the	 symmetry	 require-ment	 H→ – H,	
M2 → – M2 for M2 hysteresis	 loops.	This	 is	

explained	by	sharp	increase	of	anisotropy	
energy in clusters due to their coalescence 
accompanied	by	sharp	growth	of	blocking	
temperature for cluster moments and 
the time of magnetic relaxation of cluster 
subsystem,	 which	 became	 much	 larger	
than the M2	 registration	 time	 (125	 ms).	 
In	x=0.18	crystal,	 the	cluster	subsystem	is	
FM	ordered	together	with	matrix.	

1 Dagotto E. (2005), New J. Phys., 7, 67-95.
2 Pissas M., Margiolaki I. et al. (2005), Phys. Rev. B, 72, 064425-15.
3 P. V. Kharitonskii, K. G. Gareev et al. (2015), Journal of Magnetics 20(3), 221-228.
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Electron-doped	 manganites	 with	
the	 cubic	 perovskite	 structure	 are	 ideal	
objects	 for	studying	the	double	exchange	
mechanism.	 Recently,	 the	 interest	 in	
these	 oxides	 increased	 strongly,	 since	
the	 insulator–metal	 transition	 was	 found	
in	 cubic	 SrMnO3 at the minimum doping 
level	 (1	 %)	 owing	 to	 the	 heterovalent	
substitution	 of	 Ce4+	 (La3+)	 for	 Sr2+ 1.  
The	 results	 of	 magnetic	 measurements	
were	 explained	 within	 the	 de	 Gennes	
model:	 a	 homogeneous	metal	 state	 with	
the canted antiferromagnetic structure.

55Mn	NMR	spectra	in	the	magnetically	
ordered state in Sr1–xLaxMnO3	 (x=0,	
0.02,	 0.04)	 manganites	 with	 the	 cubic	
perovskite	 structure	 have	 been	 obtained	
and	 the	magnetic	 susceptibility	 has	 been	
measured.

55Mn	NMR	spectra	recorded	 in	zero	
external	 magnetic	 field.	 Each	 spectrum	
consists	 of	 two	 inhomogeneously	
broadened	lines.	The	higher	 intensity	 line	
(antiferromagnetic),	the	maximum	of	which	
corresponds to the Larmor frequency 
νL,	AFM	 =	 264	MHz,	 is	 due	 to	 the	 signal	 of	
Mn4+ ions forming the antiferromagnetic 
order	 in	 these	 manganites.	 The	
less	 intense	 line	 (ferromagnetic)	 is	

shifted to the higher frequency region  
(360	 –	 400	MHz),	where	usually	 the	 55Mn 
NMR	 signal	 from	 the	 ferromagnetically	
ordered	 conducting	 regions	 in	 hole-
doped	 manganites	 is	 recorded.	 In	 these	
regions,	 the	 ferromagnetic	 ordering	 of	
spins	of	neighboring	Mn	ions	is	due	to	the	
double	 exchange	 mechanism	 assuming	
very fast fluctuations Mn3+ ↔ Mn4+ of the 
valence	state	of	manganese	ions.	Thus,	the	
ferromagnetic	 line	 is	 associated	 with	 the	
ferromagnetically ordered regions formed 
near La ions.

To	summarize,	it	has	been	shown	that	
the	inhomogeneous	magnetic	state,	where	
the	antiferromagnetic	matrix	coexists	with	
ferromagnetic clusters in the region of 
long-range	 order,	 is	 implemented	 in	 the	
electron-doped	Sr1–xLaxMnO3 manganites. 
These	clusters	can	be	described	using	the	
model of magnetic polarons.

This	 work	 was	 supported	 by	 the	
Russian	 state	 program	 «Spin»	 (no.	
01201463330),	and	by	 the	Ural	Branch	of	
RAS	(project	no.	15-9-2-49).

1 Sakai H., Ishiwata S., Okuyama D., Nakao A., Nakao H., Mirakami Y., Taguchi Y., Tokura Y., 
(2010), Phys.Rev.B, 82, 180409.
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Mn-Cu	oxyborates	with	the	ludwigite	
structure	 are	 new,	 but	 still	 insufficiently	
explored compounds. Compared to other 
ludwigites,	these	materials	are	interesting	
due to high temperatures of magnetic 
ordering and large magnetic moments.

Single	 crystals	 of	 new	 Cu2MnBO5 
ludwigite	 have	 been	 synthesized	 by	 the	
flux method1.	 The	 grown	 single	 crystals	
reached	 a	 size	 of	 about	 3×3×10	 mm3.  
A	number	of	experiments	have	been	carried	
out	 to	 study	 structural,	 thermodynamic	
and magnetic properties of the 
synthesized	single	crystals.	Cu2MnBO5 has 
a	distorted	ludwigite	structure,	the	unit	cell	
metrics	 is	 monoclinic,	 space	 group	 P21/c.  
Crystal structure parameters of a single 
crystal	fragment	were	obtained	by	the	XRD	
method.

The	magnetic	structure	of	Cu2MnBO5 
has	 been	 studied	 using	 neutron	 powder	
diffraction.	 The	 thermal	 dependence	 of	
the neutron diffraction pattern reveals 
a single magnetic phase transition at 
T=92	 K,	 corresponding	 to	 the	 magnetic	
ordering.	 The	 cationic	 distribution,	 the	
value and direction of magnetic moments 
of ions on the different crystallographic 
positions	have	been	determined.	The	 low	
magnetic	moment	of	 the	position	2a	 (Cu)	
may indicate the presence of disordering 
in	 the	 crystal.	 The	 thermal	 dependence	
of	 the	 specific	 heat	 has	 been	 obtained	
on	 lowering	 the	 temperature.	 A	 small	

single	peak	has	been	found	at	T=77	K.	The	
obtained	phase	 transition	 temperature	 is	
not	 in	 good	 agreement	with	 the	 neutron	
diffraction	 data	 (T=92	 K).	 However,	
further	 studies	 of	 the	 field-temperature	
dependencies	 of	 magnetization	 have	
shown	a	significant	temperature	hysteresis	
(about	 15	 K)	 of	 FC	 (field	 cooling)	 and	 FH	
(magnetic	field	heating	after	field	cooling)	
curves	 (H<Hc)	 (Figure	 	 1).	 Taking	 into	
account this hysteresis the experimental 
temperatures of the phase transition are 
in	agreement	with	each	other.

1 Bezmaternykh L.N., Kolesnikova E.M., Eremin E.V., Sofronova S.N., Volkov N.V., Molokeev 
M.S. (2014)., JMMM, 364, 55-59.

Figure 1. Field-temperature dependence of 
magnetization (H=200 Oe).
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The	transition	metal	oxyborates	with	
ludwigite	 crystal	 structure	 (space	 group	
Pbam)	have	been	extensively	studied	due	
to a large variety of electrical and magnetic 
behaviours1.	Here	we	report	on	the	XAFS/
XMCD	 studies	 of	 Co2FeO2BO3 oxyborate	
single crystal performed at the K–  
and L3,2-edges	 of	 both	 Co	 and	 Fe.	 
This	 compound	 is	 ferrimagnet	 (TN1=115K,	
TN2=70K)	 with	 uniaxial	 anisotropy	 and	
shows	 an	 extraordinary	 increase	 in	
coercive field1.

The	 XAFS/XMCD	 experiments	 have	
been	performed	at	ID12	(ESRF)	and	UE46_
PGM-1	 (BESSY	 II)	 beamlines	 under	 high	
magnetic	 fields	 and	 low	 temperatures.	
By	 comparing	 the	 XMCD	 results	with	 the	
bulk	magnetizations,	 the	 element-specific	
magnetizations	 of	 Co2+	 and	 Fe3+ ions 
are	 obtained2,3. Co2+	 and	 Fe3+	 ions	 show	
negative	 and	 positive	 element-specific	
magnetizations,	 respectively.	 The	 signs	
of	 the	 element-specific	 magnetizations	
of Co2+	 and	 Fe3+	 remain	 opposite,	 even	
if the system is in a paramagnetic phase 
(above	TN1).	This	is	evidence	of	the	robust	
antiferromagnetic	 interaction	 between	

Co2+	 and	 Fe3+ ions. Surprisingly the field 
dependence of Co2+	 and	 Fe3+	 XMCD	
signals at the K– and L3,2-edges2,3 does not 
reproduce	 the	high	 coercive	 field,	 as	was	
observed	macroscopically1.

For	 Co2FeO2BO3	 oxyborate	 single	
crystal,	 the	 element-specific	 study	 have	
been	 performed	 as	 function	 of	magnetic	
field	 and	 temperature.	 The	 observed	
XMCD	 data	 could	 be	 evidence	 for	
antiferromagnetic	 coupling	 between	 the	
Co	 and	 Fe	magnetic	 sublattices.	 Possible	
correlation	between	the	bulk	and	element-
specific	magnetizations	is	discussed.

This	work	has	been	partially	financed	
by	the	Council	for	Grants	of	the	President	
of	the	Russian	Federation	(SP-938.2015.5),	
the	Russian	Foundation	for	Basic	Research	
(project	 nos.	 16-32-60049	 mol_a_dk,	 
16-32-00206	 mol_a),	 SB	 RAS	 program	 
№	 II.2P	 contract	 0358-2015-0005,	 
and	UMNIK	program.

1 Ivanova N.B., Kazak N.V., Knyazev Yu.V., Velikanov D.A., Bezmaternykh L.N.,  
Ovchinnikov S.G., Vasiliev A.D., Platunov M.S., Bartolome J., Patrin G.S., (2011), Journal of 
Experimental and Theoretical Physics, 113 (6), 1015-1024.

2 Platunov M.S., Ovchinnikov S.G., Kazak N.V., Ivanova N.B., Zabluda V.N., Weschke E., 
Schierle E., Lamonova K.V., (2013), JETP letters, 96 (10), 650-654.

3 Ovchinnikov S., Platunov M., Kazak N., Knyazev Y., Bezmaternykh L., Rogalev A.,  
Wilhelm F., Weschke E., Schierle E., Zubavichus Y., (2015), Abstracts of the 20th International 
Conference on Magnetism, TU.H-P31.
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In	 recent	 years,	 the	 multiferroic	
materials	 combining	 the	 magnetic	 and	
electric	 orderings	 have	 been	 attracting	
much	attention.	The	interplay	of	electric	and	
magnetic	 subsystems	 in	 these	 materials	
can result in the giant magnetoelectric 
effect,	 which	 is	 of	 great	 importance	 for	
application	 in	 microelectronics,	 magnetic	
memory,	 and	 sensor	 engineering,	 since	
the	problem	of	mutual	 transformation	of	
static magnetic and electric fields must 
now	be	solved	at	a	new	miniature	scale.

Alumoborates	 hold	 special	 place	
among	new	multiferroics.	It	is	convenient	to	
use	these	compounds	as	model	objects	for	
elucidating	 the	 contribution	 of	 rare-earth	
ions to the formation of magnetoelectric 
properties	 of	 rare-earth	 multiferroics.	
Despite	the	absence	of	magnetic	ordering,	
alumoborates	exhibit	a	significant	electric	
polarization	 in	 strong	 magnetic	 fields.	
For	 instance,	 the	 magnetic-field-induced	
polarization	 of	 holmium	 alumoborate	 is	
over	5000	μС/m2	in	a	field	of	~100	kOe	at	
Т	=	4.2	K1,2.

Having	 investigated	 the	 magnetic	
properties	 of	 HoFe3–xGax(BO3)4,	 we	
established	 that	 HoFe1.5Ga1.5(BO3)4 
and	 HoFe1Ga2(BO3)4 are paramagnets. 

Temperature	 and	 field	 dependences	 of	
magnetizations	 for	 these	 compounds	
are qualitatively similar to those for 
HoGa(BO3)4.	 The	 analysis	 of	 field	
dependences	 of	 magnetizations	 at	 low	
temperatures	 shows	 that	 the	 magnetic	
susceptibility	 in	strong	fields	 (H	>	1	T)	 for	
HoFe1.5Ga1.5(BO3)4	 and	 HoFe1Ga2(BO3)4 
is	 almost	 twice	 higher	 than	 that	 for	
HoGa(BO3)4.

The	 spontaneous	 and	 magnetic-
field-induced	 polarization	 was	
studied	 in	 a	 wide	 magnetic	 field	 range	 
(up	 to	 9	 Т)	 at	 temperatures	 of	 5−200	 K.	 
As	 the	 temperature	 is	 decreased	 starting	
from	 Т	 <	 100	 K,	 the	 crystals	 exhibit	
spontaneous	 polarization,	 which	 attains	
about	25	μС/m2	at	Т	=	5	K.	The	magnetic-
field-induced	polarization	 is	 characteristic	
of the previously investigated 
paramagnetic	 hantites	 and	 attains	 about	
500	μС/m2	at	Т	=	5	K	and	Н	=	9	Т.

This	 work	 was	 supported	 by	
Russian	 Foundation	 of	 Basic	 Research	 
№14-02-00307.

1 Liang K.-C., Chaudhury R. P. et al. (2011), Phys. Rev. B, 83, 180417. 
2 Chaudhury R. P., Lorenz B., et al. (2010), Phys. Rev. B, 81, 220.
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The	 results	 of	 the	 study	 of	 tempe-
rature	 dependences	 of	 magnetization,	
velocity of longitudinal sound and 
internal friction in ferromagnetic 
La0.5Pr0.2Ca0.3MnO3	 single	 crystal	 with	
magnetic	 first-order	 phase	 transition	 are	
presented.	 In	 the	 paramagnetic	 region	

the extended temperature hysteresis 
of the sound velocity and internal 
friction	 are	 observed.	 It	 is	 shown	 that	
in La0.5Pr0.2Ca0.3MnO3	 there	 are	 two	
paramagnetic	phases	with	different	sound	
velocities.
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Double	 layered	 cobaltites	
LnBaCo2O5+δ	 (where	 Ln	 is	 a	 lanthanide)	
are intensively studied due to high 
electrochemical characteristics and 
complex	phase	diagram.	At	present	there	is	
the lack of optical data for these materials 
while	 optical	 study	 especially	 in	 the	 IR	
range	 can	 give	 new	 information	 about	
features	 of	 the	 charge	 carriers.	 So,	 we	
report	some	data	about	peculiarities	of	the	
reflection	data	obtained	for	EuBaCo1.9O5+δ 
single	crystals	with	δ=0.05	and	δ=0.4	cut	in	
different crystallographic directions.

The	 reflection	 spectra	of	 the	 crystal	
with	δ=0.05	has	the	form	that	is	typical	for	
semiconductor	 materials:	 the	 reflection	
slightly	 increases	 with	 wavelength	 up	
to	 R~0.22	 at	 λ=15	 μm	 and	 at	 λ=20	 μm	
there	 is	 the	 phonon	 band.	 The	 value	 of	
the	reflection	measured	 from	(001)	plane	
it	 higher	 than	 that	 obtained	 from	 (120)	
plane,	 but	 the	 forms	 of	 R(λ)	 curves	 are	
the same. Cooling results in decrease of 
the	reflection	in	whole	measured	spectral	
range	2–25	μm.

For	 the	 crystal	 with	 δ=0.4	 R(λ)	
dependences	 obtained	 from	 (001)	 and	
(120)	 planes	 at	 room	 temperatures	 have	
the	 form	 which	 indicate	 the	 existence	
of	 the	 charge	 carriers	 of	 the	 band	 type.	
The	Drude-like	 rise	 of	 the	 reflection	near	
the	 phonon	 lines	 is	 stronger	 for	 (001)	
plane,	 so	 the	 carriers	 in	 (001)	 plane	 are	
more	mobile	 than	those	 in	 (120)	plane.	 It	
is	 in	 agreement	 with	 the	 transport	 data,	
which	 demonstrate	 higher	 resistivity	 for	
(120)	plane	than	for	(001)	one.

After	cooling	to	T=80	K	the	R(E)	curve	
for	 (001)	 plane	 has	 the	 form	 as	 for	 the	
materials	 with	 the	 small	 lattice	 polarons:	
the	 value	 of	 R	 does	 not	 depend	 on	 λ	 
in	 the	 range	 4–12	 μm	 and	 not	 too	 deep	
minimum	before	phonon	band	appears	at	
λ=14	μm.	This	indicates	the	increase	of	the	
charge	carriers’	localization.	The	reflection	
spectrum	from	(120)	plane	at	T=80	K	also	
points	 some	 carriers	 localization,	 but	 the	
form	 of	 R(E)	 is	 still	 Drude-like	 while	 the	
increase of the reflection is less sharp than 
at	T=295	K.

Temperature	 dependences	 of	 the	
reflection	are	monotonic	but	in	the	curves	
R(T)	 there	 are	 bends	 between	 two	 linear	
ranges.	 The	 temperatures	 of	 the	 bends	
differ	for	R(T)	from	(001)	and	(120)	planes:	
T~110	 K	 and	 205	 K	 correspondingly.	 
The	 temperature	 T=110	 K	 is	 close	 to	
position	 of	 low-temperature	 peculiarity	
in	 the	 magnetic	 susceptibility	 and	 
T=205	K	is	close	to	the	temperature	where	
the difference of the resistivity measured 
along	(001)	and	(120)	direction	(ρab(T)	and	
ρc(T))	 is	maximal	 and	 possible	 connected	
with	 the	 change	 of	 magnetic	 interaction	
between	 layers	 in	 EuBaCo1.9O5+δ.  
The	interrelations	between	the	evolutions	
of	the	optical,	transport	and	magnetic	data	
will	be	discussed.

The	 research	 was	 carried	 out	
within	 the	 state	 assignment	 of	 FASO	 of	
Russia	 (theme	 «Spin»	 no.	 01201463330),	
supported	 in	 part	 by	 RFBR	 (project	 
No.	14-02-00432).
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The	interdependence	of	the	electronic	
structure and magnetic or charge order 
is	 the	 intrinsic	 property	 of	 systems	 with	
strong	electron	correlations.	As	a	result,	a	
magnetic	 field	by	acting	on	 the	particular	
spin	 or	 charge	 order	 can,	 in	 principle,	
change the electronic structure of some 
compounds.	 In	 this	 way,	 the	 connection	
between	the	Fermi	surfaces	obtained	from	
experiments on quantum oscillations and 
the	Fermi	surfaces	seen	in	angle-resolved	
photoemission	 spectroscopy	 (ARPES)	 can	
be	highly	non-trivial	for	high-temperature	
superconductors1.

Inspired	by	experiments	on	quantum	
oscillations,	we	investigate	the	influence	of	
magnetic field on the electronic structure 
of strongly correlated electron systems 
by	 means	 of	 the	 underlying	 magnetic	
order.	 Particularly,	 we	 examine	 whether	
a constant transverse magnetic field may 
cause	 a	 noticeable	 effect	 on	 the	 Fermi	
surface of cuprate superconductors in 
experimentally	 achievable	 fields,	 focusing	
on the antiferromagnetic underdoped case 
at	zero	temperature	in	the	absence	of	the	
field2.	We	apply	a	slightly	modified	version	
of	cluster	perturbation	theory3 to take into 
account	both	long-range	canted	magnetic	
order	 and	 short-range	 nearest	 neighbor	
correlations	and	study	the	t-J	model.

Also,	 we	 find	 the	 sharp	 changes	
of	 the	 Fermi	 surface	 under	 increasing	

magnetic field at some value hc	 which	
depends on the parameters of the model 
(see	an	example	in	Figure	1).	As	we	show,	
this	value	can	lie	within	the	experimentally	
accessible	 range	 of	 fields.	 As	 a	 result,	
the	 Fermi	 surfaces	 observed	 in	 quantum	
oscillations	 experiments	 and	 in	 angle-
resolved photoemission spectroscopy 
may	 be	 separated	 by	 the	 nonmonotonic	
changes	that	we	have	found.

This	work	is	supported	by	RSF	(Grant	
No.	14-12-00061).

1 Allais A., Chowdhury D., Sachdev S. (2002), Nature Communications 5, 5771.
2 Kuz’min V. I., Nikolaev S. V., Ovchinnikov S. G. (2016), Pis’ma v ZhETF 103 (2), 132–137.
3 Sénéchal D., Perez D., Pioro-Ladrière M. (2000), Physical Review Letters 84 (3), 522-525.

Figure 1. Electronic spectral function at the 
Fermi level within the t-J model in the first 
quadrant of the Brillouin zone for different values 
of a magnetic field h for (a) spin-up and (b) spin-
down components for t = 1, t’ = –0.15, t” = 0.1, 
J=0.333. The Lorentzian broadening δ = 0.04t 
is used. The spectral weight is integrated over 
the energy window [–1.5δ, 1.5δ]. Adapted from 
Kuz’min et al.2
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In	 the	 systems	with	 strong	 electron	
correlations many theories predict the 
high-pressure-induced	 dielectric-metal	
transition	 (DMT),	 which	 is	 followed	 by	
collapse	 of	 localized	 magnetic	 moment	
and structural phase transition1.  
This	 paper	 presents	 the	 results	
of the neutron investigations of  
FeXMn1–XS	with	the	rock	salt	structure	and	
antiferromagnetic	 structure	 of	 II-type.	 
The	Mott	transition	in	α-MnS	(x=0)	at	room	
temperature	observed	at	 the	pressure	of	
Pc=260	 kbar.	 The	 critical	 pressure	 Pc	 of	
DMT	at	room	temperature	for	FeXMn1–XS is 
decrease	with	increasing	of	X.	The	sample	
with	 x=0.25	 has	 the	 optical	 reflection	
spectrum	 which	 almost	 independent	
on	 pressure.	 Neutron	 experiments	 with	
the	 powders	 and	 single	 crystals	 samples	
FeXMn1–XS indicate an increasing of the 
Neél	 temperature	 TN	 from	 150	 K	 (x=0)	 
to	≈	220	K	for	x=0.27	at	P=0.	The	TN shift 
up	 to	 272	 K	 is	 observed	 with	 increasing	
pressure	 to	 42	 kbar	 for	 x=0.27	 (nominal	
composition).	 Figure	 1	 presents	 the	
square	roots	of	intensities	I	of	the	neutron	
magnetic	peak	with	(1/2	,	1/2	,	1/2)	for	the	
powder	samples	x=0.27.	The	curve	1	is	the	
temperature	dependence	of	magnetization	
(M	~√I)	at	the	normal	hydrostatic	pressure	
P=0.	 The	 curve	 2	 is	 the	magnetization	 at	

T=100	K	and	different	hydrostatic	pressure.	 
The	magnetization	non-linearly	decreases	
with	 increasing	 pressure	 up	 to	 42	 kbar	
(4.2	 GPa)	 and	 increases	 linearly	 with	 the	
pressure	lowering	down	to	zero.

1 Kunes J., Lukoyanov A.V., Anisimov V. I., Scalettar R.T. & Pickett W. E. (2008);
2 Nature Materials, 7, 198 – 202.

Figure 1. Neutron intensity of magnetic peak vs 
temperature and pressure for FeXMn1–XS.
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Layered	 cobaltites	 LnBaCo2O5.5–δ 
have	 a	 number	of	 unusual	magnetic	 and	
electrical	 properties.	 The	 purpose	 of	
this	 work	 is	 to	 investigate	 the	 influence	
of	 cobalt	 deficiency	 on	 the	 Co	 ions	 spin	
state	 in	 EuBaCo2–xO5.5–δ	 (x≤0.1)	 in	 the	
paramagnetic	 region.	 In	 the	 studied	
polycrystalline	 samples	 the	 cobalt	 ions	
have the valence of Co3+.	With	 increasing	
temperature the spin state of Co3+ ions can 
be	changed	LS	(S=0)	→IS	(S=1)	→ HS	(S=2).	
At	 T>TC the temperature dependence 
1/χ(T)	 were	 typical	 for	 ferrimagnets.	
Antiferromagnetic	 (AF)	 coupling	 is	 caused	
by	 Co3+(HS)–O–Co3+(HS)	 interactions	
whereas	 ferromagnetic	 (FM)	 exchange	
is	 determined	 by	 Co3+(HS)–O–Co3+(IS)	
interactions.	 The	 magnetic	 properties	
of	 EuBaCo2–xO5.5–δ are presented in 
Table	 1.	 The	 Curie	 temperature	 changes	
nonmonotonically	 when	 the	 Co	 ions	
content	 is	 decreased.	 Experimental	
values	 μeff of effective magnetic moment 
significantly differ from those calculated for 
Co3+	 (HS),	 that	points	 to	 the	conservation	
of	IS-	states	in	the	region	TC	<	T	<	650	K.

The	 total	 number	 of	 the	 
Co3+-O-Co3+	 bonds	 in	 the	 sample	 No.2	
is	 less	 than	 in	 the	 sample	No.1,	 however	
FM	contribution	is	greater	due	to	increase	
of	 number	 of	 Co3+(IS)-O-Co3+(HS)	 bonds.	
This	 conclusion	 follows	 from	 higher	 TC,	
lower	asymptotic	Curie	temperature	θ	and	
greater concentration of Co3+	ions	in	the	IS	
state.	With	 further	 increase	 in	 the	 deficit	
of	 cobalt	 ions	 the	 dependence	 of	 1/χ(T)	
indicates	on	 ferrimagnetic	order	at	which	
TC<TN	because	of	AF	interactions	increasing	
by	analogy	with	GdBaCo1.86O5.32

1.
It	 is	 shown	 that	 in	 the	 layered	

cobaltites	 the	 ferrimagnetic	 ordering	 is	
observed	 due	 to	 fine	 relations	 between	
competing	 FM	and	AFM	 interactions.	 The	
transition of all Co3+ ions into the high spin 
Hund	 state	 takes	 place	 at	 temperatures	
considerably	above	T	>	650	K.

This	 work	 was	 supported	 by	 the	
RFBR	 (project	 No.14-02-00432),	 the	 Ural	
Branch	of	the	Russian	Academy	of	Sciences	
(project	No.15-9-2-4).

Tablk 1. Magnktic powpkotikd EuBaCw2–xO5+δ.
No Composition TC,K TN,K θ,K μeff(exp),μB μeff(calc,HS),μB %,(IS)
1 EuBaCo2O5.50 254 - -192 6.47 8.00 69
2 EuBaCo1.93O5.40 249/257 - -22 5.95 7.89 87
3 EuBaCo1.90O5.36 251 416 -153 6.91 7.85 45

1 Arbuzova T.I., Telegin S.V., Naumov S.V., Patrakov E.I., Reznitskih O.G. (2014), Solid State 
Phenomena, 215, 83-88.
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Phase	 transition	 between	 a	
correlation-induced	insulating	phase,	with	
localized	charge	carriers,	and	an	 itinerant	
phase is a typical feature of strongly 
correlated	systems.	The	simplest	example	
of such a transition from a charge order 
(CO)	 to	 a	 nonordered	 (NO)	 or	 superfluid	
(SF)	phase	with	an	 intervening	supersolid	
(SS)	 phase	 is	 provided	 by	 the	 hard-core	
(hc)	boson	Hubbard	model.

We	 made	 use	 of	 a	 nonlinear	
conjugate-gradient	 method	 to	 minimize	
energy	 functional,	 and	 Monte-Carlo	
technique	to	directly	observe	the	forming	
of the ground state configuration for 
the	 2D	 hc-bosons	 with	 lowering	 the	
temperature and under deviation from 
half-filling.	 For	 moderate	 anisotropy	 the	
annealing	 is	 accompanied	 by	 formation	

a	 fragile	 unstable	 CO	 domain	 structure	
with	 a	 filamentary	 superfluidity	 (FLSF)	
nucleated inside the antiphase domain 
walls	 (DW).	 Typically	 the	 annealing	 is	
finished	by	formation	a	system	of	domains	
with	 closed-loop	 DWs	 which	 quickly	
collapse	 setting	 a	 uniform	 single-domain	
CO	ground	state	(Figure	1a).	In	rare	cases	
there	occur	stable	stripe-like	disconnected	
DWs	(Figure	1b).	These	1D	DWs	can	reveal	
unconventional	multi-domain	structure	of	
the	phase	for	the	SF	order	parameter	with	
a	 high	 density	 of	DWs	 separating	 the	 1D	
phase	domains	with	opposite	chirality.	For	
stronger anisotropy the annealing results 
in	formation	of	a	well	developed	robust	CO	
domain	structure	with	a	FLSF	nucleated	at	
the	antiphase	DWs	(Figure	1c).

1 Yu.D. Panov, A.S. Moskvin, F.N. Rybakov, A.B. Borisov (2016), J. Low Temp. Phys. 182 (5-6), 
DOI 10.1007/s10909-016-1504-1

Figure 1. Evolution of all the three hc-boson 
configurations a),b),c) under doping.
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We	performed	 a	 complete	 study	 of	
the	features	of	the	Jahn-Teller	(J-T)	ordering,	
spontaneous	 magnetization,	 resistance	
and the effect of applied magnetic fields. 
Our	 main	 experimental	 method	 was	 to	
measure the parameters of elastic moduli 
Cij,	 which	 correlate	 with	 the	 bond	 angles	 
O–Mn–O of the MnO6	(C44)	and	bond	lengths	
Mn–O	 (C11-C12)/2.	 The	 value	 of	 the	 local	
distortion	is	characterized	by	the	variation	
of	 the	 Mn–O	 bond	 length	 and	 remains	
constant over the temperature range  
up	to	TC	of	the	magnetic	phase	transition	
from the isolated paramagnetic state 
to the conducting ferromagnetic state.  
For	the	sample	with	x	=	0.125	we	presume	
that there is a gradual competitive 
substitution	of	one	phase	state	for	another	
upon	cooling	in	the	interval	of	160	-	140	K.	
The	gradual	suppression	of	the	cooperative	
J-T	ordering	occurs	first	due	to	the	increase	
in	 the	 spontaneous	magnetization	 that	 is	
terminated	 stepwise	 at	 150	 K	 with	 the	
conservation of the local deformations of 
separate	 octahedra.	 A	 reverse	 stepwise	
transition	 in	a	similar	manner	at	280	K	 is	
due to the competitive suppression of the 
initial	 magnetization	 via	 the	 increase	 in	
the	 cooperative	ordering.	 For	 the	 sample	
with	 x	 =	 0.15	 on	 cooling	 below	 180	 K	 an	
additional	 structural	 transition	 of	 the	 J-T	
type	takes	place	but	 in	the	ferromagnetic	
phase.	 On	 cooling	 below	 160	 K	 we	
observed	 sharp	 changes	 of	 Cij	 moduli,	
electric	 and	 magnetic	 parameters,	 which	
were	 associated	 with	 the	 suppression	

of	 the	 cooperative	 J-T	 ordering	 under	
the	 increase	 the	 magnetization	 and	
the transition to the ferromagnetic 
phase.	 These	 transitions	 for	 x	 =	 0.125	 
and	 x	 =	 0.15	 can	be	 readily	 attributed	 to	
structural	J-T	changes	due	to	the	reduction	
in	 the	 J-T	 ordering	 of	 the	 distorted	
octahedra.

For	 slightly	 doped	 lanthanum	
manganite	samples	with	0.125	<	x	<	0.15	
the	 structural	 transition	 characterized	 by	
the	 large	 cooperative	 orbital	 ordering	 of	
the	J-T	type	takes	place	in	the	paramagnetic	
orthorhombic	 phase.	 On	 cooling	 during	
the ferromagnetic transition the insulating 
orthorhombic	 O´	 phase	 transfers	 to	 the	
orthorhombic	 O	 phase	 characterized	
by	 the	 suppressed	 cooperative	 J-T	
ordering	 and	 large	 local	 J-T	 distortions.	 
For	 0.15	 <	 x	 ≤	 0.175	 on	 cooling	 during	
the ferromagnetic transition the 
semiconducting	 R	 phase	 transfers	 to	
the	 metallic	 R	 phase	 with	 suppressed	
cooperative	J-T	distortions.

Thus	 the	 slightly	doped	manganites	
significantly differ from those at higher 
doping,	where	no	cooperative	J-T	distortion	
is present in the ferromagnetic phase.
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Magnetic	 oxides	 with	 perovskite	
structure	 show	 a	 number	 of	 manifold	
effects.	 We	 report	 about	 revealing	 of	 a	
new	phenomena	 in	cobaltite	EuBaCo2O5,5 
below	 the	 Neel	 temperature	 ТN≈237	 K	
namely,	 an	 unidirectional	 anisotropy	
of	 electrical	 resistivity.	 The	 report	
presented the features of the preparation 
of single crystals and polycrystalline.  
Basic	 properties	 of	 the	 grown	 crystals	 
(Curie	temperature	ТС≈267	К,	temperature	
of	 transition	 metal-	 semiconductor	 
ТMS≈360	 К,	 temperature	 of	 structural	
transition	 Т≈	 395÷360	 K,	 high	 values	 of	
coercive	 force	 Нс~2-3Т,	 ferromagnetic	
(FM)	 component	 of	 magnetization	 in	
antiferromagnetic	(AFM)	state	and	etc.)	are	
in	 consistent	with	 the	 available	 literature	
sources.

The	 hysteresis	 loop	 is	 symmetrical	
at	 cooling	without	 the	magnetic	 field	 but	
at	 cooling	 in	 magnetic	 field	 it	 becomes	
shifted	and	asymmetrical	 (curves	1	и	2	 in	
Figure	1).	The	value	of	electrical	resistivity	
in	the	cooling	field	direction	is	lower	than	
for	 inverse	magnetic	 field.	 The	hysteresis	
loop	of	the	magnetization	also	displaced.

Insert	 in	 Figure	1	 shows	an	angular	
dependence	 (circles)	 of	 the	 resistivity	
of	 the	 sample,	 where	 θ	 is	 the	 angle	
between	 the	 direction	 of	 magnetization	
of	the	sample,	at	which	it	was	cooled,	and	
direction of magnetic field. Changes of the 
resistivity	are	described	by	an	expression	
Δρ/ρ(θ=0)~sinθ	 (solid	 line),	 inhered	 to	
the	 expression	 for	 magnetization	 under	
exchange anisotropy1.	 Higher	 values	 of	
the	 coercive	 force	 and	 a	 FM	 component	

of	magnetization	in	AFM	state	indicate	the	
presence	of	single-domain	particles.

Time	dependencies	 of	 the	 electrical	
and magnetic properties of the studied 
crystals	 with	 relaxation	 times	 over	 
1	 hour	 indicate	 the	 disordered	 and	 non-
equilibrium	or	metastable	state	their.

Obtained	 results	 are	 explained	 by	
disordering	of	cation	and	anion	sublattices	
and	 by	 (exchange)	 coupling	 of	 single-
domain	 ferromagnetic	 particles	 with	 an	
antiferromagnetic matrix.

The	research	was	carried	out	within	
the	 state	 assignment	 of	 FASO	 of	 Russia	
(«Spin»	 no.	 01201463330),	 supported	 in	
part	by	RFBR	(project	No.	14-02-00432).

1 W. H. Meiklejohn and C. P. Bean, (1957) Phys.Rev., 105(3), 904-913

Figure 1. Hysteresis loops of electrical resistivity 
for single crystal EuBaCo2O5,5.
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silicides Fe3Si and α-FeSi2with different substitution
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The	 transition	 metal	 silicides,	
particularly	iron	silicides,	attract	attention	
as	 prospective	 materials	 for	 spintronic,	
microelectronuc,	 optoelectronic	 applica-
tions,	because,	depending	on	their	phase,	
crystal	 structure	 and	 composition,	 they	
can	 be	 semiconducting,	 metallic	 and/or	
ferromagnetic,	 and	 hence	 offer	 a	 large	
variety	 of	 potential	 applications	 when	
integrated	into	silicon-based	devices.	At	the	
Fe-rich	side	of	 the	binary	phase	diagram,	
metallic	as	well	as	ferromagnetic	Fe5Si3 and 
Fe3Si	have	already	been	established	as	key	
materials	for	spintronics.	The	Si-rich	side	of	
the phase diagram contains several variants 
of	 a	 disilicide	 stoichiometric	 compound,	
such	 as	 the	high-temperature	 tetragonal	
metallic	α-FeSi2	phase,	with	applications	as	
an	electrode	or	an	 interconnect	material,	
and	 the	 orthorhombic	 semiconducting	
β-FeSi2	 phase,	 which	 due	 to	 its	 direct	
band	 gap	 is	 an	 interesting	 candidate	 for	
thermoelectric and optoelectronic devices. 
The	magnetic	order	is	not	observed	in	bulk	
stoichiometric	disilicide	FeSi2.	However,	 it	
was	 reported1 that the ferromagnetism 
does	arise	in	the	metastable	phase	α-FeSi2 
(111),	which	was	stabilized	in	epitaxial-film	
form	on	the	silicon	substrate.	This	work	is	
devoted to the investigation of mechanism 
of magnetic moments formation on the 
iron	 atoms	 in	 iron	 silicides	 Fe3Si and 
α-FeSi2.	 The	 calculation	of	 electronic	 and	
magnetic	 properties	 of	 both	 compounds	
was	performed	 in	 the	 framework	of	DFT-
GGA	 for	 different	 way	 of	 silicon	 atoms	
substitution	by	 iron	atoms.	 It	was	shown	
that	 in	 the	both	compounds	 the	number	
of silicon atoms in the first and second 
coordination sphere play essential role in 
the	magnetic	moment	 forming.	Our	 first-

principle	and	model	calculations	show	that	
the	non-magnetic	α-FeSi2	becomes	 ferro-	
or	ferrimagnetic	in	the	substitutional	alloy	
α-Fe1+xSi2–x.	The	formation	of	the	moment	
on	 Fe	 ions	 depends	 on	 the	 particular	
arrangement of silicon and iron atoms in 
the	first	and	second	coordination	spheres,	
see	Table	1.

Therefore,	 it	 is	 the	 concentration	
of certain type of clusters determines the 
physics	of	magnetism	formation,	not	 just	
the	concentration	of	the	Fe	impurity.

Table 1. The magnetic moments (μB) wn thk 
nwn-kquivalknt iown atwmd fwo riffkoknt tepk wf 
substitution. Fe denote original iron in α-FeSi2, 
Fk1 anr Fk2 - iown dubdtituting dilicwn.

Type	of	substitution Fe Fe1 Fe2

Si1→Fe1 0.3 2.3

Si1,Si4→Fe1;	Si2→Fe2 0.3 2.4 −	2.1

Si1,	Si4,	Si6,	Si7→Fe1 1.3 2.3

Si1,	Si2,	Si3,	Si4→Fe1 0.1 0.1

Si1,	Si2,	Si5,	Si7→Fe1 1.3 2.7
The	work	 is	 supported	by	RFBR	No.	

14002-00186.

1 G. Cao et al. (2015), Phys. Rev. Lett. 114, 147202

Figure 1. The structure of α-FeSi2. Si - grey balls, 
Fe - black balls.
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Physical and chemical properties of 
cobaltites	Ln1–xMxCoO3–δ	(Ln	–	lanthanide,	
M	 –	 alkaline	 metal)	 have	 strong	 depen-
dence	 on	 the	 doping	 level,	 oxygen	
nonstoichiometry and the Ln/M cation 
ordering	 on	 the	 A-site	 crystal	 lattice1,2. 
The	 ability	 to	 change	 these	 properties	
allows	 us	 to	 consider	 these	 materials	 as	
potential materials for the improvement 
of thermoelectric performance.

We	have	measured	X-ray	diffraction	
and	 X-ray	 absorption	 spectra	 (XANES)	 at	
the K-edge	Co	(Figure		1)	and	L3-edge	of	Gd	
in	cobaltites	GdCoO3 and Gd0.4Sr0.6CoO2.85 
and	 studied	 the	 effect	 of	 Sr-substitution	

on	 the	 crystal	 structure,	 electronic	 and	
magnetic state of Co3+ ions in the single 
crystal Gd0.4Sr0.6CoO2.85

Substitution	 of	 Gd3+	 ions	 (ionic	
radius rGd

3+	 =	 1.215	 Å)	 of	 Sr2+ ions  
(rSr

2+	=	1.44	Å)	increases	the	cell	parameters	
a and c,	 the	 unit	 cell	 volume	 (≈	 4	 %),	
distortion of the coordination octahedron 
CoO6	 and	 Co-O-Co	 bond	 angles	 (in	 ab-
plane	 150.9°	 for	 GdCoO3	 and	 170.9°	 for	
Gd0.4Sr0.6CoO2.85).	This	leads	to	an	increase	
in	the	low-symmetry	tetragonal	Jahn-Teller	
distortions.

Measurements	 have	 shown	 that	
with	 an	 increase	 in	 strontium-cobalt	
absorption	edge	does	not	move,	 and	 the	
intensity of the dipole transition increases. 
XANES	 Mn3+	 investigations	 show	 the	
change	 in	 the	 valence	 of	 the	 (LaMnO3)	 
to Mn4+	 (CaMnO3)	 lead	 to	 a	
K-absorption	 edge	 shift	 on	 the	
magnitude	 ΔE0	 =	 3	 eV.	 In	 our	 case,	 
the	ΔE0 magnitude changes insignificantly 
(ΔE0	≈	0.3	eV).	This	result	suggests	that	the	
cobalt	valence	state	is	close	to	3+.	Probably,	
the system Gd0.4Sr0.6CoO2.85	 realizes	 the	
hole	 doping	 scenario	 when	 the	 hole	 is	
partially	localized	on	oxygen	2p states and 
becomes	charge	carriers	(band	character).	
In	 this	case,	Co	 (3d)	state	and,	hence,	 the	
effective	 valence	 of	 cobalt	 changes	 vary	
slightly. Structural distortions associated 
with	the	replacement	of	Gd3+ ions to Sr2+ 
(changes	 in	 ion-ion	 distances	 <Gd/Sr-O>,	
<Co-O>	 and	 bond	 angles	 Co-O-Co)	 cause	

Figure 1. Co K-edge XANES signals for Gd1–

xSrxCoO3–δ (x = 0.0, 0.6). The dashed line shows 
the absorption edge energy of samples.
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a	 change	 in	 the	 degree	 of	 hybridization	
3d(Co)-2p(O)	 and	 5d(Gd)-2p(O)	 states	
and lead to an increase of the dipole 
1s-(p-d)	 (Co3+)	 и	 2p-5d	 (Gd3+)	 transitions	
intensities.

The	 strontium	 substitution	 induces	
the appearance of ferromagnetic ordering 
and	the	magnetic	moment	increase	(Figure	
2).	The	magnitude	of	the	magnetic	moment	
associated	with	 the	 Co-O	 subsystem	was	
estimated	as	~	1.95	μB/f.u. 

The	magnetic	ordering	 temperature	
for Gd0.4Sr0.6CoO2.85	is	135	K.

This	 work	 was	 supported	 by	
Russian	 Science	 Foundation	 (Project	 
16-13-00060).

1 Ivanova N. V., Ovchinnikov S. G., Korshunov M. M., Eremin I. M. and Kazak N. V. (2009), 
Phys.-Usp., 52, 789–810

2 Vereshchagin S.N., Solovyov L.A., Ovchinnikov S.G., Anshits A. G.(2014), Chem. 
Commun.,V.50, 6112 – 6115.

Figure 2. The field dependences of the magnetization 
for GdCoO3 and Gd0.4Sr0.6CoO2.85.
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The	results	of	powder	X-ray	diffraction	
analysis	 of	 the	 crystal	 structure,	 phase	
composition and molar heat capacity of 
cobaltites	La1–xGdxCoO3 in the temperature 
range	 from	300	 to	1000	K	are	presented.	
We	 studied	 the	 behavior	 of	 thermal	
expansion	 coefficient	 of	 cobaltites	 with	
isovalent	 substitution	 in	 the	 temperature	
range	 of	 100-1000	 K.	 With	 the	 help	 of	
Birch-Murnaghan	 equation,	 we	 showed	
that	with	 increasing	of	 chemical	pressure	
a	 low-temperature	 maximum	 in	 dilation	
shifts	 toward	higher	temperatures	and	at	
a	pressure	of	PC	≈	7	GPa	coincides	with	the	
second	 peak.	 We	 considered	 an	 analogy	
in	 the	 behavior	 of	 thermal	 expansion	
coefficient	 between	 the	 compositions	
with	 isovalent	 substitution	 La1–xGdxCoO3 

and	 unsubstituted	 compounds	 LnCoO3  
(Ln	 -	 lanthanide).	 The	 nature	 of	 the	 two	
thermal features in the specific heat and 
dilation of the entire series of rare earth 
cobalt	 oxides	 and	 their	 relationship	 with	
the	 population	 of	 the	 high-spin	 state	 of	
cobalt	 ions	 and	 the	 transition	 insulator	 –	
metal	is	established.

This	work	has	been	supported	by	the	
RAS	 program,	 the	 state	 task	 0358-2015-
0006,	 RFBR	 Grant	 no.	 16-02-00507	 and	
Scholarship	of	the	President	of	the	Russian	
Federation	СП-1844.2016.1
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Compounds	 on	 base	 of	 BiFeO3 are 
very perspective multiferroic materials 
due to high temperature of magnetic 
and	 ferroelectric	 phase	 transitions,	
bad	 conductivity	 and	 simple	 chemical	
structure1. Most of the topical papers 
on	 the	 study	 of	 substituted	 BiFeO3 
multiferroics devoted to investigation 
of	 the	 ferrite	 bismuth	 with	 the	 trivalent	
dopants,	 such	 as	 Mn,	 La,	 Nd,	 Sm2–4,	 but	
early	 studies	 showed	 the	 coexistence	
of the magnetism and ferroelectricity in 
BiFeO3	 based	 on	 divalent	 dopants5.	 To	
this	 end,	 we	 prepared	 and	 studied	 the	
multiferroic	BiFeO3	ceramics	with	divalent	
Zn	substitution.

High	quality	multiferroic	BiFe1–xZnxO3 
(x=0,	 0.05,	 0.1,	 0.15,	 0.2)	 ceramics	 were	
prepared	by	solution	combustion	method	
(SCM).	 Their	 structure,	 magnetoelectic	
properties,	 dielectric,	 magnetic,	 thermal	
characteristics	 were	 studied.	 Both	 series	
of	the	samples	were	characterized	by	XRD-
diffraction	and	showed	that	ceramics	have	
rhombohedral	perovskite	structure.

The	temperature	dependences	of	the	
magnetic	ac-susceptibilities	of	the	samples	
were	 obtained.	 The	 ac-susceptibility	 vs.	
temperature curves for all samples has a 
sharp	peak	occur	640	K	that	corresponds	
to the antiferromagnetic phase transition 
TN.	With	the	increase	of	divalent	Zn	doping	
concentration	 for	 BiFe1–xZnxO3 series the 
Neel	 temperature	 TN	 shifts	 toward	 room	
temperatures.

DSC measurements for all series 
of	 samples	 were	 performed	 in	 the	
temperature	 range	 of	 300–800	 K.	 The	
phase transitions from antiferromagnetic 
to	 paramagnetic	 state	were	 observed	 for	
all samples.

The	magnetocapacitance	was	found	
to	 be	 enhanced	 due	 to	 Zn	 substitution	
in	 BiFeO3	 ceramic	 showing	 the	 coupling	
effect	 between	 magnetic	 and	 electric	
behaviors	which	occurs	through	the	lattice	
distortion.

1 A.K. Zvezdin and A.P. Pyatakov, Sov. Phys. Usp. 47, 8 (2004).
2 N.Kumar, N.Panwar, B.Gahtori et. al., J. Alloys and Compounds 501 (2010) 129
3 A.A. Amirov, A.B. Batdalov, et. al., Physics of the Solid State 51,6, (2009) 1189
4 I.A. Verbenko, Yu.M. Gufan, S.P.Kubrin, A.A. Amirov et.al., Bull. of the Russian Academy of 

Sciencies: Physics 74, 8 (2010) 1141
5 K.S. Nalwa, A. Gard, A. Upadhyaya, Matter. Lett. 62 (2008) 878
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This	 report	 presents	 the	 results	
of an experimental study of the 
magnetocaloric	 effect	 (MCE)	 in	 the	
Heusler	 alloy	 Ni46Mn41In13 in alternating 
amplitude	 magnetic	 fields	 up	 to	 8	 T.	 
A	number	of	phase	transitions	are	observed	
in	 the	 sample	 which	 we	 investigated.	 
The	 magnetic	 phase	 transition	
paramagnetic-ferromagnetic	 in	 the	
austenite	phase	occurs	at	TC=318	K.	Phase	
transition	 a	 ferromagnetic	 austenite	 -	
weakly	magnetic	martensite	characterized	
the starting Ms =	 217	 K	 and	 completed	
Mf	 =	 207	 K	 temperatures,	 respectively.	
The	inverse	effect	occurs	at	As=215	K	and	
Af=231	 K,	 respectively	 (Figure	 1a).	 As	 we	
can	 see,	 the	 system	 is	 magnetically	 and	
structurally	 inhomogeneous	 for	 a	 wide	
temperature interval.

In	 Ni46Mn41In13,	 the	 direct	 (ΔTad	>	0)	
and	 the	 reverse	 (ΔTad<0)	 MCE	 are	
observed	 near	 temperatures	 of	 first-	
and	 second-order	 phase	 transitions.	 
The	 inverse	MCE	 is	observed	near	 region	
of magnetostructural phase transition. 
In	 the	 last	 effect,	 the	 contributions	
of	 both	 magnetic	 and	 the	 structural	
subsystems	 are	 significant.	 Moreover,	
these	 contributions	 are	 summated.	 
The	 evaluations	 of	 these	 contributions	
were	made	by	measurements	of	magnetic	
field	dependence	of	MCE.

The	 magnetic-field	 dependence	
of	 the	 MCE	 near	 TC	 (Figure	 1b)	 exhibits	
abnormal	 behavior.	 This	 anomaly	 is	 that	
MCE	 becomes	 unstable.	 Moreover,	 for	
these	 values	 MCE	 decreases	 when	 field	
increases	 (Figure	 1b).	 We	 discussed	 a	
various	reasons	for	this	behavior.

In	 the	 report,	 the	 reasons	 for	 the	
differences	in	the	magnitude	of	the	MCE	in	
magnetostructural transition in the heating 
and cooling modes also discusses.

The	 study	 was	 supported	 by	 RFBR	
(Grants	 Nos.	 16-32-00633	 and	 14-02-
01177).

Figure 1. Temperature dependences of the MCE 
(a); Magnetic-field dependence of MCE (b).
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Ruddlesden-Popper	 type	 perovskite	
ruthenates	 (Sr,Ca)n + 1RunO3n + 1 have 
provided many novel physical properties; that 
is,	ferromagnetic	metals,	antiferromagnetic	
metals	and/or	insulators,	superconductors,	
and	so	forth	(Figure	1).	Through	the	studies	
on	 the	 system	with	 n	 =	 2,	 Sr3–xCaxRu2O7,	
we	have	clarified	that	the	system	exhibits	
enhanced	 paramagnetic	 metals	 (x	 <	 0.5),	
ferromagnetically correlated metals  
(0.5	<	x	<	1.2),	and	antiferromagnetic	two-
dimensional	 (2D)	 metals	 (1.2	 <	 x	 <	 3)1  
(Figure	2).

With	 high-resolution	 neutron	
powder	 diffraction	 crystal	 structures	 of	
some	compounds	with	x=1.0,	1.5	and	2.0	
have	been	studied	from	room	temperature	
to	 12	 K.	 These	 data	 have	 been	 analyzed	
well	by	a	Rietveld	analysis	with	 the	space	
groups of Bbcb	 for	 x=1.0,	 and	 Bb21m for 
x=1.5	and	2.0.

For	 x=1.0,	 all	 lattice	 constants	
decrease	 with	 decreasing	 temperature	
in	 contrast	 with	 antiferromagnetic	
metals	 with	 higher	 Ca	 contents.	 
The	 rotation	 angles	of	 RuO6 octahedrons 
increase	 from	 that	 of	 para-magnetic	
Sr3Ru2O7,	 indicating	 an	 enhancement	 
of	 ferromagnetic	 correlations.	 For	 x=1.5	
and	 2.0,	 the	 lattice	 constants	 a and b 
increase	 at	 low	 temperatures,	 which	
corresponds	with	 their	 antiferromagnetic	
transition.	 In	 these	 compounds	 the	
rotation	of	RuO6 octahedrons changes to 
the	 tilting,	 which	 also	 correlates	 to	 their	
anti-	ferromagnetic	ordering.	

In	 the	 antiferromagnetic	 phase	
with	 x ≈	 1.5,	 the	 magnetization	 data	 at	
low	 temperatures	 show	 a	 hysteresis,	
suggesting that the magnetic ground 

state	 is	 canted-	 antiferromagnetic.	 The	
magnetic	 sus-	 ceptibility	 indicates	 that	 its	
magnetic easy axis continuously changes 
from the axis in the ab-plane	to	the	c-axis	
with	 increasing	 Sr	 content.	 By	 neutron	
diffraction	 experiments	 further,	 we	 have	
decided	 those	 magnetic	 structures.	 In	

Figure 1. Physical properties of the (Sr,Ca)n + 

1RunO3n + 1 system.

Figure 2. Phase diagram of Sr3–xCaxRu2O7.

P3.16



200

August 15-19, 2016  
Krasnoyarsk, Russia

Ca3Ru2O7	 (x=3)	 the	 magnetic	 moments	
align	 ferromagnetcally	 in	 the	 double	
layers	 and	antiferromagnetically	between	 
the	 layers	 below	 the	 Néel	 temperature	 
TN	of	56	K.

The	 magnetic	 moment	 orients	
along the a-axis	between	56	and	48	K,	but	
changes to the b-axis	below	48	K.	At	 this	
tempera-ture	 48	 K,	 the	 transition	 from	 a	
normal metal to a 2D metal and a crystal 
structural change occur simultaneously.  
With	 increasing	 Sr	 content,	 the	
ferromagnetic	 intensities	 grow	

strongly,	 corresponding	 to	 the	 results	
of	 the	 magnetic	 susceptibility	 and	 the	
magnetization	 measurements.	 The	
enhanced intensities along the c-axis	
observed	 in	 x=1.25	 indicate	 that	 the	
canted antiferromagnetism is certainly 
induced	 in	 the	 compounds	 with	 around	
this concentration.

1 Iwata K., Yoshida Y., Kosaka M., Katano S.,(2008), J. Phys. Soc. Jpn. 77, 104716-1-5.



201

EASTMAG-2016

Band structure, lattice dynamics and magnetoelectric 
properties of double perovskite La2CuTiO6

Maksim Pavlovskii, Aleksey Shinkorenko and Viktor Zinenko
1Kirensky Institute of Physics, 660036, Krasnoyarsk, Russia

�keywords:� lattice dynamics, magnetoelectrics

The	 paper	 presents	 results	 of	 ab	
initio	 calculations	 of	 the	 electronic	 band	
structure,	 vibrational	 properties	 and	
magnetoelectric effect in a La2CuTiO6	with	
double	perovskite	structure.	Calculation	of	
the	lattice	dynamics	showed	the	presence	
of	unstable	modes	in	the	phonon	spectrum	
of	 the	 high-symmetry	 cubic	 phase	 with	
space	 group	 Fm-3m.	 Condensation	 of	
the	 two	most	 unstable	modes	 belonging	
to	 the	 center	 and	 boundary	 point	 X	 
of	 the	 Brillouin	 zone	 leads	 to	 a	 stable	
non-polar	phase	with	space	group	P21/n. 
	Spin	polarized	calculations	showed	that	the	

ground magnetic state is antiferromagnetic 
state	with	a	doubling	of	the	magnetic	cell	
and configuration of magnetic moments 
of	 copper	 ions	 two-up-two-down	 along	
the	 crystallographic	 direction	 [100].	 
This	 ordering	 of	 the	 magnetic	 moments	
leads to polar space group and 
appearance	 of	 electric	 polarization.	
Calculated	value	of	the	electric	polarization	
at	 the	 antiferromagnetic	 ordering	 was	 
70	μC/m2.

Figure 1. Partial density of electronic states in 
antiferromagneticaly ordered La2CuTiO6.
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Thermodynamic	 behavior	 of	 cubic	
lattice ferromagnets near the quantum 
critical	 point	 (where	 the	 spin	 wave	
stiffness coefficient D0 at T	 =	 0	 vanishes)	
is unusual1,	 as	 well	 as	 that	 of	 frustrated	
antiferromagnets2.	 Strong-fluctuation	
region	 at	 low	 temperatures,	 concave	
shape	 of	 the	 magnetization	 temperature	
dependence,	and	strong	short	range	order	
in	 paramagnetic	 phase	 occur.	 Here	 we	
discuss	 within	 the	 self-consistent	 spin-
wave	 theory	 (SSWT)	 a	 generalization	 of	
these results to collinear antiferromagnets 
where	the	role	of	D0	is	played	by	the	spin-
wave	velocity	 (see	Figure	 	1)	and	perform	
comparison	with	Monte	Carlo	method.

In	each	cubic	Bravais	lattice	(sc,	bcc,	
fcc)	 there	 are	 seven	 possible	 collinear	
antiferromagnetic orders corresponding 
to	symmetrical	points	of	 the	boundary	of	
the	Brillouin	zone.	They	can	be	divided	into	
two	classes.	First	one	contains	the	orders	
that	do	not	break	the	full	symmetry	of	cubic	
group	((π,	π,	π)	for	sc	and	(0,0,2π)	for	bcc	
latices),	second	one	includes	all	remaining	
orders.	 The	 low	 temperature	 behaviors	
defined	 by	 the	 spin	 wave	 excitations	 are	
substantially	 different	 for	 systems	 from	
the	first	and	second	class.	This	difference	
can	 be	 seen	 already	 from	 the	 spin	 wave	
spectrum	 of	 the	 linear	 spin	 wave	 theory	

which	 yields	
for	 the	 second	 class	 of	 systems,	 besides	
two	Goldstone	modes	at	k	=	0	and	k	=	Q,	

additional gapless modes in the vicinity of 
the	wave	vectors	from	the	Q	star.	Quantum	
and thermal fluctuations lead to the 
opening	of	local	gaps	in	the	extra	modes,	
which	 makes	 the	 temperature	 behavior	
of the systems of the second class much 
more complicated.

The	research	was	carried	out	within	
the	 state	 assignment	 of	 FASO	 of	 Russia	
(theme	 «Quant»	 No.	 01201463332),	
supported	in	part	by	RFBR	(project	No.	16-
32-00482).

1 Ignatenko A.N., Katanin A.A., Irkhin V.Yu. (2013), Pis’ma ZhETF, 97, 235.
2 Ignatenko A.N., Katanin A.A., Irkhin V.Yu. (2008), Pis’ma ZhETF, 87, 642.

Figure 1. Modification of the temperature 
dependence of the sublattice magnetization 
within SSWT as approaching spin wave 
velocity in the ground state c0 to zero.
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Nowadays,	 there	 is	 no	 satisfactory	
explanation	for	the	temperature	behavior	
of	 the	 magnetic	 characteristics	 of	 Fe-Al	 
(25	-	35	at.%	Al)	and	other	alloys	depending	
on the concentration of aluminum atoms 
and the degree of chemical disorder  
in terms of a single microscopic theory. 
We	 want	 to	 construct	 a	 minimal	 model	
based	 on	 the	 spin	 density	 fluctuation	
theory1,	 which	 allows	 us	 to	 describe	
the temperature dependences of 
the	 magnetization	 and	 susceptibility	
observed	in	experiments	and	give	them	a	
physical	 interpretation	 (see,	 for	 example,	 
Figure	1).

The	 new	 feature2,3 of our 
problem	 compared	 with	 the	 standard	
fluctuating field approach is the presence  
of	 two	 (or	 more)	 types	 of	 magnetic	
atoms	 with	 different	 interactions	 uj and 
their	 concentrations	 (probabilities)	 cj. 
Thermal	fluctuations	are	the	main	source	
of the temperature dependence of the 
metallic	 magnetism.	 To	 describe	 the	
specific alloy the theory uses the density 
of d-electron	 states	 and	 model	 the	 alloy	
by	 considering	 two	 types	 of	 iron	 atoms	
(Fe(1)	 and	 Fe(2)),	which	 are	 characterized	
by	 intra-atomic	 exchange	 constants	 
u1,	 u2 and concentration c1, c2=1–c1 .  
These	 parameters	 simulate	 various	
nearest	neighborhood	in	a	disordered	(or	
ordered)	alloy.

This	work	was	carried	out	within	the	

state	 task	of	Federal	Agency	 for	Scientific	
Organizations	of	Russia	(project	Quantum,	
no.	 01201463332)	 and	 supported	 in	
part	 by	 the	Russian	 Foundation	 for	Basic	
Research	(projects	no.	16-32-00482-mol_a	
and	no.	14-02-00080)	and	UB	RAS	(project	
no.	15-8-2-10).

1 Melnikov N.B., Reser B.I., Grebennikov V.I. (2011), J. Phys.: Conden. Matt., 23, 1-11.
2 Grebennikov V.I., Radzivonchik D.I. (2015), Solid State Phenom., 233-234, 25-29.
3 Radzivonchik D.I., Grebennikov V.I. (2016), Materials Science Forum, 845 (in print).
4 Voronina E.V., Elsukov E.P., Godovikov S.K., Korolev A.V., Elsukova A.E. (2010), Phys. Met. 

Metallogr., 109, 417-426.

Figure 1. The magnetization of Fe-Al alloys (30 
at.% Al) vs. temperature: 1 – experimental4 
and 2 – calculated. The curves 3 and 4 show 
the magnetic moment of Fe(1) and Fe(2) atoms, 
respectively.
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Orbital	 degrees	 of	 freedom	 and	
its	 interaction	 with	 the	 spin	 ones	 give	
rise to complex electronic and magnetic 
properties	 of	 the	 TM	 oxides.	 The	
degeneracy	 of	 d-electrons	 is	 lifted	 by	 a	
crystal	 field	 that	 is	 responsible	 for	 the	
formation	 of	 the	 orbital	 state	 in	 more	
substances.	But	it	was	recently	suggested	
that	 in	 some	 TM	 oxides	 the	 orbitals	
remain	 disordered	 and	 the	 orbital	 liquid	
state can occur1.	This	possible	scenario	of	
suppression	 of	 the	 orbital	 ordering	 was	
discussed	for	materials	with	the	perovskite-
type	 structure	 such	as	 titanates	with	one	
electron on 3d-shell	 of	 the	 transition	
metal	ion.	Today	the	search	of	the	orbital	
liquid	state	in	materials	with	an	additional	
«geometric	 frustration»,	 which	 is	 usually	
associated	with	the	triangle-based	lattices,	
such as the pyrochlore lattice of corner 
sharing	 tetrahedra	 formed	 by	 TM	 ions	 is	
very attractive to investigators2.

On	 the	 one	 hand,	 in	 the	 strongly-
correlated systems such as perovskites and 
pyrochlores	with	the	transition	metal	ions	
the	 competition	between	 the	 crystal	 field	
energy	 (Δ)	 and	 the	 exchange	 interaction	
energy J gives rise to the unique magnetic 
properties.	 In	 particular,	 if	 the	 values	 of	
Δ and J	are	comparable,	 the	orbital	 liquid	
state may occur3.	 On	 the	 other	 hand,	
the electron quadrupole moment of the 

transition metal ion is the quantitative 
order	parameter	for	the	orbital	degree	of	
freedom.	 This	 value	 can	be	derived	 from	
the analysis of the magnetic magnetic 
hyperfine field.

Thus	 our	 report	 will	 be	 devoted	 to	
the	 investigation	 of	 the	 orbital	 ordering	
pattern in RTiO3	 (R=La,	 Y)	 and	 Lu2V2O7 
using a complex theoretical approach4.	The	
goals	of	our	theoretical	investigation	are	(i)	
the calculation of the vanadium electron 
structure taking into account the crystal 
field	 and	 the	 spin-orbital	 interaction;	 (ii)	
the evaluation of the exchange interaction 
constant in an ab initio approach using 
the	 unrestricted	 Hartree-Fock	 method;	
(iii)	 the	deriving	 the	value	of	 the	effective	
magnetic hyperfine field from the analysis 
of	the	angle	dependence	of	NMR	spectrum	
under	 external	 magnetic	 field	 which	
is	 the	 excellent	 probing	 for	 the	 orbital	
structure.

This	work	was	partially	supported	by	
the	Russian	Foundation	for	Basic	Research	
(project	 no.	 14-02-00260),	 the	Ministry	 of	
Education	and	Science	of	Russia	(Grant	no.	
3.571.2014/K),	 the	 Russian	 Government	
(contract	 no.	 02.А03.21.0006,	 regulation	
no.	 211),	 and	 the	 URAN	 Computing	
Platform	 (IMM	 UB	 RAS,	 Ekaterinburg,	
Russia).

1 Khaliullin G. (2005), Prog. of Theor. Phys. Suppl., 160, 155-202.
2 Ramirez A.P., et al (2000), Physica B: Cond. Mat., 280, 1-4, 290-295.
3 Balents L. (2010), Nature, 464, 199-208.
4 Agzamova P.A., Nazipov D.V., Nikiforov A.E. (2016), JLTP, (in print).
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Physical properties of intermetallic 
compounds	of	the	series	RNi5,	where	R	is	
a	 rare-earth	metal,	 are	well-known	 to	 be	
significantly	transformed	by	substitutional	
d or p metals due to changes in the 
electronic	structure,	exchange	interactions	
and	 crystalline	 field.	 In	 the	 PrNi5–xCox 
system the Curie temperature has high 
values	and	grows	from	60	up	to	540	K	for	
the	 cobalt	 concentration	 range	 x=1.95–3.	 
In	PrCo5 magnetic moment is directed along 
the	 easy	 axis	 c.	 When	 the	 temperature	
rises in PrCo3Ni2 the magnetic moment 
becomes	 directed	 along	 the	 c	 axis,	 and	
thus	the	spin	transition	proceeds	with	the	
concentration.	 The	 physical	 properties	 of	
this system make it promising for magnetic 
refrigerator applications1.

The	 calculations	 of	 the	 electronic	
structure of PrCo5–xNix	 in	 this	 work	 were	
performed for the hexagonal crystal 
structure of the CaCu5-type	with	symmetry	
group	P6/mmm.	To	account	for	the	strong	
electron-electron	 interactions	 in	 the	 
Pr-4f	 shell,	 the	 LDA+U+SO2	 method	 was	
employed.	 An	 analysis	 of	 the	 electronic	
structures of all compositions made 
it	 possible	 to	 follow	 changes	 of	 the	
electronic	 states	 of	 nickel	 and	 cobalt	
along	 the	 concentration	 change.	 In	 all	
compounds the magnetic moment of Pr 
was	found	to	be	about	2	μB,	at	the	Ni	ions	

–	0.3	μB	in	alloys	with	cobalt.	The	magnetic	
moment of Co ions is oriented parallel 
to	the	one	of	Pr	and	is	1.0	–	1.2	μB.	Then,	
substituting	 cobalt	 ions	 give	 rise	 to	 the	
total	magnetic	moment	to	4.2	μB in PrNi4Co  
and	5.3	μB in PrNi3Co2.	The	appearance	of	
the	magnetic	moments	of	cobalt	ions	in	the	
3d-sublattice	 PrNi5 leads to the increase 
of	 exchange	 interactions	 that	 contributes	 
to the increase in the Curie temperature.

Thus,	 we	 demonstrate	 that	 
in PrCo5–xNix	 (x	 =	 0–5)	 a	 spin	 transition	
with	 the	 reorientation	 of	 the	 magnetic	
moments proceeds as the composition 
change.	 A	 detailed	 description	 of	 total	
energies,	electronic	structure	and	magnetic	
moments directions and values for all ions 
and concentrations during this transition 
was	 obtained	 in	 our	 band	 calculations	
in	 agreement	 with	 experimental	 data.	
This	 work	 was	 supported	 by	 the	 UB	
RAS,	 project	 #	 15-8-2-4,	 and	 RFBR,	 
project	15-52-45009.

1 Rocco D.L., Amaral J.S., Leitão J.V., Amaral V.S., Reis M.S., Das S., Fernandes R.P., Araújo J.P., 
Pereira A.M., Tavares P.B., Martins N.V., Coelho A.A. (2009), Journal of Physics D: Applied 
Physics, 42 (5), 055002.

2 Shorikov A.O., Lukoyanov A.V., Korotin M.A., Anisimov V.I. (2005), Physical Review B, 72. 
024458.
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Doped	 cobaltites	 are	 characterized	
by	 a	 complicated	 character	 of	 the	
magnetoelectronic phase separation at 
low	enough	 temperatures,	 resulting	 from	
strong	electronic	correlations.	A	particular	
feature of La0.85Sr0.15CoO3 consists in the 
proximity	of	its	Sr	content	to	the	boundary	
xc=0.17	 separating	 the	 insulating	 and	
the	 metal	 states,	 below	 and	 above	 xc,	
respectively.

Measurements of the phase 
components	 Re(Im)М2(Н,Т)	 for	 the	 2-nd	
harmonic of the nonlinear magnetic 
response	 on	 the	 weak	 ac field hcos2πft  
(f	 =15.7	 MHz)	 in	 the	 parallel	 dc field H  
in	 the	 temperature	 range	 96	 K	 <T<213	 K	
showed	 ferromagnetic	 clusters	 to	 form	

upon	cooling,	generating	the	typical	signals	
with	extrema	in	the	weak	fields	Н<300	Oe	
in	both	the	components	(Figure	1).	Below	
140	 K,	 the	 cluster	 system	 exhibits	 the	
superparamagnetic behavior.	These	signals	
were	fitted	using	the	Gilbert-Landau-Lifshitz	
formalism in the uniaxial approximation. 
Temperature	 dependences	 for	 a	 set	 of	
parameters	 characterizing	 magnetic	 and	
dynamical	 properties	 of	 the	 system	were	
obtained,	 viz.,	 cluster	 magnetic	 moment,	
total	 saturation	 magnetization,	 width	
of	 the	 cluster-volume	 distribution	 and	
characteristic dipolar energy of the cluster 
system,	 concentration	 of	 clusters	 and	
mean	 intercluster	 distance,	 anisotropy	
field	 and	 energy,	 the	 damping	 factor	
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and the mean diffusion relaxation time. 
Measurements	 of	 neutron	 depolarization	
additionally	 enabled	 to	 determine	 the	
mean	cluster	size	and	magnetic	moment	of	
an	incluster	magnetic	ion,	volume	fraction	
of	 the	 cluster	 system,	 and	 anisotropy	
constant.	 The	 temperature	 dependences	
for some of the parameters are presented  
in	 Figure	 2.	 Upon	 cooling,	 the	 cluster	
system evolves via several stages.

1)	 In	 the	 region	 140	 К	 <T<	 213	 K,	 
the clusters and their magnetic moments 
are	 pinned	 at	magnetic	 inhomogeneities,	
their	 size	 slowly	 increasing	 upon	 cooling	
not	exceeding	a	few	nanometers.

2)	 At	 140	 K,	 the	 cluster	 size	 starts	
to	 considerably	 exceed	 a	 size	 of	 the	
inhomogeneities,	pinning	of	the	magnetic	
moment fails and the relaxation time 

starts	 to	 grow,	 acquiring	 the	 values	
typical for superparamagnetic particles.  
The	incluster	ion	magnetic	moment	follows	
the	activation	law	for	Co3+,	so	that	the	hole	
concentration in the clusters only a little 
exceeds that of the matrix.

3)	 Below	 130	 K,	 homogeneous	
nucleation occurs. Clusters arise in the 
whole	 volume,	 and	 their	 concentration	
and	 size	 strongly	 increase,	 enlarging	
the volume fraction and the saturation 
magnetization	of	the	cluster	system.

4)	 At	 115	 K,	 the	 clusters	 cease	 
to	 grow	 and	 their	 volume	 fraction	 
stabilizes.	At	the	same	temperature,	mean	
incluster-ion	 magnetic	 moment	 starts	
to intensely rise due to commencing 
enrichment	of	the	clusters	with	holes.

1 Lazuta A.V., Ryzhov V.A., Runov V.V., Khavronin V.P., Deriglazov V.V. (2015), Phys. Rev. B 92, 
014404.
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Electric detection of spin injection in lateral spin valves
Vladimir V. Ustinov1

1M.N. Miheev Institute of Metal Physics UB RAS, Ekaterinburg, Russia
�keywords:� spintronics, spin accumulation, spin injection, spin valve.

The	 generation	 of	 non-equilibrium	
electron spin in metals and semiconductors 
is called spin accumulation. One of the 
most advanced techniques for spin 
accumulation in semiconductors is 
electrical	spin	injection	-	spin	accumulation	
by	 injecting	spin-polarized	electrons	 from	
ferromagnet	F	 to	nonmagnetic	conductor	
N	 by	 electric	 current.	 As	 a	 result,	 non-
equilibrium	 electron	 spin	 accumulates	 in	
N.	The	inverse	effect	takes	also	place:	if	a	
spin accumulation is generated in N that is 
in	a	proximity	of	a	ferromagnet,	a	current	
flows	in	a	closed	circuit	or	an	electromotive	
force	arises	in	an	open	circuit.	This	inverse	
effect	 is	 known	 as	 the	 Silsbee-Johnson	
spin-charge	 coupling.	 This	 interrelation	
of	 spin	 and	electric	 characteristics	 of	 F/N	
junction	 was	 first	 proposed	 by	 Silsbee1 
and	 demonstrated	 experimentally	 by	
Johnson	and	Silsbee2 in the first electrical 
spin	 injection	 experiment.	 Johnson	 and	
Silsbee3	 also	 formulated	 a	 drift-diffusion	
transport model for spin transport 
across	 (F/N)	 interfaces.	 The	 later	 papers	
developing	 this	 model	 known	 today	 as	
«standard	model	of	spin	 injection»	 (SMSI)	
are	 listed	 in	 the	 review4. Our paper5 
reported	the	first	experimental	realization	
of	 electrical	 spin	 injection	 and	 detection	
in	the	lateral	spin	valve	on	the	base	of	Fe/
InSb	heterojunction.

The	 SMSI	 is	 based	 on	 linear	
two	 current	 model	 of	 spin	 transport	
phenomena.	 According	 to	 this	 theory,	
total electron current in the conductor 

is	 the	 sum	 of	 currents	 of	 «spin-up»	 J+ 
and	 «spin-down»	 J_	 electrons	 while	 spin	
current is then the difference of J+ and 
J_.	 Spin-up	 and	 spin-down	 currents	 J± are 
related	 with	 the	 gradient	 of	 spin-up	 and	
spin-down	 particle	 densities	 N±	 as	 well	
as	with	 electric	 field	 E	 by	 linear	 equation	
J±=-D±gradN±+σ±E	 where	 D± and σ± are 
spin-dependent	diffusion	coefficients	and	
conductivities	 correspondingly.	 In	 the	
frame	of	SMSI,	kinetic	 coefficients	D± and 
σ± are considered as phenomenological 
parameters.

The	 SMSI	 totally	 ignores	 internal	
electrical	 and	 spin	 structure	 of	 F/N	
interface	region.	Meanwhile	it	is	well	known	
that	a	contact	of	 two	conductors	 leads	to	
appearance	 of	 double	 electric	 layer	 near	
the	 contact	 interface.	 We	 demonstrate	
that	 properties	 of	 that	 layer	 for	 F/N	
contact	are	sensitive	 to	 the	value	of	non-
equilibrium	spin	density	near	the	contact.	
We	 represent	 here	 non-linear	 variant	 of	
two-current	model	 for	 the	 spin	 transport	
across	the	F/N	 junction	calculating	kinetic	
coefficients σ± and D± as the functional of 
spin density S=N+ -N_.

1 Silsbee R. H., (1980), Bull. Magn. Reson., 2, 284.
2 Johnson M., and Silsbee R. H., (1985), Phys. Rev. Lett., 55, 1790.
3 Johnson M., and Silsbee R. H., (1988), Phys. Rev. B, 37, 5312.
4 Zutic I., Fabian J. and Das Sarma S., (2004), Rev. Mod. Phys., 76, 323.
5 Viglin N., Ustinov V., Tsvelikhovskaya V., Pavlov T., (2015), JETP Letters, 101, 118.
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Conduction and disorder in CMR lanthanum manganites
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The	 colossal	 magnetoresistance	
(CMR)	 in	 La1–xDxMnO3,	 D=Sr,	 Ba,	 Ca,	
is	 a	 manifestation	 of	 ferromagnetic-
to paramagnetic phase transition.  
The	 transition	 is	 always	 of	 second	 order	
in	 the	 La-Sr	 and	 La-Ba	 manganites	 and	 
in	 La-Ca	 crystals	 with	 x≤0.2;	 when	
x	 is	 around	 0.3	 the	 transition	 in	 the	 
La1–xCaxMnO3	is	of	first	order.	The	analysis	
of	 magnetic,	 transport	 and	 optical	 data	
leads	to	following	conclusions.

Let us consider first the case of the 
second	 order	 transition.	 In	 a	 vicinity	 of	
the Curie temperature TC	a	La-Sr	or	La-Ba	
manganite	is	in	a	semiconductor	state.	The	
dependence	 of	 resistivity	 ρ	 on	 magnetic	
field H	 is	 determined	by	 the	dependence	
on	 activation	 energy	 on	 magnetization	
M(T,H):	

ρ(T,H)=ρ0exp[(E0-E1m2)/kBT] 

where	 m=M/Ms,	 Ms is saturation 
magnetization.	 E0	 decreases	 with	
increasing	 divalent	 ions	 content,	 in	 the	
paramagnetic state E0 depends on spin 
correlation function. Near TC there appear 
metallic droplets in the semiconductor 
matrix.	 The	 droplets	 strongly	 affect	 the	
optical	 absorption	 but	 occupy	 very	 small	
part of the crystal and therefore do not 
influence	 the	 dc	 resistivity	 substantially.	
The	 inhomogeneity	 is	weak	and	does	not	

influence magnetoresistance near TC.  
The	 metal-insulator	 transition,	 if	 any,	
occurs	 in	 wide	 temperature	 region	 well	
below	TC.

If	 the	 magnetic	 transition	 is	 of	
first order the ferromagnetic state is 
metallic and the paramagnetic state is 
semiconductor,	so	the	magnetic	transition	is	
at	the	same	time	the	metal-semiconductor	
transition.	 The	 transition	 is	 substantially	
«smeared»	 due	 to	 inhomogeneity.	 
Within	 the	 transition	 region	 there	 is	 a	
mixture of metallic ferromagnetic and 
semiconductor paramagnetic phases. 
The	transition	temperature	 increases	 in	a	
magnetic	field:

 TC(H )=TC(0)+BMH , 

BM	 is	 about	 0.8	 K/kOe.	 As	TC is increased 
the volume of the metallic ferromagnetic 
phase is also increased and hence the 
resistivity	 decreases.	 Therefore	 the	 CMR	
effect is due to the shift of TC and essentially 
depends on magnetic disorder.

This	work	was	carried	out	within	the	
state	assignment	of	FASO	of	Russia	(theme	
«Spin»	no.	01201463330).
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In	 this	 work	 we	 consider	 results	 of	
works	 on	 the	 preparation	 by	 molecular	
beam	 epitaxy	 (MBE)	 and	 investigation	
of heterostructures nonmagnetic 
semiconductor/ferromagnetic metal.

Iron	 silicides	 consist	 of	 a	 number	
of	 compounds,	 among	 which	 one	 can	
find	 a	 nonmagnetic	 FeSi,	 nonmagnetic	
semiconductor	 β-FeSi2,	 ferromagnetic	
metals	 Fe3Si	 and	 Fe5Si3.	 The	 last	 phase	
Fe5Si3	 in	the	bulk	form	exists	only	at	high	
temperatures,	whereas	Fe5Si3 in the form 
of	a	 thin	 film	was	obtained	by	our	group	
at room temperature1.	 All	 phases	 of	 Fe/
Si	 heterostructure	 were	 formed	 by	 the	
variation of process conditions2.

As	a	result	of	studying	the	conditions	
of	the	formation	of	various	silicide	phases,	
single-crystal	films	of	ferromagnetic	metal	
silicide	Fe3Si	on	the	single	crystal	substrate	

of	Si	 (111)	were	obtained3.	The	possibility	
of	 obtaining	 Fe3Si/β-FeSi2/Fe3Si/Si(111)	
silicide	 heterostructures	 with	 alternating	
ferromagnetic and semiconductor layers 
has	been	demonstrated.

Previously	 on	 simpler	 Fe/SiO2/Si 
structures	 the	 effect	 of	 switching	 electric	
current	 by	 persistent	 and	 changing	
magnetic	 fields	 and	 by	 the	 light	 was	
demonstrated.	It	showed	the	possibility	of	
their use in spintronic devices4.

The	 work	 was	 supported	 by	 The	
Complex	 program	 of	 SB	 RAS	 №	 II.2P,	
project	 0358-2015-0003,	 the	 Ministry	 of	
Education	and	Science	of	the	RF	(State	task	
No.	16.663.2014К).

1 S.A. Lyashchenko, Z.I. Popov, S.N. Varnakov, E.A. Popov, M.S. Molokeev, I.A. Yakovlev, A.A. 
Kuzubov, S.G. Ovchinnikov, T.S. Shamirzaev, A.V. Latyshev, A.A. Saranin, (2015), Journal of 
Alloys and Compounds, 120 (5), 886-893.

2 L. Badia-Romano, J. Rubín, F. Bartolomé, C. Magén, J. Bartolomé, S.N. Varnakov, S.G. 
Ovchinnikov, J.Rubio-Zuazo, G.R. Castro., (2015) Journal of Alloys and Compounds, 
627,136-145.

3 I. A. Yakovlev, S.N. Varnakov, B.A. Belyaev, S.M. Zharkov, M.S. Molokeev, I.A. Tarasov, S.G. 
Ovchinnikov. (2014) JETP Letters, 99 (9), 527-530.

4 N.V. Volkov, E.V. Eremin, A.S. Tarasov, M.V. Rautskii, S.N. Varnakov, S.G. Ovchinnikov, G.S. 
Patrin, (2015), Journal of Magnetism and Magnetic Materials, 324 (21), 3579-3583.
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Magnetotransport phenomena 
in	 hybrid	 structures,	 which	 are	
compatible	 with	 CMOS	 technology,	
are an attractive field of investigation 
because	 of	 the	 interesting	 physical	
phenomena and promising application 
in	 memory	 devices,	 sensors,	 magnetic-
field-controlled	 logic,	 etc.	 We	 found	 a	
number	 magnetotransport	 effects	 in	 the	
simple	 devices	 fabricated	 on	 the	 base	 
of the FM/SiO2/n(p)-Si	(FM	is	ferromagnetic	
metal)	 hybrid	 structures1–3.	 These	 effects	
include	 gigantic	 magnetoimpedance	 (MI)	
and	 dc	 magnetoresistance	 (MR)	 induced	
by	an	optical	 irradiation.	The	MR	ratio	for	
ac	 and	 dc	modes	 can	 exceed	 600	%	 and	
104	%,	 respectively,	 in	a	magnetic	 field	of	
1	T.

Extremely	 huge	 magnetotransport	
phenomena	 were	 found	 in	 the	 Schottky	
diodes	 fabricated	on	base	of	 the	Mn/SiO2 
/p-Si	hybrid	structure.	The	MR	effects	are	
observed	both	for	ac	and	dc	regimes	of	the	
measurements	at	temperatures	below	40	
К	when	a	bias	voltage	Vb	becomes	higher	
than threshold value .	 The	 ac	 and	 dc	
diode	 resistances	 (R)	 increase	more	 than	
106 times in magnetic field not exceeding 
0.2	T.	Varying	Vb leads to a change of the 

R(H)	dependence,	and,	in	fact,	it	is	possible	
to control the slope of R(H) in the different 
range	 of	 magnetic	 field.	 Current-voltage	
characteristics	 of	 the	 device	 show	 a	
nonlinear	behavior	which	is	typical	f	or	an	
autocatalytic	process	of	impact	ionization.	
We	 speculate	 that	 namely	 this	 process	 is	
an origin of the extremely high sensitivity 
of the diode resistance to a magnetic field 
at .

One	 can	 suggest	 two	 different	
mechanisms to explain the influence of a 
magnetic	 field.	 First,	 the	 trajectory	of	 the	
electron	 is	 deflected	 by	 a	magnetic	 field,	
which	 suppresses	 acquisition	 of	 kinetic	
energy	 and	 therefore	 impact	 ionization.	
Second,	 the	 magnetic	 field	 gives	 rise	 to	
shift of the acceptor energy levels to a 
higher	 energy.	 As	 a	 result,	 the	 activation	
energy	 for	 impact	 ionization	 significantly	
increases,	 i.e.,	 the	 rise	 of	  occurs.  
We	 also	 can	 conclude	 that	 Mn	 electrode	
and	Schottky	barrier	 in	the	devises	under	
study	assist	the	process	impact	ionization	
and the magnetic field effect.

Finally,	 we	 believe	 that	 our	 study	
can	be	base	for	design	of	some	electronic	
devices	driven	by	magnetic	field.

1 Volkov N.V., Tarasov A.S., Eremin E.V. et.al., (2013), J. Appl. Phys., 114, 093903.
2 Volkov N.V., Tarasov A.S., Smolyakov D.A. et.al., (2014), Appl. Phys. Lett., 104, 222406.
3 Volkov N.V., Tarasov A.S., Smolyakov D.A. et.al., (2015), JMMM, 383, 69.
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Relationship	 between	 spin	 polariza-
tion	and	electric	field	(or	current)	is	due	to	
spin-orbit	 interaction.	There	are	 two	 type	
of	 the	 phenomena:	 (i)	 spin	 Hall	 effect1,	
which	 is	 the	spatial	separation	of	carriers	
with	opposite	spins	and	(ii)	homogeneous	
in	 the	 sample	 polarization2,3.	 These	
phenomena	are	 caused	by	a	presence	of	
odd	 in	momentum	terms	 in	Hamiltonian.	
Such	contributions	can	arise	in	system	with	
low	symmetry,	e.g.	in	deformed	crystals	or	
quantum	wells.

The	 talk	 presents	 the	 overview	
of	 theoretical	 and	 experimental	 works	
devoted	 to	 the	 above-mentioned	
phenomena and related effects in 
semiconductor structures of various 
dimension.

Firstly,	 the	 possibility	 of	 current-
induced	 spin	 polarization	 was	 proposed	
for gyrotropic semiconductor tellurium4.	In	
this	case	due	to	of	specific	band	structure,	
the electric current along trigonal axis 
leads	 to	 non-zero	 spin	 oriented	 in	 this	
direction.	The	effect	was	detected	by	way	
of	 an	 additional	 rotation	 of	 polarization	
plane of the light5.

Theoretical	 consideration	 for	 the	
case	 of	 two-dimensional	 (2D)	 structures	
was	done	 in	Refs.2,3. More full theory for 
strained	 AIIIBV semiconductors and 2D 
systems	was	developed	in	Ref.6.	In	quantum	
wells	 effect	 was	 registered	 by	 means	 of	
circular	polarization	of	photoluminescence	
at	additional	interband	excitation7	and	by	
Faraday	effect8.

It	 is	 interesting	 to	 consider	 this	
phenomenon	 in	 quasi-one-dimensional	
structures	 (quantum	 wires),	 where	 spin	
polarization	 can	 be	 high	 enough	 due	
to	 long	 mean	 free	 path.	 This	 topic	 was	
considered theoretically9,	 and	 it	 is	 shown	
that	polarization	degree	is	comparable	with	
that	one	in	high-mobility	2D	structures.

This	 work	 was	 supported	 by	 the	
Government	 of	 the	 Russian	 Federation	
(project	 No.	 14.Z50.31.0021	 with	 leading	
scientist	 M.	 Bayer)	 and	 by	 the	 Ministry	
of	 education	 and	 science	 of	 the	 Russian	
Federation	(project	No.	2665).

1 Dyakonov M.I., Perel V.I. (1971), Phys. Lett. A 35, 459.
2 Aronov A.G., Lyanda-Geller Yu.B. (1989), JETP Lett. 50, 431.
3 Edelstein V.M. (1990), Solid State Commun. 73, 233.
4 Ivchenko E.L., Pikus G.E. (1978), JETP Lett. 27, 604.
5 Vorob’ev L.E. et al. (1979), JETP Lett. 29, 441.
6 Aronov A.G., Lyanda-Geller Yu.B., Pikus G.E. (1991), Sov. Phys. JETP 73, 537.
7 Silov A.Yu. et al. (2004), Appl. Phys. Lett. 85, 5929.
8 Ganichev S.D. et al. (2006), J. Magn. Magn. Mater. 300, 127.
9 Kokurin I.A., Averkiev N.S. (2015), JETP Lett. 101, 568.
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The	spin	Hall	effect1 is the generation 
of	a	transverse	spin	current	by	an	applied	
electric	 field	 with	 the	 current	 spin	
polarization	 being	 perpendicular	 to	 both	
the	 field	 and	 the	 current	 flow.	 Because	
it	 allows	 the	 control	 of	 the	 spin	 degrees	
of	 freedom	 even	 without	 using	 external	
magnetic	 fields,	 it	 has	 become	 central	
topic in present day spintronics research. 
Its	 microscopic	 origin	 lies	 in	 the	 spin	
orbit	 coupling	 (SOC),	 which	 in	 solid	 state	
systems	may	be	due	to	the	potential	of	the	
ionic	cores	of	the	host	lattice,	the	potential	
of the impurities and the confinement 
potential	of	the	device	structure.	In	a	two-
dimensional	electron	gas	(2DEG),	Bychkov	
and	Rashba2 have proposed that the lack 
of inversion symmetry along the direction 
perpendicular to the gas plane leads to 
a	 momentum-dependent	 spin	 splitting	
usually	described	by	the	so-called	Rashba	
Hamiltonian

where	p	is	the	momentum	operator	for	the	
motion	along	the	2DEG	plane	and	z	is	a	unit	
vector	 perpendicular	 to	 it.	 σ	 denotes	 the	
vector	of	Pauli	matrices	and	α	a	coupling	
constant	 whose	 strength	 depends	 both	
on the SOC of the material and of the field 
responsible	for	the	parity	breaking.

Unfortunately,	 this	 Rashba	 SOC	
(RSOC)	turns	out	to	be	unable	to	generate	
an	 intrinsic	 stationary	 SHE	 surviving	

even	 small	 amounts	 of	 disorder.	 Here	
we	 propose	 instead3 a novel mechanism 
allowing	 for	 the	 occurrence	 of	 a	
stationary	 SHE,	 which	 is	 robust	 against	
disorder.	 This	 proposal,	 which	 relies	 on	
an	 inhomogeneous	 RSOC,	 i.e.	 α(r),	 could	
be	 implemented	 in	 III-V	 semiconductors,	
metallic	 interfaces	 or	 in	 the	 2DEG	 at	 the	
interface	 of	 a	 LaAlO3/SrTiO3	 (LAO/STO)	
heterostructure,	 schematically	 depicted	 
in	Figure	1.

1 Dyakonov M. I. & Perel V. I. (1971) Phys. Lett. A 35, 459.
2 Bychkov Y. A. & Rashba E. I. (1984) J. Phys. C: Solid State Physics, 6039.
3 Seibold G. et al. (2015) Europhysics Letters 112, 17004.

Figure 1. Schematic view of a possible device in 
which the spin-Hall effect is enforced in the 2DEG 
at the interface of a LAO/STO heterostructure. 
The white stripes represent top-gating electrodes 
of width w and interspacing d.
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One of the hallmarks of the quantum 
Hall	effect	is	the	appearance	of	plateaus	in	
the	 Hall	 resistance	 of	 a	 two-dimensional	
electron	 gas	 (2DEG)	 as	 a	 function	 of	
magnetic	 field.	 Transitions	 between	
plateaus	 (PPT)	have	been	associated	with	
a quantum critical point1.	 This	 critical	
point	 corresponds	 to	 a	 localization-
delocalization	transition	for	 the	electron’s	
wave	function.

The	 scaling	 theory	 is	 based	 on	 the	
assumption	that,	as	the	centre	of	a	Landau	
level	 (LL)	 is	 approached,	 the	 localization	
length	ξ	diverges,	 forming	a	singularity	at	
the	centre	of	the	LL.	Though	the	physics	of	
the	QHE	has	been	studied	extensively	over	
the	years,	 the	nature	of	PPT	still	 remains	
unclear.	 In	particular,	 the	question	of	 the	
critical exponents value universality.

The	 purpose	 of	 this	 work	 is	 to	
understand	the	relation	between	classical	
and quantum dynamics of electrons.

We	have	investigated	experimentally	
the	 magnetoresistance	 tensor	 compo-
nents	 in	 the	 integer	 quantum	 Hall	 
effect regime on a series of metamorphic 
nanoheterostructures	 n-InGaAs/
InAlAs	 samples	 with	 high	 InAs	 in	 the	
active layer for the temperatures  
T	=	(0.4–30.0)	K.	Measurements	were	carried	
out	in	a	linear	current	regime	and	when	the	
current through the sample changes up to 

I	≤	400	µA	at	T	≤	4.2	K	 in	magnetic	 fields	 
B	 =	 (0÷12)	 T	 (Figure	 	 1).	 The	 results	
are	 analyzed	 within	 the	 theory	 of	 two-
parameter scaling and the model of the 
variable-range	hopping	conductivity2.

The	 obtained	 value	 γ≈0.81	 don’t	
agree	 with	 the	 expected	 universal	
value	 of	 γ≈2.3	 for	 quantum	 description.	 
This	 discrepancy	 illustrates	 rather	 the	
classical nature of the scattering.

This	 study	 was	 carried	 out	 within	
the	 government	 assignment	 of	 FASO	 of	
Russia	 («Spin»	 No.	 01201463330),	 RFBR	 
№	14-02-00151,	 16-42-230324	and	16-02-
00725.

1 Huckestein B. (1995) Rev. Mod. Phys. 67, 357; Pruisken A.M.M. (1998) Physical Review Lett. 
61, 1297,

2 Polyakov D. G., Shklovskii B. I. (1993), Phys. Rev. B 48, 11 167.

Figure 1. ρxx(B). Inset: the characteristic 
temperature T0 as a function of distance up to 
critical point νc for the transition ν=3→4.
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Spin-polarized transport through Majorana bound states  
in a canted magnetic field

Valerii Val’kov1, Sergey Aksenov1

1Kirensky Institute of Physics, 660036, Krasnoyarsk, Russia
�keywords:� semiconducting wire, Majorana fermions, topological superconductivity

Majorana	 bound	 states	 (MBSs)	 in	
solid	 state	 systems	 have	 been	 attracting	
a	 lot	of	 interest	of	 researchers	beginning	
with	 Kitaev’s	 pioneer	works1. Since MBSs 
are	 spatially	 separated	 the	 qubit	 formed	
by	 a	 pair	 of	 such	MBSs	 is	 robust	 against	
decoherence.	 In	 addition,	 quantum	
information	 encoded	 in	 MBSs	 can	 be	
manipulated	 by	 braiding	 operations	 as	
MBSs	obey	non-Abelian	statistics.	Majorana	
fermions as emergent quasiparticles 
have	 recently	 been	predicted	 in	 different	
systems.	In	particular,	they	can	appear	as	
the edge states in various heterostructures 
containing	 topological	 insulators,	 1D	
semiconducting	 wires	 or	 the	 chains	 of	
magnetic	atoms.	The	last	two	systems	are	
believed	to	be	more	perspective	since	the	
experimental evidences of the existence of 
MBSs	in	them	were	given2,3.

We	 have	 studied	 transport	
properties	 of	 1D	 semiconducting	 wire	 in	
a phase of topological superconductivity 
which	is	obtained	due	to	the	combination	
of	 a	 strong	Rashba	 spin-orbit	 interaction,	
an	 induced	 s-type	 superconducting	
pairing	 and	 a	 magnetic	 field.	 The	 last	
one is considered in the general case 
where	 it	 is	placed	at	an	arbitrary	angle	 in	
the	 plane	 perpendicular	 to	 the	 Rashba	 
effective field.

Using	 Bogolubov	 transformation	 it	
is	shown	that	the	MBS	probability	density	

becomes	 asymmetric	 relative	 to	 wire	
centre.	Furthermore,	for	one	of	the	spins,	
σ,	 this	 value	 can	 be	 strongly	 suppressed	
at	left	or	right	wire’s	edge.	If	now	the	lead	
connected	 to	 that	 edge	 is	 half-metal	 and	
the	 carriers	 have	 the	 same	 spin	 (σL=σ)	
that it causes to significant decrease of 
its	 differential	 conductance	 (solid	 line	
at	 Figure	 1)	 in	 comparison	with	 the	 case	
where	the	spins	are	different	(dashed	line	
at	Figure	1).

This	 study	 was	 supported	 by	 the	
Comprehensive	 programme	 SB	 RAS	 no.	
0358-2015-0007,	 the	 Russian	 Foundation	
for	 Basic	 Research,	 projects	 nos.	 15-42-
04372,	16-02-00073.

1 Kitaev A.Y. (2001), Phys. Usp., 44, 131-136; (2003) Ann. Phys. 303, 2-30.
2 Mourik V., Zuo K., Frolov S.M., et al. (2012), Science 336, 1003-1007.
3 Nadj-Perge S., Drozdov I., Li J., et al. (2014), Science 346, 602-607.

Figure 1. The differential conductance of the wire.
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Positive magnetoresistance of single-crystal bilayer 
manganites (La1−zNdz)1.4Sr1.6Mn2O7

Sergey Popkov1, Kirill Shaykhutdinov1, Stanislav Nikitin1,2, Mikhail Petrov1, 
Konstantin Terent’ev1, Sergey Semenov1

1Kirensky Institute of Physics, 660036, Krasnoyarsk, Russia
2Siberian federal university, pr. Svobodny 79, 660041, Krasnoyarsk, Russia
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We	 investigated	 the	 magneto-
transport properties of the  
(La1–zNdz)2-2xSr1–2xMn2O7	 (x=0.3	 and	 z=0	
and	0.1)	single	crystals	in	external	magnetic	
fields applied parallel and perpendicular to 
the	crystal	c	axis.	These	manganites	belong	
to	the	Ruddlesden-Popper	series.1,2

On the experimental temperature 
dependences	 of	 resistivity	 ρc(T)	 of	 the	
initial compound La1.4Sr1.6Mn2O7	 (x=0.3	
and	 z=0)	 there	 is	 additional	 maximum	
below	 Tc	 in	 zero	 magnetic	 field	 and	 it’s	
suppressed	 by	 fields.	 In	 the	 temperature	
region the resistivity of the sample in the 
field	 H=2	 kOe	 (H||ab)	 exceeds	 the	 value	
measured	in	zero	field.

To	 thoroughly	 investigate	 this	
feature,	 it	 was	 measured	 the	 ρc(H)	
dependences in the temperature range 

T=2–80	K.	Figure	1a	shows	that	the	sample	
resistivity increases in fields up to the 
critical	 field	 Hc~3	 kOe;	 then	 the	 effect	
changes	its	sign	and,	after	that	we	observe	
the negative magnetoresistance effect 
typical of manganites until the resistivity 
saturation	at	H=20	kOe.	It	should	be	noted	
that	the	positive	magneto-resistance	effect	
is	not	observed	in	magnetic	fields	applied	
along the c axis.

The	 positive	 magnetoresistance	
effect	 was	 also	 observed	 in	 the	
(La0.9Nd0.1)1.4Sr1.6Mn2O7	 (x=0.3	 and	 z=0.1)	
crystal,	but	at	different	temperatures	and	
fields than in the initial compound.

The	 occurrence	 of	 the	 positive	
magnetoresistance in these samples 
is related to its magnetic structure. 
According	 to	 the	 literature	 data3,	 upon	

Figure 1. Magnetic-field dependences of out-of-plane resistivity ρc of the La1.4Sr1.6Mn2O7 (Figure 1a) 
and (La0.9Nd0.1)1.4Sr1.6Mn2O7 (Figure 1b) single crystals at different temperatures in the field applied 
along the ab plane (Figure a) and c axis (Figure 1b).
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doping	 the	 initial	 composition	 with	 Nd,	
the crystal lattice is compressed along 
the	 c	 axis	 and	 the	 balance	 between	 the	
FM	 and	 AFM	 interactions	 of	 the	 bilayers	
shifts	 toward	 the	 AFM	 interaction.	 Thus,	
the	larger	part	of	the	sample,	as	compared	
to	the	composition	without	Nd,	remains	in	
the	AFM	phase	and	the	angle	between	the	
magnetic moments is larger than in the 
initial composition.

Thus	 in	 the	 work	 for	 the	 first	 time,	
the positive magnetoresistance effect 
was	 detected	 for	 the	 crystals.	 In	 the	
initial	crystal,	the	effect	was	observed	in	a	
magnetic	field	applied	along	the	ab	plane,	
while	in	the	doped	(La0.9Nd0.1)1.4Sr1.6Mn2O7 

crystal,	the	effect	occurs	in	a	field	applied	
in	the	c	plane	at	higher	temperatures.	It	is	
shown	that	the	positive	magnetoresistance	
originates	from	spin-dependent	tunneling	
of	 carriers	 between	 the	 manganese-
oxygen	 bilayers	 and	 can	 be	 explained	 by	
features of the magnetic structure of the 
investigated	compounds	consisting	of	two	
magnetic	phases,	which	arise	at	different	
temperatures.

1 A. M. Goldman, Science 274(5293), 1630 (1996).
2 C. N. R. Rao, P. Ganguly, K. K. Singh, and R. A. Ram, J. Solid State
3 Chem. 72(1), 14 (1988).
4 Y. Moritomo, K. Okoyama, and M. Ohashi, Phys. Rev. B 59, 157 (1999).
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Low-temperature spin-dependent transport in polycrystalline 
manganites at high magnetic fields
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The	 minimum	 is	 observed	 at	
low	 temperatures	 for	 most	 ceramic	
manganites on the temperature 
dependence	of	 the	 resistivity.	 The	nature	
of	 the	 low-temperature	 minimum	 (LTM)	
remains controversial1–3.	 This	 work	 is	
devoted to analysis and interpretation of 
LTM	 on	 the	 temperature	 dependence	 of	
the resistivity in polycrystalline manganites 
in high magnetic fields.

In	manganites,	 the	 origin	 of	 LTM	 is	
discussed	in	several	scenarios:	

1)	 the	 minimum	 associated	 with	
intergrain	spin-polarized	transport;	

2)	 electron-electron	 interaction	 in	 a	
weakly	disordered	systems;	

3)	due	to	Coulomb	blockade	between	
neighboring	 ferromagnetic	 ordered	
conductive granules; 

4)	associated	with	antiferromagnetic	
exchange	 between	moments	 of	 localized	
spins	 and	 charge	 carriers	 (Kondo-like	
models);	

5)	weak	localization.
Often,	these	mechanisms	consider	as	

the	only	 possible	 individual	 contributions	
when	interpreting	of	the	LTM	in	electrical	
resistance in polycrystalline manganites. 
Generally,	in	ceramic	manganites	because	
of	 its	 inhomogeneities,	 there	 may	 be	
several competing mechanisms scattering 
with	 the	 comparable	 contributions	
to	 resistance.	 In	 this	 case,	 the	 use	 of	
only one model can lead to erroneous 
conclusions.

If	we	consider	the	fact	that	the	LTM	on	
ρ(T)	dependence	associated	with	nature	of	
the ceramic samples and depends on the 
grain	 size,	 the	 nature	 of	 LTM	 is	 uniquely	
clear	and	it	is	connected	with	the	scattering	
at	 the	 grain	 boundaries.	 In	 this	 case,	
the	 minimum	 depth	 is	 suppressed	 with	
increase in a magnetic field and for certain 
values of the magnetic field the minimum 
of completely disappears. Usually the 
depth	 of	 LTM	 and	 the	 dynamics	 of	 its	
change in magnetic field depends on the 
size	of	the	grains.	For	samples	with	small	
grain	 sizes	 require	 higher	 magnetic	 field	
for	the	complete	suppression	of	the	LTM,	
since	 reducing	 in	 the	 grain	 size	 leads	 to	
an	increase	boundary	and	surface	effects.	
In	 the	 polycrystalline	 manganites	 there	
may	be	cases	where	high	magnetic	 fields	 
H>10	 T	 do	 not	 lead	 to	 the	 complete	
suppression	 of	 the	 LTM.	 Usually,	 this	
behavior	 is	 typical	 for	 manganite	 
in	 which	 the	 low-temperature	 transport	
and negative magnetoresistance  
at	 low	 temperatures	 is	 determined	 by	
the	combination	of	several	mechanisms3.  
In	this	case,	the	direct	dependence	of	the	
magnetic	 field	 at	 the	 low	 temperature	
minimum	of	the	grain	size	not	observed.

1 Rozenberg E., Auslender M.I., (2002), J. Physics Condensed Matter, 14, 8755.
2 Gamzatov A.G., (2016), Journal of Alloys and Compounds, 664, 83-84.
3 Gamzatov A.G., Gadzhimuradov T.A., Li R., Pi L., Y. Zhang, (2016), JETP, 122, 151.
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Vortex cores dynamics and switching  
in nanocolumnar conducting triplex structure
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Evgenii G. Ekomasov1

1Bashkir State University, Z. Validy 32, 450076, Ufa, Russia
2General Physics Institute A.M. Prokhorov RAS, Vavilov Str., 38, 119991, Moscow, Russia
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The	 researchers	 demonstrate	 great	
interest in permalloy nanopillars that 
have	 two	 magnetic	 layers	 separated	 by	
a	 nonmagnetic	 interlayer.	 The	 magnetic	
vortex	can	be	realized	 in	 them	as	a	basic	
state.	 There	 are	 many	 experimental	 and	
theoretical papers devoted to the study 
of	 the	magnetostatically	 bound	magnetic	
vortices	 dynamics.	 For	 example,	 the	
dependence	 of	 the	 magnetic	 field	 size,	
switching	 all	 vortices	 polarities,	 on	 the	
polarized	current	magnitude	for	nanodisks	
of	different	diameters	was	experimentally	
found1.	It	is	shown	that	for	a	system	of	two	
interacting magnetic disks in the vortex 
state,	 the	 magnetic	 vortices	 oscillation	
spectrum can change fundamentally2.	 In	
this	 paper,	 we	 theoretically	 investigate	
the influence of the perpendicular 
magnetic	field,	size	and	degree	of	current	
polarization	 on	 the	 bound	 vortices	
dynamics in nanodisks.

Considered a nanopillar of circular 
cross-section	with	a	diameter	of	120	nm.	It	
contains	three	layers:	thick	magnetic	layer	
of	 permalloy	 (15	 nm),	 an	 intermediate	
magnetic	layer	(10	nm)	and	a	thin	magnetic	
layer	of	permalloy	(4	nm).	 With	 the	 help	
of	SpinPM	software	package	the	presence	
of	 the	 current	 three	 critical	 values,	
separating different vortices motion 
modes,	 was	 found.	 The	 possibility	 of	
controlling the vortices stationary motion 

frequency	value	with	an	external	magnetic	
field	 was	 shown.	 Using	 the	 equation	 of	
Thiele	 for	 each	 of	 the	 layers	 the	 vortices	
bound	dynamics	 is	analytically	described.	
The	 analytical	 results	 comply	 with	 the	
numerically	obtained	results.

By	 using	micromagnetic	 simulation,	
the	dependence	of	the	magnetic	field	size,	
switching	 the	 vortex	 core	 polarity	 in	 thin	
and	 thick	 layers,	on	 current	 is	 found.	 For	
each	field	and	current	value,	we	calculated	
the vortex dynamics of the nanopillar. 
For	 the	 case	 of	 low	 currents,	 the	 vortex	
polarity	 switch	 in	 thin	 and	 thick	 layers	
was	observed	with	a	low	exit	of	the	vortex	
from	the	geometric	center.	Thus	the	vortex	
polarity	switching	mechanism	is	similar	to	
«static»,	 but	 with	 an	 excitation	 of	 vortex	
oscillations	internal	modes	and	spin	waves	
radiation.	For	the	case	of	high	currents,	the	
«dynamic»	mechanism	for	the	vortex	core	
polarity	switching1	was	observed	only	for	a	
vortex in a thick layer.

This	 study	 was	 supported	 by	 RFBR,	
project	16-32-00381.

1 Locatelli N., Ekomasov A.E., Khvalkovskiy A.V. and et. el. (2013), Appl. Phys. Lett., 102, 
062401.

2 Locatelli N., Lebrun R., Naletov V.V. and et. el. (2015), IEEE Transactions on Magnetics, 51 
(8), 4300206.
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The	conductivity	and	Hall	resistance	
were	 measured	 in	 solid	 solution	 
TmxMn1–xS	 for	 compounds	 x=0.05,	 0.1	 и	
0.15	in	the	temperature	range	of	77-400	К	
up	to	magnetic	fields	12.6	kOe.	Minimum	of	
resistivity on the temperature and change 
in kind of conductivity from metallic to 
semiconductive	 are	 found.	 The	 rise	 of	
resistance	for	compounds	х=0.05,	0.1	and	
decrease	 of	 resistance	 in	 Tm0.15Mn0.85S 
under	magnetic	field	were	established	up	
to	temperature	T=380	K.	The	dependence	
of resistance on magnetic field is found in 
paramagnetic	state	(Figure	1).	Conductivity	
depends	on	 time	of	observation	at	 some	

temperatures at magnetic field  
12	 kOe	 .	 The	 temperature	 dependence	
of relaxation time of conductivity is 
described	by	Arrhenius	law.	Hall	resistance	
measured in magnetic field 12 kOe is 
negative	 for	 x=0.1	 and	 temperature	
dependence	 of	 current	mobility	 revealed	
two	 maximum.	 The	 change	 in	 sign	 of	
current	 carrier	 in	 Tm0.15Mn0.85S is found 
in certain temperature interval. Voltage 
drop measured the perpendicular to 
current	 (Hall	 voltage)	 versus	 magnetic	
field	 is	 carried	 out.	 Experimental	 results	
are	 explained	 in	 terms	 of	 charge-orbital	
model.

 

0 5 10 15
366000

369000

372000

375000

0 5 10 15
6.6x105

6.9x105

7.2x105

7.5x105

R,
 O

hm

H, kOe

 T=220 K

R,
 O

hm

H, kOe

 T=360 K

Figure 1. Resistance of Tm0.15Mn0.85S on magnetic field at temperatures T=220 K(a), 360 K(b).
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Effectiveness of spin injection in lateral spin valves  
on the base of Co0.9Fe0.1/InSb heterostructure

Nikolay A. Viglin, Vladimir V. Ustinov, Vera M. Tsvelikhovskaya and Timofey N. Pavlov
M.N. Miheev Institute of Metal Physics of Ural Branch of RAS, 18 S.Kovalevskaya Str., 

620990, Ekaterinburg, Russia
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The	 crucial	 issue	 of	 semiconductor	
electronics	 is	 the	 realization	 of	 effective	
injection	of	spin-polarized	electrons	from	a	
ferromagnetic metal into a semiconductor. 
Effectiveness	 of	 the	 injection	 can	 be	
estimated	 by	 the	 coefficient	 Ps of 
polarization	 of	 electrons	 injected	 into	 a	
semiconductor. Ps	 is	 determined	 by	 non-
equilibrium	 magnetization	 of	 electrons	
that	 appears	 in	 the	 semiconductor	when	
current Ie	of	spin	polarized	electrons	flows	
though	 the	 contact.	 Non-equilibrium	
magnetization	 induces	 non-local	 voltage	
Vd	 at	 the	detector	probe	situated	beyond	
current Ie	circuit	near	injector.	Vd depends 
on Ie,	Ps,	properties	of	 the	semiconductor	
and	injector,	size	of	contacts	and	distance	
between	 them.	 The	 explicit	 form	 of	
this	 dependence	 has	 been	 derived	 in	
articles1,2:

Vd	=	(Ps
2IeLsρ/2A)	exp(-d/Ls).		 	 (1)

Here	 d	 is	 the	 distance	 between	
injector	 and	 detector,	 Ls is spin diffusion 
length,	ρ	is	resistivity	of	the	semiconductor,	
A	stands	for	the	injector	contact	area.

In	 our	 previous	 publication3	 we	
reported on electrical detection of spins 
in	 InSb	 with	 injector	 and	 detector	 made	
of	Fe.	Ps	was	found	to	be	≈0.02	when	 Ie	=	
0.6	mA.	In	the	present	work	we	report	on	
measuring Vd as a function of Ie	in	InSb	with	
the	injector	being	made	of	Co0.9Fe0.1 alloy. 
Using	Eq.	(1)	we	show	that	Ps depends on 
Ie and can exceed Pinj≈0.278	calculated	by	
LSDA.

The	research	was	carried	out	within	
the	 state	 assignment	 of	 FASO	 of	 Russia	
(theme	 «Spin»	No.	 01201463330),	 project	
UB	RAS	(No.	15-17-2-17)	and	supported	in	
part	by	RFBR	(project	No.	16-02-00044)	and	
MES	of	RF	(grant	No.	14.Z50.31.0025).

1 M. Ciorga, A. Einwanger, U. Wurstbauer, D. Schuh, W. Wegscheider, and D. Weiss. Phys. 
Rev. B 79, 165321 (2009).

2 F. J. Jedema, H. B. Heersche, A. T. Filip, J. J. A. Baselmans and B. J. van Wees. Nature 416, 
713 (2002).

3 N. Viglin, V. Ustinov, V. Tsvelikhovskaya, T. Pavlov. JETP Letters, 101, 118 – 123 (2015).
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In	 recent	 years	 materials,	
which	 simultaneously	 possess	 (anti)	
ferromagnetism	and	(anti)	ferroelectricity,	
called	 multiferroics,	 were	 the	 subject	 of	
intensive	research.	In	these	materials	there	
is	strong	correlation	between	the	magnetic	
and	 ferroelectric	 subsystems,	 and	 they	 a	
promising	 in	 spintronic	 application.	 Rare	
earth	 ferroborates	 with	 general	 formula	
RFe3(BO3)4 are the class of the crystals 
which	 belongs	 to	 the	 multiferroic	 family.	
A	substitution	of	Fe3+ ions to nonmagnetic 
ions	 (Ga3+	 or	 Al3+	 for	 exp.)	 results	 in	
paramagnetic	 behavior,	 then	 compound	
no	 more	 belongs	 to	 multiferroics.	
Nevertheless,	a	paramagnetic	oxi-borates	
are	exhibit	magnetoelectric	properties.

Our	 recent	 work1	 was	 devoted	 to	
investigation of magnetoelectric effects 
in	 HoAl3(BO3)4	 single	 crystal,	 where	
a qualitative model of microscopic 
mechanism	of	magnetoelectric	effect	was	
proposed.	The	model	is	based	on	interaction	
between	4f-subshell	of	rare	earth	ions	and	
nearest	 oxygen	 environment.	 To	 more	
detailed understanding of magnetoelectric 
effect	 mechanism	 we	 perform	 similar	
investigation	on	HoGa3(BO3)4.	The	electron	
configuration of outer shells of the Ga3+ and 
Al3+	ions	is	4d10	and	2p6	respectively.

The	 magnetic	 dependences	 of	
magnetoelectric	 susceptibility	 of	 MEE-
effect	 for	 HoAl3(BO3)4	 and	 HoGa3(BO3)4 
at T=4.2	 K	 is	 shown	 in	 Figure	 1.	 The	
measurement	method	is	described	in	our	
previous	work1.

One	 can	 see	 from	 figure,	 that	
magnetoelectric effect dependence in 
magnetic	 field	 in	 HoGa3(BO3)4 is very 
similar	 to	 one	 in	 HoAl3(BO3)4. Both 
compounds demonstrate a maximum of 
magnetoelectric	susceptibility	in	magnetic	
field	near	20	kOe.	But	a	value	of	MEE-effect	
in	HoAl3(BO3)4	is	1.5	times	higher,	then	this	
one	in	HoGa3(BO3)4.	This	can	be	caused	by	
twinning	 in	crystal	between	right	and	 left	
c-axis	rotation,	or	by	effect	of	substitution	
Al3+ on Ga3+ ions.

1 Freydman A.L., Balaev A.D., Dubrovskiy A.A., Eremin E.V., Temerov V.L., Gudim I.A. (2014) J. 
Appl. Phys. – 2014 – V. 115, p. 174103.

Figure 1. Magnetoelecric susceptibility of 
HoAl3(BO3)4 (solid line) and HoGa3(BO3)4 
(dashed line) at temperature of 4.2 K.
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Magnetic	 properties	 of	 nanostru-
ctures	with	 an	 antiferromagnetic	NiFeMn	
alloy	 have	 been	 studied.	 With	 this	 type	
of	 AFM	 one	 can	 reach	 high	 blocking	
temperature	 and	 exchange	 field.	 A	
technique	 of	 fabrication	 of	 spin	 valves	
with	 an	 enhanced	 thermal	 stability	 and	
improved hysteretic characteristics has 
been	elaborated.

The	 samples	 were	 made	 by	 DC	
magnetron	 sputtering	 in	 MPS–4000–C6	
(Ulvac)	 system	 and	 by	 electron-beam	
evaporation in Varian device on single–
crystalline	sapphire	(1012)	Al2O3 and glass 
(Corning)	 substrates.	Magnetic	properties	
of	 nanostructures	 were	 measured	 by	
vibrating-coil	 magnetometer	 at	 room	
temperature in the magnetic field range 
of	 ±	 10	 kOe.	 The	 exchange	 bias	 field	
temperature	 dependence	 was	 measured	
by	 SQUID	 magnetometers	 MPMS–5XL	
and	 MPMS–XL–7	 (Quantum	 Design)	
with	 a	 high–temperature	 device,	 in	 the	
temperature	range	of	20–300	ºC.	The	films	
structure	 was	 studied	 in	 transmission	
electron	 microscope	 Tecnai	 G–30.	 
To	 form	 a	 unidirectional	 anisotropy	 the	
magnetic	 field	 of	 110	 Oe	 was	 applied	 in	
the	process	of	nanostructures	sputtering,	
and the thermal–magnetic treatment 
was	 performed	 at	 the	 pressure	 of	 
10–4 Pa in a constant magnetic field of  
2	kOe	applied	in	a	sample	plane	at	260	ºC	
for	4	h.	In	this	case	an	ordered	AFM	phase	
NiMnFe	 is	 formed,	 which	 is	 testified	 by	
an	appearance	of	super–structural	Debye	
rings in the electron diffraction patterns.

The	 surface	 energy	 density	
of an exchange interaction at a  
FM/AFM	 interface	 is	 Jex	 =	 0.27	 erg/cm2 

 

and	 blocking	 temperature	 is	 
Tb ≅	 270	 ºС.	 The	 as–obtained	 ordered	
AFM	phase	NiMnFe	may	be	promising	for	
application in spin valves due to the high 
blocking	 temperature	 and	 high	 values	
of	 exchange	 shift	 field.	 A	 possibility	 of	
application	 of	 the	 AFM	 NiMnFe	 for	 spin	
valve devices is demonstrated on a sample 
of	 composition	 glass/Ta(5nm)/Ni80Fe20 
(2nm)/Co90Fe10(5 .5nm)/Cu(3 .6nm)/
Co90Fe10(5.5nm)/Ni14Fe6Mn80(25nm)/
Ta(2nm).	 The	 measured	 value	 of	 the	
magnetoresistance	is	6.7	%	(Figure	1).

The	 research	has	been	done	within	
the	 state	 program	 «Spin»,	 with	 partial	
support	by	the	Ural	Branch	of	RAS	(project	
No.	 15–9–2–44)	 and	 Russian	 Foundation	
for	 Basic	 Research	 (project	 No.	 16–32–
00128).

Applying Ni-Fe-Mn antiferromagnetic alloys for creation  
of nanoheterostructures with unidirectional  

magnetic anisotropy
Ilya Blinov, Tatiana Krinitsina, Mikhail Milyaev, Vladimir Popov, Vyacheslav 

Proglyado and Vladimir Ustinov
M.N. Miheev Institute of Metal Physics, UB RAS, 620990, Ekaterinburg, Russia

�keywords:� unidirectional anisotropy, NiFeMn alloy, magnetoresistance, spin valve

Figure 1. Field dependence of magnetoresistance 
of a spin valve.
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The influence of magnetic field on the frequency dependence 
of the impedance in the anion–substituted manganese 

chalcogenides
O.B. Romanova1, S.S. Aplesnin1,2, V.V. Korolev2, V.V. Kretinin2, K.I. Yanushkevich3.

1Kirensky Institute of Physics, 660036, Krasnoyarsk, Russia
2Reshetnev Siberian State Aerospace Universities, 660014, Krasnoyarsk, Russia

3Scientific-Practical Materials Research Center NAS, P. Brovski Str.19, Minsk, Belarus
�keywords:� chalcogenides, impedance, relaxation, magnetoresistance

Selenide manganese MnS detects 
polymorphic	 transition	 below	 260	 K	 and	
the replacement of tellurium ions may 
lead	 to	predominance	of	 the	cubic	phase	
with	 a	 slight	 contribution	 the	 phase	
of	 lower	 symmetry	 and	 with	 another	
type	 of	 magnetic	 structure.	 Impedance	
spectroscopy	 allows	 reveals	 the	 region	
with	 an	 inhomogeneous	 distribution	 of	
the	 electron	 density.	 The	 real	 and	 image	
part impedance in the frequency range  
f	 =102 –	106	Нz	and	magnetic	 fields	up	 to	 
12 kOe as a function of temperature on the 
solid solutions MnSe1–ХTeХ	 were	 measu-
red.	 Real	 part	 decreases	 and	 the	 image	
part	grows	and	pass	through	a	maximum	
with	 increasing	 frequency	 (Figure	 1).	
Experimental	data	are	well	described	in	the	
Debye	model	and	can	be	assumed	that	the	
resistance is proportional to the real part of 
the	permittivity,	and	the	image	component	
of the impedance due to dielectric losses. 

The	 relaxation	 time	 increases	 sharply	
with	 decreasing	 temperature.	 The	
module of impedance in the magnetic 
field	 is	 decreased.	 The	 frequency	
dependence of the magnetoresistance is 
observed.	 With	 increasing	 temperature,	 
the image part decreases sharply 
above	 the	 Neel	 temperature	 (insert	 
Figure	 1).	 The	 temperature	 behavior	 of	
real part changes qualitatively and exists 
a maximum temperature that shifts to 
low	 temperature	 with	 increasing	 field.	
The	 decrease	 of	 the	 magnetoresistance	
magnitude	 is	 accompanied	 by	 change	
of	 sign	 from	 positive	 to	 negative	 with	 a	
frequency.

This	work	was	 financially	supported	
by	 RFFI	 №15–42–04099	 and	 assignment	
№114090470016.

Figure 1. The frequency dependence of the image Х and real R parts impedance. 
Insert presents their temperature dependence at 50kHz for MnSe0,9Te0,1.
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Magnetotransport and transport properties  
of a hybrid Fe3O4/SiO2/Si structures  

with different conductivity type of Si substrate
V.A. Vikulov1, A.A. Dimitriev1,2, V.V. Balashev1,2, T.A. Pisarenko1,2, V.V. Korobtsov1,2

1 Institute for Automation and Control Processes, 5 Radio St., Vladivostok, 690041, Russia
2 School of Natural Sciences, Far Eastern Federal University, 8 Sukhanova Str.,  

Vladivostok, 690091, Russia
�keywords:� magnetite, magnetoresistance, resistivity

This	 paper	 represent	 the	 results	 of	
study	of	 the	magnetoresistance	 (MR)	 and	
the temperature dependence of resistivity 
ρ(T)	 of	 the	 35	 nm-thick	 polycrystalline	
magnetite	 films	 (Fe3O4).	 Films	was	 grown	
on n-Si	 and	 p-Si	 substrates	 having	 the	
equal	doping	level	and	covered	by	tunnel	
(1.5	 nm)	 SiO2.	 The	 same-thick	 film	 was	
grown	 on	 a	 thick	 (1200	 nm)	 SiO2. Details 
of	experiment	are	described	elsewhere1.

It	 is	 shown	 that	 at	 Т=300	 К	 and	 a	
magnetic	 field	 of	 ±4	 kOe	 the	 MR	 of	 film	
grown	 on	 a	 thick	 SiO2	 was	 negative	 and	
amounts	 to	0.9	%.	 For	 film	grown	on	 the	
n-Si,	the	MR	was	also	negative	but	amounts	
to	0.55	%	whereas	 for	 the	 film	grown	on	
p-Si	the	MR	was	absent.	It	was	found	that	
exists	the	close	association	between	effect	
of	substrate	on	the	value	of	the	MR	and	on	
resistivity	of	films	at	T=300	K.

Also,	 the	 substrate	 significantly	
does affect on the resistivity of films 
(Figure).	 It	can	be	seen	that	the	resistivity	
of	 the	 film	 grown	 on	 the	 thick	 SiO2 
increases	 monotonically	 with	 decreasing	
temperature	 (curve	 1).	 Such	 behavior	 of	
ρ(T)	is	typical	for	polycrystalline	Fe3O4 films 
deposited	on	the	non-oriented	substrates2. 
Behavior of ρ(T)	of	 the	film	grown	on	n-Si	
differs	 considerably	 from	 that	 for	 the	
film	 grown	 on	 the	 thick	 SiO2	 only	 at	 low	
temperatures	 (curve	 2),	 whereas	 for	 the	

films	on	p-Si	the	ρ(T) differ radically in the 
entire	temperature	range	(curve	3).

It	 is	 assumed	 that	 the	 differences	
in	 behavior	 of	 the	 dependencies	 ρ(T) of 
structures	with	n-	and	p-type	are	defined	
by	 the	 effect	 of	 conductivity	 channel	
switching	 from	 the	 film	 to	 the	 substrate	
in	 hybrid	 Fe3O4/SiO2/n-(p-)Si structure. 
Confirmation	 was	 obtained	 by	 analyzing	
the	band	diagrams	of	such	structures	and	
their	current-voltage	characteristics.

1 V. V. Balashev, et al., Tech. Phys. 56 (2011)1501.
2 S. Jain, A. O. Adeyeye, and C. B. Boothroyd. J. Appl. Phys. 97 (2005) 093713.
3 F.J. Morin, J.P. Maita. Phys. Rev. 96 (1954) 28.

Figure. ρ vs. T dependencies of Fe3O4/SiO2/Si 
structures. 1-based on 1.2 μm SiO2; 2-on n-Si 
and 3-on p-Si. The curve of ρ(T) for p-Si substrate 
was taken from Ref. 3.
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Tunnel magnetoresistance related with nanoparticle size 
distribution in magnetic tunnel junctions

Arthur Useinov1,2, Niazbeck Useinov2 and Chih-Huang Lai1
1MSE department, National Tsing Hua University, Hsinchu, 30013, Taiwan

2Institute of Physics, Kazan Federal University, Kazan, 420008, Russia
�keywords:� tunnel magnetoresistance, tunnel junctions, nanoparticles

We	 present	 simulation	 of	 the	
tunnel	 magnetoresistance	 (TMR)	 in	
magnetic	 tunnel	 junction	with	embedded	
nanoparticles	 (NPs).	 The	 simulations	
where	done	in	the	range	of	direct	electron	
tunneling model through the insulating 
layer	(I)	with	embedded	non–magnetic	NPs	
in	 the	 system	 FM/I/NP/I/FM,	where	 FM	 is	
ferromagnet and insulating layer thickness 
varies	 within	 1–2.5	 nm.	 The	 simulation	
includes	 different	 NP	 distributions	 by	
size	 (with	 diameters	 d=0.2–3.0	 nm),	
quantum	well	(QW)	states	as	well	as	small	
temperature impact.

Our model can successfully explain 
the	 experimental	 observations	 of	 the	
TMR	 suppression	 at	 zero	 bias,	 which	
depends	on	the	NP	size	distribution	at	low	
temperature1,2.	 The	 electron	 transport	
through	NPs	is	closely	similar	to	the	double	
barrier	 and	 point-like	 contact	 models.	
The	 present	 results	 were	 developed	 on	
the	 basis	 of	 previous	 model,	 where	 only	
averaged	 NP	 size	 per	 tunneling	 cell	 was	
considered3,4.	 The	 key	 parameter	 of	 the	
system	 is	 wave-vector	 of	 the	 electron,	
which	 also	 attributed	 to	 the	QW	 state	 of	
the NP.

Figure	 shows	 example	 of	 the	 TMR	
suppression	 with	 NP	 size	 dispersion	
(inset),	 where	 electron	 tunnel	 through	
NPs	with	d<1.7	nm	having	QW	states	n=1,	 
and for NPs d	>1.7	nm,	n=2	at	T=	2.5	K.

As	 a	 result,	 our	 model	 can	 serve	
as	 a	 basement	 for	 a	 tuning	 of	 TMR	
amplitude,	 bias-dependence	 of	 TMR	 and	
spin	 transfer	 torque	 values	 in	 novel	MTJ-
based	structures.	The	presented	model	is	
in	high	contrast	to	the	alternative	Coulomb	
blockade	and	Kondo-assisted	consecutive	
tunneling models1,2.

1 Yang H., Yang S. H., & Parkin S. S. P. (2008), Nano Letters, 8 (1) 340-344.
2 Ciudad D., Wen Z.-C., Hindmarch A. T., et al. (2012), Physical Review B, 85, 214408.
3 Useinov A., Ye L.-X., Useinov N., et al. (2015), Scientific Reports, 5, 18026.
4 Useinov A.N., Useinov N.Kh., Ye L.-X., Wu T.-H. & Lai C.-H. (2015), IEEE Transactions on 

Magnetics, 51 (11), 4401404.

Figure. Figure shows example of the TMR 
suppression with NP size dispersion (inset), 
where electron tunnel through NPs with d<1.7 
nm having QW states n=1, and for NPs d >1.7 
nm, n=2 at T= 2.5 K.
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Modeling of high frequency transmission for FeNi-based 
multilayers in «microstrip» line

Stanislav Volchkov1, Sergey Shcherbinin1, Grigory Melnikov 1  
and Galina Kurlyandskaya1,2

1Ural Federal University, 620002, Ekaterinburg, Russia
2Dept. Electricidad y Electrónica, University of Bascue Country, 48940, Leioa, Spain
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Magnetically soft thin ferromagnetic 
films and nanostructures attract special 
attention	 as	 possible	 materials	 with	
interesting	magnetodynamics	in	a	view	of	
wide	 range	 high	 frequency	 applications,	
such	as	magnetic	 sensors,	 tunable	 filters,	
microwave	 absorbers1,	 etc.	 Development	
of	high	frequency	and	microwave	systems	
requires different modeling steps for 
optimization	 of	 such	 structures.	 The	
aim	 of	 this	 work	 is	 comparative	 analysis	
of the results of experimental studies 
and	 modeling	 of	 features	 of	 microwave	
absorption	 in	 external	 magnetic	 field	 for	
FeNi/Cu-based	 magnetic	 multilayers	 of	
different topology.

The	 modeling	 was	 performed	
by	 finite	 elements	 method	 using	 the	
licensed	 software	 Comsol©.	 S11	 and	
S21	 parameters	 were	 obtained	 for	 the	
frequency	range	of	0.1-10	GHz	and	applied	
field	values	up	to	100	Oe.	Figure	1	shows	
geometry	 of	 FeNi/Cu-based	 magnetic	
multilayers	 together	 with	 the	 directions	
of	applied	external	 field	Hdc	and	created	
radio	 frequency	 field	Hhf.	As	an	example	
Figure	1	shows	that	electromagnetic	wave	
at	 a	 1.1	 GHz	 frequency	 is	 significantly	
absorbed	 by	 ferromagnetic	 film	 in	 these	
conditions	(Hdc=	15	Oe).

The	 results	 of	 finite	 elements	
simulation	 were	 compared	 with	
experimental	 data	 obtained	 from	

the measurements of sputtered 
ferromagnetic	 FeNi/Cu-based	 multilayers	
in the shape of elongated stripes. S11 
and	 S21	 transmission	 parameters	 were	
obtained	 by	 ROHDE	 &	 SCHWARZ	 VNA-67	
vector	network	analyzer	based	measuring	
installation	with	 external	 applied	 field	 up	
to	100	Oe.

This	 work	 was	 performed	 with	
the financial support of the Ministry of 
Education	 and	 Science	 of	 the	 Russian	
Federation,	 project	 №	 2582	 developed	
at	 Laboratory	 of	 Magnetic	 Sensors.	 We	
thank	 Prof.	 V.O.	 Vas´kovskiy	 for	 special	
support.

1 Kurlyandskaya G.V., Safronov A.P., Bhagat S.M., Lofland S.E., Beketov I.V.,  
Marcano Prieto L., (2015), Journal of Applied Physics, 117, 123917.

Figure 1. Geometry of FeNi/Cu-based magnetic 
multilayers: FeNi/Cu/FeNi: applied external field 
Hdc and created radio frequency field Hhf.
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Exhibiting the magnetizing current in the dependence of the 
thermodynamic anomalous Hall effect and magnetoresistance 

on the magnetic field intensity
Vsevolod I. Okulov1, Evgeny A. Pamyatnykh2

1 Institute for Metal Physics, Urals Branch of RAS, 620990, Ekaterinburg, Russia
2 Ural Federal University, 620083, Ekaterinburg, Russia
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Anomalous	 Hall	 effect	 observed	
in	 mercury	 selenide	 crystals	 with	 low	
concentration of impurities of transitional 
elements1	was	explained	by	the	appearance	
of	the	magnetization	current	contribution	

	into	the	Hall	component	of	
the	conductivity	tensor	(M0	– spontaneous 
magnetization	 of	 the	 electron	 system,	 ζ– 
chemical	potential).	 In	 the	approximation	
of	 a	 constant	 relaxation	 time	 τ,	 the	
formulas	 for	 the	 Hall	 resistance	 ρH and 
magnetoresistance ρM have	the	form:

,

,

where	 Ω	 is	 the	 сyclotron	 frequency,	
σH0=(Ωτ)ρ0,	 ρ0	 is the resistance of the 
electronic	 system	 in	 the	 absence	 of	
magnetic	field.	In	the	absence	of	influence	
of	 the	 quantization	 of	 orbital	 motion	 of	
electrons	((Ωτ)<<1)	Hall	resistance	contains	
anomalous	 contribution	 independent	 on	
magnetic	field	(ρH0–normal	contribution	to	
the	Hall	resistance):

.
Herewith	 there	 also	 appears	 a	

contribution	 into	 magnetoresistance	 that	
depends	on	the	magnetic	field:

.
At	 low	 temperatures	 and	 in	 high	

magnetic	 fields	 the	 quantization	 of	
motion	 of	 conduction	 electrons	 becomes	

significant,	 which	 leads	 to	 quantum	
oscillations	 of	 magnetization2.	 In	 the	
present	 work	 a	 calculation	 of	 oscillating	
dependence of  on magnetic field 
for	 a	 system	 of	 electrons	 in	 hybridized	
impurity	states	is	performed	based	on	the	
ideas developed in Okulov3 and Okulov 
et al.4.	 In	 the	 simplest	 isotropic	 model	
the	 oscillations	 are	 described	 by	 the	
expression

,
where μ	 is	 the	 Bohr	 magneton,	 g	 is	 the	
density	of	states	at	the	Fermi	surface,	  
is	the	known	oscillating	function	describing	
the quantum oscillations of the density of 
states	at	the	Fermi	surface.	With	regard	to	
the	 real	 conditions	 of	 the	 small	 number	
of	 occupied	 quantization	 levels,	 caused	
by	a	 low	concentration	of	 the	conduction	
electrons,	 the	 calculation	 of	 oscillation	
form	 was	 conducted	 taking	 into	 account	
the dependence of chemical potential and 
of energy of the spin splitting of energy 
levels	on	the	magnetic	field.	Also,	the	effect	
of	electron-electron	interaction	leading	to	
non-monotone	character	of	dependence	of	
the oscillation amplitudes is considered.

The	work	was	performed	as	a	part	of	
the	state	task	FASO	Russia	(subject	«Electron»,	
№	01201463326)	with	partial	support	by	the	
RFBR	(project	№15-02-08089),	Fundamental	
Research	 Program	 of	 UB	 RAS	 2015-2017	
(project	№	15-17-2-32),	Government	of	the	
Russian	Federation	Program	02.A03.21.0006,	
Ministry	 of	 Education	 and	 Science	 of	 the	
Russian	Federation	 (projects	№	1437	and	
№	2725).

1 Lonchakov A.T., Okulov V.I. et al. (2012), JETP, Letters, 43 (6), 613-616.
2 Okulov V.I., Pamyatnykh E.A., Lonchakov A.T. (2014), Low Temp.Phys., 40 (11), 1322-1324.
3 Okulov V.I., (2005), Phys. Met. Metallogr., 100 (2), 23-29.
4 Okulov V.I., Pamyatnykh E.A., Silin V.P. (2011), Low Temp. Phys., 37, 798.
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Magnetodielectric effect in antiferromagnets KCoF3 and KNiF3
R. M. Dubrovin, S. A. Kizhaev, P. P. Syrnikov and R. V. Pisarev

Ioffe Physical Technical Institute, Russian Academy of Sciences, Saint Petersburg, Russia
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Cubic	 perovskite	 fluorides	 KCoF3 
and	 KNiF3	 are	 antiferromagnets	 below	 
TN	 =	 115.3	 K	 and	 244.8	 K,	 respectively1. 
The	crystal	symmetry	of	KCoF3 is changed 
to	 tetragonal	 below	 TN	 while	 no	 crystal	
structure	changes	are	reported	in	KNiF3

2.
Samples	 were	 cut	 from	 single	

crystals	 in	 the	 form	 of	 plane-parallel	
polished	platelets	with	 (100)	 and/or	 (110)	
orientations.	The	sample	thicknesses	were	
about	0.5	mm	and	contact	area	about	10	
mm2.	The	capacitance	was	measured	using	
a	 precision	 RLC	 meter	 in	 the	 frequency	
range	from	1	kHz	to	1	MHz.	Temperature	
measurements	were	done	with	the	use	of	
a	cold-finger	cryostat	from	4.2	K	to	350	K.

Figure	 1	 shows	 the	 dielectric	
constant,	 ε(T),	 of	 KCoF3	 and	 KNiF3 
as	 a	 function	 of	 temperature.	 The	
absolute	 values	 of	 the	 ε(T)	 at	 the	 room	
temperature are ε	=	7.60	±	0.01	 in	KCoF3,	
in	 agreement	 with	 literature	 data3,	 
and ε	 =	 6.10±	 0.01	 in	 KNiF3.	 Surprisingly,	
even	in	the	paramagnetic	cubic	phase	the	
changes of ε(T)	 show	essentially	 different	
behavior.	 In	KNiF3,	on	cooling	down	from	
350	 to	 125	 K,	 the	 dielectric	 constant	 
ε(T)	 decreases	 monotonically	 and	 slightly	
increases	below	125	K.	No	clear	anomaly	
of ε(T)	 was	 observed	 at	 or	 around	 
TN=244.8	K.

In	 contrast,	 on	 cooling	 down	 KCoF3 
from	 ~290	 K	 the	 dielectric	 constant	
steadily	 increases	 and	 shows	 distinct	
anomaly at TN=115.3	K	for	both	(100)-	and	
(110)-samples,	 though	 a	 small	 anisotropy	
between	 them	 is	 seen	 below	 TN.  

No saturation of the dielectric constant 
ε(T)	 was	 observed	 in	 KCoF3	 at	 the	 lowest	
temperature as usually takes place in 
most	 of	 the	 materials.	 It	 is	 important	
to	 add,	 that	 no	 frequency	 dispersion	 
in	 the	 1	 kHz	 –	 1	 MHz	 range	 has	 been	
observed	in	both	materials.

In	 this	 talk,	we	will	 discuss	possible	
mechanisms	 of	 anomalous	 behavior	 of	
ε(T),	 such	 as	 lattice	 expansion,	 symmetry	
changes at TN,	 splitting	 of	 phonons	 or	
emergence	 of	 new	 phonons	 below	 
TN,	etc.

This	work	is	supported	by	the	Russian	
Projects	 Nos.	 14.B25.0031.25	 (Ministry	 of	
Education)	and	15-02-04222	(RFBR).

1 A. Oleaga, A. Salazar, and D. Skrzypek, J. Alloys Comp. 629, 178-183 (2015).
2 A. Okazaki and Y. Suemune, J. Phys. Soc. Japan. 16, 671 (1961).
3 J. D. Axe, and G. D. Pettit, Phys. Rev. 157(2), 435-437(1967).

Figure 1. Temperature dependence of dielectric 
constant of KCoF3 and KNiF3.
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The specific heat before and after the metamagnetic transition 
in (La1–zNdz)1.4Sr1.6Mn2O7 single crystals

K.A. Shaykhutdinov1, K.Yu. Terent’ev1, M.I. Petrov1, S.E. Nikitin1,2, S.I. Popkov1,  
A.N. Lavrov3, A.A. Podlesnyak4, A. S. Sefat5

1Kirensky Institute of Physics, 660036, Krasnoyarsk, Russia
2Siberian Federal University, 79 Svobodny Ave., 660041, Krasnoyarsk, Russia
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It	 is	 known,	 that	 the	 compounds	
(La1–zNdz)1.4Sr1.6Mn2O7 undergo the 
metamagnetic	 transition	 AFM-FM	
depending on Nd concentration in the 
crystals.	 To	 investigate	 the	 effect	 of	 the	
magnetic state on the physical properties 
of	 the	 (La1–zNdz)1.4Sr1.6Mn2O7 compounds 
in	more	 detail,	we	measured	 the	 specific	
heat	 before	 and	 after	 the	 metamagnetic	
transition in magnetic fields and 
established	 the	 С(Н,T)	 dependences	 of	
the	 samples.	 In	 case	 of	 the	 sample	 with	
z=0.3	it	can	be	seen	that	the	specific	heat	
smoothly decreases in magnetic fields 
of	 up	 to	 60	 kOe	 and	 then	 sharply	 drops	
in	a	 field	of	60	kOe	corresponding	 to	 the	 
AFM-FM	 metamagnetic	 transition.	 After	
that,	the	С(Н)	dependence	in	the	FM	state	
is	 almost	 the	 same	 as	 in	 the	 AFM	 state.	 
The	 measured	 values	 of	 specific	 heat	
obtained	 in	 zero	 magnetic	 field	 were	
analyzed	 in	 order	 to	 determine	 the	
contributions	 of	 two	 subsystems	
(rare-earth	 element	 and	 oxygen	
octahedra)	 to	 molecular	 field	 Hmf.	 In	
the	 analysis,	 we	 took	 into	 account	 the	
four	 contributions:	 the	 lattice	 specific	
heat Clat	 =	 βT3; the electron specific 
heat	 Сel	 =	 γT;	 the	magnetic	 specific	 heat	 
Cmag	 =	 αT3/2	 or	Сmag	 =	 αT3,	 depending	on	
the type of magnetic ordering; and the 
Schottky anomaly.

The	 temperature	 behavior	 of	 the	
specific	 heat	 at	 10−20	 K	 is	 described	 by	
the	 polynomial	 C(T)	 =	 γT	 +	 βT3,	 where	 
β	 is	 the	 sum	 of	 the	 lattice	 and	magnetic	
contributions	 and	 γ	 is	 the	 Sommerfeld	
constant.	 It	 can	 be	 seen	 that	 coefficient	
β	 changes	 insignificantly,	 while	 the	 γ	
value	 increases	 with	 the	 neodymium	
concentration.	 In	the	Ruddlesden−Popper	
structure	with	n	=	2,	neodymium	can	occupy	
two	nonequivalent	positions	with	different	
splitting	values.	Consequently,	we	describe	
this	 contribution	 using	 two	 equations	
for	 the	 two-level	 Schottky	 anomaly	 with	
different	 Zeeman	 splittings	 Δs1	 and	 Δs2.  
It	was	established	that	the	Schottky	anomaly	
amplitude increases proportionally  
to the increasing neodymium content  
in	 the	compound;	however,	 the	Δs	values	
appear similar for all the samples in the 
series.	 Therefore,	 the	 main	 contribution	
to the molecular field comes from the 
manganese	subsystem.
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The	 intense	 development	 of	
spintronics has stimulated the search for 
new	materials	and	structures	for	application	
in	 electronic	 devices	 based	 on	 the	 spin	
phenomena. One of directions of this search 
is	 study	 of	 the	 FM/I/S	 hybrid	 structures.	
These	 structures	 contain	 magnetic	
components,	which	allow	manipulating	the	
spin state of the charge carriers.

Previously,	we	reported	the	extremely	
large optically induced magnetoresistance 
in	 the	 Fe/SiO2/p-Si	 hybrid	 structure	 with	
the	 Schottky	 barrier1.	 To	 establish	 the	
mechanism	 responsible	 for	 the	 observed	
effect,	 we	 studied	 the	 influence	 of	 a	
magnetic field on lateral photovoltage 

(LPV)	of	 the	 structure.	 Figure	1	 illustrates	
the	LPV	spectral	dependence	at	H	=	0	and	
H	=	6	kOe.	It	was	found	that	the	magnetic	
field effect on the LPV of the structure 
nonmonotonically depends on the light 
wavelength.	It	 is	 interesting	to	notice	that	
significant influence of the magnetic field 
is	observed	only	in	wavelength	range	from	
800	 to	 1100	 nm.	 Based	 on	 the	 results	
obtained,	 we	 suggest	 that	 the	 magnetic	
field significantly affects the photoexcited 
carriers	recombination	speed.

This	 work	 was	 supported	 by	 the	
Russian	 Foundation	 of	 Basic	 Research,	
project	nos.	14-02-00234.

1 N.V. Volkov, A.S. Tarasov, E.V. Eremin, F.A. Baron, S.N. Varnakov, S.G. Ovchinnikov, J. Appl. 
Phys. 114, 093903 (2013).;

Figure 1. Wavelength dependence of the Fe/SiO2/p-Si photovoltage at zero magnetic field and  
at H = 6 kOe.
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Electrical and galvanomagnetic properties of Co- and Fe-based 
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1M.N. Mikheev Institute of Metal Physics, 620137, Ekaterinburg, Russia
2Ural Federal University, 620002, Ekaterinburg, Russia

3International Laboratory of High Magnetic Fields and Low Temperatures,  
53-421, Wroclaw, Poland

4Atominstitut, Vienna University of Technology, 1020, Vienna, Austria
�keywords:� Heusler alloys, half-metallic ferromagnets

Мaterials	 that	 exhibit	 half-metallic	
ferromagnetism	 (HMF)	 are	 potential	
candidates for application in spintronics. 
The	main	feature	of	the	electronic	structure	
of	HMF	is	the	presence	of	an	energy	gap	at	
the	Fermi	level	in	one	spin	sub-band	and	a	
metallic character of the density of states 
in	 the	other.	 This	 can	 lead	 to	100	%	spin	
polarization	of	 the	 charge	 carriers,	which	
can	 be	 used	 for	 spintronic	 devices.	 This	
feature of the electron spectrum is usually 
predicted	 by	 ab initio	 band	 structure	
calculations and is experimentally 
observed	by	measurements	of	the	optical	
properties. Due to significant changes 
in the electronic spectrum it should 
manifest itself also in other electronic 
properties.	In	particular,	we	would	expect	
a	manifestation	of	 the	«gap»	peculiarities	
in the electronic transport properties.

We	 studied	 the	 electroresistivity	 
ρ and the galvanomagnetic properties  
of	 Co-	 and	 Fe-based	 Heusler	 alloys	 X2YZ  
(X = Co, Fe; Y = Ti, V, Cr, Mn, Fe, Ni; Z = Al, Si)	
in	the	temperature	range	from	2	to	800	K	
and	in	magnetic	fields	of	up	to	14	T.	Poly-	
and single crystals of these compounds 
were	 studied.	 In	 the	 high-field	 limit	 
(μ0H	 >1	 T),	 the	 value	 and	 the	 sign	 of	
the	 normal	 (R0)	 and	 anomalous	 (RS)	
Hall	 coefficients	 change	 anomalously	
at the transition from paramagnetic to 
ferromagnetic	 alloys.	 These	 coefficients	
have	 different	 signs	 for	 all	 alloys.	 The	

constant Rs in the ferromagnetic alloys 
is	 positive,	 proportional	 to	 the	 residual	
resistivity,	 and	 inversely	 proportional	
to	 the	 spontaneous	 magnetization.	 
The	magnetoresistivity	 (MR)	 of	 the	 alloys	
is	a	few	percents	and	has	a	negative	sign.	
A	 positive	 addition	 to	 the	 transverse	MR	
is	 only	 detected	 in	 high	 magnetic	 fields,	
μ0H	 >	 1	 T.	 An	 abnormal	 behavior	 of	 ρ(T) 
is	observed	 in	high-resistive	HMF	Heusler	
alloys,	 i.e.	 a	 negative	 slope	 at	 T < TC and 
extrema of ρ near the Curie temperature 
TC.	 These	 anomalies	 can	 be	 explained	
by	 a	 two-current	 conduction	 model	 that	
takes into account the presence of an 
energy	 gap	 near	 the	 Fermi	 level	 in	 the	
electronic	 spectrum	 for	 electrons	 with	 
minority spin.

The	results	are	in	a	good	agreement	
with	 calculations	 of	 the	 electronic	 band	
structure	 and	 can	 be	 used	 for	 the	
development of materials for spintronics.

This	 work	 was	 partly	 supported	 by	
the	 state	 assignment	 of	 FASO	 of	 Russia	
(theme	 «Spin»	 No.	 01201463330),	 the	
Scientific	 Program	 of	 UB	 RAS	 (project	 
No.	 15-17-2-12),	 RFBR	 grant	 (No.	 15-02-
06686)	 and	RFBR	youth	grant	 (No.	 16-32-
00072).
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Development	 of	 THz	 electron	 spin	
resonance	 (ESR)	 under	 multi-extreme	
conditions	 is	 in	 progress	 at	 Kobe.	 Here	
multi-extreme	 conditions	 include	 the	
high	 magnetic	 field,	 the	 high	 pressure,	
the	 low	 temperature,	 It	 can	 cover	 the	
frequency	 region	 between	 0.03	 and	 
7	 THz,1 the magnetic field region up to  
55	T,1	the	pressure	region	up	to	1.5	GPa,2 and 
the	 temperature	 region	 between	 1.8	 and	 
300	K.1	Recently	we	achieved	2.5	GPa	using	
the	 hybrid-type	 pressure	 cell.3	Moreover,	
we	are	also	developing	the	micro-cantilever	
ESR,	 which	 is	 the	 mechanical	 detection	
technique	and	enables	the	measurements	
of	 micrometer	 size	 single	 crystals.4 

	 Recently	 we	 succeeded	 in	 making	 the	
micro-cantilever	 ESR	 measurements	
beyond	 1	 THz.5 Development on the 

magnetization	 detected	 ESR	 using	 SQUID	
magnetometer	(SQUID	ESR)	has	been	also	
achieved.6

As	an	application	of	such	system,	high	
pressure	THz	ESR	has	been	performed	on	
the	 Shastry-Sutherland	 Model	 Substance	
SrCu2(BO3)2	up	to	2	GPa	at	2	K.7	THz	ESR	can	
observe	 its	 spin	gap	of	0.7	THz	precisely.	
Directly	 observed	 spin	 gap	 by	 THz	 ESR	
reduces	 linearly	 by	 pressure	 and	 shows	
an	 anomaly	 around	 1.85	 GPa.	 Possible	
pressure-induced	phase	 transition	will	be	
discussed.

1 H. Ohta et al., J. Low Temp. Phys. 2013, 170, 511.
2 T. Sakurai et al., Rev. Sci. Inst. 2007, 78, 065107; T. Sakurai, J. Phys.: Conf. Series, 2010, 215, 

012184.
3 K. Fujimoto et al., Appl. Mag. Res. 2013, 44, 893; T. Sakurai et al., J. Mag. Res. 2015, 259, 108
4 H. Ohta et al., AIP Conf. Proceedings 2006, 850, 1643; E. Ohmichi et al., Rev. Sci. Instrum. 

2008, 79, 103903; E. Ohmichi et al., Rev. Sci. Instrum. 2009, 80, 013904; H. Ohta and E. 
Ohmichi, Appl. Mag. Res. 2010, 37, 881; Y. Tokuda et al., J. Phys.: Conf. Series 2012, 400, 
032103; E. Ohmichi et al., J. Mag. Res. 2013, 227, 9.

5 H. Takahashi et al., Appl. Phys. Lett. 2015, 107, 182405.
6 T. Sakurai et al., J. Phys.: Conf. Series 2011, 334, 012058; T. Sakurai et al., J. Mag. Res.2012, 

223, 41; T. Sakurai et al., J. Magnetics 2013, 18, 168.
7 H. Ohta et al., J. Phys. Chem. B 2015, 119, 13755.
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Manipulating small spin textures 
that	 can	 serve	 as	 bits	 of	 information	 by	
electric and spin currents is one of the 
main challenges in the field of spintronics. 
In	 this	 work	 we	 study	 the	 stability	 and	
current driven dynamics of merons 
(vortices)	and	skyrmions	and	their	lattices	
in	 two-dimensional	 ferromagnets	 with	
Dzyaloshinskii-Moriya	interaction1.

Ferromagnetic	 skyrmions	 recently	
attracted	 a	 lot	 of	 attention	 because	
they	 are	 small	 in	 size	 and	 are	 better	
than	 domain	 walls	 at	 avoiding	 pinning	
cites	 while	 moved	 by	 electric	 current.	
Nevertheless,	 ferromagnetic	 skyrmions	
also	 have	 certain	 disadvantages,	 such	 as	
the presence of stray fields and transverse 
dynamics,	making	them	harder	to	employ	
in	 spintronic	 devices.	 To	 avoid	 these	
unwanted	 effects,	 we	 propose	 a	 novel	
topological	 object:	 the	 antiferromagnetic	
skyrmion2 and explore its properties using 
analytical	 theory	 based	 on	 generalized	
Thiele’s	 equation	 and	 micromagnetic	
simulations.

This	topological	texture	has	no	stray	
fields	and	we	show	 that	 its	dynamics	are	
faster compared to its ferromagnetic 
analogue.	We	obtain	the	range	of	stability	
and the dependence of antiferromagnetic 
skyrmion radius on the strength of 
Dzyaloshinskii-Moriya	 interaction	 coming	
from	relativistic	spin-orbit	effects.

Moreover,	we	study	the	temperature	
effects	 on	 the	 stability	 and	 mobility	 of	
antiferromagnetic	skyrmions.	We	find	that	
the	 thermal	 properties,	 e.g.	 such	 as	 the	
antiferromagnetic skyrmion radius and 
diffusion	 constant,	 are	 rather	 different	
from those for ferromagnetic skyrmions. 
More	 importantly,	 we	 show	 that	 due	 to	
unusual topology the antiferromangetic 
skyrmions do not have a velocity 
component transverse to the current 
(no	 topological	 Hall	 effect)	 and	 thus	may	
be	 interesting	 candidates	 for	 spintronic	
memory and logic applications.

1 Gungordu U., Nepal R., Tretiakov O.A., Belashchenko K., & Kovalev A.A., Phys. Rev. B Vol. 
93, (2016) arXiv:1510.04262.

2 Barker J. & Tretiakov O.A., (2015) arXiv:1505.06156; submitted to Physical Review Letters.
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Rare-earth	 ferroborates	 RFe3(BO3)4 
have	 attracted	 recently	 a	 considerable	
attention	 due	 to	 observation	 of	
magnetoelectric	 phenomena	 as	 well	
as	 interesting	 magnetic,	 optical…	
properties	 which	 strongly	 depend	 on	
rare-earth	 (R)	 ions	 and	 their	 interaction	
with	 antiferromagnetically	 ordered	 Fe-
subsystem	 (TN	 =	 30	 –	 40	 K).	 Various	
crystal-field	 transitions	 in	 R-ions	 and	
collective	 magnetic	 excitations	 in	 Fe-
subsystem	 should	 be	 responsible	 for	
the static magnetic and magnetoelectric 
properties	of	 the	 ferroborates.	Symmetry	
of	 the	 ferroborites	 (space	 group	 R32)	
allows	 not	 only	 magnetically	 active	
excitations1	 but	 also	 electrically	 active	
ones	(electromagnons).

We	 have	 observed	 such	
electromagnons in single crystals of easy–
plane Sm1–xLaxFe3(BO3)4	 (x=0,	 0.5,	 0.75)	
ferroborates	in	the	frequency	range	40–180	
GHz	 by	means	 of	 quasioptical	 backward-
wave-oscillator	technique	in	the	magnetic	
fields	 up	 to	 7	 T2–4.	 The	 electromagnons	
represent	 the	 low-frequency	 (quasi-
ferromagnetic)	 antiferromagnetic	 reso-
nance	mode	in	Fe	subsystem	excited	both	
magnetic	 and	 electric	 ac	 fields,	 which	
contribute	 dominantly	 to	 the	 giant	 static	

magnetodielectric effect 5 and produce 
two	 types	 of	 dynamic	 magnetoelectric	
effects:

(a)	 giant	 optical	 activity	 (gyrotropic	
birefringence),	which	occurs	 for	 the	wave	
vector k parallel to the crystallographic 
c-axis,	k||c,	 in	a	transverse	magnetic	field	
H||a	and	 is	accompanied	by	polarization-
plane	rotation	by	more	than	70	deg/mm	in	
the	resonance,	and

(b)	 directional	 birefringence	 and	
dichroism in a transverse magnetic field 
H||b–axis,	which	show	up	in	transmission	
asymmetry	 between	 the	 forward	 .k||c.	
and	 backward	 .k||–c	 directions,	 being	
equivalent to the sign change of the 
magnetic	field,	Hb →	–Hb.

A	theory	is	developed	which	explains	
the	 observed	 dynamic	 magnetoelectric	
phenomena	 quantitatively	 by	 taking	 into	
consideration different symmetries of 
the	tensors	of	magnetic,	magnetoelectric,	
and	dielectric	susceptibilities	for	H||a	and	
H||b.	 A	 noticeable	 effect	 of	 an	 inverse	
twin	structure	in	the	non-centrosymmetric	
crystal	 on	 the	 observed	 effects	 is	
detected.

1 A.M. Kuzmenko, A.A. Mukhin, V. Yu. Ivanov, et al., JETP Lett, 94, 294 (2011).
2 A.M. Kuzmenko, A. Shuvaev, V. Dziom, et al., Phys. Rev. B 89, 174407 (2014).
3 A A Mukhin, A M Kuzmenko, V Yu Ivanov, et al., Physics - Uspekhi 58, 993 (2015)
4 A. M. Kuzmenko, V. Dziom, A. Shuvaev, et al., Phys. Rev, B 92, 184409 (2015).
5 A.A. Mukhin, G.P. Vorob’ev, V.Yu. Ivanov, et al., JETP Lett, 93, 275 (2011).
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Mesoscopic Stoner instability  
and geometric noise of the spin

Igor Burmistrov
L. D. Landau Institute for Theoretical Physics, Russian Academy of Sciences,  

117940 Moscow, Russia

In	 this	 talk	 we	 present	 recent	
results	 obtained	 for	 the	 mesoscopic	
Stoner	 instability	 in	 quantum	 dots	 and	

nanoparticles tunnel coupled to the 
ohmic	reservoir.	The	results	based	on	the	
works1,2.

1 A. Shnirman, Y. Gefen, A. Saha, I.S. Burmistrov, M.N. Kiselev, A. Altland, «Geometric 
quantum noise of spin», Phys. Rev. Lett. 114, 176806 (2015)

2 A.U. Sharafutdinov, D.S. Lyubshin, I.S. Burmistrov, «Spin fluctuations in quantum dots», 
Phys. Rev. B 90, 195308 (2014)
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In	 this	 work,	 we	 present	 results	 of	
investigation	spin	dynamic	in	YbFeO3 single 
crystal	by	inelastic	neutron	scattering	(INS)	
in temperature range of spin reorientation 
(SR)	transition.	Full	INS	spectra	with	energy	
of	 incident	 neutron	beam	E=3,12,99	meV	
were	 obtained	 using	 the	 Cold	 Neutron	
Chopper	 Spectrometer	 (CNCS)	 and	 the	
Fine	 Resolution	 Chopper	 Spectrometer	
(SEQUOIA)	 at	 the	 Spallation	 Neutron	
Source	 (SNS)	 at	 Oak	 Ridge	 National	
Laboratory.

Amplitude	 and	 form	 of	 magnon	
branches	 of	 iron	 subsystem	 remain	 the	
same	 despite	 the	 SR	 transition,	 but	 SR	
transition	 leads	 to	 renormalization	 of	
the	 intensity	 of	 these	 branches.	 Detailed	
studies	 of	 the	 polarization	 factor	 in	
the QHKL	 wave	 vector	 dependence	 of	
magnetic	 scattering,	 as	 well	 as	 the	
magnetization	measurements	 and	 crystal	
field	 calculations	 showed	 that	 Yb3+ spins 
do not change their direction upon the 
SR	transition.	Thus,	direction	of	molecular	
magnetic	 field	which	acting	on	Yb3+ spins 
changing	from	longitudinal	at	Γ2	phase	to	
transverse	at	Γ4	phase.

INS	 spectra	 exhibit	 continuum-type	
magnetic excitations along (0,0,L) direction 
and remain dispersionless along (H,0,0) 
and (0,K,0) directions.	Shape,	intensity	and	
position of these excitations depend on 
direction and magnitude of the magnetic 
field.	 These	 excitations	 can	 be	 described	
by	 one-dimensional	 Ising-Heisenberg	
model:

 
where	 first	 term	 corresponds	 to	

exchange	 interaction	 between	 nearest-
neighbor	Yb3+ spins and second and third 
term response for acting of longitudinal 
and transverse components of magnetic 
field,	respectively.

 

1 Hahn, S. E., Podlesnyak, A. A., Ehlers, G., Granroth, G. E., Fishman, R. S., Kolesnikov, A. I.,  & 
Conder, K. (2014). Inelastic neutron scattering studies of YFeO3. Physical Review B, 89(1), 
014420.
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The	epitaxial	ferromagnetic	films	on	
semiconductor	 substrates,	 a	 prototypical	
system	 for	 magnetoelectronics,	 and	
the integration of magnetic devices in 
semiconductor	 technology,	 have	 been	
widely	studied	for	decades.	Especially,	the	
ferromagnetic	 films	 on	 Si(111)	 substrate	
has	attracted	much	attention	owing	to	 its	
some unique features.

Most theoretical studies explore 
the	 properties	 of	 idealized	 films,	 whose	
surfaces	are	perfectly	smooth	and	flat.	 In	
fact,	the	ultrathin	films	of	current	interest	
are	grown	on	substrates	which	themselves	
are	 not	 smooth.	 Even	 the	highest	 quality	
substrate	 has	 steps	 caused	 by	 a	 small	
miscut	of	the	substrate	surface.

The	 ferromagnetic	 resonance	 (FMR)	
method extremely sensitive to the small 
misorientation of monocrystal films from 
the	 (111)	 plane1.	 We	 used	 this	 fact	 to	
develop a technique for determining the 
magnetic	anisotropy	parameters	as	well	as	
the	polar	δ	and	azimuthal	ξ	miscut	angles	of	
(111)	substrate	surface	simultaneously.

In	 the	model	 of	 a	 thin	monocrystal	
ferromagnetic	 film,	 where	 Ms is 
the	 saturation	 magnetization,	 θ	 
and	φ	–	polar	and	azimuthal	magnetization	
angles,	 K⊥– a constant of the uniaxial 
perpendicular	 anisotropy,	 K1,	 K2  
and	 K4	 –	 unidirectional,	 uniaxial	 and	

cubic	magnetic	anisotropy	constants	with	
corresponding	 in-plane	 directions	 φ1,	
φ2	and	φ4,	 the	 free	energy	density	of	 the	
system	with	 the	 in-plane	 external	 field	H	
along	φH	can	be	written	as

On	 the	 basis	 of	 this	 equation,	 we	
obtained	the	FMR	condition	and	developed	
a numerical procedure to extract the 
model	 parameters	 from	 experimental	 in-
plane	 angular	 dependence	 of	 FMR	 field.	
In	 this	 work	 we	 presented	 some	 results	
of experimental studies that confirm the 
efficiency of the proposed technique.

1 Du H.F., He W., Liu H.L., Fang Y.P., Wu Q., Zou T., Zhang X.Q., Sun Y., Cheng Z.H. (2010), 
Applied Physics Letters, 96, 142511.
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The	research	is	devoted	to	a	studying	
of	 the	 spectra	 effective	 permeability	 and	
loss in the magnetic composite films.

We	 have	 conducted	 research	 of	
frequency dependences of real and 
imaginary	 parts	 of	 effective,	 and	 loss	
tangent of composite films for different 
metals and dielectrics at different ratios 
of concentrations of metal and dielectric 
De phases in the composite films. 
Targets	 from	 metallic	 alloys	 Me(Co–Fe–
Zr,	 Co)	 and	 dielectrics	 De (Al2O3,	 SiO2,	
Zr2O3)	 was	 used	 for	 the	 production	 of	
films	 1,2.	Deposition	 of	 films	was	 carried	
out	 using	 ion	 bombardment	 of	 targets	
on	 lavsan	 substrate.	 The	 thickness	 of	
the	 films	 was	 0.3–1.5	 µm.	 Measure	 the	
actual	 ε’	 and	 imaginary	 ε”	 component	 of	
permittivity	were	performed	on	the	values	
of	 inductance,	 capacitance	 and	 quality	
factor	 Q	 of	 the	 serial	 resonant	 circuit	
at room temperature in the frequency 
range	 f	 =	 30–300	MHz.	 Permeability	 was	
determined from the ratio of capacitance 
of	 the	 capacitor	 with	 a	 film	 (magnetic	
metal–insulator)	 and	 without	 film.	
The	 dielectric	 and	 magnetic	 film	 areas	
are given deposits in the measured 
permeability,	 so	 it	 is	 called	 the	 effective	

permeability.	The	results	the	permeability	
spectra for films for different composition 
of	 metals	 and	 dielectrics	 show	 that	 they	
have	 similar	 trend	of	behavior.	 The	weak	
frequency dependence for the real part 
ɛ’	 is	 observed	 throughout	 the	 frequency	
range	 from	 30	 to	 120	MHz.	 There	 was	 a	
decline for the dependence for higher 
frequencies.	 It	 happened	 because	 there	
is	 relaxation	 of	 the	 electric	 polarization	
vector of inhomogeneous surroundings. 
At	 the	 same	 range	 frequency	 direct	
correlation of loss frequency characteristic 
of	 the	 imaginary	component	ɛ”.	Consider	
three series of magnetic composite 
films:	 (Co–Fe–Zr)x+(Zr2O3)y,	 (Co–Fe–Zr)
x+(Al2O3y and Cox+(SiO2)y.	One	of	them	was	
cyclotron	resonance,	which	was	observed	
throughout the frequency range from 32 
to	 35	 MHz	 for	 all	 combination	 of	 metal	
phases.	Eddy	currents	determine	the	basic	
loss at high frequencies3.

The	 work	 performed	 in	 part	 under	
financial	 support	 Ministry	 of	 Education	
and	Science	of	Russian	Federation,	project	
№1503.

1 Antonets I.V., Kotov L.N., Kalinin Yu.E., Sitnikov A.V., Shavrov V.G., Sheglov V.I. (2014), 
Technical Physics Letters, 40 (7), 584-586.

2 Kotov L.N., Turkov V.K., Vlasov V.S., Kalinin Yu.E., Sitnikov A.V., Asadullin F.F. (2007), JMMM, 
316, e20-e223.

3 Lutsev L.V., Kazantseva N.T., Tchmutin I.A., Rynkina N.G., Kalinin Yu.E., Sitnikoff A.V. (2002), 
J. Physics: Cond. Matter, 14, 1-15.
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The	 present	 study	 has	 been	
motivated	 by	 the	 theoretical	 prediction	
that	spin	waves	propagating	in	nanosized	
magnetic	 films	 have	 low	 relaxation1 and 
by	the	recent	progress	in	the	deposition	of	
Y3Fe5O12	 (YIG)	 films	on	Si	and	HEMT	GaN	
substrates2,3.

In	 this	 work	 we	 describe	 synthesis	
of	 nanosized	 YIG	 films	 followed	 by	 the	
study	 of	 ferromagnetic	 resonance	 (FMR)	
and	 spin	 wave	 propagation	 in	 these	
films.	 The	 YIG	 films	 with	 the	 thickness	 
of	 4	 –	 10	 nm	were	 grown	on	 gadolinium	
gallium	 garnet	 substrates	 by	 laser	
molecular	 beam	 epitaxy	 using	 1	 Hz	
248	 nm	 KrF	 excimer	 laser	 pulses.	 The	
substrate	 temperature	 was	 in	 the	 range	 
of	700	–	1000°	C.

From	 FMR	 study	 it	 has	 been	
found	 that	 the	 effective	 magnetization	
of	 the	 grown	 YIG	 films	 is	 in	 the	 range	 
of	 1818	 –	 2336	 Oe.	 We	 studied	 the	
surface	 spin	 propagation	 (Figure	 1)	 and	
found	that	spin	waves	propagating	 in	YIG	
films	 grown	 at	 700°	 C	 have	 extremely	
low	 damping	 which	 is	 less	 than	 3.6·10−5.  
It	was	concluded	that	these	YIG	films	have	
magnetic	 inhomogeneity,	which	gives	 the	
main	 contribution	 to	 the	 FMR	 linewidth.	
The	 contribution	 of	 the	 relaxation	
processes	 into	 the	 FMR	 linewidth	 
(ΔH	=	12	Oe)	is	as	low	as	1.2	%.

This	 work	 was	 supported	 by	 the	
Russian	 Foundation	 for	 Basic	 Research	
(projects	 15-02-06208	 and	 16-02-00410)	
and	by	the	Russian	Ministry	of	Science	and	
Education	(14.613.21.0048).

1 Lutsev L.V. (2012), Phys. Rev. B 85, 214413.
2 Stognij A.I., Lutsev L.V., Bursian V.E., and Novitskii N.N. (2015), J. Appl. Phys. 118, 023905.
3 Stognij A., Lutsev L., Novitskii N., Bespalov A., Golikova O., Ketsko V., Gieniusz R.,  

and Maziewski A. (2015), J. Phys. D: Appl. Phys., 48, 485002.

Figure 1. Scalar gain S21 of surface spin waves 
propagating in the 10-nm YIG film in the in-plane 
magnetic field H = 483 Oe at microwave powers 
P = -10 dBm, 0 dBm, and 10 dBm, respectively.
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Iron	 silicide	 Fe3Si is a perspective 
material for spintronics due to its 
ferromagnet	 with	 a	 Curie	 temperature	
~	 840	 K	 and	 spin	 polarization	 (~45	 %).	 
In	 addition,	 Fe3Si	 films	 can	 be	 epitaxially	
grown	 on	 Si,	 Ge,	 and	 GaAs	 substrates,	
which	ensures	the	high	quality	on	the	Fe3Si/
semiconductor	interface.	The	possibility	of	
room-temperature	 spin	 injection	 in	 the	
Fe3Si/GaAs	 structures	 has	 been	 already	
demonstrated1.

In	 the	 present	 work,	 the	 magnetic	
and structural properties of the epitaxial 
Fe3Si	 film	 were	 studied.	 The	 film	 was	
prepared	 by	 thermal	 evaporation	 in	
ultrahigh vacuum on the atomically clear 
Si(111)	 substrate.	 The	 epitaxial	 structure	
of	 the	 20-nm-thick	 Fe3Si	 film	 with	 the	
Si[111]||Fe3Si[111]	 orientation	 was	
confirmed	by	the	X-ray	diffraction	analysis	
and transmission electron microscopy.

The	 FMR	 study	 of	 the	 Fe3Si film 
revealed	a	single	narrow	Lorenz	 line.	 In	a	
magnetic	 field	 orientated	 along	 the	 film,	
ΔHpp	is	18	Oe,	which	is	higher	than	for	the	
Fe3Si	film	on	GaAs(100)	by	only	1	Oe2.

The	 in-plane	 magnetic	 anisotropy	
of	 the	 Fe3Si	 film	 was	 analyzed	 using	 the	
phenomenological	model.	The	free	energy	
density	 was	 determined	 as	 F	 =	 Fz + Fm + 
Fud +Fua+Fc..	The	best	agreement	between	

the calculated and experimental curves 
was	 obtained	 at	 the	 following	 magnetic	
parameters:	Ms	 =	 995	 G,	 which	 is	 similar	
to the Ms	 value	 measured	 with	 a	 SQUID	
magnetometer	 (Ms	 =	 993	 G),	 uniaxial	
magnetic anisotropy field Fua	 =	 2.7	 Oe,	
unidirectional magnetic anisotropy field 
Fud	=	0.3	Oe	and	cubic	magnetic	anisotropy	
field Fc=0.9	Oe.

The	film	mosaic	parameter	(Δθ)	was	
obtained	 by	 analyzing	 the	 polar	 angular	
dependence	of	 the	 FMR	 linewidth.	 In	 the	
calculation,	 we	 used	 the	 expression	 for	
the	 linewidth	 ΔHpp	 =	 ΔHGilbert + ΔHmosaic 
+ ΔHinhom.	 The	 fitting	 parameters	 were	
Gilbert	 damping	 parameter	 G and film 
mosaic parameter Δθ.	The	best	agreement	
with	 the	experimental	data	was	obtained	
at G	 =	 5.2	 107	 Hz	 and	 Δθ	 =	 0.15°.	 The	
small Δθ value and the high saturation 
magnetization	 are	 indicative	 of	 the	 high	
quality	of	the	epitaxial	Fe3Si film. 

1 Kawaharazuka A., Ramsteiner M., Herfort J., Schönherr H.-P., Kostial H., and Ploog K. H. 
(2004), Appl. Phys. Lett., 85, 3492.

2 Hamaya, K., Ando Y., and Sadoh T. (2011) Jpn. J. Appl. Phys., 55, 010101.
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Previous	 studies	 of	 3D	 nanostruc-
tures	 consisting	 of	 two	 Py	 disks,	 located	
asymmetrically on each other1 have 
revealed	 a	 few	 attractive	 features.	 In	
this	 work	 we	 present	 the	 high-frequency	
properties	of	 the	«disk	on	disk»	structure.	
To	 measure	 a	 spectral	 dependence	 of	
microwave	 (MW)	absorption,	arrays	of	 the	
«disk	on	disk»	structures	were	fabricated	on	
the	top	of	a	waveguide	(CPW),	Figure	1a.

The	 experimentally	 measured	 MW	
absorption	 diagrams	 for	 the	 single	 disk	
and	«disk	on	disk»	structure	at	α=90°	are	
shown	in	Figure	1(b,c).	A	qualitative	change	
of the resonance frequency is represented 
by	a	weak	absorption	region.	At	α=45°	the	
additional	 absorption	 peaks	 appear	 in	
nonzero	 field	 Figure	 1(d).	 To	 analyze	 the	
dynamic properties on micromagnetic 

level,	 we	 calculated	 the	 imaginary	
part	 of	 the	 magnetic	 susceptibility	 χ”2. 
Susceptibility	 spectra	 were	 drawn	 by	
combining	 of	 spectral	 dependences	 for	
different	 values	 of	 HDC,	 Figure	 1(e).	 The	
spatial	 susceptibility	 distributions	 Figure	
1(e)	 give	 an	 physical	 explanation	 of	
dynamical.

Our experiments demonstrate that 
at	the	high-frequency	excitation	both	disks	
have	 magnetic	 vortices.	 The	 disk	 array	
contains	 vortices	 with	 different	 chirality.	
Results	 of	 micromagnetic	 simulations	
of	 magnetic	 susceptibility	 are	 in	 a	 good	
agreement	with	the	experimental	results.

This	 work	 was	 supported	 by	
the	 Russian	 Ministry	 of	 Education	
and	 Science	 (Contract	 14.575.21.0039	
(RFMEFI57514X0039)).

1 Stebliy, M.E. //Beilstein J. Nanotech. 6, 697 (2015).
2 Kaya, J.// J.Appl.Phys. 99, 08B708 (2006).

Figure 1. (a) SEM image of the sample. Experimental absorption diagrams (b-d). Calculated 
susceptibility spectra (e) and simulated absorption diagrams (f-g).
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The	 PrxY1–xFe3(BO3)4 compound 
belongs	 to	 the	 family	 of	 rare-earth	
ferroborates	 which	 exhibit	 a	 variety	 of	
phase transitions and some multiferroic 
features.	 In	 PrFe3(BO3)4 the magnetic 
moments	of	Pr	and	Fe	are	directed	along	
the	trigonal	c-axis	at	T < TN	≈	39	K	1,2 and it 
shows	the	spin-flop	transition	for	В||с	1,3. 
In	YFe3(BO3)4 at T < TN	≈	37	K,	the	magnetic	
moments	 of	 Fe	 lie	 in	 the	 basal	 plane	ab. 
Thus,	 the	rearrangement	of	 the	magnetic	
structure	 between	 the	 easy-axis	 (EA)	
and	 easy-plane	 (EP)	 states	 appears	 to	 be	
possible4.

Figure	 1	 shows	 that	 the	 frequency-
field	dependences	of	the	PrFe3(BO3)4 single 
crystal	with	EA	antiferromagnetic	structure	
are	 quite	 satisfactorily	 described	 by	 the	
theoretical	 calculation.	 In	 particular,	 the	
oscillations	in	the	spin-flop	state	appear	in	
magnetic fields exceeding the critical field 
of	 the	 spin-flop	 transition	 corresponding	
to Hnorm	≈	1.

In	contrast,	the	spin	reorientation	in	
the	 Pb0.67Y0.33Fe3(BO3)4	 with	 IC	 structure	
differs strongly from the calculated ones.

The	 resonance	 data	 of	 the	
compound	with	x	=	0.75	are	intermediate	
between	 those	 of	 x	 =	 1.0	 and	 0.67.	
The	 clear	 difference	 of	 the	 frequency-

field dependences from the calculated 
theoretically	 for	 the	 EA	 antiferromagnet	
suggests that the magnetic structure of this 
compound	is	also	the	IC	one,	however	the	
magnetic moments of iron ions are closer 
to	the	axis	c	than	in	Pb0.67Y0.33Fe3(BO3)4.

1 A.M. Kadomtseva, Yu.F. Popov, G.P. Vorob’ev et al. (2008), JETP Lett., 87 45-50.
2 C. Ritter, A. Vorotynov et al. (2010), J. Phys.: Condens. Matt., 22 206002-206010.
3 A.A. Demidov, N.P. Kolmakova, D.V. Volkov et al. (2009), Physica B, 404 213-216
4 A.I. Pankrats, A.A. Demidov, D.A. Velikanov et al. (2015), Solid State Phenomena, 233-234 
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Figure 1. Normalized frequency-field dependences 
of antiferromagnetic resonance (AFMR) 
measured in magnetic fields H||c at T=4.2 K for 
three compounds with x = 1.0; 0.75 and 0.67.
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Magnetic	 spectra	 of	 the	 real	 μ’	 and	
the	imaginary	μ»	parts	of	permeability	and	
tangent	 loss	of	 the	 composite	 films	were	
obtained.	 Metal	 and	 alloys	 Me	 (CoFeZr,	
CoFeB,	 CoTaNb,	 Co)	 and	 dielectrics	 De 
(Al2O3,	 SiO2,	 Zr2O3,	 Zr2O)	 were	 used	 for	
the	 production	 of	 films.	 The	 films	 were	
prepared	 by	 ion-beam	 sputtering	 on	 a	
lavsan	 substrate	 in	 argon	 atmosphere.	 
The	 thicknesses	 of	 the	 films	 were	 
0.5÷1,4	μm.	The	permeability	and	tangent	
loss	 of	 the	 films	 were	 calculated	 using	
a	 Q-meter	 (E4-11)	 in	 the	 frequency	
range	 30÷300	 MHz	 at	 amplitude	 of	
the alternating field 1 mOe. Magnetic 
structures of surfaces of the films at 
various	 metal	 concentrations	 x	 were	
observed	 using	 atomic	 force	microscopy.	
Magnetic	 particles	 sizes	 of	 10÷100	 nm	
and domain structure in some series of 
the	 films	 were	 found.	 Phase	 transition	
was	detected	as	a	result	of	analysis	of	the	
magnetic and metal structures of the films. 
Spectra	 permeability	 explained	 on	 the	
basis	 of	 MFM	 images	 of	 magnetic	 phase	
contrast	 on	 surface	 films.	 The	 real	 part	
μ‘	of	 the	films	at	x<0.3	weakly	dependent	
on	 the	 frequency	 (Figure	 1).	 The	 metal	
granules are not arranged in groups 
(x<0.3)	 and	 the	 relaxation	 frequency	 of	
the	magnetization	vector	of	each	granule	
have	 large	values.	Changing	 the	behavior	
of	the	spectra	was	observed	in	area	of	the	
percolation	threshold	of	the	films.	The	real	
part	μ’	increases	with	increasing	frequency	
(at	 least	up	to	150	MHz)	after	percolation	
area.	 For	 some	 films	 were	 obtained	

giant	 permeability	 value	 (about	 1000)	 up	 
to	 250	 MHz.	 This	 fact	 shows	 that	 the	
coherent	 rotation	 of	 the	 magnetization	
vector	and	minor	 losses	 in	 the	films.	This	
property	 of	 the	 composite	 films	 can	 be	
used to creation of electronic devices 
operating	in	the	HF	range.	The	tangent	loss	
is	growth	with	increasing	of	frequency	and	
the stronger the higher x.

The	 work	 performed	 in	 part	 under	
financial	 support	 Ministry	 of	 Education	
and	Science	of	Russian,	project	№1503.

Figure 1. The spectra μ ‘ of the films (Co0.4+ 
+Fe0.4+Zr0.2)x+(Al2O3)(1–x)/5 at x:1-0.21, 0.22, 
0.30, 0.33, 0.36, 0.46, 0.48, 8-0.5.
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The	 nearly	 equiatomic	 FeRh	 alloy	
with	 the	 chemically	 ordered	 B2	 crystal	
structure demonstrates an unusual 
phase transition from antiferromagnetic 
to	 ferromagnetic	 (FM)	 order	 at	 ~370	 K.	 
This	 first-order	 phase	 transition	 can	 be	
driven	 not	 only	 by	 temperature,	 but	 also	
by	 an	 external	 magnetic	 field,	 induced	
strain	or	spin	polarized	current.	Moreover,	
the	chemical	disordering,	i.e.	the	structural	
transformation	from	B2	to	A2	(for	example,	
caused	 by	 ion	 irradiation1)	 leads	 to	 the	
controllable	 shift	 of	 the	 phase	 transition	
temperature	as	well	as	an	increase	of	the	
low-temperature	ferromagnetic	signal.

We	 present	 the	 results	 on	
temperature dependent ferromagnetic 

resonance	 (FMR)	 in	 magnetron	 sputter-
deposited	equiatomic	FeRh	thin	films,	and	
discuss the effect of chemical disorder 
induced	with	Ne+	irradiation	on	magnetic	
properties	 (Figure	 	 1).	 The	 temperature	
dependence	 of	 the	 FMR	 absorption	
line	 across	 the	 phase	 transition	 allows	
to	 analyze	 the	 development	 of	 FeRh	
magnetization	 with	 temperature.	 FMR	
reflects the complex magnetic structure 
of	 the	 films	 revealing	 the	 contribution	 of	
a	 FM	 interfacial	 layer	 and	 the	 formation	
of	 a	 magnetic	 phase	 with	 an	 out-of-
plane	 magnetization	 easy	 axis	 after	 ion	
irradiation.

1 Heidarian A. et al., (2015), Nucl. Instr. Meth. Phys. Res. Sect. B. Vol. 358, 251-254.

Figure 1. (left) ZFC-FC curves of a 40 nm FeRh thin film before and after irradiation with 20 keV Ne+ 
ions (fluence 5×1012 cm–2) measured at 150 Oe. (right) Ferromagnetic resonance spectra of FeRh thin 
film at different temperatures.
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The	 exchange	 bias	 stems	 from	 the	
interactions	 at	 the	 interface,	 where	 the	
structures	 of	 different	 spin	 order	 abut	
on	 each	 other.	 In	 thin	 films,	 the	 latter	
situation	occurs	when	a	ferromagnet	and	
antiferro-magnet	 layers	 are	 sandwiched.	
In	a	fine	particle	of	a	ferromagnet,	just	its	
shape provokes formation of an effective 
interface.	 Indeed,	 the	 surface	 spins,	
experiencing	 deficiency	 of	 neighbors,	
cannot maintain the same order as that of 
the	bulk.	The	more	so	it	is	inherent	to	the	
core-shell	grains1.

Due	to	3D	finiteness	of	a	nanograin,	
the spin arrangement in its outer layer 
cannot	 be	 strictly	 identified	 with	 an	
antiferromagnetic	 or	 spin-glass	 state	
inherent	 to	 films.	 However,	 qualitatively,	
the emerging structures are definitely 
akin to those since they cause distinctive 
exchange	bias	(EB)	phenomena2.

In	 phenomenological	 description,	
the	EB	effect	in	a	nanoparticle	is	accounted	
for	 by	 adding	 to	 the	 magnetic	 energy	
two	 terms	 known	 as	 exchange-bias and 
rotatable	 (RA)	anisotropies.	Until	now,	the	
orientational symmetry of the second 
contribution	 is	 a	 questionable	 issue.	 
In	 particular,	 the	 RA	 energy	 ωRA is taken 
either	 in	 unidirectional	 form:	∞ (e · l),	 or	
in	bidirectional	form:	∞ (e · l)2; here e and 

l are unit vectors of the particle magnetic 
moment	and	that	of	the	RA-induced	field,	
respectively.

Among	 the	 experimental	 methods	
applied	 to	 nanoparticles,	 ferromagnetic	
resonance	(FMR)	is	the	only	one	capable	of	
identifying	the	RA	effect.	Its	signature	is	the	
isotropic,	 i.e.,	 independent	of	 the	particle	
orientation,	 shift	 Hiso of the resonance 
field.

Hereby	we	propose	a	kinetic	model	
that	 describes	 the	 superparamagnetic	
effect	 on	 Hiso	 that	 should	 be	 ubiquitous	
in	 fine	 particles.	 We	 find	 that	 for	 the	
alternative	 symmetries	 of	 RA,	 the	
temperature variations of Hiso should 
be	 qualitatively	 different.	 In	 particular,	
at	 low	 RAs,	 an	 unidirectional	 ωRA keeps 
Hiso	 temperature	 independent,	 while	 a	
bidirectional	ωRA makes Hiso	to	fall	down	as	

,	where	  is the Langevin 
function,	 ,	 m the particle 
magnetic moment and H the	magnetizing	
field	 in	 the	 FMR	 measurement.	 For	 RAs,	
which	 are	 comparable	 with	 the	 particle	
Zeeman	energy,	 the	 functions	Hiso(T)	 turn	
out	to	be	qualitatively	different	as	well.

Financial	support	from	RFBR	projects	
14-02-96002	and	14-01-96013	is	gratefully	
acknowledged.

1 Khurshid H. et al. (2014). Appl. Phys. Lett., 104 (7), Art. no. 072407.
2 Iglesias O., Labarta A., Batlle X. (2008), J. Nanoscience & Nanotechnology, 8, 2761-2780.
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Experimentally	 investigated	 layered	
nano-granular	 film	 structures	 CoFeB	 +	
SiO2	 with	 dielectric,	 semi-conducting	 and	
metallic	 nonmagnetic	 layers	 (SiO2,	 InYO,	
SiC,	C,	SnSiO,	TeBi,	Cu).	The	concentration	
of magnetic phase for all studied 
structures	 was	 equal	 to	 33.9	 at.%,	 which	
is	below	 the	percolation	 threshold	of	 the	
composite	 studied	 structure.	 Intervals	
thickness of the magnetic layers x are  
1….	 8.5	 ...	 nm,	 non-magnetic	 layers	 
y	 –	 0,1	 ..	 3,6	 nm.	 Nanosystems	 were	
synthesized	in	the	Voronezh	State	Technical	
University	 by	 layering	 sequentially	 ion-
beam	sputtering	 in	an	argon	atmosphere	
CoFeB	 target	 with	 the	 portion	 of	 SiO2 
and	 the	 target	 of	 a	 material	 substance	
corresponding nonmagnetic spacer on 
pyroceramics	substrate1.

Resonator	method	at	 the	frequency	
9.15	 GHz	 with	 using	 conventional	
modulation techniques at room 
temperature ferromagnetic resonance 
spectra	were	 studied	 (FMR).	 According	 to	
spectrum	is	determined	by	the	resonance	
field	and	the	width	of	the	absorption	lines	
in normal and tangential orientation of 
the constant magnetic field relative to the  
film plane.

For	 all	 the	 samples	 studied	 in	 the	
NMR	spectrum	in	any	field	orientations	of	
magnetization	observed	single	absorption	
line – a homogeneous type of oscillation. 

Resonant	 field	 for	 tangent	magnetization	
is	 minimal,	 and	 in	 the	 normal	 –	 the	
maximum.

In	 the	 theory	 of	 Kittell	 performed	
quantitative estimate dimensional 
structural parameter – concentration of 
the	magnetic	phase,	the	average	effective	
forms and averaged volume sample 
orientation	 magnetic	 beads	 (relative	 to	
the	 film	 plane)	 in	 nanosystems.	 In	 the	
simulation,	 the	 effect	 of	 the	 thickness	 of	
nonmagnetic	layers	on	the	size	and	shape	
the granules in the composite layer is 
not	 taken	 into	 account.	 This	 assumption	
is	 based	 on	 earlier	 experimental	 set	
position2– formation at synthesis of 
non-magnetic	 layers	 with	 thicknesses	 
of	 0.1	 ...	 3.6	 nm	 between	 the	 magnetic	
composite	layers	of	CoFeB	+	SiO2 thickness 
from	1.5	to	3.6	nm	with	a	concentration	of	
magnetic	phase	 to	percolation	zone	does	
not	 result	 in	 a	 notifiable	 change	 in	 the	
value	of	the	resonant	field	FMR.

Analysis	 of	 the	 experimental	 data	
shows	 that	 one	 of	 the	 dominant	 factors	
that determine the shape of the magnetic 
beads	 in	 the	 fiber	 composite	 material	
is	 the	 chemical	 composition	 of	 the	 non-
magnetic layers.

1 Dunets A., Kalinin Yu., Kashirin M., Sitnikov A. (2013) Technical Physics. 83(9), 114-120.
2 Vyzulin S., Syr’ev N., Shlapakov M. (2015) Solid State Phenomena. V. 233-234, 567-570.
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The	work	investigates	nonreciprocity	
and	symmetry	breaking	in	magneto-elastic	
interactions	 between	 surface	 acoustic	
waves	 and	 ferromagnetic	 resonance	
(FMR).	Let	us	consider	a	thin	ferromagnetic	
film deposited on a nonmagnetic dielectric 
substrate	with	a	DC	magnetic	field	applied	
in	 the	 sample	plane.	 Two	 types	of	 elastic	
waves	 propagating	 along	 the	 surface	 of	
the	 film	 were	 taken	 to	 account:	 Rayleigh	
Surface	Acoustic	Wave	(SAW)	and	Surface	
Skimming	 Longitudinal	 Wave	 (SSLW).	
Excitation	 of	 FMR	 by	 elastic	 waves	 was	
calculated	 within	 the	 framework	 of	 a	
theoretical model taking into account of 
Landau-Lifshits-Gilbert	 (LLG)	 dynamics,	
boundary	conditions	and	the	equations	for	
the	 elastic	 displacements.	 The	 equations	
for	the	magnetic	oscillations	subject	to	the	
influence	of	the	elastic	wave	were	derived	
by	 first	 and	 second	 order	 perturbation	
theory.	 The	 nonreciprocal	 interaction	 of	
the	elastic	waves	with	magnetic	oscillator	
lead	to	symmetry	breaking.	The	magnetic	
precession amplitude dependence on 
the	 angle	between	 the	DC	magnetic	 field	
and	the	direction	of	acoustic	k-vector	was	
obtained.	The	angles	of	the	maximum	and	
zero	 interaction	 of	 the	 elastic	 wave	 with	
FMR	were	determined.

In	the	experimental	part	of	the	work	
we	 generate	 the	 surface	 elastic	 waves	
using	 the	all-optical	 transient	grating	 (TG)	
geometry1,	 and	 then	 measure	 Faraday	
rotation	 of	 a	 transmitted	 beam.	 The	
measurements	 were	 performed	 on	 in	
plane	 magnetized	 polycrystalline	 nickel	
films,	grown	on	soda	lime	glass	substrates.	
We	show	the	excitation	of	FMR	by	surface	
elastic	 waves2.	 The	 dependencies	 of	 the	
Faraday	 rotation	 on	 the	 angle	 between	
the DC magnetic field and the direction 
of	 acoustic	 k-vector	 were	 measured	 and	
compared	with	theoretical	modeling.

Funding	 from	 Nouvelle	 équipe,	
nouvelle	 thématique	 et	 Stratégie	
internationale	NNN-Telecom	de	 la	Région	
Pays	de	la	Loire,	The	Ministry	of	Education	
and	 Science	 of	 the	 Russian	 Federation	
(project	№	1503),	 Russian	 Foundation	 for	
Basic	 Research	 (Grant	 No.	 15-02-07575)	
and	 Alexander	 von	 Humboldt	 Stiftung	 is	
gratefully	acknowledged.

1 J. Janusonis, C. L. Chang, P. H. M. van Loosdrecht, R. I. Tobey (2015), Applied Physics Letters, 
106, 181601.

2 J. Janusonis, C.L. Chang, T. Jansma, A. Gatilova, A.M. Lomonosov, V. Shalagatskyi, V.S. Vlasov, 
V.V. Temnov, R.I. Tobey (2016), arXiv:1601.04350.
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Nickel	 orthoborate	 Ni3(BO3)2 
crystallizes	 in	 the	 orthorhombic	 space	
group Pnnm	 (#58,	 Z=2)	 where	 Ni2+ ions 
(S=1)	occupy	 two	 types	of	non-equivalent	
2a and 4f positions in the unit cell1.	Below	
the	 Néel	 temperature	 TN=46	 K	 spins	 are	
oriented	along	the	±c axis2.	Ferromagnetic	
Ni2+	ribbons	running	along	the	x-axis	form	
the antiferromagnetic structure.

We	 present	 detailed	 symmetry	
analysis	 for	 all	 possible	 magnetic	
structures for magnetic propagation 
vector k=(0,1/2,1/2),	 carried	 out	 by	 both	
representations and magnetic symmetry 
groups	 methods.	 The	 spin-wave	 spectra	
have	been	calculated.

Raman	 spectroscopy	 revealed	 new	
features	below	and	slightly	above	TN	which	
we	assign	 to	one-magnon	 (Figure	 	1)	and	
single-ion	(Figure		2)	excitations.

One-magnon	 intra-ribbon	 excita-
tions	 were	 also	 observed	 by	 infrared	
spectroscopy	 in	 different	 polarizations	 at	
17	and	26	cm–1.

The	 complex	 structure	 of	 spin	
excitations and their pronounced 
polarization	properties	 in	 the	Raman	and	
infrared spectra in Ni3(BO3)2 thus evidence 
highly	 anisotropic	 quasi-one-dimensional	
magnetic	 structure	 caused	 by	 frustration	
of	 magnetic	 inter-ribbon	 interactions.	
Experimental	data	are	in	good	agreement	
with	theoretical	calculations.	Appearing	of	
new	 phonon	 lines	 and	 other	 changes	 of	
phonon spectra at TN suggest the presence 
of	 magnetic-structural	 phase	 transition3. 
This	 work	 is	 supported	 by	 the	 Russian	
Ministry	 of	 Education	 (#14.B25.31.0025),	
the	 RFBR	 (#15-02-04222a,	 #15-32-20613),	
and	the	President	of	the	Russian	Federation	
(#MK-3521-2015.2).	

1 H. Effenberger und F. Pertlik (1984), Zeitschrift für Kristallographie, 166, 129.
2 L.N. Bezmaternykh, S.N. Sofronova, et al. (2012), Physica Status Solidi B, 249, 1628.
3 http://arxiv.org/abs/1509.00344

Figure 1. Raman spectra of one-magnon 
excitations at different temperatures.

Figure 2. Temperature dependence of Raman 
spectra of single-ion excitations.
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The	 paper	 is	 dealing	 with	 coupled	
oscillations	 of	 magnetization	 and	 elastic	
displacement	 in	 the	normally	magnetized	
ferrite plate that possesses magnetoelastic 
properties	when	the	parametric	excitation	
of	 spin	 waves	 was	 blocked.	 The	 coupled	
oscillations	 excited	 by	 the	 alternating	
magnetic	 field	 close	 or	 coincide	 with	
ferromagnetic resonance frequency of a 
magnetic	subsystem1.

Time	 evolution	 of	 magnetic	
and	 elastic	 oscillations	 caused	 by	 the	
alternating	field	was	analyzed.	The	home-
made	 computer	 program	 based	 on	
finite-difference	 approximation	 method	
of	 coordinate	 derivatives	 was	 used	 in	
calculations.	 The	 systems	 of	 ordinary	
differential	 equations	 were	 solved	
numerically	by	the	Runge-Kutta	method.

Excitation	 of	 elastic	 oscillations	 on	
frequency	of	elastic	resonance	is	possible	if	
the frequency of elastic resonance multiple 
exceeds	 magnetic	 subsystem	 frequency	
or	 when	 frequency	 of	 elastic	 subsystem	
resonance compose multiple part of the 
magnetic	 subsystem	 frequency	 or	 they	
coincide.	 The	 processes	 of	 frequency	
multiplication and frequency division are 
possible	in	case	of	strong	nonlinear	mode	
of	excitement.	Frequency	multiplication	is	
considered	both	by	 integer	multiplication	
and	by	fractional	multiplication.	Frequency	
division	 is	 considered	 both	 by	 integer	
division	and	by	fractional	division.

If	 there	 is	 low	 rate	 of	 integer	
multiplication	 or	 integer	 division,	 the	
form of oscillations is close to a sinusoidal 
form.	 Form	 of	 oscillations	 differs	 from	
a sinusoidal form as much as the rate of 
multiplication and division.

Phase portraits of excited elastic 
oscillations are made. Phase portraits have 
a shape of several interleaved rings in case 
of integer multiplication and a shape of 
a ring in case of fractional multiplication. 
Phase portraits have a shape of curvilinear 
polygons	in	case	of	frequency	division.	The	
number	 of	 vertexes	 of	 these	 curvilinear	
polygons exceeds the rate of frequency 
division on unit.

The	processes	of	 frequency	division	
and	 frequency	 multiplication	 by	 use	 of	
finite-difference	approximation	method	of	
coordinate derivatives are considered in 
the	paper.	Regimes	of	regular	and	chaotic	
oscillations	 were	 detected.	 Profile	 of	 the	
acoustic resonance first mode is defined in 
case of nonlinear excitation.

This	work	performed	under	financial	
support	 The	 Ministry	 of	 Education	 and	
Science	of	the	Russian	Federation,	project	
№	1503.

1 Vlasov V.S., Kotov L.N., Shavrov V.G., Shcheglov V.I.(2009), J. Comm. Tech. El., 54, 821-832.
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We	 present	 the	 results	 of	 the	 3D	
micromagnetic simulation of structural 
transformations	 of	 magnetization	 in	
Permalloy	films	with	(1)	vortex-type	domain	
walls	(the	thickness	100	nm;	Figure	1)	and	
(2)	 cross-tie	 structures	 (the	 thickness	 20	
nm)	driven	by	an	applied	dc	magnetic	field.	 
The	simulations	were	performed	by	solving	
the	Landau-Lifshitz-Gilbert	equation	under	
different initial conditions using MuMax3 
solver1.	In	Figure	1	the	simulation	window	
follows	the	domain	wall	during	the	motion	
along the x-axis.	 We	 have	 observed	
various	 types	 of	 short-time	 processes	
(«events»):	 creation	 (annihilation)	 of	
vortex-antivortex	 (v/av)	 pairs	 (Figure	 1b,	
1 and 2);	 creation	 (annihila-tion)	 of	 (+/–)	

pairs	 of	 singular	 points	 (SP)	 (Figure	 1d,	
3-9);	 three-soliton	 processes	 (v/av/SP)	
(Figure	 1bd,	 β…η);	 vortex	 (antivortex)	
core	 reversals	 accompanied	 by	 creation	
(annihilation)	 of	 the	 SP	 (Figure	 1ad,	a…e; 
Figure	 1bd,	 α).	 The	 ultrafast	 processes	
with	 creations	 (annihilations)	 of	 the	 SP	
are	 usually	 accompanied	 by	 an	 energy	
liberation	 via	 spin	 waves.	 Total	 values	
of	 topological	 charges	 of	 two	 types	
conserves in the simulation area during 
the	 transforma-tions2,3. Manifestations of 
vortex filament structures in the moving 
film	have	been	 found3.	 The	 research	was	
carried	 out	 within	 the	 state	 assignment	
of	 FASO	 of	 Russia	 (theme	 «Magnet»	 
No.	01201463328).

1 Vansteenkiste A., Leliaert J., Dvornik M., et. al. (2014), AIP Advances, 4, 107133(1-22).
2 Zverev V.V., Filippov B.N. (2013), JETP, 117 (1), 108-120.
3 Zverev V.V., Filippov B.N. (2016), Physics of the Solid State, 58 (3), 473-484.

Figure 1. Trajectories of the topological solitons: vortices (v) and antivortices (av) on the upper (a) and 
lower (b) boundary surfaces; singular points within the film (c, d).
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The	 authors1	 created	 films	 with	
profiles	 of	 distribution	 of	 magnetic	
parameters along the film thickness 
in	 the	 form	 of	 a	 parabola	 and	 a	 wedge	
and	 obtained	 by	 the	 method	 of	 spin-
wave	 resonance	 the	 dependences	 of	 the	
resonance field positions on the mode 
number	 n,	 proportional	 to	 n and n2/3, 
respectively.	 In	 this	 work,	 stimulated	
by1,	 we	 investigate	 numerically	 effects	 of	
different profiles of magnetic parameters 
on	 the	 dependence	 of	 the	 spin-wave	
susceptibility	 χ	 from	 the	 frequency	

	 (Figure	 1	 a),	 where	
	 is	 the	 frequency	 of	 FMR,	 g	 is	 the	

gyromagnetic	 ratio,	 α	 is	 the	 exchange	
parameter,	 M	 is	 the	 magnetization.	 We	
investigate also the dependence of the 
positions	of	the	spin-wave	resonances	on	
the	mode	number	n (Figure	1	b).	It	shows	
the results of the calculation for the case 
of	a	parabolic	profile	of	the	magnitude	of	
the uniaxial anisotropy β(z),	 with	 the	 full	
fixing	 spin	 modes	 at	 the	 boundaries	 of	
the	 film.	 Only	 the	 odd	 modes	 with	 such	
boundary	conditions	are	excited.	It	is	seen	
that	the	magnetization	of	the	lower	modes	
doesn’t	 distribute	 throughout	 the	 entire	
thickness of the film and concentrates 
closer	 to	 its	 center	 (Figure	 1	 c),	 following	
the shape of the profile β(z).	 This	 affects	
also on the dependence of the positions of 
the	resonant	modes	on	the	mode	number	
(Figure	 1	 b).	 It	 is	 seen	 that	 the	 first	 six	
resonances	very	well	lie	on	a	straight	line,	
and	then	becoming	a	standard	dependence	
quadratic on n.	 In	 the	experiment1 it has 

been	 the	ability	 to	measure	only	 the	 first	
few	resonances,	whose	dependence	on	n	
is	linear.	The	choice	of	the	relevant	profiles	
of the magnetic parameters along the 
film	thickness	allows	to	realize	almost	any	
desired	law	dependence	of	the	resonance	
fields on n.	It	can	be	useful	in	creating	new	
nanomaterials	 with	 unique,	 previously	
unrealizable,	properties.

1 Iskhakov R.S., Chekanova L.A., Vazhenina I.G. (2013), Bulletin of RAS, Physics 77, 1265.

Figure 1. High-frequency susceptibility (a) and 
the dependence of the positions of the resonances 
of spin modes on the mode number (b) for the 
parabolic profile (solid line) and for a uniform 
film (dotted line). The sidebar (c) shows spin 
modes for the parabolic profile.
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A	 metal	 oxide	 compound	 with	
a	 kagome-like	 magnetic	 structure	
YBaCo3AlO7	 is	 a	 perspective	 object	 for	 a	
search	of	 spin-liquid	ground	state	due	 to	
the	frustration	of	the	magnetic	sublattice.	
The	 Al-Co	 site	 inversion	 that	 takes	 place	
in the compound adds the defects into 
the magnetic lattice and makes the 
spin-glass	 behavior	 more	 favorable.	 We	
studied	 the	 single	 crystal	 of	 YBaCo3AlO7 
by	 nuclear	 magnetic	 resonance	 as	 well	

as	by	some	complementary	methods	 like	
ESR	 and	 magnetization	 measurements.	
The	 27Al	 NMR	 being	 a	 local	 probe	 of	
the magnetic properties can detect the 
different	 behavior	 of	 the	 in-plane	 and	
inter-plane	 magnetic	 interactions	 in	 a	
critical	temperature	range.	We	discuss	the	
possible	scenario	of	the	cross-over	of	the	
YBaCo3AlO7	magnetic	 subsystem	 into	 the	
static regime.
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Recent	 results	 in	 magnonics	
demonstrate	the	possibility	of	developing	
magnonic logic circuits – promising 
counterpart	to	conventional	electron-based	
logic	circuits.	The	use	of	magnons	instead	
of electrons provide several advantages 
(low	losses,	tunability).	Current	prototypes	
of magnonic logic gates are represented 
by	joint	of	spin	wave	(SW)	interferometers.	
The	 interferometers	 themselves	 and	 the	
connections	 between	 them	 are	 made	 of	
narrow	magnetic	weveguides.	However	at	
the moment there is no rigorous theory 
describing	 propagation	 of	 SW	 in	 such	
structures	 especially	 on	nanoscale	where	
the confinement effects reveals.

The	 aim	 of	 the	 current	 work	 is	 to	
study	 magnetostatic	 surface	 spin	 wave	
propagation	 (MSSW)	 in	 a	 ferromagnetic	
films	of	varied	width.	We	have	investigated	
dynamics	 of	 MSSW	 propagation	
in	 such	 waveguides	 by	 theoretical	
and	 experimental	 technique.	 These	
waveguides	were	fabricated	from	YIG	film	
by	 laser	 cutting.	 Frequency	 transmission	
coefficients	and	spatio-temporal	dynamics	
were	measured	by	Brillouin	light	scattering	
technique	 (BLS).	 The	 superposition	
of	 different	 spatial	 MSSW	 modes	 was	

detected.	 It	 was	 in	 particular	 found	 that	
magnetization	distribution	 in	 an	 irregular	
waveguide	 was	 due	 to	 MSSW	 modes	
superposition	with	the	specific	beating.	We	
have also developed a theoretical method 
for	 describing	 spin	 wave	 propagation	 in	
such	 structures	 based	 on	 approach	 of	
irregular	waveguides.	As	a	result	the	energy	
re-distribution	 between	 various	 modes	
were	obtained.	 Furthermore	with	 specific	
material	 and	 geometrical	 parameters,	
external field and excitation frequencies 
energy	 re-distribution	 between	 modes	
can lead to dominance of different spatial 
modes	in	output	signal.	It	is	also	important	
to note that focusing in such the irregular 
waveguide	 can	 compensate	 losses	 and	
even overcome nonlinear threshold. 
These	facts	emphasizes	the	importance	of	
multi-mode	approach	 to	 irregular	narrow	
waveguides.

The	 work	 is	 supported	 by	 Russian	
Science	Foundation	(Grant	#	14-19-00760),	
Russian	 Foundation	 for	 Basic	 Research	
(Grants	 #	 15-07-08152	 A,	 16-37-00507	
mol_a).

O5.18



267

EASTMAG-2016

O5.19

Magnetoimpedance and magnetic properties of soft magnetic 
CoFeNiCrSiB amorphous ribbons in different states

A.A. Chlenova, R. El Kammouni, E.A. Stepanova
Institute of Natural Sciences, Ural Federal University, 19 Mira, 620002, Ekaterinburg, Russia

�keywords:� magnetic impedance, magnetic anisotropy

Magnetoimpedance	(MI)	is	a	change	
of total impedance of a ferromagnetic 
conductor under application of external 
magnetic	 field.	 MI	 of	 the	 rapidly	
quenched	ribbons	depends	on	a	number	
of parameters and among them on 
the	 magnetic	 anisotropy	 peculiarities,	
including surface magnetic anisotropy1.	MI	
was	previously	shown	to	be	the	powerful	
tool	 to	 study	 the	 anisotropy	 distribution	
over	the	ribbon	samples.	Therefore,	in	the	
present	work	the	magnetic	properties	and	
MI	 effect	 in	 the	 Co-based	 ribbons	 were	
comparatively	analyzed.

CoFeNiCrSiB	ribbons	were	prepared	
by	rapid	quenching.	Some	of	the	samples	
were	 subjected	 the	 post	 preparation	
treatments.	 Magnetic	 properties	 were	
measured	 by	 certified	 MMKS	 100-05	
installation;	 μmax–maximum magnetic 
permeability	 (Table	 1).	 The	 complex	
impedance	 was	 measured	 as	 a	 function	

of the external magnetic field in a 
«microstripe»	 line	 (for	 f	 =	 1	 to	 200	MHz.	
The	MI	ratios	for	the	total	impedance	were	
defined	 with	 respect	 to	 the	 maximum	
field

Tablk 1. Swmk chaoactkoidticd wf thk 
damplkd

State	of	the	ribbon μmax
ΔΖ/Ζmax 

%

1.	As-quenched	 188000 270

2.1.	Annealed	380	°С	4	
min 244000 350

2.2.	Annealed	350	°С	
15 min 76000 320

Hmax=100	Oe:	 .

Figure	 	 1	 shows	 the	 field	
dependences	 of	 the	 MI	 ratio	 for	 driving	
current	 frequency	of	65	MHz.	 In	 the	case	
of	as-quenched	sample	complex	shape	of	
MI	 response	 was	 observed:	 one	 can	 see	
appearance	of	pronounced	«valley»	in	the	
small	field	(typical	feature	of	the	transverse	
anisotropy component related to surface 
anisotropy	 of	 as-quenched	 ribbons)	 but	
the	general	shape	of	the	MI	curve	is	typical	
for	the	ribbons	with	 longitudinal	effective	
anisotropy.	 Heat	 treatments	 result	 in	
disappearance	of	low	field	«valley».	Shapes	
of	the	MI	curves	of	the	annealed	samples	
become	 very	 similar	 showing	 typical	 MI	
responses	of	the	ribbons	with	longitudinal	
effective anisotropy.

1 Kurlyandskaya G. V., Fal Miyar Vanessa (2007) Biosensors and Bioelectronics 22, 2341–
2345.

Figure 1. Field dependences of the MI ratio of 
CoFeNiCrSiB ribbons in different states for the 
frequency of 65 MHz.
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Nanoscale magnetically nonuniform 
materials attract the attention of scientists 
because	of	 the	 variety	 of	 effects	 defining	
magnetic properties of thin films and 
enabling	 their	 practical	 usage.	 For	
instance,	multilayered	nanostructures	are	
utilized	as	media	for	high	dense	magnetic	
recording1,2,	highly	sensitive	magnetic	field	
sensors3,	magnetoresistive	random	access	
memory	 (MRAM)4.	 Recently,	 it	 has	 been	
shown	 that	 layered	 structures	 with	 the	
indirect	 antiferromagnetic	 (AFM)	 coupling	
and perpendicular anisotropy support the 
more efficient propagation of Neel domain 
walls5.

In	 this	 paper	 we	 report	 on	 an	
experimental	evidence	of	vortices	and	anti-
vortices	in	domain	walls	in	Co/Ru/Co	trilayers	
with	AFM	coupling	and	in-plane	anisotropy.

Series	 of	 Co(10nm)/Ru(tRu)/
Co(10nm)	 trilayers	 with	 the	 Ru	 interlayer	
thickness of tRu=0.9,	 1.3	 and	 2.0	 nm	was	
fabricated	 by	 magnetron	 sputtering	 in	
UHV.	Magnetic	properties	were	studied	by	
MOKE,	MFM	and	Lorentz	TEM.	The	MuMax3	
software	 was	 used	 for	 micromagnetic	
simulations6.

In	 zero	magnetic	 field	 the	magnetic	
contrast	of	the	domain	structure	is	absent,	
Fig	 1(a).	 Simulations	 are	 shown	 that	 the	
array	 of	 vortices	 and	 anti-vortices	 is	
formed.	 The	 magnetization	 in	 both	 Co	
layers	 is	 oriented	 exactly	 antiparallel,	
therefore	 the	 Lorentz	 contrast	 is	 absent	
and	MFM	contrast	is	very	weak.

In	 the	 field	 larger	 than	 300	 Oe	
domain	walls	become	clearly	visible,	Figure	
1(b-i).	Domain	walls	are	winding	and	form	
closed	domains	with	different	sizes.

Domain	 walls	 induced	 two	 types	
of	 magnetic	 contrast:	 (i)	 bright	 and	 dark	
lines,	which	are	 very	 close	 to	each	other,	
generated	by	two	superimposed Neel walls 
(SNW)	and	(ii)	bright	or	dark	line	produced	
by	a	single contrast wall	(SCW).

We	experimentally	observed	domain	
walls	 with	 different	 contrast,	 Figure	 1.	
Usually	 they	 were	 separated	 by	 bright	
and	 dark	 spots	 or	 by	 areas	 without	 any	
contrast.	 Simulations	 show	 that	 spots	
correspond	 to	 magnetic	 vortices	 with	
different	 chirality.	 Anti-vortices	 do	 not	
generate	 the	magnetic	 contrast.	With	 the	
increasing	 field	 the	 vortex	 cores	 were	
shifted from each other.

In	 the	 field	 H	 >	 800	 Oe	 the	 small	
closed domains collapse. Most of the 
remaining	 walls	 generate	 bright	 and	
dark	 contrast.	 In	 the	 magnetic	 field	 
H	 =	 1100	 Oe	 the	 contrast	 from	 domain	
walls	disappears,	Figure	1(j).

Figure 1. The high resolution Lorentz images of 
the domain walls in Co/Ru/Co films with AFM 
coupling in the applied field from 0 up to 1.1 kOe. 
The scale bar is 2 µm.
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In	 trilayers	 with	 AFM	 coupling	 and	
in-plane	 anisotropy	 the	 complex	 domain	
structure	 exists.	 Domains	 can	 be	 formed	
by	 the	 Neel	 and	 head-on	 domain	 walls.	
Domain	 walls	 of	 different	 types	 are	
separated	 by	 the	 vortex	 or	 anti-vortex	
pairs.

This	 work	 was	 supported	 by	
the	 Russian	 Ministry	 of	 Education	
and	 Science	 (Contract	 14.575.21.0039	
(RFMEFI57514X0039)).

1 E. Fullerton et al., (2000) Appl. Phys. Lett. 77, 3806.
2 Advanced Magnetic (2006) Nanostructures, Springer, NY., 508 р.
3 B.R. Acharya et al., (2003) JMMM, 260 (1-2), pp. 261-272.
4 J. M. Daughton et al., (1999) J. Phys. D: Appl. Phys. 32,169.
5 S.-H. Yang, et al., (2015) Nature Nanotechnology, 10 (3), pp. 221-226.
6 A. Vansteenkiste et al., (2014) AIP Advances, 4 (10), art. no. 107133 (2014).
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Iron	borate,	FeBO3,	is	a	rhombohedral	
(D6

3d)	antiferromagnet	with	a	weak	in-plane	
moment1.	 It	 possesses	 unique	 magnetic	
properties,	 in	 particular,	 combines	
room-temperature	 magnetism	 and	 high	
optical	 transparency	 in	 the	 visible	 range.	
While	 FeBO3	 single	 crystals	 have	 been	
thoroughly	 studied,	 the	 nature	 of	 certain	
characteristics,	 e.g.,	 magnetocrystalline	
anisotropy,	 is	 not	 yet	 fully	 understood.	
We	 put	 forward	 the	 diamagnetic	 dilution	
(isomorphous	 substitution	 of	 a	 part	 of	
paramagnetic	Fe3+	in	FeBO3	by	diamagnetic	
Ga3+)	 as	 a	 powerful	 technique	 allowing	
comprehensive description of various 

intracrystalline	 interactions.	 Moreover,	
this	 technique	 allows	 detailed	 studies	 of	
the transformation of various physical 
characteristics under the transition from 
magnetically ordered to paramagnetic 
state.	 Thus,	 required	 characteristics	 of	
FexGa1–xBO3	 single	 crystals	 can	 be	 fine-
tuned	 in	 the	 course	 of	 crystallization.	 
As	a	 result,	materials	 suitable	 for	 various	
technical	 applications	 can	 be	 obtained.	 
A	series	of	FexGa1–xBO3	single	crystals	with	
0≤x≤1	 has	 been	 recently	 synthesized	 by	
the solution in the melt technique2.	 The	
aim	of	the	present	work

is	 to	 determine	 the	 Dzyaloshinskii	
field HD	 for	 crystals	 with	 different	 x	 by	
means	 of	 AFMR	 studies.	 Previously,	 HD 
has	 been	 determined	 for	 pure	 FeBO3 in 
a	broad	 temperature	 range	by	 fitting	 the	
dependence of the frequency on the field 
(DFF)3.

AFMR	 studies	 of	 FexGa1–xBO3 
single	 crystals	 with	 0.65	 ≤	 x	 ≤	 0.85	 have	
been	 carried	 out	 in	 the	 temperature	
range T	 =	 77−	 290	 K,	 frequency	 range	 
7	 −	 37	 GHz	 and	 magnetizing	 field	 up	 to	
10	 kOe,	 applied	 in	 the	 basal	 plane.	 The	
resulting experimental HD(T)	dependences	
(see	 Figure	 1)	 demonstrate	 a	 noticeable	
reduction of HD	 value	with	 decreasing	 Fe	
concentration.

1 R. Diehl, W. Jantz, B.I. Nolang, W. Wettling, (1984), in: Current Topics in Materials Science. 
Vol. 11, pp. 241-387, E. Kaldis, ed., Elsevier: New-York.

2 Yagupov S., Strugatsky M., Seleznyova K., Maksimova E., Nauhatsky I., Yagupov V., Milyukova 
E., Kliava J. (2015), Appl. Phys. A, 121, 179-185.

3 Velikov L.V., Prokhorov A.S., Rudashevskiĭ E.G., Seleznev V.N. (1974), JETP, 39, 909-915.

Figure 1. HD vs. T for crystals with different x. 
Dotted lines are guides for the eyes.
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Problem	 of	 excitation	 of	
ultrasound	 oscillations	 with	 the	 use	
of magnetostrictive transducers has 
attracted attention of researchers for a 
long	 time.	High	mechanical	 quality	 factor	
of the ferrite resonators make the creation 
a highly efficient information processing 
apparatus. Optimum geometry of the 
ferrite	 resonators	 for	 excitation	 of	 big	
amplitudes of hypersound represents a 
normally	magnetized	plate.	The	parametric	
excitation	and	related	losses	are	absent	in	
this case1.

The	 work	 deal	 with	 optimization	
of the amplitude of the magnetoelastic 
oscillations	 exited	 in	 ferrite	 plate	 by	
radiofrequency alternating magnetic 
field.	We	shall	direct	the	DC	magnetic	field	
perpendicularly to the plane of the plate 
along	the	axis	z.	Let	us	consider	the	linear	
polarization	of	the	alternating	field,	which	
is	 directed	 along	 the	 axis	 x.	 The	 system	
of the ordinary differential equations 
describing	 magnetoelastic	 oscillations	
in	 the	 ferrite	 plate	 was	 obtained	 in	 the	
paper2.	We	use	this	system	in	the	present	
work	for	modeling	and	optimization	of	the	
magnetoelastic	 oscillations.	 The	 system	
of	 differential	 equations	 was	 solved	
numerically	by	the	Runge-Kutta	method.

The	 maximum	 amplitudes	 of	
magnetic	 and	 elastic	 oscillations,	
depending on the material parameters 
and	 parameters	 of	 external	 fields	 were	
obtained.	 For	 this	 purpose	 we	 used	 the	
method	 of	 «annealing	 simulation»3. 
The	 main	 parameters	 of	 the	 method	
of	 «annealing	 simulation»	 for	 the	
investigated	 problem	 were	 obtained.	 
The	 comparison	 of	 the	 maximum	
amplitudes of the elastic displacements 
and magnetic oscillations amplitude 
obtained	in	earlier	works1,2	with	the	value	
obtained	 by	 the	 method	 of	 «annealing	
simulation»	for	equivalent	plate	thickness	
was	 made.	 The	 three-dimensional	
resonant surfaces for amplitudes of elastic 
and magnetic oscillations on the thickness 
of	the	plate,	the	magnetoelastic	constant,	
magnetic	dissipation	parameter	were	built	
and	 explained.	 The	 effective	 excitation	
areas	of	the	hypersound	for	two	values	of	
the	thickness	of	the	plate	were	determined	
by	the	analysis	of	the	resonant	surfaces.

The	 work	 performed	 in	 part	 under	
financial	support	The	Ministry	of	Education	
and	 Science	 of	 the	 Russian	 Federation,	
project	№	1503.

1 Pleshev D.A., Vlasov V.S., Kotov L.N., Asadullin F.F., Poleshikov S.M., Shavrov V.G.,  
Shcheglov V.I. (2015), Solid State Phenomena, 233-234, 471-475.

2 Vlasov V.S., Kotov L.N., Shavrov V.G., Shheglov V.I. (2009), J. Comm. Tech. El., 54 (7),  
821-832.

3 Ingber L., (1996), Control and Cybernetics, 25 (1), 33-54.
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In	 the	 frame	 of	 this	 work	 we	
investigate	 new	 materials	 for	 optical	
quantum memory such as isotopically 
pure	 dielectric	 crystals	 activated	 by	 rare	
earth ions. Monoisotopic composition of 
the	impurity	ions	will	enable	one	to	achieve	
high optical density of the resonance 
medium	 with	 a	 minimum	 concentration	
of	 undesirable	 impurities.	 At	 the	 same	
time,	 the	 isotopic	 purity	 of	 the	 crystal	
matrix	 will	 reduce	 both	 inhomogeneous	
broadening	 of	 the	 resonance	 transitions	
of	 impurity	 ions,	 which	 are	 important	
for implementing of various protocols of 
quantum	 information	 processing,	 and	
homogeneous	 broadening,	 which	 is	 of	
most importance for quantum memory. 
The	 actuality	 of	 the	 study	 is	 connected	
with	 the	 fact	 that	 the	 impurity	 crystals	
activated	with	rare-earth	ions	are	currently	
considered as the most promising carriers 
of quantum information.

Study	 of	 materials	 by	 means	 of	
EPR	 and	NMR	 at	 cryogenic	 temperatures	
are	 suitable	 for	 the	 determination	 of	
effective	 spin	 Hamiltonian	 parameters	
of	 the	 ground	 and	 excited	 states,	 which	
are	 crucial	 for	 the	 realization	 of	 Raman	
optical quantum memory and frequency 
conversion	 of	 photons	 between	 optical	
and	GHz	ranges.

We	 studied	 Y2SiO5	 doping	 with	
143Nd3+	 ions	 by	 electron	 paramagnetic	
resonance	method	at	5K.	The	EPR	spectra	
of	 Y2SiO5:Nd3+	 consist	 of	 two	 groups	 of	
lines.	 Each	 group	 contains	 eight	 lines	
that	 can	 be	 attributed	 to	 the	 hyperfine	
structure of Nd3+	ion	(S=1/2,	I=7/2).

This	 work	 is	 supported	 by	 the	 RSF	
(Grant	no.	16-12-00041).
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Figure 1. Angular dependences of the ESR 
resonance fields of the Nd3+ ions in Y2SiO5 at 
T=5K.
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Magnetostatic	 waves	 propagated	
in ferrimagnetic and ferromagnetic 
materials	 is	 the	 base	 of	 different	 analog	
data processing devices1. One of the 
most	 significant	 flaw	 of	 this	 devices	
is high temperature dependence of 
magnetic	 properties.	 At	 particularly,	
saturation	 magnetization	 is	 highly	
depends from temperature2.	 Therefore,	
ensuring of correctly device operation 
on	 the	 magnetostatic	 waves	 at	 various	
temperatures	 is	 important	 problem.	 The	
main	aim	is	provide	thermal	stability	of	the	
system.

The	boundaries	of	the	magnetostatic	
waves	 spectrum	 are	 mainly	 determined	
by	 values	 of	 external	 magnetic	 field	 H 

and	saturation	magnetization	 3.	 The	
equations	defining	 low	and	high	 limits	of	
frequencies	is	following:

where	  is gyromagnetic ratio.
The	 main	 study	 result	 is	 defining	

temperature	 dependence	 of	 low	 (Figure		
1a)	and	high	(Figure		1b)	frequencies	from	
the	 external	 field.	 It	 was	 found	 that	 the	
MSW	spectrum	is	shifted	in	the	long-wave	
range	 with	 the	 temperature	 increases.	
However,	 the	 high	 boundary	 of	 the	
spectrum is changed more intensive.

1 Ishak W.S. (1988), Proceedings of the IEEE, 76 (2), 171-187.
2 Damon R.W., Eshbach J.R. (1961), J. Phys. Chem. Solids, 19 (3/4), 308-320.
3 Makarov P.A., Shavrov V.G., Shcheglov V.I. (2014), Journal of radio electronics, 7.

Figure 1. External magnetic field dependence of MSW low (a) and high (b) frequency for various 
temperatures.
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2D and 3D computer simulations 
of	 dynamic	 processes	 in	 a	 domain	 wall	
moving in a garnet film1	 have	 been	
performed using MuMax3 solver2.	 The	
dynamic	 behavior	 of	 the	 magnetization	
was	 described	 by	 the	 Landau-Lifshitz-
Gilbert	 equation.	 We	 have	 considered	
a	 rectangular	 shaped	 element	 with	 the	
sizes:	 Lx=400	 nm	 (inter-domain	 distance),  
Ly=50–500	 nm	 (film	 thickness),	 Lz=800	
nm	 (along	 the	domain	wall;	with	periodic	
boundary	 conditions).	 An	 external	 dc	
magnetic field is applied along the easy 
axis	(y-direction).

Using the 2D simulation in an 
element Lx×Ly,	 we	 have	 observed	 the	

appearance	of	 the	 thread-like	 formations	
that look like a vortex (v)	 and	 antivortex	
(av)	 in	 the	 cross-section	 (Figure	 1:	 the	 z 
positions of the cores of v and av	vs	time).	
No	 antivortices	 appear	 below	 the	 certain	
film	 thickness.	 The	 3D	 simulation	 in	 the	
element Lx×Ly×Lz allows	 us	 to	 find	 the	
metastable	 configurations	 of	 the	 domain	
wall	 with	 vertical	 Bloch	 lines	 and	 Bloch	
points.	 Using	 these	 distributions	 as	 the	
initial	conditions,	we	studied	the	processes	
of dynamic transformation of the domain 
wall.	 We	 have	 used	 a	 procedure	 for	
visualization	of	vortices	(antivortices,	Bloch	
points)	 motion3	 based	 on	 a	 topological	
charge calculation.

1 F.H. de Leeuw, R. van den Doel, U. Enz. (1980) Rep. Prog. Phys. 43, 689-783.
2 A. Vansteenkiste, J. Leliaert, M. Dvornik, et al. (2014) AIP Advances 4, 107133.
3 V. V. Zverev, B. N. Filippov (2013) JETP 117 (1), 108-120.

Figure 1. Trajectories of the cores of vortices (black) and antivortices (white).
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The	 present	 work	 is	 devoted	 to	
research	 of	 niobium	 dichalcogenide,	
manganese	 intercalated	 by	 nuclear	
magnetic	 resonance.	 Question	 of	 the	
valence state of manganese in such 
compounds MnXNbS2 is extremely 
relevant1.	 According	 to	 the	 literature	
data2,	 the	 effective	 magnetic	 moment	
of the manganese ions in Mn1/3NbS2 is  
(5.2-5.6)μB,	and	in	Mn1/4NbS2	–	(5.2-5.4)	μB. 
It	 turned	out	 that	 the	total	spin	quantum	
number	of	manganese	ions	is	close	to	the	
value of S=5/2	 (μeff =	 g(S(S+1))0.5≈5.9	 μB),	
and	 manganese	 valence	 state	 is,	 hence,	
to Mn2+.	According	 to	other	experimental	
data3,	 the	 effective	 magnetic	 moment	
of	 manganese	 in	 the	 above	 compounds	
is	 (4.6-5.1)	 μB,	 which	 gives	 the	 total	 spin	
number	 S=2	 and	 valence	 state	 of	 Mn3+ 
(μeff=4.9	μB).

As	a	result	of	NMR	studies	the	 local	
magnetic	hyperfine	field	at	the	was	directly	
measured and the values of the effective 
magnetic moments of the manganese ions 
in Mn1/4NbS2	 (hst=422	 kOe,	 μeff=4.3	 μB)	
and Mn1/3NbS2	 (hst=446	 kOe,	 μeff=4.5	 μB). 
The	 values	 of	 found	 magnitudes	 clearly	
indicate that the manganese ions in 
the	 tested	 niobium	 dichalcogenides	 
are in Mn3+.

From	 the	 dependence	 of	 the	 spin-
echo intensity at 55Mn from tdel delay 
between	 pulses	 in	 the	 pulse	 sequence	
forming	 τπ/2–tdel–τπ–tdel–echo,	 established	

the presence in different lattice crystals 
(at	 least	 two)	 of	 nonequivalent	 magnetic	
positions	 of	 Mn	 ions.	 We	 assume	
that	 one	 (main)	 position	 corresponds	
to	 the	 manganese	 atoms,	 forming	 a	
«homogeneous»	 helical	 structure,	 the	
other	 -	 the	 manganese	 atoms,	 which	
present	 in	 the	 areas	 with	 impaired	
helical	 magnetic	 structure	 (areas	 «phase	
failure»).

As	a	 result	of	NMR	studies	on	 93Nb	
nuclei	 in	 a	 magnetic	 field	 H=117	 kOe	 in	
the paramagnetic phase of single crystals 
Mn1/3NbS2 and Mn1/4NbS2 the components 
of the tensor of the electric field gradient 
and	 magnetic	 shifts	 were	 identified.	 It	
was	 found	that	 in	 the	 temperature	range	
T=(90-300)	K	 in	Mn1/3NbS2 and Mn1/4NbS2 
the local symmetry of the environment of 
the	 charge	 of	 niobium	 positions	 are	 not	
substantially	changed.

This	work	was	performed	within	the	
state	task	no.	01201463330	on	the	theme	
«Spin»	and	was	supported	by	the	Russian	
Foundation	 for	 Basic	 Research	 (project	
no.	15-02-02000)	and	UB	RAS	(no.	15-9-2-
49).

1 Kousaka Y., Nakao Y., Kishine J., Akita M., Inoue K., Akimitsu J. (2009), Nuclear Instruments 
and Methods in Physics Research Section A, 600, 250-253.

2 Parkin S. S. P. and Friend R. H. (1980), Philosophical magazine, 41, 65-93.
3 Anzenhofer K., Van Den Berg J.M., Cossee P., Helle J.N. (1970), Journal of Physics and 

Chemistry of Solids, 31, 1057–1067.
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The	high	frequency	fluctuations	play	
an	 important	 role	 in	 describing	 the	 slow	
process	 of	 equilibration	 in	 disordered	
spin systems that is pertinent to the 
problems1–2	 of	 ergodicity,	 thermalization,	
spin	transport,	and	many-body	localization.	
The	 frequency	 representation	 of	 the	
time	 autocorrelation	 function	 (ACF)	 will	
decrease exponentially3–4	as	exp(–τ|ω|)	if	
there are singularities on imaginary time 
axis.	 The	 coordinate	 of	 singular	 point	 (τ),	
which	determines	the	exponent,	has	been	
calculated4 for regular lattices at infinite 
temperature.	 However	 the	 changes	 in	
the	 coordinate	 of	 the	 ACF	 singular	 point	
versus magnetic dilution do not seem to 
have	 been	 considered.	 In	 our	 work	 we	
explore the singularities on imaginary 
time	 axis	 by	 the	 averaging	 of	 the	 ACF	
over random spin sites in a rigid lattice at 
infinite	temperature.	We	consider	systems	
with	 the	 isotropic	spin-spin	 interaction3–5,	
but	 the	 approach	 can	 be	 applied	 to	
more	 complex	 systems	 with	 anisotropic	
couplings1.	It	should	be	noted	that	in	Ref.5 
the	disordered	system	was	replaced	by	the	
regular lattice of spins at average distance 
to	 obtain	 the	 coordinate	 of	 singular	
point.	 It	 was	 calculated	 that	 its	 value	

coincides	 with	 our	 estimation4.	 However,	
the	 legitimacy	 of	 such	 a	 substitution	 is	
questionable,	since	the	calculations1 of the 
central	part	of	 the	ACF	spectrum	indicate	
the importance to consider random 
spatial	 distribution	 of	 spins.	 Referring	 to	
this	 calculation	 we	 propose	 the	 system	
of nonlinear integral equations for the 
ACF	 in	 the	 self-consistent	 fluctuating-
local-field	 approximation3–4 to reflect 
the disordered spin system as separated 
on	 the	 neighbouring	 and	 the	 remaining	
spins1.	 The	 coordinate	 of	 the	 nearest	
singular	point	 is	defined	by	 the	 radius	of	
convergence	 of	 time	 series	 where	 the	
coefficients	of	expansion	are	calculated	by	
the	recurrence	equations.	It	is	shown	that	
in	the	very	dilute	regime,	the	coordinates	
of	 the	 singular	 points	 and,	 consequently,	
the	 wings	 of	 the	 ACF	 spectrum	 are	
determined	by	the	modulation	of	the	local	
field from the close spin pairs leading to 
logarithmic concentration dependence.  
It	is	known1	the	width	of	the	ACF	spectrum	
is	linear	with	respect	to	the	concentration	
of magnetic atoms.

1 Dzheparov F. S. (2011), J. Phys.: Conf. Ser. 324, 012004.
2 Eisert J., Friesdorf M., Gogolin C. (2015), Nature Physics 11, 124.
3 Blume M., Hubbard J. (1970), Phys. Rev. B. 1, 3815 .
4 Zobov V. E. (1988), Theor. Math. Phys. 77, 1299 .
5 Faoro L., Ioffe L., Kitaev A. (2012), Phys. Rev. B 86, 134414.
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Multilayer magnetic structures 
have	 been	 widely	 studied	 recently	 in	
connection	 with	 the	 opportunity	 of	 their	
practical	 application.	 Frequently,	 these	
are periodically alternating layers of 
two	 materials	 with	 different	 physical	
properties.	 The	 dynamics	 of	 spin	 waves1 
and magnetic inhomogeneities2 that are 
extended in such systems in directions 
perpendicular to the layer interfaces are 
studied	 intensely	 at	 present.	 Note	 that,	
frequently,	 the	 study	 of	 one-dimensional	
models	 makes	 it	 possible	 to	 understand	
the influence of various magnetic 
parameters.	 It	 has	 been	 shown3 that the 
presence	of	a	thin	layer	with	the	magnetic	
anisotropy	 parameters,	 smaller	 than	
those	 in	 the	 adjacent	 layers,	 can	 lead	 to	
new	dynamic	effects,	e.g.,	the	appearance	
of	a	nucleus	of	a	new	magnetic	phase	or	
the	 reflection	 of	 a	 moving	 domain	 wall	
(DW)	from	the	attracting	potential.	 In	this	
work,	we	have	studied	the	effect	of	spatial	
modulation of the parameters of magnetic 
anisotropy,	exchange	and	damping	on	the	
nonlinear	resonant	dynamics	of	DWs	in	a	
three-	 ,	 five-	and	N-layered	ferromagnetic	
with	 allowance	 for	 the	 opportunity	 of	
the	 excitation	 of	 localized	 magnetic	

inhomogeneities,	 internal	 modes	 of	 DW	
oscillations,	 and	 the	 emission	 of	 bulk	 
spin	waves.

Using	 as	 an	 example	 two	 identical	
thin layers in a fivelayered ferromagnetic 
we	 showed	 that	 the	 collective	 effects	
of	 the	 layers	 influence	 on	 the	 DW	
dynamics	 are	 largely	 connected	 with	 the	
resonant	 energy	 exchange	 between	 the	
localized	waves.	The	presence	of	a	critical	
distance	 is	 discovered	 between	 the	 thin	
layers	 separating	 the	 two	 regions	 with	
qualitatively	 different	 system	 behavior.	
The	possibility	of	the	existence	of	a	settings	
range,	in	which	to	pass	through	both	layers	
of	a	DW	requires	significantly	less	energy,	
is	proved.	We	demonstrated	that	damping	
and external force counteract the onset 
of	 the	 DW	 resonant	 reflection	 from	 the	
attracting	thin	layer,	but	its	initiating	cause	
–	resonant	energy	exchange	between	the	
localized	 waves	 still	 takes	 place.	 For	 the	
experimental	observation	of	the	reflections	
and	DW	quazitunneling	resonance	effects	
in	real	physical	experiments,	we	suggested	
a method of measuring the amplitude of 
the	 DW	 center	 oscillations,	 and	 the	 use	
of	physical	systems	with	sufficiently	weak	
damping.

1 Ignatchenko V.A., Tsikalov D.S. (2012), Solid State Phenomena 190, 71-74.
2 Ekomasov Е.G., Murtazin R.R., Nazarov V.N. (2015), J. Magn. Magn. Mater. 385, 217–221.
3 Ekomasov E.G., Gumerov A.M., Kudryavtsev R.V. (2015), JETP Letters, 101(12), 835–839.
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The	 theory	 of	 magnetoelastic	
resonance	 (MER)	 in	 inhomogeneous	
media	has	been	developed	earlier1 in the 
framework	 the	 standard	 self-consistent	
approximation	 (SCA),	 which	 takes	 into	
account only the first term of the series for 
the	vertex	function.	We	have	derived	a	SCA	
of a higher level compared to the standard 
SCA,	which	takes	into	account	both	the	first	
and second terms of the series2.	In	addition	
to	 all	 the	 diagrams	 with	 non-intersecting	
lines of correlations/interactions taken 
into	 account	by	 the	 standard	SCA,	 a	new	
approach takes into account in each 
term of the Green’s function expansion 
a	 significant	 number	 of	 diagrams	 with	
intersections	 of	 these	 lines.	We	 use	 here	
this	 new	 SCA	 to	 develop	 a	 more	 precise	
theory	of	MER.	Figure	1	shows	the	change	
in the shape of the imaginary part of the 
Green’s	 function	of	 the	spin	waves	  
in	 the	 MER	 with	 the	 growth	 of	 the	 rms	
fluctuations and decrease in the average 
value	of	 the	coupling	parameter	between	

the	 spin	 and	 elastic	 waves	 with	 the	
conservation of the sum of the squares of 
these	quantities,	 .	The	width	of	
the	peaks	due	to	the	statistical	distribution	
of	the	frequency	increases,	the	peaks	and	
gradually approach each other until they 
merge	 into	 a	 single	 broad	 peak	 (Figure	
1c, d).	 This	 general	 trend	 is	 described	 as	
under	 the	 new	 (solid	 curves	 in	 Figure	 1)	
and	the	standard	SCA	(dashed	curves).	It	is	
seen	that	when	using	the	standard	SCA	a	
number	of	unusual	effects	are	manifested:	
domed	 shape	 of	 the	 resonance	 peaks,	
curves	 with	 three	 maxima	 (b),	 bends	 on	
the slopes of the resonance peak (c).  
This	 paper	 shows	 that	 these	 effects	 are	
due	to	shortcomings	of	the	standard	SCA.	
In	 developed	 here	 more	 exact	 theory	
of	 the	 MER	 all	 these	 strange	 effects	 are	
absent	(see	solid	curves	in	Figure	1).	Since	
the	ordered	case	( ,	 )	to	the	case	
of	complete	randomization	of	the	coupling	
parameter	( ,	 )	there	is	a	smooth	
transformation	of	 two	narrow	peaks	 in	 a	
one	broad	peak.	

1 Ignatchenko V. A. and Polukhin D. S. (2013), Zh. Eksp. Teor. Fiz., 144, 972–989.
2 Ignatchenko V. A. and Polukhin D. S. (2016), J. Phys. A: Math. Theor. 49, 095004

Figure 1. The imaginary part of the Green's 
function of the spin waves in the standard 
(dashed curves) and the new (solid curves) SCA 
at various  and : a - 0.95 and 0.05, b - 0.7 and 
0.3, c - 0.25 and 0.75, d - 0 and 1.
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The	 phenomenon	 of	 resonance	
frequencies of the removal of degeneracy 
states	in	the	vortex	array	of	nanodots	with	
magnetic structure is discussed in this 
paper.	 The	 model	 of	 a	 two-dimensional	
array of alternating magnetic parameters 
the	status	of	individual	nanodisks	(polarity	
and	chirality)	is	studied.

The	 calculation	 is	 based	 on	
the	 equation	 of	 Thiele1,	 to	 which	
we	 added	 the	 term,	 responsible	 for	
magnetostatic	 interaction	 magnetization	

disc:	 .	 The	 result	 for	 a	 law	
dispersions	is	show	on	Figure	1.

Near resonance state due to 
magnetostatic interactions closely spaced 
absorption	peaks	 is	observed2.	Estimated	
value of the maximum the splitting of 
the	 field	 in	 the	 long-wavelength	 limit	 of	
the	 order	 10	 %.	 This	 gives	 a	 satisfactory	
agreement	 with	 our	 experimental	 data	
(Figure	2).

The	work	is	supported	by	RFBR	grant	
16-32-00103	and	RSF	grant	14-15-00805.

1 A. A. Thiele, (1973). Phys. Rev. Lett. 30, 2.
2 P.D. Kim, V.A.Orlov, R.Yu. Rudenko, V.S. Prokopenko, I.N. Orlova, S.S. Zamai. (2015). JETP 

Letters, 101, 620.

Figure 1. The two-dimensional dispersion law 
is obtained by solving Till’s equation.

Figure 2. Differential absorption curves from 
FMR experiment on an array of nanodots.
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The	 theoretical	 justification	 of	
capability	 using	 spin-wave	 resonance	 as	
magnetostructural	method	has	been	given	
by	series	of	theoretical	paper1.

The	 spin-wave	 resonance	 method	
(SWR)	 allows	 to	 directly	 experimentally	
study of energy spectrum of exchange 
spin	 wave	 for	 thin	 ferromagnetic	 films.	
The	 type	 of	 energy	 spectrum	 in	 new	
magnetic systems as multilayer and 
gradient	 sandwich	 films	 or	 three-layered	
films	(ferromagnetic/metal/ferromagnetic)	
is	 changed.	 Particularly,	 we	 have	 found	
in	 three-layered	 system	 both	 splitting	 of	
ferromagnetic resonance peak an acoustic 
and optical peaks and similar splitting 
of	 exchange	 spin-wave	 mode.	 We	 have	
discover that resonance fields of spin 
modes corresponding to standing acoustic 
exchange	 spin	 wave	 are	 described	 by	
known	Kittel’s	ratio	–	Hr~n2,	here	n – mode 
number.	 It	 is	 established	 that	 resonance	
fields of spin mode presenting of optical 

satellites	 of	 SWR	 peaks	 are	 described	 by	
ratio Hr ~n5/2 (Figure	1a).

Synthesize	 gradient	 sandwich	 films	
are	anisotropic	structures	with	distribution	
of	 magnetic	 spin	 parameters	 which	
are	 described	 by	 random	 function	 with	
stationary	 increment.	 The	 SWR	 spectrum	
in	thin	films	similarly	formed	are	described	
by	 dispersion	 relation	 Hr~n and Hr~n2/3 
(Figure	2b).

The	 idea	 making	 such	 structures	
was	 developed	 from	 analogy	 between	
equation	 of	 magnetization	 motion	 and	
Schrödinger’s equation for elementary 
particle	stated	by	Schlömann3.

This	 work	 was	 supported	 by	 the	
Russian	 Foundation	 for	 Basic	 Research,	
Grant	 №	 15-08-06673	 and	 RFBR-KRFS-
Seberian	 15-42-0417	 also	 the	 Special	
Program	for	Siberian	Federal	University	of	
the	Ministry	 of	 Education	 and	 Science	 of	
the	Russian	Federation.

1 Ignatchenko V.A., Iskhakov R.S. (1980), Izvestiya akademii nuak SSSR. Seriya fizicheskaya, 
44(7), 1434-1437.

2 Schlömann E. (1964), J. Appl. .Phys., 35 (1),159-166.
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Figure 1. Dependence of resonance fields Hr of spin modes on the mode number n for three-layered (a) 
and gradient sandwich [СоxNi1–x]N and [СоxP1– x]N films (b).
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Single	 crystals	 ABO3	 (A=Sc,	 Lu,	 In)	
with	 small	 amount	 Ct3+	 (~5	 аt.%	 from	 А)	
were	 grown	 by	 technology	 as	 in1.	 Thin	
plate	crystals	with	dimensions	2x2x0.1	mm	
were	 obtained.	 Isostructural	 R3c crystals 
have	space	group	unit	cell	with	-3m	point	
symmetry for Cr3+	 ions	 which	 substitute	 
A	 ions.	 C3–axis is normal to plate plane. 
Ions	 A	 are	 placed	 in	 oxygen	 octahedron	
with	are	connected	to	each	other	via	BO3 
groups.	 Resonance	 measurements	 were	
carried	 out	 with	 Bruker	 Elexsys	 E-580	
installation	 operating	 at	 X–band	 and	
temperatures	77–300	K.

Angular	 dependency	 of	 the	
resonance field revealed axial symmetry 
in	basal	plane	of	the	crystals	(normal	to	C3 
axis)	with	strong	angular	dependencies	at	
orientations external magnetic field from 
C3	to	basal	plane.	Resonance	spectra	were	
treated	 by	 using	 axial	 spin–Hamtonian	
H=g//βHzSz+g⊥β(HxSx+HySy)+Dz

2 	 (1)

where	 D	 is	 axial	 constant,	 g// and g⊥ are  
g–values for the magnetic field parallel and 
normal to C3	 axis	 of	 the	 crystal,	 β–	 Bohr	
magneton.	 Fitting	 of	 the	 experimental	
spectra	 were	 carried	 out	 with	 XSophe	
program2.	 The	 results	 are	 presented	 
in	Table	1.

Obtained	 g–values	 are	 almost	
isotropic and correspond to d3 ions 
in octahedral configuration. D–values 
correlates	 with	 those	 obtained	 earlier	
in	 Al2O3	 ,	 ZnGa2O4	 ,	 where	 Cr3+ ions are 
situated in octahedral coordination too.  
D	 signs	 were	 determined	 by	 comparison	
of the transitions –3/2↔–1/2 and 1/2↔3/2 
intensities at different temperatures.

Tablk 1. Spin Hamiltwnian (1) paoamktkod 
fwo thk dinglk Co3+ iwnd in ABO3 at owwm 
tkmpkoatuok.

А g|| g⊥ D,	cm–1

In 1.980(1) 1.982(1) -0.314(1)

Sc 1.980(1) 1.982(1) -0.402(2)

Lu 1.980(1) 1.982(1) -0.407(3)

D	 value	 for	 InBO3	 is	 notably	 lower	
than for ScBO3 and LuBO3	and	cannot	be	
ascribed	to	the	lattice	parameter	changes.	
We	 assumed	 it	 can	 be	 attributed	 to	 the	
difference	 in	 covalent	 bounding	 and	
(or)	 hybridization	 degree	 of	 the	 electron	
orbitals	of	the	matrix.

So,	 we	 can	 conclude	 that	 Cr3+ ions 
are	 characterized	by	 the	 «easy-axis»	 type	
of	 the	 anisotropy	 in	 ABO3	 (A=Sc,	 Lu,	 In)	
crystals.

1 Н.Б. Иванова, В.В. Руденко, А.Д. Балаев, Н.В. Казак, В.В. Марков, С.Г. Овчинников,  
И.С. Эдельман, А.С. Федоров, П.В. Аврамов. (2002), ЖЭТФ, 121, 2, 1

2 M.Griffin, A. Muys, C. Noble, D. Wang, C. Eldershaw, K.E. Gates, K. Burrage, G.R. Hanson., 
Mol. Phys. Rep., (1999) 26, 60-84
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At	 present	 sandwich-like	 magnetic	
structures are investigated extensively 
because	 there	 is	 the	 possibility	 of	
their practical application. Often they 
are periodically alternating layers of 
two	 materials	 with	 different	 physical	
properties.	 For	 the	 study	 of	 such	 new	
magnetic materials and processes taking 
place	 in	 them,	are	 relevant	 investigations	
of	 the	 dynamic	 magnetization	 reversal,	
generation of homogeneous and 
heterogeneous structure of dynamical 
status	under	the	action	of	high-frequency	
field1. Of special interest is the study of 
controlled	 dynamic	 conditions,	 in	 which	
it	 is	 possible	 to	 achieve	 high	 angles	 of	
precession	of	 the	magnetization	by	 fields	
sufficiently small amplitude2.

This	paper	describes	autoresonance	
parametric	excitation	of	magnetic	breather	
in	three-layered	ferromagnet	with	reduced	
value	of	 the	anisotropy	 in	a	 thin	 layer	by	
fields	 of	 variable	 frequency	 and	 small	
amplitude	 of	 a	 special	 form.	 As	 it	 was	
shown3,	 the	 nucleus	 with	 the	 subcritical	

amplitude	weakly	 responds	 to	 the	 defect	
size	 and	 disappears	 transforming	 into	
a	 damping	 breather	 In	 the	 case	 of	 an	
alternating	 external	 field,	 there	 is	 the	
probability	 of	 appearance	 of	 resonance	
effects that lead to more significant change 
of	 amplitude	 of	 breather.	 With	 variable	
pump	field	frequency,	the	time	evolution	of	
the square of the amplitude is determined 
from the resonance conditions. Such 
conditions is interpreted as a capture 
system in parametric resonance and gives 
an approximate solution for the amplitude 
at long period of time. Near the starting 
point	 has	 a	 boundary	 layer,	 where	 the	
approximate	 solution	 is	 determined	 by	
the	 differential	 equations	 obtained	 by	
averaging.	The	analysis	of	these	equations	
shows	 the	 existence	 of	 solutions	 with	 a	
growing	 and	 reduced	 amplitudes.	 Also,	
shown	 that	 is	 possibility	 of	 generation	
of	 magnetic	 breather	 with	 increasing	
amplitude in the field of thin layer from 
the	equations	of	motion	with	 the	help	of	
numerical methods.

1 Sementsov D.I. and Shutyi A.M. (2007), Phys-Usp 50 (8), 793–818.
2 Shamsutdinov M.A., Lomakina I.Yu., Nazarov V.N. and et. el. (2009). Ferro- and 

Antiferromagnetodynamics. Nonlinear Oscillations, Waves, and Solitons. Nauka, Moscow.
3 Nazarov V.N., Shafeev R.R., Shamsutdinov M.A. and et. el. (2012), Physics of the Solid State 

54 (2) 298–304.
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ESRF	 offers	 you	 to	 study	magnetism	 by	 nuclear	 resonance	 scattering.	 The	 talk	
reviews	new	results	partly	illustrated	below.

1 I. Sergueev, L. Dubrovinsky, M. Ekholm, et al, (2013). Physical Review Letters 111, 157601(5).
2 E. Bykova, L. Dubrovinsky, et al., (2016) Nature Communications 7, 10661(6).
3 D. G. Merkel, D. Bessas, Z. Zolnai, R. Rüffer, et al., (2015) Nanoscale 7, 12878–12887.
4 N. Spiridis, M. Zając, P. Piekarz, et al., (2015) Physical Review Letters 115, 186102(6)

Figure 1. As revealed by quantum beats, Ni 
remains magnetic up to 260 GPa. From Ref. 1.

Figure 2. Heating of hematite at 1900 K and 91 
GPa leads to η-Fe2O3 with one magnetic and 
other non-magnetic positions. From Ref. 2.

Figure 3. Magnetic structure of iron film on 400 
nm nanospheres for film thickness of (а) 28, (b) 
38, (c) 42, and (d) 72 Å. From Ref. 3.

Figure 4. As revealed by quantum beats, 2D 
FeO film becomes magnetic for thicknesses 
between 6 and 9 monolayers. From Ref. 4.
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Anisotropic	 interactions	 in	magnetic	
crystals and multiferroics are very 
important for correct understanding of 
relations	between	magnetic	and	crystalline	
orderings1.	In	particular,	the	Dzyaloshinskii-
Moriya	 (DM)	 interaction,	 characterized	by	
the	so-called	DM	vector,	 is	a	key	element	
in	 the	 physics	 of	 multiferroics,	 that’s	
why	 so	 many	 efforts	 are	 devoted	 to	 its	
theoretical	and	experimental	studies.	The	
magnitude and the sign of the DM vector 
are	 not	 determined	 by	 crystal	 symmetry	
and	depend	on	details	of	crystal,	magnetic	
and	electronic	structures.	There	were	very	
sophisticated	 ab-initio	 calculations	 of	 the	
DM	 vectors	 but	 they	 are	 still	 waiting	 for	
experimental	 proof.	 Following	 theoretical	
predictions2,	 it	 has	 been	 recently	
demonstrated3 that the sign of the DM 
vector	in	weak	ferromagnetic	FeBO3 could 
be	 deduced	 from	 observed	 interference	
between	 resonant	 X-ray	 scattering	 and	
magnetic	X-ray	scattering.

In	this	report,	we	present	theoretical	
and experimental results for several 
transition	 metal	 compounds	 with	 the	
DM	 interaction	 (α-Fe2O3,	 MnCO3,	 CoCO3,	
NiCO3).	 It	was	 found	 that	 the	DM	 sign	 in	
MnCO3	 coincides	with	 that	 one	 in	 FeBO3,	
whereas	 CoCO3 and NiCO3 demonstrate 
the	opposite	sign.	Experimental	data	have	
been	 supported	 by	 ab-initio	 simulations	
taking	 into	account	 spin-orbit	 interaction.	
A	 novel	 X-ray	 technique	 (interference	
between	 multiple	 wave	 diffraction	 and	
non-resonant	 magnetic	 X-ray	 scattering)	
which	 enables	 the	 determination	 of	 the	
DM vector in crystals is also discussed.

The	 work	 was	 supported	 by	 the	
program	I.11	П	of	the	Presidium	of	Russian	
Academy	of	Sciences.

1 Ovchinnikov S.G., Rudenko V.V., (2014), Physics-Uspekhi, 57 (12), 1180–1198.
2 Dmitrienko V.E., Ovchinnikova E.N., Kokubun J., Ishida K., (2010), JETP Lett. 92, 383-387.
3 Dmitrienko V.E., Ovchinnikova E.N., Collins S.P., Nisbet G., Beutier G., Kvashnin Y.O., 

Mazurenko V.V., Lichtenstein A.I., Katsnelson M.I., (2014), Nature Physics, 10, 202-206.
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Close relation between magnetic and optical phenomena  
in a complex multisublattice antiferromagnet CuB2O4

R.V. Pisarev
Ioffe Physical-Technical Institute, Russian Academy of Sciences, St. Petersburg, Russia

�keywords:� antiferromagnetic linear dichroism, optical harmonics generations

Copper	metaborate	CuB2O4 recently 
became	 a	 subject	 of	 active	 research.	 
It	 has	 a	 complex	 non-centrosymmetric	
crystal	 structure	 -42m	 in	 which	magnetic	
Cu2+	 ions	 (S=1/2)	 occupy	 4b and 8d 
different	 positions.	 4b	 subsystem	 orders	
antiferromagnetically at TN1=21	K,	whereas	
8d	subsystem	orders	below	TN2~10	K.

CuB2O4 possesses unique optical 
properties1–3	which	in	the	spectral	range	of	
1.4-2.4	eV	are	due	to	electronic	transitions	
between	 3d9 states of Cu2+ ions in the 
crystal	field.	Six	very	narrow	zero-phonon	
(ZP)	 lines	 were	 observed	 each	 of	 them	
being	accompanied	by	phonon	sidebands.	
All	 ZP	 lines	 show	 strong	 changes	 at	 the	
magnetic	 phase	 transitions.	 We	 have	
observed	 a	 strong	 linear	 dichroism	
relevant	 to	 ZP	 lines	 of	 the	 4b	 subsystem	
for the light propagating along the optical 
axis.	 The	 dichroism	 appears	 below	 
TN1=21	K	due	to	the	ordering	of	spins	in	the	
(001)	plane,	see	Figure		1.

This	property	allowed	us	to	disclose	
new	details	of	magnetic	structures	and	to	
find	new	magnetic	phase	transitions.

The	 crystal	 structure	 of	 CuB2O4 is 
non-centrosymmetric	 and	 therefore	 the	
optical	second	harmonic	generation	(SHG)	
is	allowed.	It	was	very	challenging	to	see	the	
coupling	of	SHG	to	magnetic	properties	of	
both	sublattices.	The	study	was	performed	
in	magnetic	 field	up	 to	7	 T	 applied	along	
different crystal axes3.	Figure		2	shows	the	
spectra	 of	 magnetic-field-induced	 SHG.	
The	strongest	SHG	signals,	as	 in	 the	case	
of	 the	 linear	dichroism,	were	observed	at	
the	ZP	lines.	Analysis	of	the	results	allowed	
us	to	clearly	distinguish	contributions	from	
the 4b and 8d	sublattices,	their	behavior	in	
an	applied	magnetic	field,	and	the	relevant	
phase	diagrams	for	each	sublattice.

This	work	was	supported	by	the	RFBR	
Grants	Nos.15-32-20613,	15-02-04222,	and	
by	the	Megagrant	No.	14.B25.0031.25.

1 R.V. Pisarev, A.M. Kalashnikova, O. Schöps, et al, Phys. Rev. B 84, 075160 (2011).
2 R.V. Pisarev, I. Sänger, G.A. Petrakovskii, et al, Phys. Rev. Lett. 93, 037201 (2004).
3 K.N. Boldyrev, R.V. Pisarev, L.N. Bezmaternykh, et al., Phys. Rev. Lett. 114, 247210 (2015).

Figure  1. Antiferromagnetic linear dichroism 
as a function of temperature below TN=21 K.

Figure  2. Three different types of SHG spectra 
in an applied magnetic field H=7T.

I6.3



292

August 15-19, 2016  
Krasnoyarsk, Russia

Magnetooptical time-resolved study of Eu2+ spin dynamics  
in P and Co doped EuFe2As2 pnictide superconductors
A. Pogrebna1, T. Mertelj1,2, I. Vaskivskyi1, Z.A. Xu3, G. Cao3, Z. Bukowski4,  

D. Mihailovic1,2

1Complex Matter Department, Jozef Stefan Institute, Jamova 39, SI-1000 Ljubljana, Slovenia
2Center of Excellence on Nanoscience and Nanotechnology – Nanocenter (CENN Nanocenter), 

Jamova 39, SI-1000, Ljubljana, Slovenia
3Department of Physics, Zhejiang University, Hangzhou, 310027, People’s Republic of China

4Institute of Low Temperature and Structure Research, Polish Academy of Sciences, 50 950, 
Wroclaw 2, Poland

�keywords:� iron pnictides, ultrafast magnetooptics, superconductivity

In	 the	 iron-based	 superconductors	
family	 EuFe2(As,P)21	 (EuP-122)	 and	
Eu(Fe,Co)2As2

2	 (EuCo-122)	 offer	 an	
interesting	 experimental	 possibility	
to	 study	 the	 competition	 between	 the	
ferromagnetic	 (FM)	 and	 superconducting	
(SC)	 order	 parameters,	 since	 the	 optimal	
critical temperature Tc	~28	K3	is	comparable	
to	 the	 Eu2+-spin	 ordering	 temperatures	 
TM	~	20	K4.

The	strength	of	the	coupling	between	
the	carriers	in	the	FeAs	planes	and	localized	
Eu2+ f	 -orbitals	 spins	 should	 be	 reflected	
also	in	the	energy	transfer	speed	between	
the	two	subsystems	upon	photoexcitation.	
We	 therefore	 systematically	 investigated	
the	 ultrafast	 transient	 reflectivity	 (ΔR/R)	
dynamics	 and	 time	 resolved	 magneto-
optical	 Kerr	 effect	 (TR-MOKE)	 as	 a	
function of temperature and external  
magnetic field.

In	addition	to	the	fast	ΔR/R relaxation 
component	 associated	 with	 the	 spin	
density	 wave	 observed	 earlier	 in	 related	
Ba(Fe,Co)2As2,	 we	 found	 another	 slower	
relaxation	component	associated	with	Eu2+ 
magnetization	 dynamics6.	 The	 relatively	
slow	 (0.1-1	 ns	 timescale)	 response	 of	
the	 Eu2+ spins to the optical excitation 
of	 the	 FeAs	 itinerant	 carriers	 suggest	 a	
rather	 weak	 coupling	 between	 the	 two	
subsystems	 enabling	 the	 coexistence	
of the singlet superconductivity  
with	FM	order.

In	 the	 superconducting	 EuP-122	 an	
additional	coherent	magnon	response	was	
observed	upon	application	of	an	 in-plane	
magnetic	field	in	both,	TR-MOKE	and	ΔR/R	
transients.	 The	 polarization	 dependence	
of the coherent magnon oscillations points 
towards	 a	 FM	 domain	 state	 with	 two	
distinct	type	of	FM	domains.

1 Z. Ren, Q. Tao, S. Jiang, C. Feng, C. Wang, J. Dai, G. Cao, Z. Xu, Phys. Rev. Lett. 102 (2009).
2 S. Jiang, H. Xing, G. Xuan, Z. Ren, C. Wang, Z.-A. Xu, G. Cao, Phys. Rev. B 80, 184514 (2009).
3 H. S. Jeevan, D. Kasinathan, H. Rosner, P. Gegenwart, Phys. Rev. B 83, 054511 (2011).
4 Z. Ren, Z. Zhu, S. Jiang, X. Xu, Q. Tao, C. Wang, C. Feng,G. Cao, Z.-A. Xu,  

Physical Review B 78, (2008).
5 A. Pogrebna, T. Mertelj, N. Vujičić, G. Cao, Z. A. Xu, D. Mihailovic, Sci. Rep. 5, (2015).
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Multi-merit and multimodal all-garnet heteroepitaxial 
magneto-optical photonic crystals

A.M. Grishin
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Petrazavodsk State University, 185910, Petrazavodsk, Karelian Republic, Russia
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I	 survey	 the	 cutting	 edge	 results	
on	 synthesis	 and	 properties	 of	 all-
garnet	 heteroepitaxial	 magneto-optical	
photonic	 crystals	 (MOPCs).	 They	are	built	
by	 alternating	 layers	 of	 a	 nonmagnetic	
rare	 earth	 gallium	 garnet	 and	 bismuth	
substituted	 iron	 garnet	 Bi3Fe5O12.	 The	
latter	 one	 combines	 the	 record	 high	
Faraday	 rotation	 (FR,	 θF	 =	 8.4	 deg/μm	 at	
633	 nm)	with	 transparency	 in	 visible	 and	
infrared1.

FR	 can	 provide	 unidirectional	
propagation	of	polarized	light,	and	thus	it	is	
used	for	optical	isolation.	The	idea	how	to	
increase	 FR	was	 suggested	by	Rosenberg	
2	and	practically	for	the	first	time	realized	
by	Inoue3	by	placing	magneto-optical	(MO)	
material	in	a	resonant	cavity.	In	MOPC,	due	
to the nonreciprocal optical properties of 
a	 ferromagnet,	 FR	 increases	 by	 a	 factor	
of N,	where	N	 is	 a	 number	of	 times	 light	
experiences	 reflections	 between	 Bragg	
mirrors.

Ultimate	 MO	 performance	 was	
achieved	 growing	 all-garnet	 MOPCs	
containing Bi3Fe5O12	 both	 in	 a	 resonant	
half-wavelength	 cavity	 and	 in	 quarter-
wavelength	 reflectors	 in	 Bragg	 mirrors:	
heteroepitaxial Bi3Fe5O12/	 Y3Fe5O12

4,	
Bi3Fe5O12/ La3Ga5O12

5,	 Bi3Fe5O12/
Gd3Ga5O12

6,	 and	 Bi3Fe5O12/Sm3Ga5O12
7,8 

crystals.	 Optimization	 of	 processing	
parameters	enables	achieve-ment	of	very	
smooth	(rms	roughness	is	less	than	1	nm)	
layers	 with	 sharp	 interfaces.	MOPCs	 that	
contained	garnets	with	big	optical	contrast	
and high precision predetermined layer 
thicknesses	possess	sharp	stop	band	and	
microcavity	modes	with	 a	 FWHM	≈	 1	 nm	
and	 a	 peak-to	 valley	 ratio	 better	 than	 50	
dB.	 So	 far,	 a	 [Bi3Fe5O12/Sm3Ga5]m	MOPC	

with	 six	 pairs	 of	 quarter-wavelength	
reflectors	 in	 two	 Bragg	 mirrors	 with	 a	
half-wavelength	 Bi3Fe5O12	 in-between	
microcavity demonstrated the highest 
specific	 FR	θF	=	20.5	deg/μm	at	750	nm7. 
Despite	its	superior	FR,	the	accompanying	
high-optical	 absorption	 hinders	 practical	
applications of Bi3Fe5O12 garnet.

The	next	 generation	 of	MOPCs	was	
engineered	 compromising	 a	 strong	 FR	
with	a	modest	optical	insertion	loss.	It	was	
realized	by	reducing	bismuth	concentration	
and	 substituting	 Fe3+ in Bi3Fe5O12	 with	
diamagnetic	Al3+ and Ga3+	ions.	They	made	
crystal highly transparent and introduced 
remnant	FR.	As	a	result,	MOPCs	owned	a	
new	function	-	MO	memory9.	To	the	date,	
at	 the	 resonance	 wavelengths	 775	 (640)	
nm,	 FR	 θF	 =	 14.1	 (14.8)	 deg/μm	and	MO-
quality factor Q	=	99.3	(46.2)	deg	represent	
the highest achieved MOPC performance. 
Compared	to	a	single	layer	MO-film,	θF	and 
Q	were	increased,	correspondingly,	by	the	
factors of 12 and 210. 

Multicolor	 tunable	 band	 pass	
filtering	combined	with	a	resonant	optical	
isolation	 was	 realized	 in	 double-cavity	
MOPCs.	 Low-loss,	 high	 FR	 pass-bands	 as	
well	as	strong	light	rejection	within	the	stop	
band	 were	 achieved	 optimizing	 distance	
between	cavities	and	repetition	number	of	
distributed	Bragg	reflectors11.

To	 engineer	 MOPCs	 that	 combine	
strong	 FR	 with	 reduced	 or	 even	 absent	
optical	 insertion	 loss,	 photoluminescence	
(PL)	 effect	was	 explored	 in	 Er-substituted	
garnet	 films:	 Er:La3Ga5O12,	 Er:Gd3Ga5O12,	
Er:Y3Fe5O12,	 and	 Er:Bi3Fe5O12 

12. PL 
lifetime in gallium contained garnets is 
in millisecond range that promises these 
garnets as a gain material.

I6.5



294

August 15-19, 2016  
Krasnoyarsk, Russia

Bi2.97Er0.03Fe4Al0.5Ga0.5O12/Sm3Ga5O12 
MOPCs	show	the	highest	MO	performance	
achieved	 so	 far:	 the	 highest	 FR,	 MO	
memory	 (remnant-latched	 FR	 as	 large	 as	
95%	of	a	saturated	value),	and	strong	room	
temperature	photo-luminescence10.

Transmission	 and	 FR	 in	 Er-
substituted	 Bi3Fe5O12/Gd3Ga5O12 MOPCs 
were	modeled	in	view	of	their	application	
in	C-band	MO-amplifiers.	It	was	found	that	
48	layered	11.4	μm	thick	MOPC	at	λ	=	1532	
nm	provides	45	deg	FR	and	 transmission	
as	 high	 as	 85	%	 being	 pumped	with	 100	
mW/980	nm	solid	state	laser	diode13.

Owning	 gain,	 luminescent	 all-

garnet heteroepitaxial photonic crystals 
promise	 great	 potential	 for	MO	memory,	
light	 guiding,	 filtering	 and	 switching,	
exceptional	dispersion,	nonreciprocal	and	
sensing	 properties	 as	 well	 as	 integration	
with	semiconductor	platforms.

1 N. Adachi, V.P. Denysenkov, S.I. Khartsev, A.M. Grishin, T. Okuda (2000), J. Appl. Phys. 88, 
2734.

2 R. Rosenberg, C.B. Rubinstein, D.R. Herriot (1964), Appl. Opt. 3, 1079.
3 M. Inoue, K. Arai, T. Fujii, and M. Abe (1998), J. Appl. Phys. 83, 6768.
4 S. Kahl, A.M. Grishin (2004), Appl. Phys. Lett. 84, 1438.
5 S.I. Khartsev, A.M. Grishin (2005), Appl. Phys. Lett. 86, 141108.
6 S.I. Khartsev, A.M. Grishin (2005), Appl. Phys. Lett. 87, 122504.
7 S.I. Khartsev and A.M. Grishin (2007), J. Appl. Phys. 101, 053906;
  D.O. Dzibrou, A.M. Grishin (2009), J. Appl. Phys. 106, 043901.
8 A.M. Grishin, S.I. Khartsev, H. Kawasaki (2007), Appl. Phys. Lett. 90, 191113.
9 A.M. Grishin, S.I. Khartsev, S. Bonetti (2006), Appl. Phys. Lett. 88, 242504.
10 S.I. Khartsev, A.M. Grishin (2011), Optics Letters 36, 2806.
11 N. Ansari, S.I. Khartsev, A.M. Grishin (2012), Optics Letters 37, 3552.
12 A.M. Grishin, S.I. Khartsev (2007), Appl. Phys. Lett. 95, 102503.
13 A.M. Grishin (2010), Appl. Phys. Lett. 97, 061116.
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in Photonics, Plasmonics and Magneto-Optic Visualization
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The	main	aim	of	presented	research	
is the development of technologies for 
synthesis	 of	 nano-	 and	 micro-scale	 Bi-
substituted	 iron	 garnet	 (Bi:	 IG)	 films	with	
specified properties and creation of 
structures	based	on	them	for	applications	in	
photonics,	plasmonics	(as	surface	plasmon	
resonance	sensors,	for	example),	magneto-
optical	(MO)	visualization	and	so	on.

The	nano-scale	Bi:	IG	films,	obtained	
by	ion	beam	sputtering	method,	are	used	
in	 one-dimensional	 magneto-photonic	
crystals	 (1D-MPCs)	 as	 MO	 layers	 for	
Faraday	 and	 Kerr	 effects	 enhancement.	
Due	to	the	proposed	method	of	fabrication	
and	optimization	of	optical	path	length	of	
double	 layer	 МО	 defect	 of	 composition	
Bi1.0Y0.5Gd1.5Fe4.2Al0.8O12 / Bi2.8Y0.2Fe5O12 
the record values of the MO quality factor 
15.1	 deg,	 enhancement	 Faraday	 rotation	
in	63	times	and	absolute	Faraday	rotation	
20.6	 deg	 are	 achieved	 in	 microcavity	
1D-MPCs	in	the	optic	wavelength	range.

Magneto-optical	 efficiency	 of	 such	
structures	 may	 be	 greatly	 increased	 by	
the	 utilization	 of	 gold	 coatings,	 gratings	
or	 embedded	 nanoparticles	 leading	 to	
interplay of optical resonances of different 
nature	 (surface	 plasmon	 resonance,	
localized	 surface	 plasmon	 resonance,	
Tamm	state	resonance,	etc).	As	an	example,	
the	 microcavity	 1D-MPC	 with	 double	
layer	 magneto-active	 defect	 and	 gold	
plasmonic	 patterns	 was	 fabricated	 and	
studied	 in	 order	 to	 combine	 advantages	
of	 photonic	 and	 plasmonic	 crystals.	 The	

hybrid	 plasmonic-waveguide	 modes	 and	
waveguide	modes	inside	defect	 layer	give	
rise	to	new	resonances	in	1D-MPC	optical	
spectra.	 The	 Faraday	 effect	 increases	 by	
about	50	%	at	the	microcavity	modes.	The	
transverse	 MO	 Kerr	 effect	 demonstrates	
pronounced	 peculiarities	 at	 both	 hybrid	
waveguide	 and	 microcavity	 modes	 and	
increases	by	several	times	with	respect	to	
1D-MPC.

The	micro-scale	 single-crystal	 Bi:	 IG	
films	 with	 different	 types	 of	 anisotropy	
(easy	axis,	easy-plane	and	angular	phase)	
where	 synthesized	 as	 a	 MO	 sensors	 for	
nondestructive	 testing	 of	 metal	 objects	
including	 non-magnetic.	 It	 is	 shown	
that	 easy-axis	 anisotropy	 films	 have	
the	 best	 results	 for	 MO	 visualization	 of	
redistribution	eddy	current	magnetic	field	
near	 defects.	 The	 effectiveness	 of	 MO	
visualization	 depends	 on	 the	 frequency	
and amplitude of the alternating field and 
the	 magnetic	 biasing	 field,	 which	 have	 a	
significant	influence	on	the	behavior	of	the	
dynamic domain structure of the magnetic 
films.
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The	 electrical	 field	 control	 of	
magnetism is an appealing research topic 
of	 magnetic	 materials	 with	 the	 potential	
to the spintronics devices applications1. 
Carbon-based	material	has	been	identified	
as	 a	 candidate	 material	 for	 use	 in	 next-
generation semiconductor electronics. 
Thin	films	of	amorphous	carbon	(a-C)	are	
amorphous	semiconductors	with	a	mixture	
of sp2 and sp3	bond	properties;	controlling	
the sp2/sp3 ratio can give them many more 
degrees of freedom than conventional 
group	 IV	 amorphous	 semiconductors2. 
The	a-C	structure	has	been	demonstrated	
can	be	tuned	by	electrical	field.	Therefore,	
in	this	work,	we	propose	that	a	deliberately	
designed Co/C structure provides a route 
to	realize	electric	 field	control	magnetism	
by	 engineering	 the	 orbital	 occupancy	
and nature of the density of states in Co 
evidenced	by	magnetic	circular	dichroism	
(MCD).

Au (10nm)/Co (8nm)/a -C (8nm)/
Au(10nm)	 multilayer	 structures	 were	
prepared	 on	 quartz	 substrates	 by	 r.f.	
magnetron	 sputtering.	 The	 top	 and	
bottom	 Au	 layers	 were	 semi-transparent	
for MCD measurement and used as the 
electrodes	 when	 applying	 the	 voltage.	
Figure		1(a)	shows	the	MCD	spectra	of	the	
Co/C	 heterostructures	 without	 and	 with	
applied	voltage	8V.	A	broad	and	large	MCD	
peak	which	is	a	feature	of	magnetic	metal	
due	 to	 the	 absence	 of	 energy	 band	 gap	
has	 been	 observed.	 We	 can	 observe	 the	
MCD spectra of the Co/C heterostructures 
yielded	 significant	 a	 reversible	 MCD	
change	by	an	applied	voltage.

In	 addition	 to	 the	 variation	 of	MCD	
intensity,	 the	 magnetization	 of	 Co	 has	
also	 been	 affected	 by	 applied	 bias.	 The	
MCD-H	 data	 was	 taken	 from	 magnetic	
field dependent measurement at the MCD 
peak	 E=2.25	 eV,	 while	 the	 applied	 bias	

Figure  1. (a) The MCD spectra of the Co/C heterostructures without and with applied voltage 8V. (b) 
The MCD-H measurement at the MCD peak E=2.25 eV with bias gradually increased from 0 to 8V.
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voltage	was	gradually	increased	from	0	to	
8	 V.	 As	 shown	 in	 Figure	 	 3,	 the	magnetic	
coercivity	(Hc)	and	the	ratio	of	remanence	
to	 saturated	 magnetization	 of	 the	 MCD	
hysteresis	 loops	 decreased	 as	 the	 bias	
voltage	 increased,	as	shown	in	the	Figure		
1(b).

Our	 Raman	 spectra	 measurements	
reveal	 that	 the	 decrease	 in	 the	 I(D)/I(G)	
ratio and the shift of the G peak position 
with	 bias	 reveals	 that	 less	 sp2 sites form 
under	 the	 influence	 of	 applied	 bias.	 The	
Raman	spectra	is	reversible	while	turn	off	
the	bias	implying	the	electric	field	induced	
MCD effect is not due to the structural 
transformation	 but	 can	 be	 related	 to	 the	
Co-C	hybridization	variation.

In	 summary,	 the	 electrical	
manipulation of magnetism and magnetic 
properties	 has	 been	 achieved	 in	 Co/C	
heterostructures	 by	 MCD	 measurement.	
The	 electric	 field	 is	 used	 to	 control	 the	
MCD spectra and its corresponding 
hysteresis	loops.	It	can	be	associated	with	
the	C-Co	reversible	hybridization	variation	
in	turn	affects	the	magnetization	behavior	
by	change	 in	orbital	occupancy	 in	Co	due	
to	charge	transfer	at	the	interface	between	
Co	and	C.	It	can	open	new	perspective	for	
C spintronics.

1 Matsukura F., Tokura Y., Ohno H., (2015), Nature Nanotechnology, 10, 209-220.
2 Hsu H. S., Chien P. C. , Sun S. J., Chang Y. Y., Lee C. H., (2014), Applied Physics Letters, 105, 

052410.
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fluctuations on the surface of manganite (LaPrCa)MnO3
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Compounds	containing	transition	(T)	
and	rare	earth	(RE)	elements	have	a	num-
ber	 of	 characteristic	 features	 associated	
with	 the	 competitions	 interactions	 T	 and	
RE	 atoms.	 Figure	 1	 shows	 the	 spectra	
of	 magnetic	 circular	 dichroism	 (XMCD)	
in the manganite La0.5Pr0.2Ca0.3MnO3 
at the Mn L2,3	 absorption	 edges,	 Pr	 M4,5 
and	 the	 Fe	 L2,3	 XMCD	 spectrum	 in	 the	
Heusler	 alloy	 Co2FeSi	 for	 comparing.	 The	
RE	 compound	 spectra	 show	 a	 complex	
shape	whereas	the	T	compound	spectrum	
has	 a	 simple	 and	 understandable	 form.	
Dichroic	 spectra	 allow	 determining	 the	
orbital	 and	 spin	 magnetic	 moments	 of	
individual atoms using the simple sum 
rules using the squares L2 and L3 line. 
We	 get	 a	 good	 result	 for	 the	 Heusler	
alloy	but	in	manganite	the	sum	rules	give	
unreasonably	low	values	for	the	moments	
(5	 times	 less	 than	 the	 experiment).	 
We	 believe	 that	 the	 reason	 for	 the	
discrepancy lies in the fact that the 
spectra	 are	 taken	 (in	 TEY	 mode)	 from	

the	 surface	 thickness	 of	 ~	 10	 nm,	 where	
strong	spin	fluctuations	are	present	 (they	
are	 suppressed	 in	 the	 bulk).	 The	 surface	
fluctuations are particularly large in the 
d-f compounds due to the competing 
exchange	 interaction	 of	 T	 and	 RE	 atoms.	
The	 theory	 of	 electron	 spin	 density	
fluctuations1	 gives	 the	 XMCD	 signal	 as	 a	
sum	 of	 two	 simple	 lines	 (like	 the	 Fe	 line	
in	 Figure	 1)	 of	 different	 signs	 shifted	 in	
energy	 scale.	 The	 lines	 represent	 two	
orientations of the atomic moments along 
and	against	the	magnetic	field.	The	fitting	
model curves to the experimental spectra 
allow	 determining	 the	 characteristics	 of	
spin fluctuations in the surface layer and 
the	size	of	atomic	magnetic	moments.

The	research	was	carried	out	within	
the	 state	 assignment	 of	 FASO	 of	 Russia	
(theme	 «Quant»	 No.	 01201463332),	
supported	 in	 part	 by	 RFBR	 (project	 
No.	14-02-00080).

1 Melnikov N.B., Reser B.I., Grebennikov V.I. (2011), J. Phys.: Condens. Matter 23, 276003.

Figure 1. Half sum X-ray absorption spectra of the left and right circularly polarized light (I+ + I–) / 2 
(XAFS) in La0.5Pr0.2Ca0.3MnO3 and their difference (I+ – I–) (XMCD) in magnetic field 6.9 T at 2 K. 
The same for the Fe L2,3 edges in the Heusler alloy Co2FeSi.
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Magneto-optical study of the ferromagnetic semiconductor 
EuO integrated with Si

V.N. Kats1, A.M. Kalashnikova1, P.A. Usachev1, R.V. Pisarev1, V.V. Pavlov1

D.V. Averyanov2, O.E.Parfenov2, A.M. Tokmachev2, V.G. Storchak 2
1Ioffe Physical-Technical Institute, 194021, St. Petersburg, Russia

2National Research Center ‘Kurchatov Institute’, 123182, Moscow, Russia

EuO	 is	 a	 model	 semiconductor,	
reviling	 the	 existence	 of	 the	 Heisenberg	
ferromagnetic state at temperatures 
below	Tc	=	69	K.	This	material	is	considered	
as the most perspective candidate for 
spintronic applications as its carrier spin 
polarization	 can	 reach	 nearly	 100	 %1.	 Its	
bandgap	of	1.12	eV	matches	that	of	silicon.	
Furthermore,	 EuO	 has	 an	 advantage	 of	
structural	 and	 electronic	 compatibility	
with	 Si	 and	 the	 thermodynamic	 stability	
of	 the	 EuO/Si	 contact.	 Therefore,	
optical,	 magneto-optical,	 magnetic	 and	
transport	 properties	 of	 nanoscale	 EuO	
films	 epitaxially	 integrated	 with	 Si	 are	 of	
particular interest.

37	nm	thick	EuO	film	was	deposited	
on	Si(100)	substrate	employing	molecular	
beam	 epitaxy	 technique2	 and	 capped	 by	
25 nm SiO2	 protective	 layer.	 The	 film	 is	
characterized	 by	 standard	 atomic	 force	
microscopy,	scanning	electron	microscopy,	
XRD	and	XRR	techniques.

Spectrum of the complex polar 
magneto-optical	 Kerr	 effect	 (MOKE)	 in	
EuO	film	is	studied	by	a	fast	spectroscopic	
system	 based	 on	 a	 stable	 continuous	
spectral	 light	source,	 two	Glan	polarizers,	
an	 achromatic	 quarter-wave	 plate	 and	
a spectrometer3.	 Magneto-optical	 Kerr	
spectra are studied at room temperature 
in magnetic field of 2 kOe applied 
perpendicularly to the sample plane.

Results	 are	 shown	 in	 Figure	 	 1.	 
We	 observe	 three	 main	 peaks	 for	 the	
polar	 MOKE	 rotation	 at	 1.5	 eV,	 1.85	 eV	 

and	2.65	eV,	for	the	polar	MOKE	ellipticity	
at	1.56	eV,	1.92	eV	and	2.7	eV.

In	the	ground	state,	there	are	seven	
valence	electrons	in	the	localized	4f7 shell 
of	the	Eu2+	ion	of	EuO.	The	lowest	excited	
state corresponds to an excitation of one 
valence electron from the 4f7 state to 
the	 5d(t2g)	 state.	 The	 peaks	 in	 the	 polar	
MOKE	rotation	and	ellipticity	at	1.5	eV	and	 
1.56	 eV	 can	 be	 associated	 with	 this	
excitation.

This	 work	 is	 partially	 supported	
by	 the	 Russian	 Ministry	 of	 Science	
and	 Education	 (14.613.21.0048),	 RFBR	 
(16-02-00377),	Russian	Science	Foundation	
(14-19-00662)	and	RFBR	(16-07-00204).

1 Steeneken P. G. , et al. (2002), Phys. Rev. Lett. 88, 047201.
2 Averyanov D. V., et al. (2015), ACS Appl. Mater. Interf. 7, 6146.
3 Du G. X., Saito S., Takahashi M. (2012), Rev. Sci. Instrum., 83, 013103.

Figure 1. Spectra of polar magneto-optical Kerr 
rotation and ellipticity in SiO2 /EuO/Si.
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The first visualization of magnetic domain structure  
in iron garnet film by confocal raman microscopy

Lev Agafonov1, Pavel Zelenovskiy1, Lidia Pamyatnykh1, Alexander Kuzmenko2,  
Pavel Abakumov2, Alexander Vtyurin3 and Alexander Krylov3

1Ural Federal University, 51 Lenin ave., 620083, Ekaterinburg, Russia
2South-West State University, 94 50 let Oktyabrya st., 305040, Kursk, Russia

3Kirensky Institute of Physics, 660036, Krasnoyarsk, Russia
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Confocal	 Raman	 microscopy	 (CRM)	
has a vast range of applications1,	including	
visualization	of	domain	 structures	 (DS)	 in	
ferroelectrics2.	 Visualization	 of	 magnetic	
DS	 by	 CRM	 was	 first	 performed	 in	
orthoferrite	 crystals	 with	 a	 technique3,4 
based	 on	 angular	 dependence	 of	 Raman	
scattering.

In	 this	 work	 we	 propose	 a	 new	
technique	 of	 magnetic	 DS	 visualization	
based	on	a	combination	of	magneto-optical	
Faraday	effect	and	Raman	scattering	on	a	
totally	symmetrical	vibration	mode.

The	 developed	 technique	 was	
applied	to	visualization	of	magnetic	DS	 in	
(111)	 (YLuBi)3(FeGa)5O12 iron garnet film. 
A	modified	CRM	WiTec	Alpha	300	AR	was	
used	for	acquisition	of	 two	 images	of	 the	
magnetic DS in the same region of the 
sample.	 One	 image	 was	 obtained	 by	 a	
magneto-optical	 extension	 (Figure	 	 1.a),	 
and	 another	 one	 –	 by	 mathematical	
processing	 of	 the	 spatial	 distribution	 of	
the intensity of totally symmetrical A1g 
mode	 in	 the	 Raman	 spectrum	measured	
in the plane parallel to the sample surface 
(Figure		1.b).

Application	 of	 CRM	 allows	 to	
reconstruct	 three-dimensional	 spatial	
distribution	 of	 the	 magnetization	 and	 to	
visualize	 with	 high	 (sub-micron)	 spatial	
resolution	magnetic	DS	both	at	the	surface	
and	in	the	bulk	of	transparent	magnetically	
ordered samples.

1 Kolesov B.A. (2009). Raman-spektroskopiya v neorganicheskoi khimii i mineralogii. Izd-vo 
SO RAN.

2 Shur V.Y., Zelenovskiy P.S. (2014). J. Appl. Phys. Vol. 116, 066802.
3 Kuzmenko A.P., Abakumov P. V., Dobromyslov M.B. (2012). J. Magn. Magn. Mater. Vol. 324 

(6), 1262–1264.
4 Kuzmenko A.P., Abakumov P.V., Roslyakova L.I., Dobromyslov M.B. (2013). J. of Nano- and 

Electronic Physics. Vol.5(4), 04039-1–04039-2.

Figure 1. Images of iron garnet film magnetic 
domain structure aquired with: (а) magneto 
optical Faraday effect; (b) hyperspectral 
distribution processing.
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Electronic magnetic structure of intermetallic compounds 
RNi2Mn studied by the resonant XPS and XMCD

Tatyana V. Kuznetsova and Vladimir I. Grebennikov
Institute of Metal Physics, UB Russian Academy of Sciences, 620990,Yekaterinburg, Russia

�keywords:� TbNi2Mn, DyNi2Mn, magnetic dichroism

The	 electronic	 magnetic	 structure	
of	 the	 TbNi2Mn and DyNi2Mn	 rare-earth	
(RE)	 intermetallides	 is	 studied.	 Resonant	
photoemission	 and	 X-ray	 absorption	
methods are used in the vicinity of the 2p-	
excitation thresholds of transition elements 
and the 3d,	and	4d-thresholds	of	RE	metals	
to	 find	 the	 Ni,	 Mn	 3d-,	 and	 R	 4f-partial	
densities	of	the	states	in	the	valence	band	
and	their	interplay.	The	contributions	from	
atoms of various elements to the structure 
of	 the	 valence	 band	 are	 separated.	 The	
absorption	 spectrum	 has	 the	 complex	
multiplet structure of the excited state 
(four	 maxima)	 because	 of	 the	 strong	
interaction	 between	 the	 core	 3d5/2-hole	
and the valence 4f-electrons.	The	intensity	
of photoemission during resonance 
increases	 by	 a	 factor	 of	 15	 by	 opening	
additional channels of the electron 
emission from the decay of a core hole1.

The	 x-ray	 absorption	 fine	 structure	
(XAFS)	 and	 the	 x-ray	 magnetic	 circular	
dichroism	 (XMCD)	 measurements	 at	
the	Ni,	Mn	K	 edges	and	Tb,	Dy	L2,3 edges 
were	carried	out	on	the	ID12	beamline	of	
the	 ESRF.	We	 studied	 absorption	 spectra	
of	 circularly	 polarized	 X-rays	 with	 the	
photon energy E and helicity parallel I+  
and	 antiparallel	 I– to the magnetic field 
up	 to	 6	 T	 normal	 to	 the	 surface	 at	 10	 K.	 
The	 Ni	 and	 Mn	 K-edges	 XAFS	 spectra	

I+(E) + I–(E)	 are	 the	 atomic	 step	 with	
strong	 oscillations	 of	 the	 sin(2kR)	 type	
due	 to	 interference	 of	 a	 direct	 p-wave	
and	 backward	 waves	 reflected	 from	 the	
neighbor	atoms.	The	oscillations	can	also	
be	seen	in	the	XMCD	difference	I+(E) – I–(E). 
The	maximum	 XMCD	 amplitude	 is	 about	
0.5	%	of	the	XAFS	steps.	Orbital	polarization	
of	the	free	p-states	reaches	40	eV	from	the	
Fermi	energy.

Applying	 the	 sum	 rules	 to	 L2 and 
L3	 spectra,	 we	 find	 the	 spin	 magnetic	
moment	0.15	μB	on	Tb	atom	and	0.11	μB on 
Dy atom in 5d	states.	The	orbital	magnetic	
moments	 are	 small	 (0.003	 μB	 /Tb	 and	 
0.021	 μB	 /Dy).	 The	 RE	 moments	
directed	 against	 the	 net	 magnetization.	 
The	dependence	of	 the	magnetic	 circular	
dichroism at a fixed photon energy on the 
magnetic	field	at	the	Tb	L3	and	Ni	K	edges	in	
TbNi2Mn	show	the	same	simple	hysteresis	
loop	with	coercive	force	Hc	=	0.31	T,	while	
the Dy L3 XMCD	 (Hc=0.21	 T)	 has	 more	
complicated	shape	described	by	a	sum	of	
two	loops	(a	large	one	with	Hc1=0.13	T	and	
a	small	loop	with	Hc2=1.46	T).

The	research	was	carried	out	within	
the	 state	 assignment	 of	 FASO	 of	 Russia	
(theme	 «Quant»	 No.	 01201463332),	
supported	 in	 part	 by	 RFBR	 (project	 
No.	14-02-00080).

1 Kuznetsova T.V., Grebennikov V.I., Mushnikov N.V., Gerasimov E.G., Buling A., Derks C., 
Neumann M., (2013), Bulletin of Russian Acad. of Sci., Physics, 77 (2), 226-229.
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Enhancement of the MO effects  
in active magneto-plasmonic structures

Olga V. Borovkova1, Andrey N. Kalish1,2 and Vladimir I. Belotelov1,2

1Russian Quantum Center, 143025, Skolkovo, Russia
2M.V. Lomonosov Moscow State University, 119992, Moscow, Russia

�keywords:� nanostructures, plasmonic structures, active media

Magneto-optical	 (MO)	 effects	
provide	 a	 way	 to	 probe	 the	 magnetic	
properties	 of	 materials,	 and,	 vice	 versa,	
to vary an optical response of magnetic 
materials	 or	 nanostructures	 by	 use	 of	
the applied magnetic field. MO response 
of	 metal-dielectric	 nanostructures	 can	
be	 enhanced	 by	 a	 resonant	 excitation	
of	 surface	 plasmon	 polaritons	 (SPPs)1. 
However,	 SPPs	 experience	 strong	 losses	
in metals and ferromagnetic materials 
that	decreases	a	Q-factor	of	the	magneto-
plasmon	 resonances.	 We	 propose	 to	
compensate SPP’s losses in magnetic 
nanostructures	by	stimulated	emission	of	
suitable	dopants	 to	 increase	 the	Q-factor	
of	 magneto-plasmon	 (MP)	 resonances	
and,	therefore,	to	enhance	the	MO	effects.	
Loss compensation and amplification 
of	 SPPs	 have	 been	 investigated	 deeply	
in	 active	 non-magnetic	 materials2.  
The	 SPP	 propagates	 along	 an	 interface	
of	metal	and	dielectric	material	doped	by	
active	 centers.	 A	 pump	 beam	 illuminates	
a	 dielectric,	 and	 excites	 active	 centers	 in	
gain	 medium.	 An	 emission	 of	 dopants	
enhances	SPP	wave.

We	 address	 MP	 nanostructure	
composed	 of	 the	 bismuth	 iron	 garnet	
(BIG)	covered	by	a	noble	metal	grating.	 It	
was	 demonstrated	 that	MO	 effect	 in	 this	
structure	 achieves	 10–2 in transmission3. 
The	 BIG	 is	 doped	 by	 rear-earth	 ions,	 Yb	
and	 Nd	 that	 have	 emission	 wavelengths	
1.05	um	and	1.06	um,	correspondingly.

Transverse	 MO	 intensity	 effect	 is	
considered.	We	address	its	dependence	on	
the	value	of	a	gain	parameter,	geometrical	
parameters	of	the	MP	structure,	and	type	
of	the	dopants.	We	show	an	enhancement	
of	 the	 Q-factors	 of	 MO	 resonances	 and	
a	 growth	 of	 MO	 parameter	 by	 50	 %	 
(see.	 Figure	 	 1)	 due	 to	 the	 loss	
compensation.

An	 enhancement	 of	 longitudinal	
MO effect in such MP crystal is also 
considered.

The	 reported	 study	 is	 funded	 by	
RFBR,	project	No	16-32-60135	mol_a_dk.

1 Bonod N., Reinisch R., Popov E., Neviere M. (2004) J. Opt. Soc. Am. B, 21, 791-797.
2 Berini P., De Leon I. (2012) Nature Photonics, 6, 16-24.
3 Belotelov V.I., Akimov I.A., Pohl M., Kotov V.A., Kasture S., Vengurlekar A.S., Achanta Venu 

Gopal, Yakovlev D.R., Zvezdin A.K., Bayer M. (2011) Nature Nanotechnology, 6, 370-376.

Figure 1. Dependence of intensity MO effect 
parameter δ on wavelength for three gain levels. 
The left group of curves corresponds to the 
resonance of the plasmonic structure doped with 
Yb-ions and right group refers to the Nd-doped 
plasmonic structure.
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Magneto-optical light modulator with the domain wall 
manipulation via giant magneto-electric effect

Nikolai E. Khokhlov1,2, Anastasiia E. Khramova1, Elena P. Nikolaeva1,  
Tatiana B. Kosykh1, Alexey V. Nikolaev1, Alexander P. Pyatakov1,  

Vladimir I. Belotelov1,2

1Faculty of Physics, Lomonosov Moscow State University, Leninskie gory, 1, 119991, Moscow, 
Russia

2Russian Quantum Center, Novaya str. 100, 143025, Skolkovo, Moscow reg., Russia
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We	 consider	 a	 scheme	 of	 Faraday	
magneto-optical	 light	 modulator	 with	
magnetization	 control	 via	 magneto-
electric effect. Our earlier researches of 
bismuth-substituted	 iron	 garnets	 films	
showed	 the	 giant	 domain	 wall	 (DW)	
movement in electric field of charged 
tip	 due	 to	 magneto-electric	 effect1,2.  
The	 displacement	 DW	 may	 be	 increased	
with	 in-plain	 magnetic	 field	 applied	
normally	 to	 the	 DWs.	 Observed	
displacements in this case are up to half 
of	 the	 domain’s	 width	 (Figure	 1).	 The	
effect	 gives	 the	 opportunity	 to	 switch	
the	 film’s	 magnetization	 on	 spatial	
scales	 5-10	 microns	 without	 inductive	
electromagnets.

Using	 the	 DW	 movement	 we	
proposed	 and	 realized	 the	 Faraday	
magneto-optical	light	modulator	with	local	
magnetization	control.	The	 ferromagnetic	
dielectric	 film	 with	 composition	
(BiLu)3(FeGa)5O12	was	deposed	inside	two	
electromagnets	 with	 fields	 orientation	 in	
plane	and	normally	to	the	film.	The	normal	
field	is	needed	to	tune	the	domains	widths	
and	 to	 make	 they	 equal	 in	 non-zero	 in-
plane field1.	 Laser	 beam	 passes	 through	
the	 polarizer	 –	 film	 –	 analyzer	 and	 is	
detected	with	 CCD	matrix.	 Laser	 spot	 on	
the	sample	has	the	size	about	the	domain	
width,	 10-15	 microns.	 So,	 two	 parts	 of	

the	 light	 spot	 pass	 through	 two	domains	
with	 opposite	magnetization	 orientations	
and	obtain	opposite	polarization	 rotation	
due	to	Faraday	effect.	DW’s	displacement	
changes	 the	 ration	 between	 the	 parts	
of the spot and the total light intensity 
passing	through	the	analyzer,	as	a	result.

Amplitude	 and	 sign	 of	 intensity	
modulation	 depends	 on	 spot	 size,	 angle	
between	 polarizer	 and	 analyzer,	 relative	
positions	 of	 the	 light	 spot,	 DW	 and	 tip.	
Varying	the	parameters	we	experimentally	
obtained	 the	 linear	 regime	 with	 the	
modulation	depth	[	 I(V)	–	I(0)	]	/	 I(0)	=	1.6,	
where	V	=	800	kV	is	tip’s	voltage3.

The	 work	 is	 supported	 by	 RFBR	
(grant	14-29-08216_ofi_m).

1 Pyatakov A.P., Zvezdin A.K. (2012), Physics-Uspekhi, 55 (6), pp. 557-581.
2 Pyatakov A.P., Sergeev A.S., Mikailzade F.A., Zvezdin A.K. (2015), Journal of Magnetism and 

Magnetic Materials, 383, 255-258.
3 Khokhlov N.E., Khramova A.E., Nikolaeva E.P., Kosykh T.B., Nikolaev A.V., Pyatakov A.P., 

Belotelov V.I., Applied Physics Letters (2015) submitted.

Figure 1. Domain wall displacement due to 
magneto-electric effect. Tip’s voltage is (a) 0 V, 
(b) 800 V.
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Origin of infrared magnetotransmission and magnetoreflection 
in ferromagnetic spinels

Andrey Telegin1, Yurii Sukhorukov1, Nikolay Bebenin1, Andrey Buchkevitch1,  
Valentin Fedorov2 and Tatiana Menshchikova2
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Chromium chalcogenides are 
magnetic semiconductors important 
for	 numerous	 infrared	 (IR)	 applications.	
Many papers are devote to the study of 
magnetooptical	 properties	 of	 the	 spinels,	
including	IR	range,	but	the	optical	response	
in	unpolarized	light	to	an	external	magnetic	
field remain unexplained.

In	 this	 work	 the	 concentration,	
temperature	 and	 magnetic-field	
dependences	 of	 magnetoreflection	 (MRf)	
and	magnetotransmission	(MT),	which	are	
defined as relative change of intensity of 
light	under	application	of	a	magnetic	field,	
have	 been	 investigated	 in	 single	 crystals	
of	 Hg1–xCdxCr2Se4	 (0<x<1)	 using	 natural	
IR	 radiation1,2.	 The	 high-quality	 single	
crystals	were	grown	by	chemical	transport	
reactions.

It	 is	found	that	there	are	competing	
physical	 mechanisms	 responsible	 
for	 the	 MRf	 and	 MT	 in	 Hg1–xCdxCr2Se4.  
For	MT	it	is	a	shift	of	the	absorption	edge	
at	wavelengths	λ<2	μm,	the	change	in	the	
intensity of the optical VSe–Cr2+ intracenter 
transitions	 (2<λ<6	 μm)	 and	 the	 change	 

of	light	interaction	with	free	charge	carriers	
(λ>6	μm)	under	the	influence	of	a	magnetic	
field;	the	MRf	effect	is	due	to	the	shift	of	the	
absorption	 edge,	 the	 interaction	 of	 light	
with	 free	charge	carriers	and	an	offset	of	
a minimum in reflection spectra near the 
phonon	band	at	λ>15	μm.	The	magnitude	
of the effects is strongly dependent on 
the	concentration	of	Cd,	but	starting	only	
with	x>0.1,	and	on	the	type	of	conductivity	
of	the	crystal,	which	 is	due	to	the	change	
in	 the	 electronic	 structure.	 The	 features	
of	 the	 band	 structure	 of	 p-type	 spinels	
lead	 to	 a	 noticeable	 anisotropy	 of	 the	 
observed	effects.

The	 giant	 MT	 up	 to	 80	 %	 and	 MRf	
from	–	4	%	to	3	%	obtained	for	unpolarized	
light	 in	magnetic	 fields	of	 8	 and	3.5	 kOe,	
respectively,	may	be	used	 for	 creation	of	
IR	magneto-optical	devices3.

The	 results	 were	 obtained	 within	
the	 state	 assignment	 of	 FASO	 of	 Russia	
(«Spin»	 theme,	 №	 0120146330),	 grant	 of	
Russian	Ministry	of	Education	and	Science	
№	14.Z50.31.0025	and	program	UB	of	RAS	
№	15-9-2-4	in	part.

1 Sukhorukov Yu.P., Telegin A.V., Bebenin N.G. et al. (2015), JETP, 121 (3), 437-445.
2 Sukhorukov Yu.P., Telegin A.V., Bebenin N.G. et al. (2013), JETP Letters, 98 (6), 313-316.
3 Telegin A.V., Sukhorukov Yu.P., Loshkareva N.N. et al. (2015), J. Magn. Magn. Mater., 383, 

104-108.
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Development and investigation 
of	 new	 functional	 IR	 magnetooptical	
materials	 working	 near	 and	 above	 the	
room	temperature,	 is	an	actual	task	from	
both	 practical	 and	 fundamental	 point	
of	 view.	 A	 giant	 change	 of	 the	 optical	
properties	 (transmission	 and	 reflection)	
both	 in	 polarized	 and	 unpolarized	
light	 (magnetotransmission	 (MT)	 and	
magnetoreflection	 (MRf)	 effects)	 takes	
place	 in	 manganites	 with	 colossal	
magnetoresistance1.	 However,	 there	 are	
only	 few	 compositions	 of	 manganites	
with	high	values	of	magnetooptical	effects	
above	the	room	temperature.

We	present	experimental	results	on	
MT,	MRf,	and	transversal	Kerr	effect	(TKE)	in	
thin films of the La2/3Ba1/3MnO3 manganite 
with	the	thickness	of	d=80	nm	and	100	nm	
grown	by	pulsed	laser	deposition	technique	
on	the	SrTiO3	substrates.	Optical	data	for	
the	 samples	 under	 study	 were	 obtained	
for	unpolarized	light	in	the	middle-IR	range	
under magnetic field applied along and 
perpendicular to a sample surface. Spectra 
of	the	TKE	are	determined	by	the	allowed	
spin-transfer	 transitions	 in	 [MnO6]9– 
complexes and Mn ions and are similar 
in doped manganites1.	In	contrast	to	bulk	
samples they have smaller magnitude 
and	 few	 spectral	 features	 due	 to	 the	
mechanical	 stresses	 at	 films-substrate	
interface	 of	 the	 samples.	 The	 estimated	
values	of	effective	Curie	temperature	were	

ТС=302	К	for	the	d=80	nm	film	and	310	К	 
for	the	100	nm	film.	The	strong	contribution	
of free charge carriers leads to appearance 
of	high	MT	and	MRf	(up	to	10	%	for	0.8	T	
at	 6	 µm	 and	 T=300	 K	 and	 310	 K)	 in	 the	
films	 near	 the	MI	 transition.	 Both	 effects	
are	 even	 on	magnetization	 and	 show	 no	
saturation	 up	 to	 1	 T.	 The	 spectra	 of	 MT	
are	mostly	 formed	due	to	contribution	of	
interband	 transitions	 and	 interaction	 of	
light	with	delocalized	and	 localized	states	
related to electronic transitions in the 
pseudo-Jahn-Teller	 clusters1.	 The	 shape	
of	the	MRf	spectra	can	be	interpreted	with	
an	 account	 for	 the	 contributions	 from	
plasma	 frequency	 and	 absorption	 edge	 
at	 λ~1	 μm	 (i),	 free	 charge	 carries	 at	 
λ~4	 μm	 (ii),	 variation	 of	 the	 reflection	
spectra	near	the	phonon	bands	at	λ~14	μm	
and	24	μm	(iii).	The	theoretical	estimations	
show	that	the	MRf	and	MT	effects	can	be	
well	described	within	the	framework	of	the	
existing theory of magnetorefractive effect 
in manganites1.

The	results	were	obtained	within	the	
state	assignment	of	FASO	of	Russia	(«Spin»	
theme	№0120146330),	program	UB	of	RAS	
№15-9-2-4	and	RFBR	№15-02-02077.

1 Granovsky A., Sukhorukov Yu., Gan’shina E., Telegin A. Magnetorefractive effect in 
magnetoresistive materials in Magnetophotonics: From Theory to Applications, Springer, 
Berlin, New-York (2013), p.107
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The	absorption	and	magnetic	circular	
dichroism	 (MCD)	 spectra	 of	 HoAl3(BO3)4 
and	 HoFe3(BO3)4	 crystals	 were	measured	
as a function of temperature in the range 
of	90	–	293	K.	On	the	basis	of	these	data,	
the temperature dependences of the 
paramagnetic	 magneto-optical	 activity	
(MOA)	of	f-f	transitions	were	obtained.

It	 was	 revealed	 that	 1)	 the	MOA	 of	
the same transitions in the studied crystals 
were	substantially	different	(example	is	in	
Figure	 	 1	 and	 Table	 1)	 and	 2)	 in	 contrast	
to	 allowed	 transitions,	 temperature	
dependences	 of	 the	 MOA	 of	 some	 f-f	
transitions	substantially	deviated	from	the	
Curie-Weiss	law:	the	value	«C»	in	Figure		1	
is the dimensionless parameter in formula 
c=CμBH/k(T-θ)	 for	 MOA,	 which	 should	 be	
constant	if	the	Curie-Weiss	law	is	valid.

According	 to	 the	 theory1,	 MOA	
of f-f	 transition	 is	 provided	 by	 allowed	
transitions from the ground state to 
admixed	states,	which	allow	the	transition.	

These	 transitions	 should	 satisfy	 the	 total	
angular-momentum	 selection	 rule	 ΔJ=0,	
±1.	For	Ho3+	ions	the	theoretically	possible	
values	of	MOA	(parameter	C)	are	obtained	
as	 –	5.6,	 –	0.62	 and	 +5.	 Experimentally	
observed	MOA	(Table	1)	are	combinations	
of the theoretical ones.

Tablk 1. MOA wf thk abdwoptiwn banrd.

Band 5I8 ↓ C exper. 
(HoFe)

C exper. 
(HoAl)

D 5F5 -0.95 -0.73

E 5S2+5F4 -3.16 1.69

F 5F3 -7.60 -2.94

G 5F2 -7.26 -3.11

Comparison of the experimental 
results	with	the	theory	has	shown	that:	
1)	 maximum	 MOA	 of	 f-f transitions are 
of	 the	 same	 order	 as	 that	 of	 allowed	
transitions,	

2)	the	MOA	of	f-f transitions can consist of 
several	contributions	of	different	values	
and	signs,	

3)	ratio	of	the	contributions	is	determined	
by	 the	 local	 symmetry	 of	 the	 crystal	
field,	

4)	 the	 ratio	of	 the	 contributions	depends	
on population of components of the 
ground	 state	 crystal	 field	 splitting,	
that	 results	 in	 deviation	 of	 the	 MOA	
temperature dependence from the 
Curie-Weiss	law.

1 Malakhovskii A.V., et al. (2013), Phys. Rev. B 88, 075103.

Figure  1. Temperature dependences of 
MOA.
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The	 magnetic	 field	 H* applied 
during the formation of LC structure is 
able	 to	 modify	 the	 LC-polymer	 interface.	
LC	 molecules	 are	 oriented	 by	 their	 long	
axes	 along	 the	magnetic	 field	minimizing	
free	 energy	 and	 change	 boundary	
conditions	 interacting	 with	 polymer	
macromolecules.

The	 large-scale	 fluctuations	 of	 LC	
director	can	be	observed	in	the	droplets	of	
nematic	5CB	encapsulated	within	a	polyvinyl	
butyral	(PVB)1 during evaporation of common 
solvent ethanol in the presence of a magnetic 
field H*	 =	 4.1	 kOe.	 After	 the	 droplets	
forming	and	magnetic	field	switching	off	the	
spontaneous cyclic director transformation 
resulting in a periodic variation of the optical 
transmission	 (Figure	 1)	 of	 the	 separate	
droplet	sections	is	observed	in	the	crossed	
polarizers.

The	 fluctuations	 characterized	 by	
the	parameter	λ	were	simulated	with	 the	

application of the theory of catastrophes 
using the characteristic equation  
λ2 + bλ + c	 =	 0	 where	 the	 coefficients	 b  
and c	 were	 the	 polar	 energies	 of	 LC	
anchoring.

The	 orientation	 of	 disclination	 lines	
(LD)	 perpendicular	 to	 H*	 is	 observed	
(Figure	 2)	 when	 the	 radial	 domain	
structure	 R	 forms	 at	 the	 polycarbonate	
(PC)2 surface in the presence of a magnetic 
field H* applied along a polymer film. 
The	 magnetic	 field	 orients	 the	 nematic	
molecules at the distance from interface 
is equal the magnetic coherence length 
ξH.	 If	 the	 critical	 value	 H*	 ~	 2.5	 kOe,	
which	 corresponds	 ξH	 ≈	 10	 μm,	 only	 a	
part of the disclination lines is oriented.  
When	 H*	 ~	 20	 kOe,	 which	 corresponds	
ξH	 ≈	 1	 μm,	 it	 is	 possible	 to	 observe	 a	
complete aligning of LD perpendicular to 
the magnetic field.

1 Parshin A.M., Nazarov V.G., Zyryanov V.Ya., Shabanov V.F. (2011), Mol. Cryst. Liq. Cryst., 
551, 293-303.

2 Parshin A.M., Zyryanov V.Ya., Shabanov V.F. (2015), Liq. Cryst., 42, 57-64.

Figure 2. Orientation of 5CB disclination lines at 
the polycarbonat surface in magnetic field H* = 
20 kOe.

Figure 1. Time dependence of the light 
transmission T for 1–5 droplet layers in crossed 
polarizers. Tm – mean value of T.
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Amorphous	 magnetic	 materials	
are	 widely	 used	 in	 practice	 due	 to	 their	
unique magnetic properties. Nevertheless 
their microstructure is less of studied in 
comparison	with	crystalline	materials.	This	
can	be	attributed	to	the	complexity	of	the	
amorphous	material	as	a	research	subject.	
Since they do not apply many of the 
physical methods of analysis commonly 
used	 in-crystal	 solid	 matter,	 such	 as	
X-rays.	 Thereby	 it	 is	 interesting	 to	 use	
the	 spectral	 optical	 and	 magneto-optical	
techniques	that	provide	information	about	
the features of the electronic structure in 
amorphous magnetic materials.

This	 paper	 presents	 the	 results	 of	
the	 study	 of	 the	 visible	magnetic	 circular	
dichroism	(MCD)	and	Faraday	rotation	(FR)	

of	 amorphous	 Co-P	 thin	 films,	 produced	
by	 chemical	 vapor	 deposition	 method.	 
The	 measurements	 were	 carried	 out	
at	 room	 temperature	 in	 1.2	 T	 magnetic	
fields.	 It	 is	found	that	the	spectra	of	both	
FR	 (Figure	 1)	 and	MCD	 (Figure	 2)	 shift	 to	
lower	energies	and	the	FR	maxima	values	
reduced	 to	 film	 thickness	 decreases	with	
the	 films	 thickness	 decrease.	 The	 results	
suggest that the close Co surroundings 
depends	on	the	film	thickness	what	effects	
in the energy of electron transitions 
responsible	 for	 the	 magnetooptical	
spectra.

The	 authors	 are	 grateful	 to	 
Kiparisov	 S.Ya.	 for	 preparing	 the	
samples.

Figure 1. MCD spectra for amorphous Co–P thin 
films different thickness.

Figure 2. Spectra of Faraday rotation for 
amorphous Co–P thin films different thickness.
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For	 the	 in	 situ	 study	 of	 optical	
and	 magneto-optical	 properties	 of	
ferromagnet/insulator/semiconductor 
nano-systems	 it	 is	 convenient	 to	 use	 a	
complex	 solution	 based	 on	 reflective	
optical methods of the surface analysis 
and	magneto-optical	Kerr	effect.

The	 real-time	 measurements	 of	
ellipsometric and magnetic characteristics 
allow	obtain	the	feedback	in	the	sequence	
«structure	 synthesis	 –	 measurements	 –	
adjustment	of	the	growth	conditions».	This	
creates prerequisites for the development 
of	 the	 controlled	 via	 feedback	
technology of the synthesis of magnetic 
nanostructures	 with	 semiconductor	 and	
metal nonmagnetic layers.

For	 this	 purpose,	 an	 experimental	
ultra-high	 vacuum	 chamber	 with	 an	
electromagnet and a spectral ellipsometer 
was	 created	 for	 the	 nanostructures	
synthesis1.

This	 unique	 technological	 and	
analytical	 system	 allows	 to	 carry	 out	 the	
synthesis of nanostructured materials 
and	to	obtain	information	on	their	optical	
and magnetic properties in a single 
experimental	 cycle.	 The	 measurement	
method	of	the	magneto-optical	Kerr	effect	

and spectral ellipsometry data using the 
system of a thermostatic temperature 
sample control in the temperature 
range	 from	 80	 to	 1300	 K	 directly	 in	 the	
ultrahigh	 vacuum	 process	 chamber	 was	
developed.

As	 a	 result	 of	 the	 work	 on	 the	
development	of	the	technique	of	obtaining	
and study of ferromagnetic nanostructures 
in	 UHV	 magneto-ellipsometry	 system,	
three	 experimental	 samples	 of	 Fe/SiO2/
Si(100)	with	various	iron	and	silicon	dioxide	
layers	thicknesses	were	created.

Later	 on,	 in	 situ	 magneto-
ellipsometry	 measurements,	 namely	 the	
magnetization	 reversal	 loops	 and	 the	
spectral dependences of ellipsometric 
parameters,	 were	 carried	 out	 in	 a	
temperature	range	from	82.5	to	1300	K	for	
these samples.

The	 work	 was	 supported	 by	 The	
Complex	 program	 of	 SB	 RAS	 №	 II.2P,	
project	0358-2015-0003.

1 D.V. Shevtsov, N. N. Kosyrev, S.N. Varnakov, S.G Ovchinnikov, A.E. Khudjakov, A.V. Efremov. 
UHV system for producing and study of nanostruktures by in situ magnetoellipsometric 
methods. Abstract book, 163-164(2010) BICMM-2010.
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It	is	well	known	that	the	fundamental	
and practically important dynamic 
properties of magnetics are essentially 
determined	 by	 the	 dynamic	 behavior	 of	
the domain structure.

The	 results	 of	 experimental	 study	
and numerical simulations of dynamics of 
domain	walls	 (DW)	 in	single-crystal	plates	
of iron garnets in alternating magnetic 
fields are presented.

The	speed	of	DW	drift	in	a	harmonic	
field	 and	 local	 displacement	 of	 DW	 in	 a	
pulsed magnetic field of different polarity 
with	 amplitudes	 up	 to	 0.5	 kOe	 were	
measured	 using	 stroboscopic	 technique	
based	on	pulsed	laser	(λ	=	527	nm,	30	ns	
pulse	duration)	in	the	frequency	range	up	
to	 1.5	 kHz.	 Figure	 1	 shows	 experimental	
dependences of the drift speed Vdr on 
amplitude and frequency of sinusoidal 
magnetic field applied perpendicular to 
the sample plane.

Numerical	 simulations	 of	 DW	
motion	 with	 the	 parameters	 of	 the	
real	 sample	 were	 performed	 using	 a	
model of coupled harmonic oscillators1. 
Unlike Pamyatnykh et al.1 the effects of 
anisotropy of attenuation are taken into 
account.	Numerical	simulations	show	that	
anisotropy of attenuation causes the drift 
of	 DW	 that	 are	 oscillating	 in	 a	 harmonic	
magnetic	field.	The	dependences	of	the	DW	
drift speed on frequency and amplitude 
of	 external	 magnetic	 field	 are	 obtained.	
The	 results	 of	 numerical	 simulations	 are	
compared	with	experimental	results.

The	work	was	performed	within	the	
framework	 of	 basic	 and	 project	 parts	 of	
the	State	Task	of	the	Ministry	of	Education	
and	 Science	 of	 the	 Russian	 Federation	
(project	№	2582	and	№	1362).

1 Pamyatnykh L.A., Shmatov G.A., Pamyatnykh S.E., Lysov M.S., Mekhonoshin D.S., Druzhinin 
A.V. (2015), Acta Physica Polonica A, 127 (2), 388-390.

Figure 1. Experimental dependences of the drift 
speed Vdr in iron garnet (TbErGd)3(FeAl)5O12 
(111)-plate on amplitude H0 and frequency f of 
harmonic magnetic field.
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Temperature	 dependences	 of	 the	
magnetic	 circular	 dichroism	 (MCD)	 and	
electric	 resistance	 were	 investigated	
in the ferromagnetic La0.7Sr0.3MnO3,	
Pr0.6Sr0.4MnO3,	 and	 Pr0.8Sr0.2MnO3 
films	 with	 thickness	 from	 20	 to	 150	 nm,	
prepared	 with	 the	 magnetron	 sputtering	
technique.

A	 correlation	 between	 certain	
features in the MCD spectra and the 
conductivity	 of	 the	 films	 was	 revealed:	
the maximum at 2.4 eV is present in the 
spectra of the metal Pr0.6Sr0.4MnO3 and 
La0.7Sr0.3MnO3	 samples,	 while	 in	 the	
spectra of the isolator Pr0.8Sr0.2MnO3 
films	 this	 maximum	 is	 not	 observed.	 At	
that,	 for	 the	 films	 with	 thicknesses	 from	
30	 to	 130	 nm,	 this	maximum	 appears	 at	
temperature	 below	 the	 Curie	 tempera-	
ture	(TC)	and	coinciding	with	the	tempera-	
ture of the metal – insulator transition 
(TMI).	 It	 is	 noteworthy	 that	 for	 the	 films	
with	 the	 thickness	 20	 nm	 the	 maximum	 
at	2.4	eV	is	observed	at	temperature	above	
TMI and close to TC	(for	example,	see	Insert	
in	Figure	1).

Experimental	 MCD	 spectra	 were	
decomposed to several Gaussian 
components,	 and	 different	 temperature	
dependences of their intensity in different 
parts	 of	 the	 investigated	 spectra	 were	
revealed	 for	 the	 samples	 with	 the	 metal	
conductivity.	 The	 effect	 of	 the	 metal	
conductivity,	the	rare	earth	ions	type,	and	
boundary	 layers	 on	 the	 magneto-optical	
behavior	of	the	films	was	discussed.

The	 work	 was	 supported	 partly	
by	 the	 Russian	 Foundation	 for	 Basic	
Researches,	Grants	Nos.	14-02-01211	and	
16-32-00209.

Figure 1. Temperature dependences of the 
MCD spectra (a) and resistance (b) for the 
La0.7Sr0.3MnO3 film of 20 nm in thickness. 
Insert: MCD spectrum of respective sample on 
the scale at the room temperature.
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The	 epitaxial	 Fe3Si thin films are 
perspective material for spintrotic devices 
by	 combining	 high	 Curie	 temperature	
(~	 840	 K),	 relatively	 high	 magnetic	
permeability,	high	electrical	resistance	and	
high	spin	polarization	(~	43	%)1,2.	A	special	
interest is magnetic domain structure 
study and correlation Particular interest to 
the research is the study of the magnetic 
structure and the correlation of magnetic 
domains	with	crystal	lattice	defects	in	Fe3Si 
thin films.

Fe3Si	 thin	 films	 were	 obtained	
by	 molecular	 beam	 epitaxy	 on	 Si	 (111)	
substrate.	 Magnetic	 domain	 structure	
studied	 by	 Lorentz	 transmission	
electron	 microscopy	 on	 Hitachi	 HT7700	 
at	100	kV	accelerating	voltage.	Specimens	
for transmission electron microscopy 
were	prepared	by	mechanical	lapping	and	
polishing,	 followed	 by	 argon	 ion	 milling	
according to standard techniques.

Electron	 microscopy	 studies	
revealed the presence of Bloch domain 
walls	 blending	 smoothly	 into	 «barbwire»	
walls	 (Neel	 wall	 with	 Bloch	 points	 and	

constrictions).	 Such	 domain	 walls	
behavior	 associated	 with	 a	 Fe3Si films 
thickness	 reduction	 when	 approaching	
the sample edge3.	 We	 found	 that	 the	
Bloch points are formed onto dislocation 
loops in the crystal structure of samples. 
Agglomeration	 of	 dislocation	 loops	 leads	
to	magnetization	 direction	 change	 in	 the	
adjacent	domains.

This	 effect	 may	 be	 associated	 with	
a local material magnetostriction due to 
stress concentration onto the crystal lattice 
defects	of	epitaxial	Fe3Si thin films.

This	 work	 was	 supported	
by	 RFBR	 grant	 №	 16-32-00291and	 
the	 RF	 Education	 and	 Science	 Ministry	
grant	№16.663.2014K.

1 N.V. Volkov, A.S. Tarasov, E.V. Eremin, S.N. Varnakov, S.G. Ovchinikov, and S.M. Zharkov, 
J.Appl. Phys. 109, 123924 (2011).

2 K. Hamaya, K. Ueda, Y. Kishi, Y. Ando, T. Sadoh, and M. Miyao, Appl. Phys. Lett. 93, 132117 
(2008).

3 Hirsch P.B., Howie A., Nicholson R.B. et al.: Electron microscopy of thin crystals (Butterworth, 
1965) 392–416.
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Here,	 we	 present	 results	 of	 our	
investigation	 of	 plasmon-polaritons	 in	
graphene-covered	 magnetic	 nanowire.	
It	 is	 well	 known	 that	 magnetic	 field	 (or	
magnetization)	 may	 lead	 to	 rotation	 of	
speckle-pattern	 of	 light	 propagating	 in	
gyrotropic	 optical	 fiber1–3.	 Recently,	 we	
have	 shown	 that	 in	 case	 of	 graphene-
coated	 optical	 fiber,	 one	 may	 control	
rotation	angle	by	both	magnetic	field	and	
chemical potential of graphene layer4.	It	is	
of	 interest	to	investigate	the	possibility	of	
realization	the	similar	effect	for	cylindrical	
plasmonic	waveguide.

Investigation	 show	 that	 rotational	
angle may reach up to 8 degree for 
magnetization	 direction.	 Plasmon-
polaritons	 distribution	 rotates	 at	 scale	 of	
100	nm.	Change	in	magnetization	direction	
leads to inverse rotation. Variation of 
chemical potential of graphene may 
be	 used	 for	 rotation	 angle	 control	 as	
well.	 Results	 of	 calculations	 are	 shown	 
on	Figure		1.

Results	 of	 the	 investigation	may	 be	
used for numerous plasmonic applications 
as	well,	as	for	magnetic	sensing.

The	 work	 was	 supported	 by	 RFBR	
grants	 ##	 16-37-00023,	 16-07-00751.	
Numerical	calculations	were	supported	by	
RScF	grant	#	14-22-00279.

1 Baranova N.B., Zel’dovich B.Y. (1994), JETP Letters, 59 (10), 681-684.
2 Darsht M.Y., Zhirgalova I.V., Zel’dovich B.Y., Kundikova N.D. (1994), JETP Letters, 59 (11), 

763-763.
3 Ardasheva L.I., Kundikova N.D., Sadykova M.O., Sadykov N.R., Chernyakov V.E. (2003), 

Optics and Spectroscopy, 95 (4), 645–651.
4 Kuzmin D.A., Bychkov I.V., Shavrov V.G. (2015), Optics Letters, 40 (6), 890-893.

Figure 1. Rotation angle of plasmon-polaritons 
distribution via chemical potential of graphene for 
different mode index m. Solid lines correspond to 
magnetization direction coincided to propagation 
direction, while dash dot lines correspond to 
opposite direction of magnetization.
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In	 this	 work	 we	 present	 results	 of	
our recent investigation on plasmonically 
induced	magnetic	 field	Heff	 in	 graphene-
covered	nanowire	due	to	 inverse	Faraday	
effect1.

We	 consider	 dielectric	 nanowire	
with	radius	R	and	dielectric	permittivity	εin	
covered	by	graphene	layer	and	embedded	
in	medium	with	dielectric	permittivity	εout.	
Graphene layer is represented as infinitely 
thin	 layer	 with	 surface	 conductivity	 σg.	
We	 consider	 monochromatic	 plasmons	
propagating	 along	 nanowire	 axis	 (z-axis)	
by	 putting	 electric	 and	magnetic	 fields	E,	
H	exp[ i (βz–ωt)]	into	Maxwell’s	equations	
(β	 =	 β’	 +	 iβ’’	 is	 a	 complex	 propagation	
constant,	ω	is	a	circular	frequency).

For	mode	with	m	=	0	electromagnetic	
waves	may	 be	 divided	 onto	 TE-	 and	 TM-	
modes.	 TE-	 mode	 cannot	 produce	 any	
magnetic	 field,	 while	 TM-	 mode	 induces	
azimuthal	 magnetic	 field.	 Such	 magnetic	
vortex-like	field	is	localized	near	graphene	
layer	 and	 exponently	 decays	 in	 z-axis	
direction. Magnetic field components 
induced	by	any	single	mode	do	not	depend	
on	azimuthal	 angle	φ.	 For	modes	with	m 
≠	 0	 all	 components	 of	magnetic	 field	 are	
non-zero.	Change	in	propagation	direction	
leads to change of Heff rotation direction.

Figure	 	 1	 shows	 magnetic	 field	
distributions	for	m	=	0,	±1,	±2	at	frequency	
f	=	100	THz.	One	can	see,	that	distribution	
has	a	vortex-like	type.	Rotational	direction	
is opposite for the field induced inside 
and	 outside	 of	 nanowire.	 Increasing	 in	

azimuthal	mode	number	leads	to	increase	
of longitudinal component of induced field. 
Direction of this component is opposite 
for the field induced inside and outside of 
nanowire	as	well.

The	 work	 was	 supported	 by	 RFBR	
grants	 ##	 16-37-00023,	 16-07-00751.	
Numerical	calculations	were	supported	by	
RScF	grant	#	14-22-00279.

1 Kuzmin D.A., Bychkov I.V., Shavrov V.G., Temnov V.V., Lee H.I., Mok J. (2016), Optics Letters, 
41 (2), 396-399.

Figure 1. Magnetic field distribution for different 
azimuthal modes m.
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The	 in	 situ	 measurements	 of	
ellipsometry	 and	magneto-optical	 data	 at	
different temperatures are very interesting 
for the study of structure and phase 
transitions in ferromagnetic material1. 
This	 makes	 it	 possible	 to	 investigate	 the	
electronic structure of ferromagnets and 
properties of stoichiometric compositions 
depending on the degree doping sample 
or	 synthesis	 technology,	 and	 also	 to	
observe	 the	 phase	 transitions	 and	 solid-
phase synthesis reaction at different 
temperatures.

It	 is	 known,	 that	 the	 ferromagnetic	
materials	 based	 on	 Fe-Si	 system,	 such	
as	 epitaxial	 layer	 Fe3Si	 and	 metastable	
at	 room	 temperature	 Fe5Si3,	 have	 a	
high	 spin	 polarization	 ratio	 and	 giant	
magnetoresistance	2400	%,	respectively2,3. 
However,	 the	 electronic	 structure	 and	
formation processes of the silicides under 
ultrahigh vacuum conditions and at 
high temperatures are still insufficiently 
studied.

We	 have	 developed	 a	 method	 for	
measuring the spectral dependence of the 
magneto-optical	 Kerr	 effect	 and	 spectral	
ellipsometry data of sample directly in the 
technological	chamber.

Then	we	carried	out	a	study	the	solid	
state reaction of forming a polycrystalline 
phase	 Fe5Si3	 by	 the	 spectral	 ellipsometry	
method	 and	 by	 measurements	 of	 the	
magneto-optical	 Kerr	 effect.	 And	 the	
temperature dependences of the optical 
and magnetic parameters of the sample 
have determined.

The	 processes	 of	 chemical	
transformation of the epitaxial film 
ferromagnetic	 phase	 Fe3Si to a mixture 
of	 polycrystalline	 β-FeSi2	 and	 ε-FeSi	
during annealing in an ultrahigh vacuum 
were	 investigated	 and	 the	 temperature	
dependences	 of	 optical	 and	 magneto-
optical	 properties	 of	 epitaxial	 films	 Fe3Si 
were	obtained.

According	 to	 the	 low-temperature	
spectral	 measurements	 of	 the	 magneto-
optical	Kerr	effect	for	polycrystalline	Fe5Si3 
and	epitaxial	Fe3Si	the	series	of	absorption	
peaks	were	found.	The	peaks	correspond	
to	 the	 energies	 of	 interband	 transitions	
of electrons from ab initio calculations  
of	 the	 spin-dependent	 electron	 density	 
of states.

The	 work	 was	 supported	 by	 The	
Complex	 program	 of	 SB	 RAS	 №	 II.2P,	
project	0358-2015-0004.

1 Tarasov I.A., Popov Z.I., Varnakov S.N., Molokeev M.S., Fedorov A.S., Yakovlev I.A., Fedorov 
D.A., Ovchinnikov S.G., (2014), JETP Lett., 99 (10), 565.

2 Srivastava P.C., Tripathi J.K., (2006), J. Phys. D: Appl. Phys., V.39, 1465-1471.
3 Hamaya K., Ueda K., Kishi Y. et al., (2008), Appl. Phys. Lett., V.93, 132117-3.
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The	humanity	needs	more	and	more	
new	 materials	 with	 the	 properties	 that	
will	 allow	 to	 improve	 our	 technologies,	
machines	 and	 the	 quality	 of	 life.	 Though	
there	 are	 a	 lot	 of	 people	 who	 work	 on	
this	 problem	 and	 a	 lot	 of	 techniques	 for	
materials	 composition	 control,	 we	 still	
need	to	learn	more	about	it.

One of the developing optical 
techniques	 is	 ellipsometry.	 Magneto-
ellisometry	is	a	branch	of	ellipsometry	that	
deals	 with	 magneto-optical	 properties	 of	
the	structures.	There	are	many	advantages	
of	 this	 powerful	 technique,	 the	 most	
important	is	that	it	can	be	easily	used	for	
in situ real time control of nanomaterials 
synthesis.

In	 this	work	we	show	how	 to	use	 it	
along	 with	 the	 Jones	 matrix	 formalism	
in	 order	 to	 obtain	 information	 about	
refractive	 index	 (n)	 and	 extinction	
coefficient	 (k),	 complex	 magneto-optical	
parameter Q.

In	 previous	 works1,2	 we	 considered	
a	model	 of	 a	 homogeneous	 semi-infinite	
medium	and	a	single-layer	model.	Here	we	
present	 a	 two-layer	model,	 that	will	 be	 a	
step	for	a	multilayer	model.	These	models	
are	well-known	 in	general3,4,	 but	our	aim	
has	been	to	apply	them	for	our	particular	
set-up,	that	has	an	electromagnet,	it	means	
that	 we	 have	 to	 consider	 the	 magnetic	
field,	 the	 direction	 of	 magnetic	 field,	 the	
orientation	of	 the	 samples.	 Also	we	have	
been	 interested	 in	particular	 information,	
i.e.	 the	 transverse	 magneto-optical	 Kerr	

effect,	 magneto-optical	 parameter	 Q,	
MCD.	 The	 comparison	 with	 some	 other	
works	is	also	presented5.

The	 work	 was	 supported	 by	 The	
Complex	 program	 of	 SB	 RAS	 №	 II.2P,	
project	0358-2015-0004.

1 Maximova O.A. et al. (2013), Vestnik SibGAU, 49, 212.
2 Maximova O.A. et al. (2014), Journal of Structural Chemistry, 55 (6), 1134-1141.
3 Schubert M. (1996), Phys. Rev. B, 53, 4265.
4 Mok K. et al. (2011), Rev. Sci. Instrum., 82, 033112.
5 Neuber G. et al. (2005), Rev. Sci. Instrum., 76, 023910.

Figure 1. Schematic diagram of the experimental 
setup (1 – substrate introduce-tion chamber, 
2 – substrate rotation control, 3 – main UHV 
chamber, 4 – electro-magnet 400mT, 5 – analyzer 
part, 6 – sample, 7 – molecular beam, 8 – 
evaporator, 9 –polarizer part, 10 – optic cable, 11 
– spectroscope, 12 – shutter, 13 – light source).
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Polarized	optical	absorption	spectra	
in the region of 4I9/2 → 2H11/2 transition of 
Nd3+ ion are investigated in the transverse 
Zeeman	geometry	in	trigonal	NdFe3(BO3)4 
antiferromagnet	(TN≈30	K)	at	T=2	K.

At	 low	 temperatures	 (T<13.5	 K)	
magnetic	 order	 of	 NdFe3(BO3)4	 is	 known	
to	 represent	 a	 long-periodic	 helix	 with	
antiferromagnetic vector L orientation 
normal	 to	 the	 crystal	 trigonal	 axis.	 This	
structure	 is	 broken	 at	 external	 magnetic	
field Hc≈9	kOe	directed	in	the	basal	plane	
of the crystal resulting in antiferromagnet 
spin-flop	 like	 phase	 with	 L⊥C3,	 L⊥H. 
Exchange	interaction	of	Nd3+	ions	with	iron	
magnetic	subsystem	leads	to	the	splitting	
of	 some	 of	 their	 Kramers	 degenerated	
states.	 Effective	 exchange	 (Hex)	 and	
external	 (H)	 fields,	 acting	 simultaneously,	

result	 in	 both	 nonlinear	 character	 of	 the	
doublet	 splitting	 and	 complex	 behavior	
of	 the	 corresponding	 absorption	 bands	
polarizations.

The	 most	 interesting	 picture	 is	
observed	 for	 transitions	 from	the	ground	
state	 to	 the	well	 split	 components	 of	 the	
Γ4	 doublet	 1	 (2a and 2b	 bands	 in	 Figure		
1).	Variations	of	 the	bands	 intensities	are	
connected	 with	 the	 change	 of	 magnetic	
moments directions of the ground and 
excited states of Nd3+.	Above	Hc	(spin-flop	
phase)	they	may	be	well	described	by	the	
phenomenological	 theory	 where	minimal	
set of free parameters and actual values 
of exchange fields for the ground and 
excite	 states	 are	 used	 (see	 right	 panel	 
of	Figure		1).

1 Popova M.N., et al. (2007), Phys. Rev. B, 75, 224435.

Figure 1. Field dependences of Nd3+ polarized absorption spectra in the region of 4I9/2 → 2H11/2 
transition in NdFe3(BO3)4 (left panel). Light wave vector q||C3, H⊥C3, T=2 K. Intensities of 2a and 
2b bands (right panel): theory (solid lines), experiment (circles).
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multiplet calculations

Interest	 to	 nanostructured	
cobaltites	 GdBaCo2O5.5	 is	 caused	 both	
by	 fundamental	 problems	 of	 physics	 of	
nanostructured	 materials,	 and	 by	 their	
possible	 applications	 in	 solid-oxide	 fuel	
cells.	 In	initial	polycrystalline	GdBaCo2O5.5 
samples	 at	 room	 temperature,	 Co3+	 ions,	
according	to	magnetic	measurements,	are	
in	intermediate	and	high-spin	states.	At	the	
increase	of	temperature,	the	spin-states	of	
Co3+	 ions	can	be	change	from	low-spin	to	
intermediate	spin	or	to	high-spin	state.

For	 the	 study	 of	 valence	 states	
of	 cations	 in	 nanostructured	 cobaltites	
GdBaCo2O5.5–δ,	 we	 have	 used	 soft	
X-ray	 absorption	 and	 photoelectron	
spectroscopy.	 Experimental	 spectra	
were	 compared	 with	 atomic	 multiplet	
calculations	 for	 Co	 and	 Gd	 ions.	 Initial	
coarse-grained	 sample	 was	 prepared	
by	 solid-phase	 reaction	 method.	
Nanoceramics GdBaCo2O5.5–δ	 were	
prepared	 from	 initial	 coarse-grained	
samples	 by	 plastic	 deformation	 (high-
pressure	 torsion)	 through	 compression	
and shear deformation under pressure 
of	 7	 GPa.	 The	 average	 size	 of	 crystal	
grains	 estimated	 from	 the	 broadening	
X-ray	 diffraction	 peaks	 was	 about	 40–80	
nm.	 X-ray	 absorption	 and	 photoelectron	
spectra	of	nanostructured	cobaltites	were	
measured	 at	 Russian-German	 beamline	
at	BESSY-II	 (Berlin,	Germany).	Co	2p	X	ray	
absorption	 spectra	 are	 characterized	 by	
a	multiplet	structure	due	to	the	Coulomb	
and	 exchange	 interactions	 between	 the	
Co	2p	hole	 and	Co	3d	electrons,	 splitting	

by	 the	 crystal	 field	 and	 spin–orbital	
interaction.	Therefore,	these	spectra	allow	
to determine valence states of Co ions.

For	 nanostructured	 GdBaCo2O5.5–δ 
obtained	 by	 plastic	 deformation	method,	
some amount of extra Co2+	 ions	 was	
found.	The	concentration	of	Co2+	ions	was	
found	 to	 be	 increased	 with	 the	 increase	
of the degree of plastic deformation. 
No	 new	 phases	 were	 found	 in	 these	
nanostructured	cobaltites.

Our	results	show	the	effectiveness	of	
X-ray	 spectroscopy	methods	 for	 studying	
cation valence states in complex and 
nanostructured	 oxides.	 We	 have	 found	
that	 under	 severe	 plastic	 deformation,	
some	 amount	 of	 cobalt	 ions	 decrease	
the valence states from Co3+ to Co2+. 
No change of phase composition 
was	 detected.	 The	 effect	 of	 plastic	
deformation on the oxidation states of 
Co ions in GdBaCo2O5.5–δ	can	be	used	for	
management of technological processes 
of	 fabrications	 of	 nanostructured	
materials.

This	 work	 was	 supported	 by	 the	
Russian	 Foundation	 for	 Basic	 Research	
(project	No.	14-02-00432),	the	Ural	Branch	
of	 the	 Russian	 Academy	 of	 Sciences	
(project	 No.	 15-9-2-7),	 and	 the	 bilateral	
Program	 «Russian-German	 Laboratory	 at	
BESSY».
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GaMnAs	 layers	 grown	 by	 laser	
deposition1	 have	 been	 studied	 using	 the	
magneto-optical	 transversal	 Kerr	 effect	
(TKE,	 E=0.5–4.0	 eV,	 T=20–295	 K),	 spectral	
ellipsometry	 (E=0.55-4.5	 eV,	 T=295	 K)	 as	
well	 as	 measurements	 of	 resistivity,	 the	
Hall	effect	(T=10–295	K)	and	magnetization	
(T=295	K).	 The	TKE	 studies	have	 revealed	
ferromagnetic	 behaviour	 of	 some	
samples	 below	 80	 K.	 The	 analysis	 of	 the	
electrical	 and	 magneto-optical	 (MO)	 data	
has	 shown	 that	 Mn	 distribution	 in	 them	
is	 strongly	 inhomogeneous.	 There	 are	
non-overlapping	 Mn-rich	 ferromagnetic	
regions	 (generating	 the	 TKE	 signal)	 in	
Mn-poor	 host,	 i.e.,	 «chemical	 phase	
decomposition»2 has taken place in the 
layers.	We	have	 calculated	 spectra	of	 the	
real	and	 imaginary	parts,	 ε’1(E)	and	 ε’2(E),	
of	 the	 off-diagonal	 components	 of	 the	
permittivity	 tensor,	 which	 characterize	
the MO properties of the ferromagnetic 
regions.	 Then	 we	 calculated	 spectrum	 of	
the	 magnetic	 circular	 dichroism	 (MCD)	
and	 compared	 it	 with	 the	 published	

MCD spectra3,4	 of	 (Ga,Mn)	 As	 prepared	 
by	 LT-MBE.	 In	 the	 obtained	 MCD	
spectrum	 four	 bands	 varying	 in	 the	
polarity are clearly marked in the range  
of	 E=0.55–3.8	 eV.	 Negative	 band	 1	
(Emax1=1.67	 eV)	 and	 positive	 band	 2	
(Emax2=2.02	 eV)	 are	 appreciably	 shifted	
towards	higher	energies	as	compared	with	
the	E0	and	E0+Δ0	transitions	at	the	Γ	point	
of	GaAs.	Positive	band	3	(Emax3=3.08	eV)	is	
located	near	the	E1	and	E1+Δ1	transitions,	
and	 negative	 band	 4	 is	 below	 the	 band-
gap	 energy	 of	 GaAs	 (Emax4≈0.8–0.9	 eV).	
The	considerable	blue	shift	of	bands	1	and	
2	 is	 a	 distinctive	 feature	 of	 the	 obtained	
MCD	 spectrum.	 The	 Fermi	 level	 position	
in	 the	 ferromagnetic	 (Ga,Mn)As	 regions	
below	 the	 top	 of	 the	 split-off	 valence	
band	can	be	the	reason	of	this	blue	shift. 
	A	scheme	for	optical	transitions	explaining	
the peculiarities in the MO spectra of our 
samples is suggested.

This	 work	 was	 supported	 by	 the	
Russian	 Foundation	 for	 Basic	 Research	
N15-02-02077.

1 Zvonkov B.N. et al., (2008), J. Optical Technology, 75 (6), 389-393.
2 Dietl T. et al., (2015), Review of Modern Physics, 87 (4), 1311-1377.
3 Ando K. et al., (2008), Physical Review Letters, 100 (6), 067204-1 - 067204-4.
4 Dobrowolska M. et al., (2012), Nature materials, 11 (5), 444-449.
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Bismuth pirostannate Bi2Sn2O7 is 
known	as	a	catalyst	and	an	active	medium	
in	 gas	 sensors.	 This	 compound	 belongs	
to	 pyrochlore	 family	 and	 can	 crystallize	
in	 three	 different	 polymorphs,	 namely,	
tetragonal	 α-Bi2Sn2O7	 (below	 90	 ºС);	
acentric	 cubic	 β-Bi2Sn2O7	 (between	 90	 ºС 
and	 680	 ºС)	 and	 face-centered	 cubic	
γ-Bi2Sn2O7	 (above	680	ºС).	Coexistence	of	
orthorhombic	 and	 cubic	 polymorphs	 is	
possible,	too.

The	 search	 of	 new	magnetoelectric	
materials	 combining	 catalytic	 properties	
with	high	selectivity	and	stability	of	chemical	
sensors	 is	 of	 interest.	 In	 view	 of	 this	
purpose,	Bi2(Sn0.9Mn0.1)2O7	 is	synthesized,	
and its magnetic and optical properties 
are	 studied.	 In	 non-centrosymmetric	
bismuth	 pyrostannate	 polymorphs	 the	
substitution	of	tin	ions	with	magnetic	ions	
of manganese can lead to magnetoelectric 
effect as a result of flexomagnetoelectric 
interaction.	It	is	known	that	α→β	transition	

in Bi2Sn2O7 is a ferroelectric one. Lack of 
inversion	centre	is	admitted	by	the	analysis	
of	Raman	spectra	in	the	range	0-800	cm–1. 
Observed	Raman	peaks	are	in	agreement	
with	IR	absorption	lines	in	the	range	350-
800	cm–1.

Presence	 of	 austenite	 -	 martensite	
phase transition in the range of 
temperature	 330-950	 K	 is	 supported	 by	
irreversible	 temperature	 dependence	 of	
magnetic	 susceptibility	 Bi2(Sn0.9Mn0.1)2O7. 
Paramagnetic Curie temperature and 
effective magnetic moment corresponding 
to Mn+4 ions are determined. Luminescence 
spectrum of Bi2(Sn0.9Mn0.1)2O7	shows	that	
Mn	 ions	within	Bi2Sn2O7 lattice are in the 
tetravalent state at Sn ions sites.

It	 was	 supported	 by	 the	 RFI	 no.	
15-42-04099,	 government	 work	 no.	
114090470016.

Figure 1. Magnetic susceptibity of 
Bi2(Sn0.9Mn0.1)2O7.
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Figure 2. Luminescence of Bi2(Sn0.9Mn0.1)2O7.
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The	structures	consisting	of	magnetic	
and	 non-magnetic	 layers	 are	 of	 interest	
for	spintronics.	Body	centered	cubic	 (bcc)	
CoFe	 alloys	 have	 the	 highest	 saturation	
magnetization	 (Ms	 =	 ~240	 emu/g)	 in	 this	
class of materials and are ideal magnetic 
materials for these applications.

In	 this	 work	 we	 study	 current	
dependent	magneto-optical	Kerr	effect	 in	
the	Hall	 Bar	 structures	 based	 on	 Si/SiO2/
CoFe(2nm)/Pt(3nm)	multilayer	sandwich.

All	 measurements	 were	 performed	
by	 NanoMOKE2	 setup	 at	 the	 fields	 up	
to	 200	 Oe	 (Figure	 1).	 Increasing	 current	
from	 0	 to	 20	 mA	 we	 observed	 the	 Kerr	

signal	 at	 the	 point	 A	 and	 B	 and	 checked	
whether	 the	 signal	 depends	 on	 I	 or	 not.	
When	 measured	 at	 the	 point	 A,	 the	
change	in	current	does	not	affect	the	Kerr	
signal.	 When	 measured	 at	 the	 point	 B,	
current increasing starting from the value  
of	 4	 mA	 hysteresis	 loop	 shifted	 by	 the	
vertical	axis,	but	does	not	change	the	signal	
amplitude.	However,	at	the	value	of	13.32	
mA	 current	 signal	 amplitude	 changes	 
slightly	(Figure	2).

We	 assume	 that	 the	 change	 in	
the	 Kerr	 signal	 amplitude	 is	 due	 to	 the	
influence of the current on the magnetic 
moment inhomogeneity.

Figure 1. Experiment configuration.

Figure 2. Hysteresis loops: solid line –without 
current, dashed line – at the 13.32 mA current.
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Multilayer magnetic film structures 
attract	attention	of	researches	since,	selecting	
the	order	of	layer	deposition,	materials	of	
magnetic	 and	 nonmagnetic	 layers,	 and	 a	
number	of	layers	in	a	structure,	it	is	possible	
to	fabricate	materials	with	unique	properties1 

materials for these applications.
At	 the	 conjugation	 of	 magnetically	

soft	 and	 magnetically	 hard	 FM	 layers,	 a	
new,	magnetic	 spring	 state	 occurs,	 when	
the	magnetization	process	involves	certain	
stages and the hysteresis loop has a specific 
shape2.

In	 this	 work	 we	 study	 magnetic	
interactions	 in	 CoNi/Si/FeNi	 multilayer	
structures	 using	 multiangle	 Kerr-effect	
magnetometry.	 All	 measurements	 were	
performed	 by	 NanoMOKE2	 setup	 at	 the	
fields	up	to	500	Oe	(Figure	1).

In	 the	 study	 of	magnetic	multilayer	
structures it is often difficult to assess 
the impact of each layer on the magnetic 
state	 of	 the	 entire	 sample	 as	 a	whole.	 In	
this	case,	when	used	as	a	tool	of	a	linearly	
polarized	 light	 beam	 incidence	 angle	 can	
be	changed,	thereby	changing	the	depth	of	
light	penetration.	Thus,	if	the	thickness	of	
the investigated layers are commensurate 
with	 changing	 the	 angle	 of	 incidence	 can	
be	 adjusted	 the	 depth	 of	 penetration	 of	
the	 light,	 to	 the	 achievement	 of	 various	
setting	measurement	modes:	

1)	a	magneto-optical	response	is	due	
only to the first layer of the structure; 

2)	 transition	 layer	 also	 affects	 the	
magneto-optical	response;

3)	the	Kerr	signal	is	affected	by	all	the	
three layers of the investigated.

It	 was	 necessary	 to	 build	 a	 model	
for calculating the penetration depth 
according	 to	 the	 angle	 β	 (Figure	 1),	 and	
the	 position	 b	 of	 the	 mirrors	 and	 the	
sample	 a	 with	 respect	 to	 the	 axis	 of	 the	
electromagnet

1 I. Zutic, J. Fabian, S. Das Sarma, Rev. Mod. Phys. 76, 323 (2004)
2 S.D. Bader, Rev. Mod. Phys. 78, 1 (2006)

Figure 1. Experiment configuration: 1- polarized 
light, 2,3 – mirrors, 4-electromagnet, 5- sample
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Amorphous	magnetic	materials	due	
to	 their	 unique	 magnetic	 properties,	 are	
widely	 used	 in	 practice.	 Nevertheless,	 in	
comparison	with	the	crystalline	materials,	
their	 microstructure	 is	 less	 studied.	 This	
can	be	attributed	to	the	complexity	of	the	
amorphous	material	as	a	research	subject.	
In	 contrast	 to	 the	 crystalline	 substances,	
for	which	a	variety	of	physical	methods	of	
analysis	are	developed,	for	example,	X-ray,	
they	 are	 not	 applicable	 to	 amorphous	
materials.	In	this	regard,	the	use	of	spectral	
optical	and	magneto-optical	techniques1,	are	
of	 interest,	 enable	us	 to	give	 information	
about	the	features	of	the	electronic	structure	
in amorphous magnetic materials.

Amorphous	 films	 of	 Co-P	 are	
intensively investigated in recent years 
because	 thanks	 to	 their	 soft	 magnetic	
properties	 find	wide	practical	application.	
The	 low	 coercivity,	 high	 permeability,	
relatively	high	saturation	magnetization	and	
electrical	resistivity	of	these	films	allow	to	use	
them	in	different	technical	devices,	such	as	
thin-film	inductors,	magnetic	sensors	with	 
a	large	impedance,	etc1.

The	 use	 of	 amorphous	 Co-P	 in	
multilayer structures2 makes it necessary 
to study the thickness dependences of their 
magnetic	properties.	There	is	considerable	

research interest in the study of the 

electronic	 structure	 of	 these	 films,	 which	
can	be	accomplished	by	means	of	spectral	
optical	and	magneto-optical	methods	and	
subsequently	used	in	the	development	on	
their	basis	of	optoelectronic	devices.

This	 paper	 presents	 the	 results	
of	 investigations	 of	 magneto-optical	
properties	 of	 amorphous	 films	 based	 on	
Co-P	at	the	nanoscale	thicknesses.

Figure 1. Optical constants n and k dependencies 
on wavelength of amorphous CoP films

1 I. Perez L., Aroca C., Sanchez P., Lopez E., Sanchez M.C. Sensors Actuators A, 109 (2004) 
208.

2 Favieres C., Aroca C., Sanchez M.C., Madurga V. J.Appl.Phys. 91, 12 (2002) 9995.
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Interface	 magnetism	 has	 very	
recently	 been	 identified	 to	 play	 an	
important	role	 in	ultrafast	spin	dynamics,	
allowing	 to	 control	 the	 underlying	
microscopic processes for technological 
applications. Prominent examples of spin 
dynamics of ferromagnetic/paramagnetic 
interfaces	 (e.g.	 Co/Pt)	 include	 enhanced	
spin-orbit	 coupling	 resulting	 in	 an	
accelerated	demagnetization	rate1	and	all-
optical	 control	 of	 spin-polarized	 currents	
leading to the design of novel and efficient 
terahertz	 emitters2	 and	 promising	 new	
applications in spintronics3.

In	 this	 contribution	 we	 present	
ultrafast,	 magnetic	 circular	 dichroism	
(MCD)	absorption	spectroscopy	with	high-
harmonic	 radiation	 in	 the	 extreme	 ultra-
violet	 (XUV)	 spectral	 range	 to	 study	 the	
ultrafast spin dynamics of a thin Pt/Co/Pt 
film	with	element	specificity.

Detailed	 static	 absorption	
spectroscopy at a synchrotron facility 
identified	 the	 element-specific	 dichroic	
resonances	 of	 Co	 (M2,3	 edge)	 and	of	Pt	
(O2,3 and N6,7)	 (inset	 Figure	 	 1),	 yielding	
an	 observable	 directly	 proportional	 to	
the	 element	 specific	 magnetization.	 In	
an	 optical	 pump	 -	 broad	 band	 higher	
harmonic	 XUV	probe	 experiment	with	 50	
fs	 temporal	 resolution	we	simultaneously	
measured	 the	 ultrafast	 magnetization	
dynamics of the Co film and the Co/Pt 
interfaces	 (Figure	 1)4.	 The	 comparable	
time-scale	 and	 relative	magnitude	 of	 the	

two	 signals	 suggest	 that	 spin	 trapping	 at	
-	and	transport	across	the	boundary	does	
not dominate the spin dynamics.

We	 envision	 that	 the	 availability	
of	 circularly	 polarized	 XUV	 radiation	
demonstrated	 here	 will	 allow	 coherent	
imaging	 of	magnetic	 nanostructures	with	
a	 laboratory-based	 tabletop	 system	 with	
femtosecond temporal and nanometer 
spatial resolution.

1 Kuiper et al., (2014) APL, 105, 202402.
2 Seifert et al., (2015) arXiv:1510.03729
3 Huisman et al., (2015) arXiv:1505.02970
4 Willems et al., (2015) PRB(R) 92, 220405

Figure 1. Time resolved magnetic asymmetry of 
the Co M2,3 (60.0 eVand Pt O3 (54.6 eV). Inset: 
static characterization of the MCD effect.
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Floquet	states	 in	physics	have	been	
under intense research interest since 
Zel’dovich’s	work	on	the	quasienergy	of	a	
quantum	 system	 subjected	 to	 a	 periodic	
action.	Nowadays	the	periodic	modification	
of	 the	 system	 Hamiltonian	 is	 mostly	
achieved	by	microwaves	 leading	 to	 novel	
thrilling phenomena in condensed matter 
physics:	 Floquet	 topological	 insulators,	
chiral edge states in graphene etc.

On	the	other	hand,	currently,	optical	
nonthermal	 control	 of	 magnetization	
at picosecond time scales is a highly 
appealing research topic in the sense of 
potential applications for magnetic data 
storage.	 Here	 we	 combine	 these	 two	
concepts	to	investigate	Floquet	states	in	a	
system	 of	 the	 exchange-coupled	 spins	 in	
a	 ferromagnetic	material.	We	periodically	
perturbed	 magnetization	 of	 an	 iron-
garnet	 film	 by	 a	 train	 of	 femtosecond	
circularly-polarized	laser	pulses	impinging	
the	 sample	 at	 1	 GHz	 repetition	 rate	
and	 observed	 magnetization	 dynamics	
behaving	as	Floquet	states.

In	 particular,	 an	 external	 magnetic	
field	 allows	 tuning	 of	 the	 Floquet	 states	
leading to a pronounced increase of the 
precession amplitude at the center of the 
Brillouin	 zone,	 i.e.	 when	 the	 precession	
frequency is a multiple of the laser 
pulse	 repetition	 rate,	 by	 one	 order	 of	
magnitude.

The	 observed	 phenomena	 expand	
capabilities	of	the	coherent	ultrafast	optical	
control	 of	 the	magnetization	 and	 pave	 a	
way	 for	 their	 applications	 for	 quantum	
computation and data processing.

This	works	was	financially	supported	
by	 Russian	 Science	 Foundation	 (Project	
No.	14-32-00010).
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First	 demonstration	 of	 the	 ultrafast	
all-optical	 reversal	 of	 magnetization	 in	
a	 ferrimagnetic	 metallic	 alloy	 GdFeCo1 
triggered enormous interest to this 
phenomenon.	 Record-short	 time2,	
successful	 realization	 in	 a	 number	 of	
multilayered structures3	 along	 with	
counterintuitive dynamical process4,5 
naturally lead to intense and controversial 
discussion of underlying microscopical 
mechanism	 of	 all-optical	 magnetization	
reversal2,4,6–9.	 By	 now	 it	 generally	
accepted that the process relies on 
intricate exchange of energy and angular 
momentum	between	magnetic	sublattices,	
free	electrons	and	external	bath,	triggered	
by	fast	and	intense	optical	excitation.

We	 suggest10 a simple model 
describing	 the	 all-optical	 reversal	 in	
the metallic ferrimagnet as a process 
relying	 on	 exchange	 scattering	 between	
mobile	 electrons	 and	 (nearly-)localized	
d-	 and	 f-electrons	 comprising	 magnetic	
sublattices.	 Femtosecond	 laser	 pulse	
rapidly increases temperature of the 
mobile	 electrons,	 triggering	 ultrafast	
demagnetization	 of	 the	 magnetic	
sublattices	 via	 Stoner	 excitations.	 Mobile	
electrons,	 being	 exchange	 coupled	 to	

both	 sublattices,	 effectively	 mediate	 the	
angular	 momentum	 transfer	 between	
them.	 The	 key	point	of	 the	model	 is	 that	
exchange scattering rates are different 
for	 two	 sublattices,	 in	 agreement	 with	
experimental	 observations5. Solving the 
set of the rate equations for the occupation 
numbers	 of	 magnetic	 sublattices	 and	
mobile	 electrons	 we	 demonstrate	 that	
these conditions are sufficient for the 
magnetization	reversal.

Since in the proposed microscopical 
picture the role of the laser pulse is reduced 
to	 supplying	 energy	 to	 mobile	 electrons,	
we	suggest	to	employ	electric	bias	pulses	
for	 triggering	 analogous	 magnetization	
reversal process in ferrimagnetic 
structures	embedded	in	a	point	contact	or	
tunnel	 junction	 structures.	We	 show	 that	
in this case one may achieve fine control 
over	magnetization	reversal	time.

1  Stanciu C. D. et al. (2007), Phys. Rev. Lett. 99, 047601.
2  K. Vahaplar et al. (2009), Phys. Rev. Lett, 103, 117201.
3  S. Mangin et al. (2014), Nature Mater. 13, 286.
4  T. A. Ostler et al. (2012), Nature Commun. 3, 666.
5  I. Radu et al. (2011) Nature 472, 205.
6  J. H. Mentink et al. (2012), Phys. Rev. Lett, 108, 057202.
7  J. Barker et al. (2015), Sci. Rep. 3, 3262.
8  A. Baral and H. C. Schneider (2015), Phys. Rev. B 91, 100402.
9  S. Wienholdt et al. (2015), Phys. Rev. B 88, 020406(R).
10  A. M. Kalashnikova and V. I. Kozub (2016) Phys. Rev. B (in print).
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The	latest	advances	in	development	
of	 strong	 terahertz	 field	 sources	 have	
opened	 a	 doorway	 for	 coherent	 control	
over	 low-energy	 quasi-particles	 in	 solids	
on the ultrashort timescale1.	 In	 this	 way,	
the magnetic field component of intense 
terahertz	pulses	has	been	identified	as	the	
most direct ultrafast interface to the spin2. 
The	 strength	 of	 the	 underlying	 Zeeman	
coupling,	 however,	 has	 been	 relatively	
weak	 and	 has	 been	 limited	 to	 the	 linear	
regime.	 For	 many	 future	 applications	 in	
the field of magnetic storage technologies 
and quantum computation a nonlinear 
spin	 response	 with	 large	 amplitude	 is	
desirable,	however.

To	 achieve	 large	 spin	 deflection	we	
propose to excite the strong electric dipole 
active	 excitations	which	 can	 in	 turn	drive	
the magnetic order.

In	the	first	experiments	we	show	that	
terahertz	 excitation	 of	 pairs	 of	 infrared-
active optical phonons can excite coherent 
spin	 waves	 in	 the	 rare-earth	 orthoferrite	
ErFeO3.	 This	 phenomenon	 relies	 on	 the	
real-space	 rotations	 of	 the	 crystal-field	
atoms and on the resulting effective 
magnetic	 field	 onto	 the	 Fe3+ spins. 
This	 unusual	 breaking	 of	 time	 reversal	
invariance	through	the	lattice	can	only	be	
achieved	by	virtue	of	the	mutual	coherence	
of	 the	 orthogonal	 phonon	 modes,	 and	
is	 shown	 to	 drive	 precession	 in	 different	
directions depending on the relative phase 
between	the	two	excited	phonons3.

Then	 we	 demonstrate	 an	 abrupt	
change	of	the	magnetic	anisotropy	field	by	
excitation	 of	 orbital	 degrees	 of	 freedom.	
To	 this	 end	 we	 demonstrate	 that	 in	
another	 rare-earth	 orthoferrite	 TmFeO3 
the	 terahertz	 electric	 field	 repopulates	
rare-earth	 orbitals	 and	 therefore	 triggers	
large	 amplitude	 precession	 of	 Fe3+ spins. 
The	amplitude	of	the	spin	deflection	scales	
quadratically	with	the	terahertz	peak	field.	
Our	 experimental	 technique	 allows	 for	
a direct comparison of the strength of 
this	 nonlinear	 excitation	 by	 the	 electric	
field	 and	 the	 linear	 torque	 exerted	 by	
the	 magnetic	 field.	 For	 the	 highest	 peak	
terahertz	field	of	0.3	Tesla	available	in	our	
experiment,	 the	 nonlinear	 mechanism	
exceeds	the	linear	one	by	nearly	one	order	
of magnitude.

In	summary,	we	have	demonstrated	
that	THz	radiation	can	be	used	to	efficiently	
control	 the	 magnetic	 order	 by	 resonant	
exciting the lattice and the electronic 
orbitals.	 The	 demonstrated	 mechanisms	
require neither special crystal symmetry 
nor multiferroic correlations. Our findings 
bring	 efficient	 spin	 devices	 operating	 at	
terahertz	clock	rates	into	practical	reach.

1 Kampfrath, T., Tanaka, K., & Nelson, K. A. (2013), Nature Photonics, 7, 680–690.
2 Kampfrath, T. et al. (2011). Nature Photonics, 5, 31–34.
3 Nova, T. F. et al. (2015), arXiv:1512.06351.
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The	 development	 of	 the	 laser	
techniques	 capable	 to	 create	 ultrashort,	
femtosecond	 pulses	 allowed	 to	 convert	
many spectroscopic methods to novel 
tools for studying physical properties of 
condensed matter in time and opened 
intriguing	 possibility	 for	 creating	 devices	
with	 the	 speed	 of	 recording	 and	 reading	
information	 by	 hundreds	 times.	 The	
theoretical	understanding	of	the	observed	
results so far presents a challenge for 
theorists.	Here	we	review	currently	known	
mechanisms for the explanation of the 
experiments	on	ultrafast	demagnetization	
(UFDM)	and	discuss	suggested	theoretical	
approaches.	 A	 part	 of	 the	 experimental	
observations	to	be	explained	have	general	
nature:	 e.g.,	 dependence	 of	 degree	 and	
time	 of	 UFDM	 on	 the	 intensity	 of	 laser	
beam,	 the	decrease	of	 the	 effect	with	 an	
increase	 of	 the	 film	 thickness.	 The	 other	
are	material	dependent,	particularly,	how	
and	 why	 the	 response	 depends	 on	 the	
resistivity,	the	questions	why	the	rare	earth	
(RE)	magnetic	moments	react	to	the	laser	
pulse	 much	 slower	 than	 the	 transition-
metal	 (TM)	 ones,	 what	 is	 the	 nature	 of	
energy	exchange	between	two	subsystems	
in	 RE/TM	 compounds,	 the	 problem	 of	
moment conservation and the role played 
by	phonons	in	these	phenomena.

The	existing	theories	can	be	divided	
into	two	classes.	The	one	suggests	that	the	
UFDM	 can	 be	 explained	 by	 transport	 of	
excited	 near	 surface	 electron	 spins	 away	
from	the	region	where	the	probe	pulse	can	
read	 the	 information.	 The	 suggestion	 is	
that	this	spin	flow	arises	due	to	fast	heating	
of	electrons	near	surface	by	the	laser	short	
pulse.	 The	 spin	 transport	 is	 described	by	
the	 equations	based	on	 the	 assumptions	

that	 the	 majority	 (↑)	-	 and	 minority	
(↓)	-spin	electrons	have	different	transport	
properties	and	the	Fermi	statistics	is	locally	
formed.	The	flow	is	in	superdiffusive	regime	 
(i.e.,	in	<r2>~Dtγ	1<γ<2).

The	 possible	 mechanisms	 of	 fast	
spin	 flips	 initiated	 by	 laser	 excitation	
and different channels of the moment 
relaxation are discussed in other class 
of	 theories.	 The	 phenomenological	 ones	
based	 on	 the	 Landau-Lifshitz-Gilbert	
equation,	 or	 three-temperature	 model,	
which	 describes	 the	 energy	 exchange	
between	electronic,	magnetic	and	phonon	
subsystems,	 usually	 do	 not	 consider	 the	
microscopical origin of the parameters. 
The	 microscopic	 models	 examine	 the	
different channels of energy and magnetic 
moment	 relaxation:	 the	spin-flips,	 caused	
by	Coulomb	scattering,	laser-induced	spin-
flips,	an	inelastic	magnon	scattering,	as	well	
as	an	exotic	Elliott-Yafet	scattering	(where	
the	phonon	is	able	to	carry	spin).	It	seems	
that	the	spin-orbit	coupling	(SOC)	gives	the	
important	contribution	to	UFMD:	there	are	
calculations	showing	that	the	effect	UFMD	
disappears	without	SOC.	At	the	same	time	
the electrodynamic processes seems to 
be	 unimportant.	 The	 dependence	 of	 the	
effective	 exchange	 interaction	 between	
magnetic	 moments	 on	 time-shape	 of	
laser	 pulse	 is	 widely	 discussed	 too.	 The	
remaining	open	questions	are	emphasized	
for each of suggestions.
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Orbital	model	 of	 ultrafast	magnetic	
dynamics.	 Its	 advantages,	 challenges	 and	
opportunities to overcome them

The	 advantages	 of	 the	 orbital	
model:
i. Electric-dipole	 selection	 rules	 for	

optical	 transitions	allow	the	changes	
only	 to	 the	 orbital	 states	 of	 the	
electrons	without	changing	their	spin	
states.

ii. Magnetic anisotropy fields up to 
106	Oe	acting	on	 the	orbital	 angular	
momenta of the electrons correspond 
to	 the	 magnetic	 dynamics.	 The	
magnetic anisotropy fields less than 
104 Oe acting on the spin angular 
momentum of the electrons are 
able	 to	 provide	 only	 the	 gigahertz	
frequency range for the spin magnetic 
dynamics.

Challenges	of	the	orbital	model:
i. Why	for	the	formation	of	equilibrium	

orbital	momentum	L	the	femtosecond	
laser pulses are required rather than 
the longer ones?

ii. What	 is	 the	 mechanism	 of	 such	 a	
slow	 relaxation	 of	 L	 being	 able	 to	
provide	the	spin	switching	during	the	
L lifetime?

The	 opportunities	 to	 overcome	 the	
challenges	of	the	orbital	model:
i. Femtosecond	 duration	 of	 laser	

pulses creates the uncertainty of 
their frequencies providing the 
determining role of the spontaneous 
emission in the relaxation of the 
optically	excited	states.	In	our	talk	we	
discuss the mechanism of formation 
of	 non-equilibrium	 orbital	momenta	
under the spontaneous emission.

ii. The	spin	reorientation	 in	the	field	of	
spin-orbit	 non-equilibrium	 orbital	
momenta	 is	possible	 if	 their	 lifetime	
exceeds	 the	 reorientation	 time.	 In	
our	talk	we	discuss	the	mechanism	of	
acceleration of the spin reorientation 
caused	by	the	exchange	interaction.

The	 work	 was	 performed	 in	 the	
scope	 of	 governmental	 task	 of	 FASO	 of	
Russia	(topic	«Spin»,	№	01201463330)	with	
the	financial	support	of	the	RFBR	(grant	14-
02-00260).
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One hundred years had passed 
after	 T.	 Smith1	 found	a	weak,	or	parasitic 
ferromagnetism	 in	 an	 «international	
family	 line»	 of	 different	 natural	 hematite	
α-Fe2O3 single crystalline samples from 
Italy,	Hungary,	Brasil,	and	Russia	(Schabry,	
Ural	 Mountains,	 near	 Ekaterinburg)	 that	
was	 firstly	 assigned	 to	 ferromagnetic	
impurities.	 However,	 only	 after	 famous	
experimental	 paper	 by	 A.S.	 Borovik-
Romanov	and	M.P.	Orlova2 and pioneering 
theory	 by	 I.E.	 Dzyaloshinskii3	 it	 became	
clear	 that	 the	 weak	 ferromagnetism	
(WF)	 is	an	 intrinsic	property	of	some	 low-
symmetry	 antiferromagnets.	 The	 model	
of	 a	 canted	 antiferromagnet	 became	
generally	adopted	model	of	the	WF’s.	First	
«poor	 man’s»	 microscopic	 theory	 of	 WF	
was	 provided	 by	 T.	 Moriya4	 who	 derived	
an	effective	Hamiltonian	of	antisymmetric	
exchange

,

(Dzyaloshinskii-Moriya	 (DM)	 coupling).	
The	 DM	 coupling	 being	 simple	 in	 form,	
can result in very different magnetic 
phenomena	 from	 WF,	 multiferroics,	 to	
helical	 and	 Skyrmion	 structures	 in	 MnSi-
type crystals.

The	talk	is	devoted	to	an	overview	of	
the microscopic theory of the DM coupling 
and	 other	 related	 exchange-relativistic	
effects	 such	 as	 exchange	 anisotropy,	

antisymmetric	 magnetoelectric	 coupling,	
antisymmetric	magnetogyrotropic	effects,	
and	 electron-nuclear	 antisymmetric	
supertransferred hyperfine interactions in 
strongly	correlated	3d-based	compounds5. 
Theoretical	 results	 are	 applied	 to	
different classes of 3d compounds 
from	 conventional	 weak	 ferromagnets	 
(FeF3,	 α-Fe2O3,	 FeBO3,	 RFeO3,	 RCrO3,..)	 to	
unconventional	systems	such	as	so-called	
weak	 ferrimagnets	 with	 a	 competition	
of	 the	 signs	 for	 Dzyaloshinskii	 vectors	 
(e.g.,	 RFe1–xCrxO3),	 chiral	 helimagnets	 
(e.g.,	CsCuCl3,	MnSi),	cuprates	(La2CuO4,...),	
and different multiferroics. Particular 
emphasis	 will	 be	 placed	 on	 the	 role	 of	
crystal	field	effects,	the	sense	and	direction	
of	the	Dzyaloshinskii	vector,	its	dependence	
on	the	superexchange	bonding	geometry,	
and	 other	 subtle	 features	 of	 exchange-
relativistic	effects.	A	critical	analysis	will	be	
given	of	different	approaches	to	exchange-
relativistic	 coupling	 based	 on	 the	 cluster	
and	«first-principle’s»	band	calculations.

The	 work	 was	 supported	 by	 the	
Government	 of	 the	 Russian	 Federation	
Program	 02.A03.21.0006	 and	 by	 the	
Ministry	 of	 Education	 and	 Science	
of	 the	 Russian	 Federation,	 projects	 
Nos. 1437 and 2725.

1 Smith T. (1916), Phys. Rev. 8, 721.
2 Borovik-Romanov A.S. and Orlova M.P. (1956), ZhETP, 31, 579.
3 Dzyaloshinskii I.E. (1957), Soviet Physics JETP, 5 1259.
4 Moriya T. (1960), Phys. Rev. 120, 91.
5 Moskvin A.S. (2016), JMMM, 400, 117–120.
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Electronically	 excited	 atom	
is,	 actually,	 an	 impurity	 atom,	 and,	
consequently,	the	geometry	and	magnetic	
properties of its local environment can 
change1.	The	study	of	the	local	properties	
of crystals in the optically excited states 
becomes	 important	 in	 the	 recent	 years	
in	 connection	 with	 the	 problem	 of	 the	
quantum information processing.

In	 this	 work	 polarized	 absorption	
spectra of f-f	absorption	bands:	4I9/2→4F3/2,	
(2H9/2+4F5/2),	 4(S3/2+F7/2),	 (2G7/2+4G5/2)	 and	
(4G9/2+2K13/2+4G7/2)	 in	 the	 Nd3+	 ion	 were	
studied as a function of temperature in 
the	range	of	2	–	40	K	and	as	a	function	of	
magnetic	field	0	–	65	kOe	at	2	K.

The	 splitting	 of	 the	 ground	 and	
excited states of the Nd3+ ion in the 
exchange	 field	 of	 the	 Fe	 sublattice	 were	
determined.	It	was	revealed	that	the	value	
of the exchange splitting did not correlate 
with	 the	 theoretical	 Landé	 factors.	 The	
Landé	 factors	 of	 the	 excited	 states	 were	
experimentally	 found.	 In	 general,	 the	
local magnetic properties in the vicinity 
of	 the	 excited	 ion	 substantially	 depend	
on	 its	 electron	 state.	 In	 particular:	 1)	 in	
some	excited	states	a	weak	ferromagnetic	
moment	appears,	2)	the	local	reorientation	
field induced metamagnetic transitions 
were	observed,	3)	 the	changes	of	 type	of	
the	 local	magnetic	 anisotropy	 take	 place,	
4)	in	some	excited	states	the	energetically	
favorable	 orientation	 of	 the	 Nd3+ ion 
magnetic moment is opposite to that in 
the ground state.

It	was	found	out	that	selection	rules	
for f-f transitions in the magnetically 
ordered	state	substantially	deviated	 from	
those in paramagnetic state of the crystal. 
This	 testifies	 to	 distortions	 of	 the	 local	
symmetry in the excited states.

Intensities	 of	 the	 transitions	
substantially	 depend	 on	 orientation	 of	
the	 Fe	 and	 Nd	 ions	 magnetic	 moments	
relative	 to	 the	 light	 polarization,	 but	
these dependences are qualitatively 
different	 for	 different	 transitions,	 while	
in the paramagnetic state of the crystal 
all studied excited states have identical 
symmetry.

The	magnetic	ordering	of	the	crystal	
is	 the	 source	 of	 the	 described	 peculiar	
and various properties of electron 
states,	 transitions	 and	 selection	 rules.	 In	
particular,	 it	 is	 apparently	 important	 that	
the magnetic moments in the ground 
state are in the plane perpendicular to C3 
axis.	 Therefore,	 they	 create	 an	 additional	
quantization	 axis	 besides	 C3,	 and,	 as	 a	
consequence,	they	create	specific	selection	
rules	 for	electron	 transitions.	These	 rules	
depend also on the excited states since 
electronically excited atom changes the 
local symmetry and magnetic properties 
of the crystal.

1 Malakhovskii A.V., Gnatchenko S.L., Kachur I.S., Piryatinskaya V.G., Temerov V.L. (2016), 
Optical Materials, 52, 126-133.
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Ultrafast laser-induced thermal changes of growth-induced 
anisotropy in iron-garnet films

L. A. Shelukhin1, V. V. Pavlov1, P. Yu. Shamrai1, P. A. Usachev1, R. V. Pisarev1  
and A. M. Kalashnikova1

1Ioffe Physical-Technical Institute of RAS, 194021, St. Petersburg, Russia
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Ferrimagnetic	 iron	 garnet	 films	
are the most promising model materials 
for	 dielectric	 based	 magnonics	 due	 to	
its	 extremely	 narrow	 ferromagnetic	
resonance	 peak,	 high	mobility	 of	 domain	
walls	 and	 growth	 controlled	 magnetic	
anisotropy.	 Efficient	 quasistatic	 and	
ultrafast	 optical	 control	 of	 magnetization	
in	such	media	has	been	achieved	 in	such	
films via inducing a transient magnetic 
anisotropy	 axis	 by	 light2.	 However,	 the	
possibility	 of	 ultrafast	 laser-induced	
change	 of	 growth-induced	 anisotropy	
parameters in such materials is still 
unexplored.

In	 this	 work	 we	 studied	 10-μm	
thick	 film	 of	 the	 rare-earth	 and	 bismuth	
substituted	 garnet	 (YPrLuBi)3(FeGa)5O12,	
grown	on	Gd3Ga5O12	substrate	with	 (210)	
orientation.	 This	 choice	 is	 caused	 by	 the	
fact that in such films distinct types of 
growth-induced	 magnetic	 anisotropy	
coexist	 and	 their	 parameters	 can	 be	
altered	by	femtosecond	laser	pulse.

The	 study	 was	 performed	 using	
a	 femtosecond	 optical	 pump-probe	
laser	 technique	 described	 elsewhere1. 
In	 our	 experiments	 we	 observed	 the	
laser-induced	 magnetization	 precession	 
(Figure	 	 1)3.	 We	 show	 that	 there	 is	 clear	
contribution	 to	 the	 precession	 excitation	
mechanism	which	 relies	on	 laser-induced	
change of the anisotropy parameters 
occurring at the picosecond time scale 
due	to	the	lattice	heating.	This	conclusion	

is	 substantiated	 by	 observation	 (inset	 in	
Figure	 	 1)	 that	 the	 precession	 amplitude	
is	 dependent	 on	 the	 pump	 wavelength	
and	 grows	 as	 absorption	 increases.	
Phenomenological analysis of the 
initial	 phase	 of	 the	 precession	 allowed	
distinguishing	 relative	 contributions	
from	 laser-induced	 changes	 of	 different	
anisotropy parameters.

This	 work	 is	 supported	 by	 the	
Russian	 Government	 Program	 P220	 and	
the	RFBR.

1 A. Kirilyuk, A. Kimel, and Th. Rasing, Rev. Mod. Phys. 82, 2731 (2010).
2 F. Hansteen, A. Kimel, A. Kirilyuk, and Th. Rasing, Phys. Rev. Lett. 95, 047402 (2005).
3 L. A. Shelukhin, V. V. Pavlov, P. A. Usachev, R. V. Pisarev, A. M. Kalashnikova // submitted to 

PRB, arXiv:1507.07437.

Figure 1. Laser-induced magnetization dynamics 
excited by the pump pulses at λ=620 nm. Inset: 
amplitude of the magnetization precession as a 
function of absorption coefficient for the pump 
wavelength.
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Optical magnetostatic surface waves generation in epitaxial 
films of rare earth iron garnet
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Spin	 waves	 are	 very	 promising	
for information and image processing 
since	 their	 amplitude	 and	 phase	 can	 be	
manipulated	 with	 relatively	 low	 powers.	
Long-range	 dipole-dipole	 interaction	
of	 electron	 spins	 establishes	 the	
magnetostatic	 spin	waves	 (MSW).	 Among	
different	 kinds	 of	 MSWs	 magnetostatic	
surface	 waves	 (MSSW)	 are	 of	 prime	
fundamental and technical importance 
since	 they	 are	 mainly	 localized	 at	
one surface of the magnetic film. 
Conventionally,	 MSWs	 are	 generated	
by	 microwave	 antennas.	 However	
adjustment	 of	 the	 spin	wave	 parameters	
requires	changes	in	shape	and	size	of	the	
antenna that complicates the overall set 
up.	 Recently,	 it	 has	 been	 demonstrated	
that	MSW	excitation	can	be	performed	by	
femtosecond laser pulses due to the inverse 
Faraday	effect,	the	inverse	Cotton-Mouton	
effect and optically induced modification  
of magnetocrystalline anisotropy.

In	 all	 previous	 studies	 only	 one	
type	 of	 spin	 waves	 –	 backward	 volume	
magnetostatic	 spin	 waves	 (BVMSW)	 has	
been	excited	optically,	which	is	due	to	the	
fact	that	excitation	was	in	the	transparent	
frequency range and therefore optical 
power	 distributed	 almost	 uniformly	
across	 the	 sample	 thickness.	 At	 the	
same	 time,	 efficient	 excitation	 of	MSSWs	
requires asymmetric excitation across  
the magnetic film.

We	 demonstrate	 all-optical	
generation	and	detection	of	MSSWs	in	thin	

epitaxial films of rare earth iron garnet 
by	 illuminating	 the	 sample	with	 circularly	
polarized	 laser	 pulses	 (Figure	 1)	 at	 the	
wavelengths	 corresponding	 to	 moderate	
absorption	 that	 provides	 asymmetric	
excitation1.	 In	contrast	 to	 the	spin	waves	
conventionally	 excited	 by	 a	 microwave	
field,	 the	 optical	 excitation	 allows	 local	
generation	of	MSSWs.

This	 work	 is	 supported	 by	 Russian	
Science	 Foundation	 (grant	 N14-32-
00010).

1  Чернов А.И., Кожаев М.А., Ветошко П.М., Додонов Д.В., Прокопов А.Р., Шумилов А.Г., 
Шапошников А.Н., Бержанский В.Н., Звездин А.К., Белотелов В.И. (2016), ФТТ, 58 (6), 
1093.

Figure 1. MSSWs excited by pump laser pulses. 
Magnetization precession detected at various 
distances displaced along the X-axis.
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The	 values	 of	 transverse	 and	
longitudinal magnetic relaxations are 
connected	by	the	Bloch	equations	for	the	
components	of	 the	magnetization	Mx,	My,	
Mz in	the	coordinate	system	with	Z	||M0:

here is ω0 the precession frequency of M 
around	the	Z,	T1 and T2 are the transverse 
and	 longitudinal	 relaxation	 times.	 The	ω0 
frequencies	for	orbital	momenta	ML in the 
crystal	 field	 lie	 in	 the	 terahertz	 (1012	 Hz)	
range,	 and	 the	 equilibrium	 value	 M0=0,	
that corresponds to the quenching of the 
orbital	 magnetism.	 These	 features	 are	
the reasons of the qualitative difference 
of magnetic relaxation mechanisms 
for	 the	 orbital	 and	 spin	 momentum.	
In	 our	 report,	 we	 expect	 to	 discuss	
the mechanisms of transverse and 
longitudinal	 orbital	 magnetic	 relaxation	
caused	by	 the	 interaction	with	 the	 lattice	
deformations ML.The	 interaction	 ML	 with	
the lattice deformations provides the 
indirect connection of ML	with	the	support	
holding our test sample. Such connection 
is necessary for the removal of the angular 
momentum released during the relaxation 
of ML components from a sample. 
However,	 the	removal	rate	appears	to	be	
significantly different for the relaxation 
of	 longitudinal	 (ML

z)	and	transverse	 (ML
x,y)	

components of ML.	 The	 relaxation	 of	 the	
transverse	 components	 of	 describes	 the	
damping of the uniform precession ML.

This	relaxation	is	associated	with	the	
transmission of the uniform rotation to the 
lattice,	which	relaxes	without	delay	on	the	
support.	 The	 corresponding	 transverse	
relaxation time T2 is in the nanosecond 
range:

T2≈ (	10–9	–	10–10	)	s
Otherwise,	 the	 angular	 momentum	 is	
transferred to the lattice during the 
longitudinal	 relaxation.	 The	 lack	 of	 the	
interaction	 between	 the	 orbital	 angular	
momenta of atoms makes the relaxation of 
the longitudinal components independent. 
Each	of	 such	events	 is	 accompanied	with	
a	non-uniform	deformation	of	the	atomic	
dimensions.Since the relaxation rate of 
the inhomogeneous deformation to the 
support is much smaller than for the 
uniform	 one,	 the	 longitudinal	 relaxation	
time	lies	in	the	microsecond	range:

T1≈ (	10–6	–	10–7)	s
The	 work	 was	 performed	 in	 the	

scope	 of	 governmental	 task	 of	 FASO	 of	
Russia	(topic	«Spin»,	№	01201463330)	with	
the	financial	support	of	the	RFBR	(grant	14-
02-00260).
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Digital information technology 
has	 great	 impact	 on	 our	 lives,	 which	 has	
strongly motivated scientists to look for 
faster	 and	more	 energy-efficient	 ways	 to	
process	 streams	 of	 digital	 signals.	 This	
presentation	 reviews	 some	works	 carried	
out	recently	in	my	group;	namely,	(i)	devices	
for	circular	polarized	light	(CPL)	technology	
and	(ii)	all-optical	three-terminal	devices.

CPL kmittkod anr rktkctwod
Compared	with	optics	and	photonics	

based	 on	 linearly	 polarized	 light,	 not	 so	
much	 research	has	been	 carried	out	 for	
the	development	of	technology	based	on	
CPL.	We	report	bright	electroluminescence	
of	 nearly	 pure	 circular	 polarization	 at	
room	 temperature	 with	 relatively	 high	
current	density	using	lateral-type	spin	LEDs	
consisting	 of	 Fe	 stripe	 electrodes,	 1-nm	
crystalline	AlOx	tunnel	barriers,	and	laser-
quality	AlGaAs/GaAs	double	hetero-struc-
tures	(DH).	Electrical	helicity	switching	up	to	
100	kHz	is	also	demonstrated	using	dual	spin	
injection	electrodes	formed	on	the	DH.

All wptical thokk-tkominal rkvickd
Let	us	assume	that	a	magnetization	

vector M	 on	 one	 side	 of	 Mach-Zehnder	
interferometer	 (MZI)	 points	 parallel	 to	
the	 optical	 axis	 of	 the	 waveguide	 (WG).	
The	 difference	 in	 the	 optical	 length	
between	 two	 different	 WGs	 is	 controlled	
in	 such	 a	 way	 to	 yield	 the	 destructive	
interference.	 Excitation	of	M	with	 fs-laser	
pulses dynamically alters the direction 
of M,	 causing	 temporal	 variation	 of	 the	
interference condition and gating the 
pulse	 train	R	entering	 from	 the	port	 X	 to	
yield	output	pulses	R*	 from	 the	opposite	
port	 Z.	 An	 all-optical	 three	 terminal	
device	 can	 be	 realized,	 if	 the	 pulse	
quality	 (energy	 and	 shape)	 of	 R*	 is	 not	

degraded	 severely	 compared	 with	 the	
input	pulses	S.	Feasibility	of	the	proposed	
device	has	been	examined	by	numerically	
calculating	mode-propagation	in	the	GaAs-
based	 MZI	 combined	 with	 Co/Pd	 MLs	
which	 exhibit	 photo-induced	 precession	 
of M	 (PEPM)	with	weak	pulsed	excitation.	
Figure	 1	 shows	 calculated	 optical	
transmission as a function θ,	 the	 in-plane	
angle	 with	 respect	 to	 the	 WG	 axis.	 The	
MO-induced	phase	shift	is	Δφ	=	Δβ LM· sin θ  
with	Δβ	 =	 –0.25	 [rad/mm]	and	 the	 length	
of a magnet LM	=	0.5	mm.	In	view	of	binary	
threshold	 detection,	 adjustment	 of	 the	
initial θ is needed to code/decode a small 
cone	angle	 induced	by	PEPM.	Calculation	
for the transmission of a Gaussian pulse 
(width	120	fs)	suggests	a	relative	change	in	
transition	of	around	±2	dB	for θ	≈	0.2	rad.	
and Δβ	≈	±0.1	rad.	(λ	=	987	nm).

Figure  1. MO-MZI and calculation.
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The	 wave	 solutions	 of	 the	 Landau-
Lifshitz	 equation	 (spin	 waves)	 are	
characterised	 by	 some	 of	 the	 most	
complex and peculiar dispersion relations 
among	 all	 waves.	 For	 example,	 the	
spin-wave	 («magnonic»)	 dispersion	 can	
range	 from	 the	 parabolic	 law	 (typical	
for	 a	 quantum-mechanical	 electron)	 at	
short	 wavelengths	 to	 the	 non-analytical	
linear	 type	 (typical	 for	 light	 and	 acoustic	
phonons)	at	 long	wavelengths.	Moreover,	
the	long-wavelength	magnonic	dispersion	
has	 a	 gap	 and	 is	 inherently	 anisotropic,	
being	 naturally	 negative	 for	 a	 range	 of	
relative	orientations	between	the	effective	
field	 and	 the	 spin-wave	 wave	 vector.	
Non-uniformities	 in	 the	 effective	 field	
and	 magnetisation	 configurations	 enable	
the	 guiding	 and	 steering	 of	 spin	 waves	
in	 a	 deliberate	 manner	 and	 therefore	
represent landscapes of graded refractive 
index	(graded	magnonic	index)1.

By	 analogy	 to	 the	 fields	 of	 graded-
index photonics and transformation 
optics,	the	studies	of	spin	waves	in	graded	
magnonic	 landscapes	 can	 be	 united	
under	 the	 umbrella	 of	 the	 graded-index	
magnonics theme1	 and	 will	 be	 reviewed	
in	 this	 talk.	 In	 particular,	 we	 will	 present	

our recent experimental data acquired 
using	 the	 time-resolved	 scanning	 Kerr	
microscopy	 (TRSKM)	 to	 demonstrate	
guiding	 and	 steering	 of	 spin	 waves	 in	
magnonic	 waveguides2. The	 data	 will	
be	 interpreted	 and	 supported	 using	
numerical micromagnetic simulations and 
analytical	theory.	Furthermore,	we	will	use	
the theory and simulations to demonstrate 
how	 the	 graded	 magnonic	 index	 could	
also	 be	 used	 to	 excite	 propagating	 spin	
waves	 by	 effectively	 uniform	 microwave	
magnetic fields3.

The	research	leading	to	these	results	
has	received	funding	from	the	Engineering	
and	 Physical	 Sciences	 Research	 Council	
of	 the	 United	 Kingdom	 under	 projects	 
EP/L019876/1	 and	 EP/L020696/1	 and	
from	 the	 European	Union	under	projects	
No.	 247556	 (NoWaPhen)	 and	No.	 644348	
(MagIC).

1 Davies C.S., Kruglyak V.V. (2015), Low Temperature Physics, 41 (10), 760-766.
2 Davies C.S. et al (2015), Physical Review B, 92 (2), 020408 (R).
3 Davies C.S. et al (2015), Applied Physics Letters, 107 (16), 162401.
4 Davies C.S. et al (2016), to be published.
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Using	magnetic	domain	walls	as	spin	
wave	bus,	we	propose	evolvable	hardware	
architecture	 for	 building	 spin	 wave	
integrated	 circuitry,	 and	ultimately	 a	 spin	
wave	 computer.	 Upon	 this,	 a	 spin	 wave	
diode	component	that	transmits	spin	wave	
uni-direction	way	is	constructed.

Spin	 wave	 (magnon)	 is	 like	 sound	
wave	 but	 with	 vibrating	 magnet	 in	 place	
of	vibrating	mass.	The	field	of	utilizing	spin	
waves	for	information	processing	is	called	
magnonics,	which	is	promising	for	the	next	
generation	 energy-saving	 information	
technology.	 The	 aim	 of	 magnonics	 is	
to achieve unified information storage 
and	 processing	 using	 magnons,	 
or	spin	waves.

The	 present	 day	 computer	 is	
typically	 software-upgradable	 but	
hardware-welded.	 Using	 domain	 walls	

and	 surface	 anisotropy	 stripes	 as	 two	
different	 spin	 wave	 waveguides,	 we	
propose1	 a	 breadboard-like	 design	 of	
magnonic integrated circuitry that can 
in	 principle	 perform	 large	 number	 of	
magnonic operations in a single magnetic 
wafer,	analogy	to	a	silicon	wafer	for	large	
number	of	electronic	transistors.	Since	the	
magnetic	 texture	 can	 be	 easily	modified,	
this	 magnonic	 hardware	 architecture	 is	
reprogrammable,	 in	 contrast	 to	 most	
present-day	 information	 processing	
architectures.	Upon	this	new	architecture,	
we	 also	 design	 the	 simplest	 magnonic	
component,	a	spin	wave	diode1.

This	 foundation	 laid	 for	 spin	 wave	
logic	provides	a	platform	 to	 realize	other	
logical operations that are required 
for	 building	 an	 evolvable	 spin	 wave	
computer.

1 Lan, J., Yu, W., Wu, R. & Xiao, J. Spin-Wave Diode. Phys. Rev. X 5, 041049 (2015).

Figure 1. Left: a rewritable spin wave circuitry using magnetic domain walls as spin wave bus. Right: 
a spin wave diode.

I8.3



EASTMAG-2016

354

Wood resonances in 1D magnonic crystals
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Information-processing	 devices	
based	on	the	magnetic	periodic	structures	
(magnonic	crystals	or	MC)	so	far	were	built	
mainly	 on	 the	 base	 of	 Bragg	 resonances	
appearing	when	the	condition	Λ=nλ/2	was	
fulfilled	(Λ	–	period	of	MC,	λ	–	wavelength	
of	 spin	 wave	 or	 SW)1.	 In	 this	 work	 it	 is	
shown	 that	 in	 the	 MC	 with	 the	 surface	
microstructure in the form of etched 
grooves	 (Figure	 1a)	 the	 Wood	 type2 
resonant	 features	 (marked	with	 asterisks	
on	Figure	1b)	 can	appear	 in	 the	subwave	
region	(λ>>Λ)	of	frequency	dependence	of	
transmission	coefficient	(S21(f))	for	surface	
spin	waves	(SSW).	Such	resonances	appear	

when	 the	 path	 length	 L	 of	 exchange	 SW	
exceeds the thickness d and the period 
Λ	 of	 MC	 and	 are	 caused	 by	 excitation	
of	 guided	 mode	 resonances	 (GMR).	 
Results	 of	 OOMMF3 micromagnetic 
simulation	 of	 microwave	
magnetization	 component	 mz at 
one of resonant frequencies of 
MC	 etched	 in	 YIG	 films	 are	 shown	 
on	Figure	1c.

This	 work	 was	 partially	 supported	
by	 RFBR	 grants	 ##16-57-00153	 Bel-a,	
14-07-00549,	 14-07-00896,	 16-07-00097,	
F16R086.

1 Gulyaev Yu.V. Nikitov S.A. (2001). Doklady Physics. 46 (10), 687-689.
2 Hessel A., Oliner A. (1965), Applied Optics, 4 (10), 1275-1297.
3 Donahue M., Porter D. Object oriented micromagnetic framework.

Figure 1. Sample surface with orientation of magnetic field H, reciprocal lattice vector Q and wave 
vector q of SW (a), transmission coefficients S21 versus frequency for SSW before YIG etching (curve 
1) and after formation of the MC with period Λ≈8 μm, d≈7.7 µm at H perpendicular to Q (curve 2), 
microwave magnetization component mz distribution across the sample thickness (c).
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The	magnonic	band	gaps	in	two	types	
of	 the	 planar	 one-dimensional	 magnonic	
crystals comprised of the periodic array of 
the metallic stripes on yttrium iron garnet 
(YIG)	 film	 and	 YIG	 film	 with	 an	 array	 of	
grooves	was	analyzed	experimentally	and	
theoretically.	 In	 such	 periodic	 magnetic	
structures the propagating magnetostatic 
surface	 spin	 waves	 were	 excited	 and	
detected	 by	 microstripe	 transducers	
with	 vector	 network	 analyzer	 and	 by	
space resolved Brillouin light scattering 
spectroscopy. Properties of the magnonic 
band	 gaps	 were	 explained	 with	 the	
help of the finite element calculations 
in	 the	 frequency	 domain.	 The	 analysis	
of the imaginary component of the 
wavenumber	of	the	spin	waves	was	found	
to	 be	 useful.	 The	 important	 influence	
of the nonreciprocal properties of the 
spin	wave	dispersion	 induced	by	metallic	
stripes	 on	 the	magnonic	 band	 gap	width	
and	 the	 band	 gap	 width	 dependence	
on	 the	 external	 magnetic	 field	 has	 been	
shown.	 Indirect	 band	 gap	 and	 higher	

group	 velocity	 of	 spin	 waves	 in	 metallic	
magnonic	 crystal	were	 identified	as	main	
cause	of	the	wider	band	gap	and	steeper	
decrease	 of	 its	 width	 with	 increased	
external magnetic field as compared to the 
grooved	magnonic	crystal.	The	usefulness	
of	both	types	of	the	magnonic	crystals	for	
potential	 applications	 and	 possibility	 for	
miniaturization	are	critically	discussed.
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on magnonic crystal -ferromagnetic film
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Research	 efforts	 addressing	
spin	 waves	 or	 magnons	 in	 micro	 -	 and	
nanostructured ferromagnetic materials 
have increased tremendously in recent 
years.	 For	 SWs	 in	 ferromagnets,	 it	 was	
realized	that	magnonic	crystals	(MC)1–2.

In	 present	 report	 based	 on	
theoretical	 and	 experimental	 results	 we	
present	 features	 of	 formation	 band	 gaps	
in	the	structure	based	on	coupled	1D	YIG	
MC	 and	 plane	 YIG	 film,	 separated	 by	 a	
dielectric	layer	(incl.	in	Figure	1).	The	main	
features	 of	 formation	 band	 gaps	 in	 such	
structures are identified.

Using	 coupled-mode	 approach3  
we	 counted	 dispersion	 characteristics	
in	 such	 structure.	 It	 was	 shown,	 that	 in	
the	 coupled	 structure	 three	 band	 gaps	
may	 be	 formed	 in	 a	 band	 of	 the	 first	
Bragg	 resonance.	 Calculations	 based	 on	
the	 wave	 model	 are	 compared	 with	 the	
results of numerical simulation using the 
COMSOL	 package.	 We	 demonstrated	
that connection can effectively manage 
characteristics	 of	 band	 gaps	 in	 the	
spectrum of magnons.

The	 measures	 amplitude-frequency	
characteristics	 (AFC)	 for	 single	 (curve	
1)	 and	 coupled	 (curve	 2)	 structures	 in	
the	 band	 of	 the	 first	 Bragg	 resonance	
are	 performed	 on	 Figure	 	 1.	 It	 is	 known,	

that in case of single MC the only one 
band	 gap	 (G-1MC)	 is	 formed	 whithin	
the	 considered	 frequency	 band.	 
In	 the	 investigated	 structure	 three	 band	
gaps	 (G-1,G-2,G-3)	 are	 formed,	 what	
supports that experimental and theoretical 
results are in good agreement.

The	 results	of	 the	current	work	can	
be	used	for	developing	frequency	selective	
devices for information signal processing 
for planar magnonics.

This	 work	 was	 supported	 by	 the	
Grants	of	RFBR	(projects	No.	16-37-60093,	
15-07-05901).

1 M. Krawczyk and D. Grundler, J. Phys. D 26, 123202 (2014).
2 S. A. Nikitov, Ph. Tailhades, C.S. Tsai, JMMM, vol. 236, no. 3, 320-330, 2001.
3 M.A. Morozova, S.V. Grishin, A.V. Sadovnikov, D.V. Romanenko, Yu.P. Sharaevskii, S.A. 

Nikitov, IEEE Transactions on Magnetics, 2015. V. 51, №11, p. 2802504.

Figure 1. Experimental AFC for the coupled 
structure comparing with AFC for a single 
structure
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Propagation	 of	 spin-waves	 array	
of	 magnetic	 inclusions	 embedded	 into	
a ferromagnetic film is considered. 
We	 provide	 an	 analytical	 study	 of	 the	
inclusion	finite	array	excitation	by	forward	
volume	 magnetoscatic	 spin-waves	 in	
metalized	 thin-film	 matrix.	 The	 array	
is	 formed	 by	 cylindrical	 ferromagnetic	
inclusions	 in	 matrix	 with	 saturation	
magnetization,	that	differs	from	one	in	film	 
ferromagnetic	(Figure	1).

First	 example	 of	 an	 array	 is	 the	
resonator	 formed	 by	 periodically	 located	
along	 the	 circle	 inclusions.	 We	 provide	
an	 analytical	 study	 based	 on	 solving	
the	 Landau-Lifshits	 motion	 equation	
for	 magnetization	 along	 with	 Maxwell	
equations and theory of multiple 
scattering.	 Analytical	 expressions	 for	
eigemode	are	derived	in	a	form	of	Bloch-
like	spin-waves.	This	allows	to	estimate	the	
resonance frequency and quality factors 
for eigemodes’ amplitudes.

The	 second	 example	 of	 structures	
is the linear chain of ferromagnetic 
inclusions,	 where	 the	 transfer	 of	
excitation	 was	 considered	 with	 the	
multiple	scattering	method.	This	structure	
provides excitation transfer similarly to 
waveguides.	 From	 analytical	 solution	 two	
regimes	 of	 propagation	 was	 established:	
high	 damping	 regime	 and	 resonant	 low	
damping	regime,	when	excitation	transfers	
for	big	number	of	inclusions.

The	 considered	 theory	 of	 multiple	
scattering	 for	 magnetostatic	 spin-waves	
allow	 us	 to	 analyze	 the	 scattering	 on	
spatially limited 2D array of inclusions 
and study the specific arrangements like 
waveguides	and	resonators.

1 Yu. Barabanenkov, S. Osokin, D. Kalyabin, and S. Nikitov, (2015), Phys. Rev. B, 91, 214419.
2 Nikitov S. A., Kalyabin D. V., Lisenkov I. V., Slavin A. N., Barabanenkov Yu. N. et al., (2015), 

Phys. Usp., 58 (10).

Figure  1. Resonator (a) and 2 waveguides (b, c) 
in ferromagnetic film.
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MSSW	 in	 ferrite	 films	 is	 the	 basic	
foundation	 for	 microwave	 analog	 data	
processors1.	Minimization	of	wave	losses	is	
a	key	for	its	successful	work,	but	the	MSSW	
damping	hasn’t	been	studied	enough,	as	the	
vast	majority	of	the	research	is	performed	
without	 consideration	 of	 attenuation2.	 In	
our	 previous	work3	 we	 have	 investigated	
the	 damping	 of	 MSSW	 propagating	 in	
perpendicular to magnetic field.

The	 geometry	 of	 task	 is	 the	 same	
as	 in	 work3.	 The	MSSW	 is	 propagated	 in	
ferrite	slab	having	thickness	d	magnetized	
by	 constant	 magnetic	 field	 H. Oz axis 
was	oriented	along	 the	 field	H.	The	angle	
between	wave	vector	k and field direction 
is denoted as φ.

Landau-Lifshitz-Hilbert	 equation	
was	 used	 to	 describe	 the	 motion	 of	 the	
magnetization	vector	m in a lossy medium 
(with	the	damping	coefficient	α).

In	our	 task,	 dispersion	equation	 for	
MSSW	has	the	form:

	 	 (1)
μ–	the	magnetic	permeability,

,	 	 (2)

,	 	 	 (3)
and ν	 –	 the	magnetic	susceptibility	of	 the	
medium.

Figure	 	 1	 shows	 the	 dispersion	
curves for the real and imaginary parts 
of	 the	 wave	 number	 that	 were	 obtained	

by	 the	 numerical	 solution	 of	 equation	
(1).	 The	 following	 parameters	 were	 used	
for	 constructing	 the	 figure:	 d	 =	 15	 mkm,	 
H	=	437.5	Ое,	4πM	=	1750	Gs.

Thus,	 in	 this	 study	 dispersion	
relations for the real and imaginary parts 
of	the	wave	number	were	obtained.	It	was	
shown	 that	 dispersion	 curves	 are	 limited	
both	by	the	wave	number	and	frequency,	
and	 these	 restrictions	 tighten	 with	 an	
increase	 in	 the	damping	parameter.	Also,	
it	was	 shown	 that	 there	 is	 a	 new	branch	
of	the	inverse	dissipative	waves,	for	which	
there is a critical value of the damping 
parameter,	beyond	which	it	does	not	exist.	
With	the	increase	of	the	angle	φ,	limitation	
of	 dispersion	 curves	 is	 exacerbated,	
branches	 of	 the	 dispersion	 curves	 are	
shifted	 toward	 lower	 wave	 numbers	 and	
the	damping	parameter	is	being	bounded	
below	and	above.

1 Ishak W.S. (1988), Proceedings of the IEEE, 76 (2), 171-187.
2 Damon R.W., Eshbach J.R. (1961), J. Phys. Chem. Solids, 19 (3/4), 308-320.
3 Makarov P.A., Shavrov V.G., Shcheglov V.I. (2014), Journal of radio electronics, 7.

Figure 1. Dispersion of the direct and inverse 
surface MSW with different values of α when 
angle φ = 15. Solid curves – f(η); dotted – f(ξ).
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We	experimentally	demonstrate	spin	
waves	 coupling	 in	 two	 laterally	 adjacent	
magnetic	stripes	(Figure	1).	By	the	means	of	
Brillouin	 light	scattering	spectroscopy,	we	
show	that	the	coupling	efficiency	depends	
both	 on	 the	 magnonic	 waveguides’	
geometry	 and	 the	 characteristics	 of	 spin-
wave	 modes.	 In	 particular,	 the	 lateral	
confinement	 of	 coupled	 yttrium-iron-
garnet	 stripes	 enables	 the	 possibility	 of	
control	 over	 the	 spin-wave	 propagation	
characteristics1.	Numerical	simulations	(in	
time	domain	and	frequency	domain)	reveal	
the	nature	of	intermodal	coupling	between	

two	 magnonic	 stripes.	 The	 proposed	
topology of multimode magnonic coupler 
can	 be	 utilized	 as	 a	 building	 block	 for	
fabrication	of	integrated	parallel	functional	
and logic devices such as the frequency 
selective	 directional	 coupler	 or	 tunable	
splitter,	 enabling	 a	 number	 of	 potential	
applications for planar magnonics.

This	 work	 was	 supported	 by	 the	
Grant	 of	 RFBR	 (project	 No.	 16-37-60093,	
16-37-00217),	the	Grant	of	the	President	of	
RF	(SP-313.2015.5).

1 A.V. Sadovnikov, E.N. Beginin, S.E. Sheshukova, D.V. Romanenko, Yu.P. Sharaevskii, and S.A. 
Nikitov (2015) , Applied Physics Letters, 107, 202405.

Figure 1. Experimental layout of magnonic multimode coupler.
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Using	 the	 space-resolved	 Brillouin	
light	 scattering	 spectroscopy	 we	 study	
the	 frequency	and	wavenumber	 selective	
spin-wave	 channeling.	 We	 demonstrate	
the	 self-collimation1	 of	 spin-wave	 in	
array	 of	 magnonic	 waveguides,	 formed	
between	 the	 adjacent	 magnonic	 crystals	
on the surface of yttrium iron garnet film  
(Figure	1).	 The	 spin-wave	 can	be	 spatially	
divided	in	three	adjacent	wave	beams,	when	
the	 wave	 number	 of	 propagating	 wave	
corresponds	 to	 the	 Bragg	 wavenumber.	
The	 control	 over	 a	 propagation	 length	
in	 the	 spin-wave	 channels	 can	 be	
implemented	 by	 the	 orientation	 of	

magnetic	field.	The	proposed	2D	magnonic	
structure	supports	auto-collimation	of	spin	
waves	over	a	frequency	range	in	the	band	
gap	 region.	 Collimated	 spin	 wave	 beams	
can	 be	 used	 as	 the	 signal	 carrier	 in	 the	
magnonic platform for applications such 
as	signal	multiplexing.	Array	of	magnonic	
crystals	 offers	 new	 flexibility	 for	 spin	
wave	 guiding	 control	 in	 planar	magnonic	
devices2.	This	work	was	supported	by	the	
Grant	 of	 RFBR	 (project	 No.	 16-37-60093,	
16-37-00217),	RSF	(14-19-00760)	the	Grant	
and	scholarship	of	the	President	of	RF	(MK-
5837.2016.9,	SP-313.2015.5).

1 D. Kumar and A. O. Adeyeye, Journal of Applied Physics, 117, 143901 (2015).
2 A.V. Sadovnikov, E.N. Beginin, S.E. Sheshukova, D.V. Romanenko, Yu.P. Sharaevskii, and S.A. 

Nikitov (2015), Applied Physics Letters, 107, 202405.

Figure 1. Experimental layout of magnonic crystal array.
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The	 first	 studies	 of	 layered	
multiferroics	 (materials	 that	
simultaneously	exhibit	 ferromagnetic	and	
ferroelectric	 properties)	 were	 devoted	 to	
a theoretical and experimental study of 
two-layered	 structures	 of	 ferromagnetic	
film	 –	 ferroelectric	 slab	 (FF-FE)1.	 The	
electromagnetic	waves	(EMW)	propagating	
in	FE	are	strongly	slowed	down.	Because	in	
structure	of	FF-FE	at	the	frequencies	close	
to the frequency of phase synchronism 
between	 EMW	 and	 spin	 waves	 (SW)	
formed	hybrid	spin	electromagnetic	waves	
(HSEW).

When	 using	 periodic	 structures	
on	 the	 basis	 of	 ferromagnetic	 films	 –	
magnonic	crystals	(MC)	-	in	spectrum	of	SW	
formed	 bandgaps	 which	 characteristics	
(width,	 position	 in	 spectrum)	 depend	 on	
an	 external	 magnetic	 field.	 Two-layered	
structure	 of	 ferroelectric	 slab	 and	 MC	
(MC-FE)	allows	electric	 control	of	position	
and	 width	 of	 HSEW	 bandgaps.	 In	 the	
recent years several experimental and 
theoretical	works	devoted	such	structures	
are	published2,3.

In	 present	 report	 the	 model	 for	
research of dispersion characteristics of 
HSEW	 in	 structures	 of	 FF-FE	 and	 MC-FE	

are	 considered.	 This	 model	 takes	 into	
account nonlinear dependences of the 
HSEW	dispersion	properties	on	amplitude	
of an input signal. Magnetic nonlinearity 
in the form of nonlinear dependence of 
the	 magnetic	 moment	 on	 magnetization	
value	was	considered,	electric	nonlinearity	
was	 presented	 in	 the	 form	 of	 nonlinear	
dependence	 of	 dielectric	 permeability	 on	
intensity	of	electric	field.	This	report	shows	
that at the accounting of nonlinearity 
dispersion	 characteristics	 of	 HSEW	
significantly	change:	bandgaps	in	spectrum	
of	HSEW	shift,	their	position	changes.	The	
studied	structures	of	MC-FE	and	FF-FE	can	
be	useful	when	developing	of	the	tunable	
microwave	filters	with	double	electric	and	
magnetic	 control,	 and	 the	 accounting	
of	 nonlinear	 effects	 will	 allow	 to	 specify	
characteristics of such devices in case of 
propagation of high intensity signals.

This	 work	 was	 supported	 by	 the	
Russian	 Foundation	 for	 Basic	 Research,	
projects	no	15-07-05901-a.	

1 Anfinogenov V.B., Verbizkaya T.N., Silbermann P.E. et al. (1986), Zhurnal Tekhnicheskoĭ 
Fiziki, 12 (8), 454.

2 Morozova M.A, Sharaevsky Yu. P., Nikitov S. A. (2014), Radiotekhnika i elektronika, 59 (5), 
510.

3 Ustinov A.B., Kalinikos B.A (2014), Technical Physics Letters. 40 (7), 571.
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The	 study	 of	 space-time	 dynamics	
of	 the	 spin	 waves	 propagation	 in	 the	
magnetic	micro-	and	nanostructures	using	
by	method	of	Brillouin	light	scattering	(BLS)	
is great fundamental and applied interest. 
In	 addition	 to	 the	 standard	 methods	
of	 microwave	 spectroscopy	 provides	
information	 on	 the	 spin-wave	 excitations	
in the spatial scales of the order of the 
wavelength	of	the	spin	waves1.

Earlier	 bistability	 effect	 on	 the	
frequencies	of	localized	defect	modes	when	
changing	 the	 input	power	 in	 condition	of	
three-magnon	(3M)	magnetostatic	surface	
spin	 waves	 (MSSW)	 decay	 for	 the	 Bragg	
resonators	 based	 on	 magnonic	 crystals	
with	defects	it	was	shown2,3.	However,	the	
mechanism	of	bistability	is	not	clear.

In	 this	 experiment,	 we	 have	 the	
Bragg	 resonator	 as	 the	 two-dimensional	
magnonic	 crystal	 (MC)	 with	 structural	
defect	(Figure	1(a)).	MC	based	on	YIG	film	
surface	etched	hexagonal	lattice	hole	with	
a	 grating	 period	 of	 a≈150	microns	which	
formed	a	defect	width	Ln=na√3/2	as	a	local	
pass	n	=	10	elementary	lattice	cell.

Excitation	of	(MSSW)	was	carried	out	
using	 by	 microwave	 pumping	 signal	 Pin,	
which	applied	to	the	microstrip	transducer	
with	 width	 w≈30	 microns	 (Figure	 1(a)).	
The	 BLS	 experiment	 was	 performed	 in	
to	 the	 backscattering	 geometry	 using	
by	 detection	 signal	 scattered	 photon	
by	 magnons	 intensity	 I	 when	 scanning	
the	 laser	 beam	 of	 the	 sample	 surface.	
Thus	 obtains	 the	 spatial	 and	 temporal	

Figure 1. Photography of the 
surface of 2D Bragg resonator and 
experimental geometry (a); Chart of 
stationary spatial distribution (b) 
and profile (c) of average intensity 
for BLS signal I on the pumping 
frequency fBLS=fp≈fR≈2840 
MHz and 3M MSSW decay 
frequency fBLS≈fR /2≈1420 MHz; 
dependencies of BLS signal I on the 
input power level Pin in the range 
Pin ≈-27…-20 dBm on the frequency 
fBLS≈fR (e), fBLS≈fR /2 (f).
External magnetic field H0=320 Oe.
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distribution	of	 the	 spin	waves	microwave	
dynamic	magnetization	|m|2∞I.

On	 the	Figure	1(b)	 shows	 the	 linear	
excitation of Bragg resonator at the input 
power	 lewel	Pin≈-26,6	dBm	on	 the	 center	
frequency first resonator mode fBLS=fp≈fR. 
Stationary picture BLS signal corresponding 
to	 the	 distribution	 of	 the	 magnetization	
takes	the	form	of	a	standing	spin	wave	with	
a characteristic pronounced maximum in 
the	 center	 of	 defect	 (Figure	 1(c)),	 which	
proves the existence of the amplification of 
spin-wave	amplitude	effect.	Intensity	I(Pin)	
at	 the	 observation	 point,	 depending	 on	
the	change	of	direction	Pin	has	bistability	
hysteresis are overcome in the form of a 

loop	 (Figure	1(e),	which	 is	also	 confirmed	
by	 the	 existence	 of	 bistability	 based	 on	
I(Pin)	 for	 parametric	 magnons	 born	 as	 a	
result of the collapse of the 3M degenerate 
decay	of	MSSW	pumping	at	the	frequency	 
fBLS≈fR/2	(Figure	1(f)).

This	 work	 has	 been	 supported	 by	
the	Russian	Foundation	for	Basic	Research	
(Grants	 №	 14-07-00896_a,	 №	 16-02-
01073_a).

1 Demokritov S.O., Hillebrands B., Slavin A.N. (2001), Physics Reports, 348, 441-489.
2 Pavlov E.S., Filimonov Yu.A. (2015), Nelin. Mir, 35 (2).
3 Nikitov S.A. et al. (2015), Physics-Uspekhi, 58 (10), 1002-1028.



369

EASTMAG-2016

Micromagnetic simulation of magnonic quasiperiodic crystals
F. B. Mushenok1, C. S. Davies1, S.V. Grishin2, S.A. Nikitov2,3 and V. V. Kruglyak1

1University of Exeter, Exeter, EX4 4QL, United Kingdom
2Laboratory «Metamaterials», Saratov State University, Saratov, 410012, Russia

3Kotel’nikov Institute of Radioengineering and Electronics, Russian Academy of Sciences, 
Moscow, 125009, Russia

�keywords:� spin waves, magnonic crystals, micromagnetic simulation

Magnonic crystals are a special 
case	 of	 magnetic	 metamaterials,	 where	
the periodic modulation of the magnetic 
properties	leads	to	the	emergence	of	band	
gaps	 in	 the	 spectra	 of	 spin	waves.	 Novel	
physical	 phenomena	 can	 similarly	 be	
found	 in	 ordered	 non-periodic	 magnetic	
metamaterials	–	so	called	magnonic	quasi-
crystals	 (MQC).	 A	 promising	 approach	
for	 the	 fabrication	 of	 MQC	 has	 been	
developed	in	Ref.	1.	The	basic	elements	of	
the	proposed	MQC	are	crests	and	grooves	
on	the	surface	of	an	otherwise-continuous	
film	of	 Yttrium-Iron-Garnet	 (YIG),	 ordered	
according	 to	 the	 Fibonacci	 number	
sequence.	Experimental	study	of	this	MQC	
has already revealed intriguing physical 
phenomena,	 such	 as	 multiple	 forbidden	
gaps	 in	 the	 spin-wave	 spectra,	 and	 the	
self-generation	 of	 dissipative	 solitons1,2. 
The	 aim	 of	 this	 work	 is	 therefore	 to	 use	
micromagnetic	simulations	to	corroborate	
and	 explain	 the	 peculiarities	 of	 the	 spin-
wave	spectra	associated	with	the	magnonic	
quasiperiodic crystals.

The	 micromagnetic	 simulations	 of	
the	MQC,	based	on	 the	 first	 six	elements	
of	 the	 Fibonacci	 sequence,	 have	 been	
performed	using	both	the	Object-Oriented	
Micromagnetic	 Framework	 (OOMMF)	 and	
muMax.	 The	 geometrical	 and	 magnetic	
parameters	of	the	simulated	system	were	
the same as those used in the experimental 

works1,2.	Spin	waves	were	excited	by	short	
pulses	 of	 external	 microwave	 magnetic	
field,	 and	 the	 dispersion	 relation	 of	 spin	
waves	was	calculated	from	the	out-of-plane	
projection	 of	 dynamic	 magnetization.	
Comparison of the dispersion relations 
for	 the	 MQC	 and	 a	 continuous	 thin	 film	
revealed	 multiple	 new	 branches	 of	 spin-
wave	 excitations	 and	 band	 gaps	 in	 the	
spectrum	 of	 MQC.	 The	 position	 of	 the	
band	 gaps	 are	 in	 good	 agreement	 with	
those	found	experimentally	in	Ref.	1.

The	research	leading	to	these	results	
has	 received	 funding	 from	 the	 Russian	
Foundation	for	Basic	Research	(Project	No.	
14-07-00273.

1 S.V. Grishin, E.N. Beginin, Yu. P. Sharaevskii, S.A. Nikitov, Appl. Phys. Lett., (2013) 103, 
022408.

2 S.V. Grishin, E.N. Beginin, M.A. Morozova, Yu. P. Sharaevskii, S.A. Nikitov, J. Appl. Phys. 
(2014), 115, 053908.

Fig 1. Calculated dispersion relation of the 
magnonic quasicrystal.
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Magnetic	 particle	 imaging	 (MPI)	 is	
a	 new	 medical	 imaging	 technology	 with	
potential	 applications.	 It	 is	 based	 on	
utilizing	 the	 non-linear	 magnetization	
response for magnetic nanoparticles 
(MNPs).	 We	 have	 proposed	 a	 method	 to	
improve the detection sensitivity for the 
magnetization	of	MNPs,	and	their	imaging	
technique,	 based	 on	 the	 detection	 of	 a	
second harmonic of the response using a 
high	Tc	SQUID.	The	advantage	of	using	the	
second harmonic is that the response can 
be	measured	even	with	small	amplitudes1. 
In	 this	 paper,	 superparamagnetic	 MNPs	
with	 different	 diameters	 and	 different	
compositions	 of	materials	 were	 analyzed	
by	 the	 method	 and	 the	 best	 of	 the	
MNPs	 were	 applied	 to	 a	 2-D	 imaging	
demonstration.

Two	 types	 of	 MNPs,	 whose	 names	
are	MF	 and	 Resovist	were	 prepared.	 The	
core	 material	 of	 MF	 is	 Fe3O4,	 while	 that	
of	 Resovist	 is	 Fe2O3.	 A	 dynamic	 signal	
analyzer	was	used	to	measure	the	output	
signals	from	the	SQUID	electronics.

The	 dependence	 of	 the	 second	
harmonic	 peaks	 of	 samples	 (MF,	 Fe3O4)	
on	the	dc	bias	field	Hdc	is	shown	in	Figure	
1(a).	 Two	 peaks	 are	 observed	 at	 around	
Hdc	 =	 ±5	 to	 10	mT/μ0,	which	 corresponds	
to	the	both	FKPs	(field	knee	point)	on	the	
M-H	 curve.	 However,	 the	 third	 harmonic	
response	 shown	 in	 Figure	 1(b)	 indicates	
one peak at Hdc	=	0,	which	corresponds	to	
the	FFP	(field	free	point)	on	the	M-H curve. 
The	 peak	 value	 of	 MF	 (∅96.7	 nm)	 is	 the	
largest	 but	 it	 is	 one	 order	 of	 magnitude	
smaller than that of the second harmonic 
peaks.	 The	 diluted	 Resovist	 (∅60	 nm)	
sample	 (7.94	 mg/ml)	 was	 evaluated.	 The	

second	harmonic	peak	value	was	24	times	
larger	than	that	of	MF	(∅52.1	nm).	For	2-D	
imaging,	 a	 back	 projection	 method	 was	
applied	 to	 the	 MNPs	 phantom	 (Resovist,	
a pair of ∅2	mm	×	4	mm	with	separation	
of	 10	 mm).	 The	 cosine	 component	 of	
the	 signal	 was	 obtained	 and	 its	 partial	
differential coefficient d(cosθ)/dz 	 was	
plotted.	FWHM	was	about	2	mm,	which	was	
almost the same as the MNPs phantom 
diameter	 (∅2	mm).	The	separation	of	 the	
peaks	was	10	mm,	which	is	the	same	as	a	
real separation.

1 S. Tanaka, et al, Journal of Magnetism and Magnetic Materials, pp. 170-174, 2015.
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Superparamagnetic	 behavior	 is	
inherent	 to	 single-domain	 particles	 of	
nanometer	size,	since	the	thermal	energy	
becomes	 comparable	 to	 any	 internal	
magnetic	contribution.	In	1963	W.F.	Brown	
was	the	first	to	build	up	a	consistent	kinetic	
theory of magnetodynamic response 
of	 such	 particles.	 This	 generic	 rotary	
diffusion-like	equation	 is	now	called	after	
his name.

Under	 superparamagnetic	 condi-
tions,	 the	 particle	 magnetic	 moment	 is	
able–under	 a	 weak	 excitation	 or	 even	
spontaneously–to	 quit	 its	 potential	 well	
and	 wander	 about	 less	 favorable	 energy	
states,	 thus	 acquiring	 the	 orientational	
freedom that it is completely deprived of 
in	a	bulk	sample.	This	enhanced	freedom	
is	of	activation	origin	and,	due	to	that,	the	
response of a superparamagnetic particle 
to an external field of any frequency is 
strongly	temperature-dependent.

Methods	to	solve	the	Brown	equation	
have	been	developing	 for	about	50	years	
spawning	 huge	 literature	 on	 both	 theory	
and	experiment	and	bringing	 in	plenty	of	
knowledge	useful,	first	place,	for	magnetic	
information storage and hyperthermia.

The	atomic	and	magnetic	properties	
of	nanosize	ferromagnets	are	very	diverse	
and differ greatly from those of the same 
substances	in	the	bulk.	When	conventional	

methods:	 magnetometry,	 ferromagnetic	
resonance	(FMR),	Mössbauer,	etc.	are	used	
for	 their	studies,	one	 faces	a	necessity	 to	
«disrobe»	the	raw	data	from	the	ubiquitous	
superparamagnetic	contributions.

The	 superparamagnetic	 theory,	
having	solved	a	number	of	basic	problems,	
like	those	for	single	particles	with	uniaxial	
or	 cubic	 anisotropy1,2,	 clears	 the	 way	
to detailed investigation of intrinsic 
properties of real nanoparticles and their 
ensembles.

We	 illustrate	 this	 approach	 by	 a	
number	 of	 FMR	 examples	 among	 which	
are (i) demonstrating the essential role 
of surface anisotropy; (ii) interpreting 
the	 absorption	 lines	 of	 the	 ensembles	 of	
anisotropic grains3,4; (iii) revealing and 
characterizing	 the	 effect	 of	 rotatable	
anisotropy.	As	a	special	issue,	we	explain,	
how	the	Stoner-Wohlfarth	hysteresis	loop	
of	 a	 magnetically	 hard	 particle,	 under	
temperature	 increase,	 evolves	 into	 an	
unhysteretic	magnetization	curve5.

Financial	support	from	RFBR	projects	
14-02-96002	and	14-01-96013	is	gratefully	
acknowledged.

1 Raikher Yu.L., Shliomis M.I. (1994), Advances in Chemical Physics, 87, 595-751.
2 Coffey W.T., Kalmykov Yu.P. (2012), J. Appl. Phys., 112 (12), Art. no. 121301.
3 Raikher Yu.L., Stepanov V.I. (1994), Phys. Rev. B, 50 (9), 6250-6259.
4 Poperechny I.S., Raikher Yu.L. (2016), Phys. Rev. B, 93 (1), Art. no 014441.
5 Poperechny I.S., Raikher Yu.L., Stepanov V.I. (2010), Phys. Rev. B, 82 (17), Art. no 174423.
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In	the	work	by	Minchau	and	Pelcovits1 
the phenomenon of occurrence at finite 
temperature	 a	 long	 range	 order	 in	 two-
dimensional	 X-Y	model	 as	 a	 result	 of	 the	
action of collinear to each other random 
local	fields	of	defects	was	discovered.	The	
direction	 of	 the	 magnetization	 arising	 is	
perpendicular to the direction of the local 
fields.	 This	 phenomenon	 has	 got	 further	
the	name	«random	 fields	 induced	order»	
(RFIO).	As	the	reason	for	RFIO	occurrence,	
the violation of the continuous symmetry 
of	 the	 system	 was	 indicated2,	 but	 the	
microscopic	 mechanism	 of	 RFIO	 has	 not	
been	found	yet.

It	 is	 shown	 that	 the	 anisotropic	
distribution	 of	 defect-induced	 random	
local	 field	directions	 in	 the	n-dimensional	
space of the order parameter in most 
cases	leads	to	the	defect-induced	effective	
anisotropy in the system.

The	 component	 of	 the	 random	
field ηl

⊥ which	 is	 perpendicular	 to	 the	
mean direction of the order parameter 
η0,	 leads	 to	a	 local	deviation	of	 the	order	
parameter.	 As	 a	 result,	 there	 appears	
the negative additive to the ground state 
energy	 proportional	 to	 (ηl

⊥)2.	 It	 reaches	

its	maximum	value	when	the	η0 direction 
is perpendicular to the local field of the 
defect.	Therefore,	the	order	parameter	is	
advantageous to orient perpendicularly 
to the preferential direction of the 
random fields.

A	collinear	random	field	distribution	
induces	anisotropy	of	the	«easy	axis»	type	
in	 the	 case	of	 X	 Y	model,	 and	anisotropy	
of	the	«easy	plane»	type	in	the	case	of	the	
Heisenberg	model.

In	 the	 case	 of	 coplanar	 distribution	
of the random field directions in the space 
of	the	order	parameter	in	the	Heisenberg	
model,	 there	 arises	 an	 easy	 axis	
perpendicular to the indicated plane.

A	 weak	 anisotropy	 of	 the	 «easy	
axis»	 type	 translates	 X-Y	 model	 and	 the	
Heisenberg	 model	 to	 the	 class	 of	 Ising	
models3,	thus	the	appearance	of	the	long-
range	order	in	the	system	can	be	explained.	
The	 anisotropy	 of	 the	 «easy-plane»	 type	
translates	the	Heisenberg	model	to	the	X-Y	
one	and	causes	the	Berezinskii-Kosterlitz-
Thouless	transition	in	the	system.

1 Minchau B.J., Pelcovits R.A. (1985), Phys. Rev. B, 32 (5), 3081-3087.
2 Wehr J., Niederberger A., Sanchez-Palencia L., Lewenstein M. (2006), Phys. Rev. B, 74, 

224448 (8p).
3 Khokhlachev S.B. (1976), Sov. Phys. JETP, 43 (1), 137-141.
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The	 Ni	 particles	 with	 carbon	 shell	
synthesized	 in	 the	 flow	 of	 carbon-nickel	
plasma under helium atmosphere.  
By	oxidation	of	carbon	the	particles	were	
isolated,	 then	 cleaned	 and	 investigated	
by	 XRD,	 XPS,	 EPS,	 Raman	 scattering	 and	
electron	 microscopy.	 The	 comparison	 of	
magnetic properties and structures of 
powders	 synthesized	 at	 different	 helium	
pressure	were	presented.

Quantum-chemical	 calculations	
of	 Raman	 spectrum	 of	 synthesized	
particles	were	 carried	 out	 and	 compared	
with	 experimental	 one	 (Figure	 1).	 
It	was	 investigated	 that	 nickel	was	 inside	
multiwall	 nanotubes	 and	 particles	 with	
structure	 core-	 carbon	 shell.	 Carbon	 of	
the shell has sp2 or sp3	 hybridizations	
and	 was	 part	 of	 Ni	 carbide	 with	 the	 
structure Ni3C.

Figure 1. Raman spectrum of carbon-nickel nanoparticles.
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Nowadays	 magnetic	 hyperthermia	
is	 an	 issue	 of	 wide	 spread	 international	
research.	 The	work,	 both	 theoretical	 and	
experimental,	 is	 developing	 inspired	 by	
the premonition that the method is close 
of	being	set	into	practice1–3.	In	this	context,	
the challenge for magnetic science is to 
provide	 fundamental	 basis	 for	 predicting	
the	 amount	 of	 heat	 produced	 by	 the	
embedded	single-domain	nanoparticles.

Hereby	 we	 consider	 the	 energy	
absorption	 due	 to	 viscous	 friction	 in	
a	 dilute	 suspension	 of	 single-domain	
ferromagnetic	 particles	 subjected	 to	 a	
time-periodic	field.	The	problem	is	treated	
in	 the	 framework	of	 kinetic	 approach,	 by	
solving	the	rotary	diffusion-like	equation4,5. 
The	behavior	 of	 specific	 loss	 power	 (SLP)	
as a function of the field amplitude and 
frequency is investigated. Special attention 
is	paid	to	the	limit	of	«large»	particles,	viz.	
the	situation,	where	the	Brownian	motion	
is	vanishingly	small.	This	case	is	important	
both	 fundamentally	 and	 practically	 in	
view	of	numerous	laboratory	experiments	

where	 the	 particles	 more	 coarse	 than	
those of magnetic fluids are employed.

An	important	aspect	of	the	magnetic	
hyperthermia	 technique	 is	 the	 waveform	
of	 the	 time-periodic	 field	 acting	 on	 the	
particles	 embedded	 into	 the	 object	
intended	 for	 heating.	 As	 the	 literature	
shows,	 in	 the	 overpowering	 majority	 of	
laboratory	and	practical	cases	the	inductor	
is a single coil generating a uniform linearly 
polarized	 alternating	 field.	 Meanwhile,	
since very recently an interest to generate 
heat	 employing	 square-waved	 and	
rotating	fields	has	emerged	because	of	the	
promising	estimates	of	attainable	SLP.

The	 results	 of	 our	modeling	 enable	
one	 to	 assess	 the	 allowable	 or	 optimal	
field	 parameters	 (amplitude,	 frequency	
and	 waveform)	 for	 a	 given	 magnetic	
suspension	 intended	 for	 magneto-
inductive heating.

Financial	support	from	RFBR	project	
14-01-96013	is	gratefully	acknowledged.

1 Dennis C.L., Ivkov R. (2013) International J. Hyperthermia, 29 (8), 715-729.
2 Jeun M., Kim Yu.J., Park K.H., Paek S.H., Bae S. (2013), J. Nanoscience & Nanotechnology 13 

(8), 5719-5725.
3 Périgo E.A., Hemery G., Sandre O., Ortega D., Garaio E., Plazaola F., Teran F.J. (2015), 

Applied Physics Reviews 2(4), 041302.
4 Raikher Yu.L., Stepanov V.I. (2008), J. Magnetism and Magnetic Materials 320 (21), 2692-

2695.
5 Raikher Yu.L., Stepanov V.I. (2011), Physical Review E 83 (2), 021401.
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Spinterface	 between	 fullerene	 C60 
and La0.7Sr0.3MnO3	(LSMO)	was	studied	by	
means	 of	 density	 functional	 theory.	 Co-
existence of many different configurations 
was	 shown,	 and	 probabilities	 of	 their	
appearance	were	estimated.	Dependence	
of composite properties on configuration 
and	temperature	was	also	investigated.

Only	spin	polarization	at	Fermi	level	
was	 found	 to	 depend	 strongly	 on	 the	
configuration	 while	 both	 C60 charge and 
magnetic moment remain virtually the 
same.	 However,	 spin-polarized	 transport	
is	 still	 possible	 even	 for	 less	 favorable	

configurations. Manganese atoms play a 
key	role	in	binding	between	fullerene	and	
LSMO	which	is	confirmed	by	the	values	of	
binding	 energies	 and	 spatial	 spin	 density	
distribution	 patterns.	 The	 mechanism	
of	 spin-polarized	 charge	 transport	 is	
discussed.	 According	 to	 our	 analysis	 of	
magnetic moment values and spin density 
spatial	 distribution,	 it’s	 evident	 that	 this	
is due to the special kind of magnetic 
ordering in C60 molecule rising from the 
interaction	 with	 manganese	 atoms	 and	
complex magnetic exchange interaction.

Figure 1. Possible geometries of LSMO/C60 hybrid structures and binding energies corresponding to 
them. For the sake of better clarity, only the bottom part of the fullerene is presented, when needed. Inset 
shows additional structure with carbon atom placed upon Mn.
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The	 iron-nickel	 alloys	 with	 different	
additives	 are	 widely	 used	 for	 electronic	
devices.	 For	 loss	 reduction	 on	 Foucault	
currents arising under magnetic reversal it 
is necessary to increase electrical resistivity 
of	 the	 materials.	 In	 this	 case	 specific	
magnetic	moment	must	be	 insignificantly	
reduced.

That	may	be	achieved	using	minimum	
size	 of	 ferromagnetic	 particles	 with	 non-
conduction	cover.	Ni	particles	with	carbon	
non-conduction	 core	 were	 synthesized	
and	investigated	by	us	earlier1.	The	results	
of synthesis and properties investigation 
of	 iron-nickel	 particles	 with	 carbon	
non-conduction	 cover	 are	 presented	 in	
this	 paper	 (Figure	 1).	 It	 was	 shown	 that	
powders	 treated	 with	 ozone	 or	 acids	
easy lose the sp2	 hybridization	 carbon	
cover. But sp3	hybridization	carbon	cover	
remains persistence and demonstrates 
dielectric properties.

The	work	was	supported	by	Ministry	
of	Education	and	Science	of	Russia	(Russian-
Japanese	 joined	 project,	 Agreement	 
№	 14.613.21.0010,	 ID	
RFMEFI61314X0010).

1 Petrakovskaya E, Bulina N, Churilov G., Puzyr’A A. (2001), Technical Physics, 46(1), 42-46.

Figure 1. Magnetic resonance spectrum of Fe-Ni 
nanoparticles with fullerene addition as magnetic 
mark.
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The	 iron-oxide	 based	 systems	 are	
one	 of	 the	 most	 available,	 cheap	 and	
nontoxic	magnetic	materials,	which	can	be	
used	in	various	applications,	e.g.	magnetic	
memory,	controlled	drug	delivery,	catalysis	
etc.	 The	 systems	 based	 on	 ε–Fe2O3 
nanoparticles among those materials 
attract	 particular	 and	 growing	 attention	
during	 the	 last	 decades.	 The	 ε–Fe2O3 
phase,	is	the	intermediate	between	α-	and	
γ-Fe2O3;	it	was	characterized	just	recently,	
e.g.	 in	 19981.	 ε–Fe2O3 nanoparticles 
displays	 high	 (up	 to	 20	 kOe)	 coercivity	 at	
room	 temperature,	 which	 makes	 them	
a promising material for application in 
magnetic	recording.	However,	so	far	there	
is	 a	 dispute	 about	 magnetic	 structure	
and	 properties	 of	 ε–Fe2O3 nanoparticles. 
The	 lack	 of	 the	 information	 about	 the	
dependence of magnetic properties of  
ε–Fe2O3	nanoparticles	on	their	sizes	is	not	
the least reason of these disagreements.

In	 the	 Boreskov	 Institute	 of	
Catalysis	 the	 ε–Fe2O3/SiO2	 system	 based	
on	 few	 nanometers	 ε–Fe2O3 supported 
nanoparticles	was	created	for	the	first	time	
that	 has	 no	 other	 detectable	 iron-oxide	
polymorphs2.

It	 was	 shown	 that	 the	 system	
displays	 superparamagnetic	 behavior	 at	
room temperature3.	FMR	method	in	situ	in	
comparison	with	HR	TEM,	XRD,	Mossbauer	
spectroscopy,	 and	 magnetization	
measurements	 data	 were	 applied	 to	
investigate the magnetic structure of  
ε–Fe2O3/SiO2 nanoparticles formed4.	It	was	
shown,	that	with	the	ε–Fe2O3 nanoparticles 
size	 changing,	 the	 magnetic	 structure	 of	
the	 system	 changes.	 The	 ε–Fe2O3 have 
displayed	 complex	 magnetic	 behavior	 in	
pulse	 fields,	 thanks	 to	 the	 high	 surface	
area of nanoparticles5.	 It	was	shown	 that	
the	 nanostructured	 ε–Fe2O3/SiO2 system 
itself has complex magnetic structure6.

1 Tronc E., Chaneac C., Jolivet J.P. (1998), J Sol. Stat. Chem. 139(1), 93-104
2 Bukhtiyarova G.A.,Shuvaeva M.A., Bujukov O.A. , Yakishkin S.S. , Martyanov O.N. (2011),  

J. Nanoparticle Res., 13(10), 5527-5534
3 Yakushkin S.S., Dubrovskiy A.A., Balaev D.A, Shaykhutdinov K.A., Bukhtiyarova G.A., 

Martyanov O.N. (2012), J. Appl. Phys., 111(4), 044312,
4 Balaev D.A., Dubrovskij A.A., Shajkhutdinov K.A., Bayukov O.A., Yakushkin S.S., Bukhtiyarova 

G.A., Martyanov O.N. (2013), J. Appl. Phys., 114(16), 163911
5 Balaev D.A., Poperechny I.S., Krasikov A.A., Shaikhutdinov K.A., Dubrovskiy A.A., Popkov 

S.I., Balaev A.D., Yakushkin S.S., Bukhtiyarova G.A., Martyanov O.N., Raikher Yu.L. (2015),  
J. Appl. Phys., 117(6), 063908.

6 Dubrovskiy A.A., Balaev D.A., Shaykhutdinov K.A., Bayukov O.A., Pletnev O.N.,  
Yakushkin S.S., Bukhtiyarova G.A., Martyanov O.N. (2015), J. Appl. Phys., 118(21), 213901.





POSTER

09MAGNETIC NANOPARTICLES  
AND GRANuLAR SYSTEMS 





387

EASTMAG-2016

Influence of the synthesis technique on the magnetic 
properties of FemOn-SiO2 colloidal particles

Kamil Gareev1, Petr Kharitonskii1,2, Dmitry Korolev3, Andrey Kosterov2,  
Igor Kuryshev1, Victor Luchinin1 and Elena Sergienko2

1Saint Petersburg Electrotechnical University «LETI», 197376, St. Petersburg, Russia
2Saint Petersburg State University, 199034, St. Petersburg, Russia

3Federal Almazov North-West Medical Research Centre, 197341, St. Petersburg, Russia
�keywords:� iron oxide, silica, sol-gel, superparamagnetism, colloidal particles

Colloidal particles consisting of silica 
matrix	and	 iron	oxide	 (Fe3O4,	 γ-,	α-Fe2O3)	
were	synthesized	using	a	two-stage	(A)	and	
a	 one-stage	 (B)	 technique	 based	 on	 the	
sol-gel	 process.	 The	A	 technique	 involves	
iron oxide deposition in the presence 
of colloidal silica1	 (Figure	 	 1),	while	 the	B	
technique	 combines	 in	 a	 single	 process	
iron oxide particles synthesis and covering 
them	by	the	silica	shell2	(Figure		2).

Table	 1	 illustrates	 the	 difference	
between	 the	 magnetic	 properties	 of	
the	 specimens	 synthesized	 by	 both	
techniques.	 The	 silica	 shell	 prevents	 the	
phase	transition	of	Fe3O4 to	γ-	and	α-Fe2O3 
and leads to a higher saturation magnetic 
moment	per	unit	mass	 (MS)	and	coercive	
force	(HC).

Tablk 1. Magnktic powpkotikd wf thk 
dpkcimknd denthkdizkr be thk tyw 
tkchniqukd.

Synthesis 
technique

MS 
(emu/g)

HC	(Oe)	at	T	
=	300	K

A 2.1 2

B 16.0 5

The	study	was	partially	supported	by	
RFBR,	research	project	No.	16-32-60010.

1 Kharitonskii P.V. et al. (2015), Journal of Magnetics, 20 (3), 221-228.
2 Gareev K.G. et al. (2015), Journal of Physics: Conference Series, 643, Article 012088.

Figure 1. Magnetization curve of the dried 
specimen synthesized by the A technique.

Figure 2. Magnetization curve of the dried 
specimen synthesized by the B technique.
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Ni–C	 nanoparticles	 powder	 was	
prepared using high temperature pyrolysis 
of	 nickel	 nitrate	 in	 organic	 solvent.	 In	
the	 typical	 process,	 nickel	 (II)	 nitrate	
[Ni(NO3)2·6H2O]	was	dissolved	in	a	mixture	
solution of oleylamine and oleic acid in a 
three-neck	flask	equipped	with	an	inlet	of	
argon	 gas,	 condenser,	 magnetic	 stirrer,	
thermocouple,	 and	 heating	 mantle.	
After	 the	 argon	 gas	 was	 introduced	 into	
the	 system	 for	 10	 min,	 the	 mixture	 was	
exposed to series of heating’s in different 
regimes.	As	a	result,	the	black	precipitates	
were	formed.	With	the	addition	of	hexane,	
these	 precipitates	 were	 magnetically	
separated	for	several	times,	and	stored	in	
hexane for further studies.

Using the transmission electron 
microscope,	 three	 typical	 sizes	 of	 Ni–C	
nanoparticles	 was	 revealed	 (Figure	 1):	
large	(50–100	nm),	medium	(20-30	nm)	and	
small	nanoparticles	(~5	nm).	The	elemental	

composition	 determined	 by	 energy	
dispersive	 x-ray	 spectroscopy	 supports	
the	 presence	 of	 nickel,	 and	 the	 set	 of	
diffraction	reflections	in	the	selected-area	
electron diffraction pattern corresponds 
to	the	face	centered	cubic	structure.

We	 prepared	 four	 samples:	 non	
separated particles in the silicon matrix 
(all	particles);	particles	in	the	silicon	matrix	
after	5	min	(small	and	medium)	and	20	min	
precipitation	 (small);	 and	particles	 on	 the	
glass	after	20	min	precipitation.

MCD spectra of nanoparticles are 
seen	 to	 depend	 strongly	 on	 particle	 size	
and filling factor. Nanoparticles MCD 
spectra	red	shift	was	observed	with	filling	
factor	 increase	and	particle	size	decrease	
approaching to the Ni thin film spectrum.

The	 work	 was	 supported	 partly	 by	
the	RFBR	grant	No.	14-02-01211	and	MOST	
102-2112-M-153	-002	-MY3.

Figure 2. MCD spectra of Ni–C nanoparticles.Figure 1. TEM image of Ni–C nanoparticles.
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Still	 the	answer	to	a	question	about	
the	 magnetic	 structure	 of	 ε-Fe2O3 is 
ambiguous1. Using a model of indirect 
bond2	 intersublattice	 interactions	 in	
ε-Fe2O3 can	be	characterized	by	four	types	
of exchange integrals.

	,

where	a,	b and c are the parameters of the 
ligand-cation	 electron	 transfer	 on	 σ and 
π	bonds	and	represent	squares	of	mixing	
coefficient	 in	molecular	 orbitals,	U is the 
energy	of	ligand-cation	electron	excitation.

Exchange	integrals	J1 and J2	describe	
interactions	 between	 octahedral	 cations.	

J3 and J4	 describe	 octahedral-tetrahedral	
and	 tetrahedral-tetrahedral	 interactions.	
Literature	 data	 for	 complex	 oxides	 (such	
as	spinel)3 a	=	0.08,	b	=	0.02,	c	=	0.01	and	
U	 =	 8	 eV.	 These	 parameters	 predict	Neel	
temperature	 TN	 =	 280	 K,	 whereas	 the	
experimental	 value	 TN	 =	 490	 K.	 Fitting	 to	
experimental	 TN gives a	 =	 0.08,	b	 =	 0.03,	 
c	=	0.015	and	U	=	8	eV.	Increasing	of	transfer	
parameters	 is	associated	with	a	decrease	
of	interionic	distances	in	ε–Fe2O3.

Magnetic	 structure	 (mutual	
orientation of the magnetic moments 
of	 the	 sublattices)	 is	 designated	 in	 the	
table	 with	 arrows.	 Analysis	 of	 the	 ratios	
of	 cation-cation	 interactions	 leads	 to	 the	
conclusion	that	ε–Fe2O3	 is	a	16–sublattice	
antiferromagnet.

Table 1. Integrals of intersublattice interactions in the structure of ε–Fe2O3, pokrictkr 
uding thk mwrkl wf inriokct bwnr.

1a↑ 1b↓ 1c↓ 1d↑ 2a↓ 2b↓ 2c↑ 2d↑ 3a↑ 3b↓ 3c↑ 3d↓ 4a↑ 4b↓ 4c↓ 4d↑
1a↓ –42 –18 –21 –10 –15 –35 –21 –10 –15
1b↑ –42 –10 –15 –18 –21 –21 –35 –10 –15
1c↓ –42 –21 –18 –15 –10 –10 –35 –21 –15
1d↑ –42 –15 –10 –21 –18 –10 –21 –35 –15
2a↓ –18 –10 –21 –15 –42 –21 –15 –23 –46
2b↓ –21 –15 –18 –10 –42 –21 –46 –23 –15
2c↑ –10 –18 –15 –21 –21 –42 –15 –46 –23
2d↑ –15 –21 –10 –18 –21 –42 –23 –46 –15
3a↑ –35 –21 –10 –42 –21 –42 –18 –22 –24
3b↓ –21 –35 –10 –21 –42 –42 –18 –24 –22
3c↑ –10 –35 –21 –42 –21 –42 –24 –22 –18
3d↓ –10 –21 –35 –21 –42 –42 –22 –24 –18
4a↑ –15 –15 –46 –23 –18 –24 –22 –34
4b↓ –15 –23 –15 –46 –18 –22 –24 –34
4c↓ –15 –23 –46 –15 –22 –24 –18 –34
4d↑ –15 –46 –15 –23 -24 –22 –18 –34

1 Tucek J., Zboril R., Namai A., Ohkoshi S. (2010). Chem. Mater., 22, 6483.
2 Eremin M.V. (1985). Spectroscopy of crystals, 150–171, Nauka: Leningrad.
3 Bayukov O.A., Savitskii A.F. (1994), Physics of the Solid State, 36 (7), 1049–1057.
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Iron	 oxide	 ε-Fe2O3 exists in the 
form	 of	 nanoparticles	 with	 a	 significant	
(~20	 kOe)	 room-temperature	 coercivity1 
which	 makes	 this	 material	 promising	
for	 practical	 applications.	 Up	 to	 now,	
very	 little	 is	 known	 on	 the	 dynamics	 of	
magnetization	 of	 nanodisperse	 ε-Fe2O3 
particles.	In	this	report	we	present	study	of	
remagnetization	 of	 ε-Fe2O3 nanoparticles 
by	 the	 pulse	 method:	 battery	 discharge	
through a copper solenoid.

The	 measurements	 in	 pulse	 fields	
were	performed	using	an	original	setup	at	
the	Lab.	of	High	Magnetic	Fields,	Kirensky	
Institute	 of	 Physics.	 Technically,	 it	 is	 an	
LC	 contour	 in	 which	 the	 self-oscillating	
process	 is	 started	 by	 a	 thyristor	 opening	
after charging the capacitors to a desired 
voltage.	The	magnetic	hysteresis	loops	are	
obtained	and	the	effective	coercivity	HC is 
measured under the field variation rates 
ω·H0	 from	 20	 Oe/s	 (quasistatic	 mode)	 to	
~	 60	MOe/s.	 The	HC	 vs	ω·H0 dependence 
obtained	 on	 ε-Fe2O3 nanoparticles2 
with	 an	 average	 size	 of	 9	 nm	 is	 shown	 
on	the	Figure	1.

The	theoretical	interpretation	of	the	
results	 obtained	 is	 based	 on	 the	 semi-

adiabatic	 approximation	 that	 accounts	
for	 the	 long-lived	 superparamagnetic	
relaxation mode3,4. Under the assumption 
that	 not	 only	 bulk	 but	 also	 surface	
anisotropy of the particles is a relevant 
factor,	 this	 model	 explains	 well	 the	
nonlinear	 magnetization	 of	 ε-Fe2O3 at 
room	temperature,	see	the	Figure	1.

1 E.Tronc, et al, J.Appl. Phys. 98, 053901 (2005).
2 D.A. Balaev, et al, J.Appl. Phys. 117, 063908 (2015).
3 I.S. Poperechny and Yu.L. Raikher, Physica B 435, 58-61 (2014).
4 I.S. Poperechny, Yu. L. Raikher, and V. I. Stepanov, Phys. Rev. B 82, 174423 (2010).

Figure 1. Dynamic coercivity vs variation rate 
of the magnetic field at 300 K. The dots mark 
experimental data, the lines are calculated via 
semi-adiabatic model3,4.
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Nickel	zinc	ferrite	nanoparticles	with	
formula Ni0.2Zn0.8Fe2O4	 were	 synthesized	
by	 combustion	 method	 with	 subsequent	
annealing.	 Average	 particles	 size	 varied	
from	15.5	nm	without	annealing	to	50.0	nm	
with	annealing	 temperature	 increased	up	
to	1100	°C.	X-ray	diffraction	measurements	
revealed	 that	 all	 the	 samples	 were	
single-phase	 ferrites	 with	 the	 spinel	
structure.	 The	 temperature	 dependences	
of	 magnetization	 were	 recorded	 for	
zero-field-cooled	 (ZFC)	 and	 field-cooled	
(FC)	 modes	 in	 an	 applied	 field	 of	 50	 Oe	
(Figure	 1	 a,	 b).	 The	maximum	 in	 the	 ZFC	
curves	 corresponds	 to	 a	 mean	 blocking	

temperature	 TB.	 Above	 this	 temperature,	
particles are in a superparamagnetic 
state,	 whereas	 below	 TB,	 magnetic	
anisotropy	 disables	 thermal	 fluctuations	
of magnetic moments and particles are 
in a ferrimagnetic state. Dependence 
of	 mean	 blocking	 temperature	 on	
particles	 size	 showed	 unusual	 behavior:	
we	 observed	 a	 decrease	 in	 TB	 with	 the	
particles	 size	 increase	 (Figure	 1	 c).The	
width	of	the	peak	for	smaller	particles	was	
larger	 indicating	 the	 wider	 distribution	
of	 blocking	 temperatures	 because	 of	 the	
wider	distribution	of	particle	size.

Figure 1. ZFC and FC magnetization curves of the Ni0.2Zn0.8Fe2O4 nanoparticles with various average 
diameters (a, b) and dependence of blocking temperature on particles diameter (c).
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The	present	work	is	concerned	with	
the studies of the multicomponent parent 
alloys	Tbx(Dy0.5Ho0.5)1–xCo2	and	alloys	with	
a	substitution	within	the	cobalt	sublattice	 
Tbx(Dy0.5Ho0.5)1–x(Co1.75Al0.25)2.	It	is	known	
that the highest values of magnetocaloric 
effect	 are	 observed	 in	 the	 vicinity	
of	 the	 first-order	 phase	 transitions.	 
The	 conditions	 under	 which	 the	 first-	
and	 second-order	 transitions	 exist	 may	
be	determined	with	respect	to	the	exact	
composition.	 Here,	 we	 investigate	 the	
type and nature of different transitions 
evidenced	 experimentally	 by	 using	
several	 techniques	 (x-ray,	 thermal	
expansion,	 magnetostriction,	 specific-
heat,	and	magnetization	measurements)	
in the alloys under study. Such 
comprehensive	 approach	 allows	 us	 to	
determine exactly the magnetic phase 
transition temperatures.

A	 series	 of	 alloys	 was	 synthesized	
by	arc-melting	with	the	use	of	high-purity	
rare-earth	 metals.	 The	 alloys	 crystallize	
in	 the	 C15-type	 cubic	 Laves	 phase	
structure	 at	 room	 temperature.	 Further	
the	 X-ray	 diffraction	 studies	 at	 various	
temperatures	 were	 carried	 out	 using	 a	
low-temperature	 chamber	 COBRA	 in	 the	
temperature	 range	 from	 110	 to	 250	 K.	 

It	 was	 found	 that	 alloys	 under	 study	 
Tbx(Dy0.5Ho0.5)1–xCo2 undergo the transition 
from	cubic	to	the	rhombohedral	phase	as	
temperature decreases near the Curie  
temperature	(TC).

We	 further	 investigated	 the	
transitions from the magnetically ordered 
to	 the	disordered	state	 (i.e.	 at	 TC).	 For	all	
of	the	alloys,	the	transition	type	at	TC	was	
determined	 within	 the	 Inoue-Shimizu	 s-d	
model	using	Arrott	plots.	A	large	group	of	
Tbx(Dy0.5Ho0.5)1–xCo2 alloys demonstrating 
the	 first-order	 transitions	 was	 found.	
However,	 the	 Curie	 temperatures	 of	 the	
compounds	did	not	exceed	150-160	K.	For	
a	practical	application,	it	was	important	to	
shift	 the	 transition	 temperatures	 toward	
the	 room	 temperature.	 For	 this	 purpose,	
Co	 was	 partially	 substituted	 by	 Al.	 The	
TC’s	 of	 the	 Tbx(Dy0.5Ho0.5)1–x(Co1.75Al0.25)2 
alloys	was	 found	to	be	higher	 than	those	
of	 similar	 Al-free	 samples.	 The	 partial	
substitution	 in	 the	 cobalt	 sublattice	 has	
changed	 the	 transition	 type	 from	 first-	 to	
the	second-order.

This	 work	 was	 supported	 by	 the	
Russian	 Foundation	 for	 Basic	 Research,	
projects	no.	15-33-70040	mol_a_mos.
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Investigation	 of	 microwave	
properties of nanocomposites is 
carried	 out	 to	 observe	 resonance	 type	
dependences and to determine the 
interactions	which	 lead	 to	 the	 resonance	
changes of transmission and reflection 
coefficients1.	 For	 these	 purposes	 it	 is	
appropriate to use nanocomposite 
materials	 based	 on	 artificial	 opals	 which	
are	 obtained	 from	 the	 opal	 matrix	 with	
SiO2	 spheres	of	 260-270	nm	 in	diameter.	
Into	the	interspherical	areas	of	opal	matrix	
the	 nanoparticles	 of	 Fe3Ni	 and	 FeNi3 
intermetallics are placed.

Microwave	 measurements	 are	
carried out in frequency range from  
26	to	38	GHz.	Experimental	investigations	
are	 performed	 upon	 two	 orientations	
of	 external	 DC	 and	 microwave	 magnetic	
field,	 namely,	 upon	 the	 perpendicular	
and	 parallel	 orientations.	 In	 the	 case	
of homogeneous medium upon the 
parallel	orientation	of	DC	and	microwave	
magnetic fields the resonance related to 
an acoustic mode of spectrum should not 
be	observed2.	In	this	work	we	deal	with	the	
heterogeneous magnetic nanocomposite 
and in all examined cases the minima 
produced	by	the	absorption	of	microwave	
energy	upon	the	FMR	are	observed	(Figure	
1).	 Besides	 minima	 there	 are	 maxima	 of	
transmission and reflection coefficients on 
some dependences.

These	maxima	accounts	for	the	values	
of	 external	 field	 which	 approximately	

corresponds	 to	 the	 field	 where	 the	 real	
part	 of	 magnetic	 permeability	 goes	 to	
zero	 and	 the	 maxima	 are	 related	 to	 be	
caused	by	magnetic	antiresonance1.	It	t	is	
worthy	to	mention	that	 the	magnitude	of	
resonance	decreases	when	increasing	the	
frequency.

The	 work	 is	 carried	 out	 within	 the	
RAS	program	«Spin»,	with	partial	 support	
of	 grants	 No	 14.Z50.31.0025	 and	 NSh-
7539.2016.2.

1 Ustinov V. V. et al. (2012), Journal of Magnetism and Magnetic Materials, 324, 78.
2 Gurevich A.G., Melkov G.A. (1996). Magnetic Oscillations and Waves, CRC Press, Boca 

Raton, FL.

Figure 1. The magnetic field dependences of 
transmission coefficients measured upon the 
parallel orientation of DC and microwave 
magnetic fields for the nanocomposite with FeNi3 
particles.
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The	 subjects	 of	 our	 work	 were	
Co50Pt50 and Co50Pt50–xPdx	 (x=1–10	
at.	 %)	 films	 of	 30–700	 Å	 thicknesses.	
Monocrystalline	films,	grown	on	MgO	and	
LiF	substrates	had	fcc	lattice	parallel	to	the	
base	plane.	 Initially	all	 films	regardless	of	
their	 thicknesses	 had	 two	 perpendicular	
easy	magnetization	axes	in	plane	of	films.	
The	 squareness	 degree	 of	 hysteresis	
loop	 was	 0.6–0.8	 and	 coercive	 force	 was	
about	 500	 Oe	 for	 all	 samples.	 In	 order	
to	 obtain	 the	 desired	 ordering	 in	 films	
they	 were	 annealed	 in	 vacuum	 at	 600°C	 
for	 3	 hours.	 After	 that	 films	 showed	
appearance of ordered phase L10 
(tetragonal	 face	 centered	 with	 axes	 ratio	
c/a	 <	 1)	 with	 the	 orientation	 of	 these	
tetragonal regions dependent on the 
film	 thickness.	 So	 30–200	 Å	 films	 had	
tetragonal phase crystallites oriented 
with	 their	 c	 axis	normal	 to	 the	 film	while	
in thicker films they formed regions of 
varying orientation. Magnetic anisotropy 
of films undergoes significant changes 
because	 of	 tetragonal	 ordered	 phase	
formation. Since c axis of tetragonal 
crystallites of Co50Pt50 and Co50Pt50–xPdx is 
their	easy	magnetization	axis,	thin	ordered	
films	 become	 magnetically	 uniaxial	 with	
easy	 axis	 perpendicular	 to	 the	 film.	 The	
coercive	force	for	films	thicker	than	200	Å	
varied	in	the	range	8–12	kOe.	Thinner	films	
coercivity	 was	 significantly	 dependent	

on	 the	 thickness.	 Easy	 direction	 coercive	
force	 varied	 from	 1.5	 kOe	 to	 9	 kOe	with	
thickness	 increased	 from	 50	 to	 200	 Å.	 It	
was	 found	 that	 monocrystalline	 ordered	
(partially	ordered)	films	with	L10	structures,	
which	 showed	 their	 perpendicular	
magnetic	 anisotropy,	 had	 the	 value	 of	
magnetic crystallographic anisotropy 
constant	in	the	range	from	7×106 erg/cm3  
to	4.5×107 erg/cm3 for Co50Pt50 films and 
(3.5–4)×107 erg/cm3 for Co50Pt50–xPdx	films,	
depending	 on	 the	 film	 thickness.	 These	
values exceed the form anisotropy so films 
stay	 uniformly	magnetized	 perpendicular	
to	 the	 plane	 without	 external	 magnetic	
field.	 If	 Pd	 content	 is	 increased	 the	
coercive force of Co50Pt50–xPdx films goes 
down	 and	 reaches	 6–9	 kOe	 at	 x=7–8	 at.	
%.	 The	 behavior	 of	 magnetic	 anisotropy	
in the annealing process is due to atomic 
ordering,	taking	place	in	the	films.

In	equiatomic	CoPt	and	Co50Pt50–xPdx 
(x=1–10	 at.	 %)	 during	 the	 annealing	 the	
forming of highly anisotropic CoPt phase 
takes	place.	The	crystallographic	c	axis	of	it	
is	an	easy	magnetization	axis.	The	way	the	
crystallites	are	distributed	 in	 the	 film	and	
their long range ordering defines the films 
magnetic anisotropy.
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Magnetization,	 thermal	 expansion	
and	magnetostriction	were	measured	 for	
quasi-single	 crystals	 of	 La0.75Sm0.25Mn2Si2 
and La0.75Tb0.25Mn2Si2 compounds for 
which	 the	 in-plane	 Mn-Mn	 interatomic	
distance is very close to the critical 
distance	 of	 antiferro-ferromagnetic	 (AF-F)	
transition.	 The	 Sm-containing	 compound	
exhibits	 four	 different	 spontaneous	
magnetic	 phase	 transitions	 (Figure	 	 1).	 
The	Sm	sublattice	orders	ferromagnetically	
below	 14	 K.	 The	 Mn	 moments	 possess	
AF-F	 phase	 transition	 at	 TF–AF	 =	 160	 K,	 
the	 transition	 to	 planar	 AF	 structure	 at	 
TC	 =	 305	 K,	 and	 finally,	 the	 transition	 to	
the	 paramagnetic	 state	 at	 403	 K.	 Similar	
set	 of	 the	 phase	 transitions,	 albeit	 for	
different	temperatures,	is	observed	for	the	 
Tb-containing	alloy.

The	 value	 and	 sign	 of	 the	 Mn-Mn	
exchange interactions strongly depend 
on	 the	 interatomic	 distance.	 Therefore,	
the	 AF-F	 magnetic	 phase	 transition	 is	
accompanied	by	a	considerable	change	in	
the	lattice	parameters.	Temperature	X-ray	
diffraction and linear thermal expansion 
measurements	 show	 that,	 upon	 the	
spontaneous	 AF-F	 phase	 transition,	 the	
lattice	 expands	 in	 the	 basal	 plane	 by	
the	 value	 of	 ∆a/a	 ε-Fe2O3 1.62×10–3 and 
shrinks	 along	 the	 c-axis	 by	 the	 value	 of	 
∆c/c	 ≈	 0.73×10–3.	 The	 volume	 change	
is	 positive	 (ferromagnetic	 state	 has	
larger	 volume)	 and	 amounts	 to	 ∆V/V	
ε-Fe2O3 	 2.5×10–3. Similar values of 
the lattice deformations are derived 
from magnetostriction measurements 

upon	 the	 field-induced	 AF-F	 magnetic	
phase	 transition	 below	 TF–AF	 =	 160	 K.	
No	 appreciable	 magnetoelastic	 effect	 is	
observed	for	the	transition	at	TC	=	305	K.

Since	 the	 AF-F	 magnetic	 transition	
can	 be	 induced	 by	 a	 relatively	 small	
magnetic	 field,	 the	 high	 volume	
magnetostriction	 may	 be	 of	 interest	 for	
practical applications.

The	research	was	supported	by	RSF	
(project	No.	15-12-10015).

Figure 1. Magnetization measured along the 
c-axis and lattice parameters of La0.75Sm0.25Mn2Si2 
as a function of temperature.
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Spontaneous spin-reorientation transition in ε-In0.043Fe1.957O3 
nanoparticles

Alexey Dmitriev1 and Anton Filatov2
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A	spin-reorientation	phase	transition	
was	 observed	 near	 150	 K,	 accompanied	
by	 a	 sharp	 drop	 in	 the	 magnetization	
and	 coercive	 field	 of	 the	 In0.043Fe1.957O3 
nanoparticles1.	 The	 spin-reorientation	
transition is the result of competition 
between	 single-ion	 and	 dipole-dipole	
magnetic anisotropy.

We	 observed	 a	 temperature	
hysteresis	and	a	divergence	between	field	
cooled	and	zero-field	cooled	magnetization	
curves	close	to	100	K.

Temperature	 hysteresis	 points	
correspond	to	a	first-order	phase	transition,	
and	a	delay	in	the	new	phase	growth	given	
the	non-equilibrium	conditions	of	the	final	
rate	of	temperature	sweep.

It	 was	 found	 that	 the	 increase	 in	
the external magnetic field leads to the 
increase	 in	 the	width	of	 the	 temperature	
hysteresis and the decrease in the change 
of	 magnetization,	 caused	 by	 the	 spin-
reorientation transition.

The	 thermodynamic	 analysis	 based	
on	 Slichter-Drickamer	 model	 allowed	 us	
to determine the molar enthalpy of the 

spin-reorientation2.	 It	 was	 found	 that	
the increase in the external magnetic 
field leads to the decrease of the molar 
enthalpy.

Anomalous	 alternating	 current	
magnetic	 susceptibility	 response	 was	
observed	 near	 the	 spin-reorientation	
transition	temperature.	It	is	found	that	the	
increasing of the frequency of an alternating 
magnetic field leads to an anomalous 
shift in the temperature maximum of the 
alternating	current	magnetic	susceptibility	
opposite to theoretical predictions for 
thermally	 activated	 processes.	 This	
unusual	 effect	 can	be	explained	 in	 terms	
of	a	redistribution	of	 the	contributions	to	
magnetic	 susceptibility	 of	 the	 high-	 and	
low-temperature	phases.

Authors	 are	 grateful	 to	 
R.B.	 Morgunov	 for	 fruitful	 discussion	
and S. Ohkoshi for sample providing. 
The	 study	was	 supported	 by	 the	 Russian	
Foundation	 for	 Basic	 Research,	 project	 
№	16-07-00863	а.

1 Ohkoshi S., Tokoro H. (2013), Bulletin of the Chemical Society of Japan, 86, 897-907.
2 Dmitriev A.I., Morgunov R.B. (2015), Low Temperature Physics, 41, 917-921.
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arising in borate glasses doped with Fe and Gd

Oxana Ivanova, Ruslan Ivantsov, Irina Edelman and Eleonora Petrakovskaja
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A	comparative	study	of	the	structural,	
magnetic	 and	magneto-optical	 properties	
of	 glasses	 of	 two	 basic	 compositions	
Ge2O-K2O-Al2O3-B2O3	 and	 K2O-Al2O3-B2O3 
doped	 with	 different	 concentrations	 of	
Fe2O3 and Gd2O3	 and	 subjected	 to	 the	
thermal	treatment	at	560	°C	is	presented.	
Nanoparticles	of	 γ-Fe2O3 are identified in 
the	 first	 composition	while	 in	 the	 second	
case	 new	 type	 of	 nanoparticles	 has	
arisen	which	could	be	referred	to	ε-Fe2O3 
according	to	XRD	and	TEM	data.

For	 glasses	 with	 γ-Fe2O3 
nanoparticles,	 the	 strong	 increase	 of	
the	 coercivity	 (Hc)	 is	 observed	 with	 the	
temperature decrease typical for this 
compound	 (Figure	1	a).	Though	Hc of the 
second	 type	 glasses	 is	 less	 than	 it	 was	
reported	 in	 literature	 for	 the	 ε-Fe2O3 
nanoparticles1,	 it	 diminishes	 with	 the	
temperature	decrease	 (Figure	1	b)	 that	 is	
characteristic	 for	 ε-Fe2O3	 nanoparticles,	
namely.	The	magnetization	 in	 the	second	
case is more than one order of value 
less	 comparing	 to	 glasses	 with	 γ-Fe2O3. 
Magnetic	 circular	 dichroism	 (MCD)	 is	
also	 essentially	 lower	 in	 the	 second	 case	
(Figure	2).	MCD	spectra	contain	the	same	
maxima,	but	in	the	first	case	the	spectrum	
resolution	 is	 significantly	 higher.	 EMR	
spectra recorded for the second type 
glasses	 are	 close	 to	 that	 observed	 for	
ε-Fe2O3 nanoparticles deposited on silica 
gel.	 It	 is	 shown	 that	 Gd	 regulates	 the	
process of nanoparticles formation.

The	 work	 was	 supported	 partly	 by	
the	RFBR	grant	No.	14-02-01211.

1 Gich M., Roig A., Frontera C., Molins E., Sort J., Popovici M., Chouteau G., Marero D.M., 
Nogues J. (2005), J. Appl. Phys., 98, 044307.

Figure 1. Hysteresis loops for glasses with 
γ-Fe2O3 (a) and ε-Fe2O3 (b) nanoparticles at 300 
K (curves 1) and 78 K (curves 2).
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Figure 2. MCD spectra for glasses with γ-Fe2O3 
(a) and ε-Fe2O3 (b) nanoparticles at 300 K (curves 
1) and 90 K (curves 2).
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Properties of magnetorheological elastomers in crossed AC  
and DC magnetic fields
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Department of Physics, Lomonosov Moscow State University, 119991, Moscow, Russia
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Magnetorheological elastomers 
(MRE)	 under	 magnetic	 field	 demonstrate	
effects	 which	 characteristics	 can	 be	
controlled	 by	 varying	 the	 parameters	 of	
the	 elastomer	 (namely,	 the	 material	 and	
size	 of	 the	 filler	 particles,	 elasticity	 of	
the	 matrix,	 etc.)	 and	 the	 magnetic	 field	
parameters.

MREs	 with	 barium	 ferrite	 particles	
demonstrate the resonance effect in the 
presence	of	crossed	AC	and	DC	magnetic	
fields. Measurements of inductances of 
the	empty	coil	and	the	coil	with	elastomer	
core	were	carried	out.	The	core	was	smaller	
than	the	free	space	inside	the	coil,	so	it	was	
able	to	oscillate	within	the	coil.	Calculations	
of	 the	magnetic	 permeability	 were	made	
based	on	 the	 fact,	 that	 inductance	of	 the	
coil	 changes	 when	 the	 coil	 is	 filled	 with	
the	 elastomer.	 The	 dependencies	 of	 real	
and	 imaginary	 parts	 of	 permeability	 on	
AC	 field	 frequency	have	 resonance	peaks	
at different values of DC magnetic field 
strength	 (figure	 1).	 The	 sample	 vibration	

was	 considered	 in	 frame	 of	 elastic	 rod	
oscillations model.

Under magnetic field the change of 
dielectric	permittivity	of	the	elastomer	with	
conductive	particles	can	be	observed	–	so-
called magnetodielectric effect1.	This	effect	
lead to a field dependence of capacitance 
of	 the	 elastomer	 filled	 capacitor.	 The	
permittivity changes under magnetic field 
due to magnetic particles rearrangement 
within	the	elastic	carrier	matrix.

The	 above-mentioned	 effects	 are	
the examples of transformation of the 
magnetic field energy into the electrical or 
mechanical	energy	of	the	MRE,	which	allow	
to construct converters and actuators.

Variation of the resonance frequency 
with	 changes	 in	 external	 conditions	 can	
be	 used	 in	 construction	 of	 various	 types	
of	 wireless	 detectors,	 absorbers	 and	
modulators	 of	 electromagnetic	 waves	 at	
sonic frequencies.

1 Semisalova Anna S., Perov Nikolai S., Stepanov Gennady V., Kramarenko Elena Yu,  
Khokhlov Alexey R. (2013) Soft Matter, 47(9), 11318-11324.

Figure 1. The dependence of the imaginary part of 
magnetic permeability on AC field frequency for 
the magnetic elastomer with barium ferrite 61 % 
at different values of DC magnetic field strength. 
The volume of the sample was less than the coil 
volume.
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The	 series	 of	 iron	 sulfide	
nanoparticles	 (NPs)	 were	 synthesized	
with	 the	 polyol	 mediated	 process1  
which	 exploits	 high-boiling	 polyalcohol	
solvents.	 The	 boiling	 temperatures	 (BT)	
used	 for	 NPs	 preparation	 (240,	 260,	 280,	
300,	320	°C)	determined	their	phase	state	
–	 from	 Fe3S4	 to	 FeS.	 The	 high-resolution	
transmission electron microscope 
(HRTEM),	X-ray	diffraction	 (XRD),	vibrating	
sample	 magnetometer,	 and	 magnetic	
circular	 dichroism	 (MCD)	 were	 used	 for	
the	sample	characterization.	XRD	revealed	
the	 content	 of	 the	 Fe3S4	 cubic	 phase	 to	
reduce	 linearly	 with	 the	 BT	 increase,	
and	 at	 BT=320	°C	 the	 FeS	 phase	 became	
predominant	 (Figure	 1a).	 The	 NPs	 size	
observed	with	HRTEM	is	of	50-100	nm	for	
all samples.

Magnetization	 dependences	 on	 the	
magnetic	field	are	described	by	hysteresis	
loops for all samples. Saturation and 
remnant	 magnetization	 decrease	 non-
linear	with	the	BT	increase	while	coercivity	
increases at that reaching the maximal 
value	 for	BT=300	°C.	MCD	spectra	of	NPs	
prepared	 at	 BT	 240-280	 °C	 are	 similar	 to	
that	 of	 Fe3S4.	 For	 BT≥	 300	 °C,	 the	 Fe3S4 
contribution	 disappears,	 practically,	
though	 magnetization	 remains	 high	
enough.

The	work	was	partially	supported	by	
the	RFBR	(grant	#14-02-01211)	and	MOST	
102-2112-M-153	-002	-MY3.

1 Lyubutin I. S., Starchikov S. S., Lin Chun-Rong, et al. (2013) J. Nanopart. Res., 15, 1397.

Figure 1. The NPs XRD patterns (a) and the 
room temperature magnetization loops (b). The 
numbers on graphics correspond to BT.
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Among	 the	methods	of	preparation	
of nanostructured materials is a 
method of ultrasonic cavitation1.	 In	 this	
paper,	 dried	 suspensions	 of	 magnetic	
ferrihydrite	 nanoparticles	 subjected	 to	
ultrasonic	 treatment	 were	 studied	 by	
Mossbauer	 spectroscopy.	 Ferrihydrite	
nanoparticles	were	 obtained	 by	 culturing	
the	 bacteria	 Klebsiella	 oxytoca,	 and	
using	 chemical	 method.	 To	 do	 this,	 we	
used	 a	 well-known	method	 of	 producing	
nanoparticles	 ferrihydrite	 -	 hydrolysis	 of	
iron	 salts.	 Subsequently,	 the	 ferrihydrite	
nanoparticles	 were	 sonicated	 under	
cavitation	 conditions	 in	 water	 and	 in	 a	
solution	 of	 bovine	 serum	 albumin	 (BSA).	
The	 intensity	of	ultrasonic	 treatment	was	
>10	W/cm2,	and	the	frequency	of	22	kHz.	
The	 processing	 time	 is	 4	 –	 24	 minutes.	 
After	 ultrasonic	 treatment	 deposits	
were	 dried	 for	 research	 by	 Mossbauer	
spectroscopy.	Figure		1	shows	the	spectra	
of	 Mossbauer	 spectroscopy	 of	 biogenic	
ferrihydrite nanoparticles in the initial state 
and	after	ultrasonic	treatment.	As	a	result	
of ultrasonic treatment occurs recovery of 
Fe3+ to	the	metallic	state.	This	occurs	both	
in a suspension of magnetic nanoparticles 
based	 on	 water	 (~	 18	 %	 Fe	 ions),	 and	
the	 suspension	 on	 the	 basis	 of	 albumin	 
(~	32	%	Fe	ions).

Sonication of suspensions of 
ferrihydrite	 nanoparticles	 prepared	 by	
chemical	 method	 in	 an	 albumin	 solution	
also resulted in the recovery process.

This	 work	 was	 supported	 by	 the	
Special	 Program	 for	 Siberian	 Federal	
University	of	the	Ministry	of	Education	and	
Science	of	the	Russian	Federation.

1 Bang J.H., Suslick K.S. (2010), Advanced Materials, 22 (10), 1039-1059.

Figure 1. Mossbauer spectra of biogenic 
ferrihydrite nanoparticles in the initial state (1) 
and after sonication in water (2) and a solution 
of albumin (3).
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The	magnetic	particles	in	the	powder	
tend	to	form	agglomerates	of	various	size	
and	shape.	 It	 results	 in	 the	heterogeneity	
of the local magnetic properties that 
obscures	 magnetic	 characterization	
of	 the	 powder	 sample.	 Ferromagnetic	
resonance	line	became	very	width	and	its	
shape,	width	and	peak	position	all	depend	
on	 such	 heterogeneity.	 The	 account	 for	
these heterogeneities is too complicated. 
Therefore	 pretreatment	 of	 the	 particles	
is	 needed,	 that	 allow	 one	 to	 account	 of	
demagnetizing	 fields	 within	 the	 known	
micromagnetic models1.	 In	this	report	we	
use the separation of the ferromagnetic 
particles	 by	 nonmagnetic	 shell	 that	
decreases	 the	 dipole-dipole	 interaction	
between	 the	 particles	 and	 decreases	 its	
heterogeneity.

The	 ferromagnetic	 resonance	 in	
core-shell	particles	CoFeP@NiP	is	studied.	
The	sample	series	of	CoFeP@NiP	particles	
with	 different	 mass	 fraction	 of	 NiP	 shell	
is	 synthesized.	 The	 as-prepared	 by	
electroless	 reduction	 magnetic	 Co-Fe-P	
particles	 then	 were	 electroless	 coated	
with	 Ni80P20	 alloy.	 The	 resulting	 Ni80P20	
coating is amorphous and nonmagnetic. 
The	 ferromagnetic	 resonance	 spectra	
were	 recorded	 at	 frequency	 of	 9.2	 GHz	
using	 FMR	 spectrometer.	 The	 mass	
fraction of nonmagnetic shell is controlled 
by	 magnetization	 measurement	 with	
vibrating	sample	magnetometer.

The	 FMR	peak	 is	 strongly	narrowed	
(about	 10	 times)	 and	 resonance	 field	 is	
shifted	to	lower	fields	in	Co-Fe-P	powders	
with	 increasing	 the	mass	 fraction	of	non-
magnetic	 coating.	 The	 observed	 effect	 of	
narrowing	of	the	ferromagnetic	resonance	
line	 is	assumed	to	be	result	 from	«switch	
off»	the	dipole-dipole	interaction	between	
the	 magnetic	 particles	 in	 the	 powder,	
with	 separating	 magnetic	 particles	 from	
each	 other	 by	 nonmagnetic	 coating.	 
As	the	result	the	local	field	inhomogeneity	
at	each	particle	is	reduced.	In	the	limit	of	the	
total	absence	of	heterogeneity	associated	
with	 the	 interaction	 of	 the	 particles,	 the	
ferromagnetic	 resonance	 linewidth	 will	
be	 influenced	 by	 the	 structure	 of	 the	
individual	 particle	 only.	 The	 linewidth	
value estimated from extrapolation 
of	 the	 experimental	 linewidth	 values	
to	 100	 %	 of	 non-magnetic	 phase	 is	
supposed	 to	 be	 the	 case	 of	 switched	
off	 demagnetizing	 field	 heterogeneity.	 
The	 result	 of	 the	 extrapolation	 is	
rather close to the ferromagnetic 
resonance	 linewidth	 in	 CoFeP	 thin	 films	
that	 characterized	 by	 practically	 zero	
demagnetizing	field	heterogeneity.

This	 work	 was	 supported	 by	 the	
Russian	 Foundation	 for	 Basic	 Research,	
Grants	No.	16-03-00256,	16-03-00969,	15-
08-06673	and	RFBR-KRFS	15-42-0417.

1 Skomski R., Hadjipanayis G.C., Sellmyer, D.J. (2007), IEEE Trans. Magn. 43, 2956.
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We	 report	 formation	 mechanism,	
crystallization	 kinetics	 and	 magnetic	
properties explored in the series of rapidly 
solidified	Fe80–xCoxP14B6 metallic glasses 
with	x	=	25,	32,	35	and	40	at.%.	15–25	μm	
thick	 and	 2–8	 mm	 wide	 ribbon	 samples	
were	meltspun	 onto	 the	massive	 copper	
wheel	 from	 the	 RF-melted	 superheated	
master ingots..

X-ray	 diffraction	 spectra	 recorded	
in CuKα reflection and MoKα transmission 
radiations	 show	 amorphous	 structure	
in	 as-cast	 specimens	 (red	 line	 in	 
Figure	 	 1)	 with	 the	 characteristic	 size	 of	
regions	 coherently	 scattering	 X-rays	 as	
small	as	1.6	nm.

Finbak-Warren	 atomic	 pair	
distribution	 function	 (PDF)	phase	analysis	
revealed	 superposition	 of	 two	 main	 bcc 
α-FeCo	 and	 bct	 (Fe,Co)3(P,B)	 phases.	
Theoretical	 PDF	 for	 (Fe,Co)3(P,B)	 phase	
matches	 much	 better	 a	 fine	 structure	 of	
the second coordination sphere.

Decomposition of amorphous state 
was	studied	by	heating	 rapidly	quenched	
glasses in protective atmosphere  
in	 two	 regimes:	 isothermal and isochronal  
(with	a	constant	heating	rate	α)	annealing.	
In	 isochronal	 case	 crystallization	
temperature Tx depends on the heating 
rate	α	and	follows	Kissinger	law	

Crystallization kinetics and magnetic properties  
of Fe80–xCoxP14B6 metallic glasses

D.A. Prahova1, A.M. Grishin1,2, V.S. Ignahin1, L.A. Lugovskaya1 and R.N. Osaulenko1

1Petrozavodsk State University, 185000, Petrozavodsk, Karelian Republic, Russia
2INMATECH Intelligent Materials Technology, SE-127 51, Skärholmen, Sweden

�keywords:� meltspun ribbons, eutectic crystallization, phase analysis, magnetosoft properties

Figure  2. Comparison of experimental (blue line) and theoretical (red lines) PDFs calculated for bcc 
α-FeCo and bct (Fe,Co)3(P,B)] structures.

Figure  1 XRD spectrum in Fe45Co35P14B6 ribbon 
in as-cast (red line) state and after annealing at 
714.5 and 873 K.
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governed	 by	 a	 modified	 Kolmogorov-
Johnson-Mehl-Avrami	 (KJMA)	 theory.	
Activation

Tablk 1. Enkoge Q anr coedtal/gladd 
interfacial energy σ were obtained as 
fitting paoamktkod.

Specimen Tx	[K]	@	
40K/min Q	[K] σ [J/

m2]
Fe40Co40P14B6 749.6 41021 0.230

Fe45Co35P14B6 754.5 46431 0.239

Fe48Co32P14B6 753.5 46651 0.239

Fe55Co25P14B6 758.9 51846 0.248

Rietveld	 refinement	 of	 XRD	 spectra	
in	Figure	1	provided	percent	composition	
of	 crystallized	 phases	 and	 showed	 that	
during rapid isochronal annealing up to 
873	K	α-FeCo	phase	crystallizes	above	all.

Isothermal	 annealing	 revealed	
«incubation	effect»	–	delay	of	crystallization	
process	 by	 a	 certain	 time	 tinc	 compared	
with	a	non-stopped	continuous	isochronal	
heating case.

KJMA	 theory	 derived	 exponential	
temperature	 dependences	 of	 incubation	
time and the peak value of heat release 

 nicely 
accord	the	experimental	data	in	Figure		4.	

There	activation	energy	Q exactly coincides 
with	 the	 one	 obtained	 at	 the	 process	 of	
isochronal annealing.

Comparing	 XRD	 spectra	 recorded	
for isochronal and isothermal heating 
regimes	we	arrived	 to	 rather	unexpected	
conclusion.	 Isothermal	 annealing	 always	
results	 in	 the	 formation	 of	 nano-sized	
nuclei	 within	 the	 amorphous	 metallic	
matrix,	 whereas	 rapid	 isochronal	 heating	
to high temperatures leads to the 
formation	 of	 crystallites	 much	 bigger	 in	
size.	This	conclusion	holds	even	more	since	

Figure  3. Differential scanning calorimetry 
traces for the Fe48Co32P14B6 ribbons heated at five 
different heating rates α = 2.5, 5, 10, 20 and 40 
K/min.

  
Figure  4. Differential isothermal calorimetry 
(DIC) scans of Fe45Co35P14B6 ribbons annealed 
at seven different temperatures T below the 
crystallization temperature Tx = 754.5 K.

Figure  5. Hysteresis M-H loops of as-quenched 
Fe55Co25P14B6 ribbon recorded at different 
frequencies of sinusoidal exciting field. Inset 
shows frequency dependence of hysteretic loss.
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isothermally annealed specimens remain 
in the cooling oven for much longer than 
incubation	time.

Hysteresis	M-H	loops	were	recorded	
to differentiate magnetic hysteresis 
losses	 proportional	 to	 the	 first	 power	 of	
the frequency f	 and	 eddy-current	 power	
loss proportional to f 2.	 Hysteretic	 losses	
in saturated regime   

at	 60	 Hz	 were	 estimated	 to	 be	 
0.56	W/kg	while	the	maximum	differential	
permeability	 was	 found	 to	 be	 about	
110000.	 Bias	 magnetic	 field	 dependence	
of	incremental	magnetic	permeability	was	
acquired from the slope of minor loops 
recorded	 in	 superimposed	 weak	 ac-	 and	
slowly	swept	dc-magnetic	fields.
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Magnetic properties of crystal 
solids	 with	 one-dimensional	 and	 two-
dimensional	 magnetic	 sublattices	 (KCuF3,	
La2Cu2O5,	 NH4CuCl3,	 etc)	 are	 heavily	
governed	 by	 the	 interaction	 of	 electrons,	
i.e.	 by	 the	 electron	 correlation1,2.  
In	 many	 cases,	 such	 materials	 are	 failed	
to	 be	 considered	 as	 a	 special	 case	 of	
common	 three-dimensional	 systems3,4. 
This	 fact	 significantly	 complicates	 a	
theoretical description of properties of 
so	 low-dimensional	 magnetic	 materials	
by	 traditional	methods	 of	 statistical	 solid	
state	physics.	For	this	reason,	 the	Monte-
Carlo simulation is used for rigorous 
multi-electron	 approache-based	 study	 of	
magnetic material properties5.

The	cubic	Ising	model	with	competing	
ferromagnetic and antiferromagnetic 
interactions	 (so-called	ANNNI-model)	was	
introduced	 to	 describe	 ordered	magnetic	
phases	in	CeSb	crystals.	A	similar	model	is	
successively used for the description of the 
thermodynamics of oil microemulsions 
and	named	as	ANNNI-	model.	 In	 present	
paper,	 we	 consider	 a	 two-dimensional	
prototype	of	such	model	(Figure		1).

The	model	Hamiltonian	is	written	as:

,		 	 (1)

where	si=±1, J > 0 is the exchange interaction 
parameter	 between	 neighboring	 spin	
couples,	 J1 <	 0	 is	 the	 antiferromagnetic	
interaction	 parameter	 of	 next-nearest	
neighbors	along	Y-axes.

Using the standard Metropolis 
algorithm	 of	 Monte-Carlo	 methods	 we	
explored thermodynamic and critical 
properties	 of	 the	 model.	 Temperature	
dependences	 are	 obtained	 for	 general	
thermodynamic parameters.

1 White S.R. (1998) Phys. Reports., 301, 187-204.
2 Moreira I., Dovesi R. (2004), Int. J. Quant. Chem., 99, 805-823.
3 White S.R. (1992), Phys. Rev. Lett., 69, 2863-2866.
4 Wada T., Nishino T.J. (2001) cond-mat/0103508 v1.
5 Lieb E.H. (1995) The Hubbard Model: Its Physics and Mathematical Physics. Edited by 

D.Baeriswyl. Plenum Press, New York, NATO ASI Series B: Physics V.343. P.1-19.

Figure  1. 2D ANNNI-model.
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Magnetic properties of the 
elastomers	 with	 hard	 magnetic	 particles	
were	 investigated	 by	 static	 and	 dynamic	
methods.	 Dynamic	 measurements	 (non-
diagonal	components	of	the	susceptibility	
tensor)	 were	 made	 by	 measuring	
parameters	 of	 RLC-components	 of	 a	 coil	
with	 a	 core	 made	 of	 the	 elastomer	 with	
the	 immitancemeter	 (AM-3016)	 at	 the	
room	 temperature.	 For	 magnetostatic	
measurements	 (diagonal	 components	 of	
the	susceptibility	tensor)	Vibrating	Sample	
Magnetometer	 LakeShore	 (7400	 System)	
was	used.	Components	of	the	susceptibility	
tensor	were	of	different	field	dependencies	
(Figure	 1,	 2).	 The	 demagnetization	 factor	
was	taken	into	account.

Differences of the elastomer 
properties	 with	 conductive	 and	 non-
conductive	magnetic	 filler	were	 analyzed.	

It	 was	 found	 that	 for	 the	 elastomer	 with	
non-conductive	 barium	 ferrite	 particles	
the	decrease	of	the	susceptibility	obtained	
by	static	method	was	98	%	and	by	dynamic	
method	 61	 %.	 For	 the	 elastomer	 with	
conductive	NdFeB	particles	it	was	92	%	and	
58	%	respectively,	that	is	close	to	the	above	
mentioned	 values	 (Table	 1).	 In	 zero	 field	
the	 value	 of	 susceptibility	 of	 the	 NdFeB	
based	 elastomer	 exceeded	 an	 order	
of	 magnitude	 the	 susceptibility	 of	 the	
elastomer	with	barium	ferrite	particles.

Magnetic properties of the composite 
system	 were	 changed	 non-additive	 way	
compared	with	the	properties	of	the	initial	
magnetic	 powder.	 The	 influence	 of	 the	
interparticle interaction and the elastic 
properties of the matrix on the system 
behavior	was	studied.

Tablk 1. Thk magnktic dudckptibilite wf kladtwmkod yith cwnructivk anr nwn-
cwnructivk paoticlkd wbtainkr be dtatic anr renamic mkthwrd.

Barium ferrite particles NdFeB	particles

|χ|Max |χ|Min |χ|Max |χ|Min

Static method 0.720 0.013 4.040 0.295

Dynamic method 0.0938 0.036 1.612 0.677

Figure 1. Field dependence of the susceptibility of 
the elastomer with barium ferrite particles.

Figure 2. Field dependence of the susceptibility of 
the elastomer with NdFeB particles.
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Magnetic nanostructures in form of 
dots,	wires	and	stripes	are	extremely	well	
suited for data storage and logic devices. 
They	 offer	 non-volatile	 memory,	 fast	
magnetic	 switching,	 efficient	 operation	
and	 a	 bistable	 magnetic	 configuration	
that are convenient for representing 
digital information1,2.	 In	 a	 close-packed	
nanostripes array the magnetostatic 
coupling	 between	 elements	 significantly	
affects	 on	 the	 magnetic	 properties,	
particularly,	 on	 magnetic	 domain	
structure3,	 dynamics	 of	 magnetization	
reversal4	and	switching	field	distribution5. 
Magnetic	behavior	of	such	systems	can	be	
effectively controlled through the tuning of 
magnetic anisotropy.

System,	 possessing	 two	 magnetic	
anisotropies,	 namely,	 Ku is the induced 
uniaxial magnetic anisotropy and KN is the 
shape	 anisotropy,	 oriented	 at	 an	 angle	
α	 to	 each	 other,	 can	 be	 characterized	 by	
the resulting energy of anisotropy Keff,	
calling the effective magnetic anisotropy. 
It	 is	 possible	 to	 control	 the	 direction	 of	
Keff	 by	 changing	 the	 magnitude	 and	
direction of Ku and KN.	 In	our	experiment,	
a series of polycrystalline Co nanostripes 
arrays,	 which	were	 fabricated	 to	 possess	
two	 types	 of	 magnetic	 anisotropies:	 an	
anisotropy	 induced	by	oblique	deposition	
(the	incidence	angle	was	60°)	and	directed	
in	the	plane	at	different	angles	(α	=	0,	45,	
60	 and	 90°)	 to	 the	 long	 side	 of	 stripes,	 
Ku,	and	KN.

To	 determine	 the	 orientation	 of	
easy	 axis	 (e.a.)	 of	 effective	 anisotropy	 of	
arrays,	we	have	plotted	the	polar	diagrams	
Mr /Ms=f(φ) ,	 where	 Mr and Ms are 
remanence	and	saturation	magnetization,	
respectively,	 φ	 is	 an	 azimuth	 angle	 of	 a	
stripes	 arrays,	 by	 hysteresis	 loop,	 was	
measured	 by	 magnetooptical	 Kerr effect. 
We	 have	 estimated	 the	 calculated	 and	
experimentally measured the direction 
(angle	δ)	of	Keff,	as	shown	on	the	figure	1.

The	experimental	study	of	individual	
Co nanostripes and their magnetostaticaly 
coupled arrays has revealed that the 
easy	 axis	 of	 magnetization	 of	 the	
effective anisotropy depends on the 
angle	 between	 the	 shape	 anisotropy	 and	
anisotropy	induced	by	oblique	deposition.	
If	 anisotropies	 are	 co-directional	 (α	 =	 0),	
magnetization	 in	 the	 adjacent	 stripes	
is oriented antiparallel leading to the 
formation of closure domains at the 

Figure 1. Theoretically calculated of the angle δ, 
between Keff and KN, as a function of angle α for 
single stripes (solid curve) and for the arrays of 
four stripes (dashed curve). Experimental points 
are represented by squares and circles for single 
stripes and arrays, respectively.
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stripes ends3.	When	the	angle	α	between	
anisotropies	 is	 different	 from	 zero,	
the	 magnetostatic	 coupling	 between	
nanostripes	 supports	 the	 co-directional	
orientation	of	the	magnetization	vectors	in	
domains	of	the	adjacent	stripes,	i.e.	to	the	
closure of the magnetic flux in the array. 
In	 nanostripe	 arrays	 with	 the	 mutually	
perpendicular induced anisotropies 
(α	 =	 90°),	 the	 easy	 axis	 of	 the	 effective	
anisotropy rotates perpendicularly to the 
long side of nanostripes.

This	 study	 was	 supported	 by	 the	
Russian	Ministry	of	Education	and	Science	
(NIR	559)	and	the	Russian	Foundation	for	
Basic	Research	(grant	16-02-01015	A).

1 Hrkac G., Dean J. and Allwood D. A., (2011) Philosophical Transactions of the Royal Society 
A 369 3214–3228.

2 Albrecht, T.R.; et al., (2015) IEEE Transactions on Magnetics, 51 (5) 1-42.
3 Kozlov A.G., Stebliy M.E., Ognev A.V., Samardak A.S. and Chebotkevich L.A.,(2015) IEEE 

Transactions on Magnetics, 51 (11), 07128710.
4 Ognev A.V, Stebliy M.E., Samardak A.S., and Chebotkevich L.A.,(2012) IEEE Transactions on 

Magnetics, 48 (11), 3651-3653.
5 Sampaio L.C., Sinnecker E., Cernicchiaro G, (2000) Physical Review B, 61 8976.
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Physical experiments performed 
with	 a	 material	 under	 high	 hydrostatic	
pressure	are	able	to	reveal	features	of	its	
crystal	field,	electron	densities	in	the	shells	
of atoms and some other microscopic 
parameters,	 which	 are	 responsible	
for macroscopic magnetic properties  
of the material.

Among	magnetic	materials	Nd2Fe14B 
alloy demonstrates the highest energy 
product	 (BH)max that results in sustained 
interest	 in	 it.	 The	 following	dependencies	
on	pressure	were	established	by	J.	Kamarad	
et al. 1 for Nd2Fe14B polycrystalline 
compound:	 dTsr / dp	=	 (0±0,5)	 K/GPa	 and	
dTc / dp	 =	 –26,5	 K/GPa.	 The	 influence	 of	
hydrostatic	pressure	on	 its	coercivity	was	
also	shown2,3.

The	present	work	is	aimed	at	further	
studying of pressure effects on magnetic 
properties of Nd2Fe14B	alloy.	In	particular,	
magnetic anisotropy constants of the single 
crystal and magnetic hysteresis properties 
of	 nanostructured	 R-Fe-B	 alloys	 (MQP-B	
brand)	 were	 considered	 under	 pressure	
and	 analyzed.	 EasyLab	Mcell	 10	 type	 cell	
was	used	 to	 create	hydrostatic	pressures	

up	 to	 10	 kbar.	Magnetic	 properties	 were	
measured	in	magnetic	fields	up	to	70	kOe	
using	a	SQUID-magnetometers.

The	 coercivity	 increases	 of	 6	%	 and	
11	%	were	observed	at	room	temperature	
and	 at	 50	 K	 correspondingly	 under	 the	
hydrostatic	 pressure	 of	 about	 6	 kbar.	
This	 phenomenon	 was	 reversible,	 which	
means coercivity took the original 
value	 after	 removal.	 The	 changes	 of	
magnetocrystaline anisotropy constants 
were	not	found	within	the	range	of	applied	
pressures	 that	 could	 be	 the	 reason	 of	
neglectable	dTsr / dp.

The	 method	 of	 determining	 the	
intergranular exchange coupling4	 was	
applied for the rapidly quenched alloys. 
A	 significant	 pressure	 influence	 on	 the	
exchange	 coupling	 of	 nanostructural	 Nd-
Fe-B	alloys	was	demonstrated.

1 Kamarad J., Arnold Z., Schneider J. (1987), Journal of Magnetism and Magnetic Materials, 
67 (1), 29-32.

2 Neznakhin D.S., Kudrevatykh N.V., Volegov A.S., Andreev S.V. (2011), Abstract Template for 
MISM-2011, 2p

3 Mito M., Goto H., Nagai K., Tsuruta K., Deguchi H., Tajiri T., Konishi K. (2015), Journal of 
Applied Physics, 118, 145901.

4 Kudrevatykh N.V., Volegov A.S. Glebov A.V., Andreev S.V., Pushin V.G., Markin P.E., 
Neznakhin D.S. (2011), Solid State Phenomena, 168-169, 420-423.
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Magnetite,	 especially	 in	 form	 of	
nanoparticles,	 is	 an	 attractive	 material	
for	 the	 wide	 range	 of	 applications,	 from	
electronics	to	medicine.	In	nano-sized	state	
it	 exhibits	 superparamagnetic	 properties	
that	make	 Fe3O4	 to	 be	 very	 popular.	 The	
most common method of magnetite 
nanoparticles preparation is chemical 
co-precipitation	 from	 Fe2+ and	 Fe3+ 
mixtures. But in case of chemical reaction 
it	 is	 necessary	 to	 clean	 the	 product	 by	
deletion of precursors that can affect the 
magnetite	nanoparticles	 (NPs)	properties.	
In	 the	 present	 work	 we	 obtain	 Fe3O4 
nanoparticles	 by	 pulsed	 laser	 ablation	
(PLA)	of	iron	metallic	target	in	pure	water.	
We	used	the	focused	radiation	of	Nd:YAG	
laser	(1064	nm,	20	Hz,	7	ns,	150	mJ).

According	 to	 TEM	 data	 (Figure	 1a),	
NPs	 obtained	 are	 small,	 but	 they	 are	
agglomerated	into	large	ensembles.	There	
are	 a	 few	 large	 particles	 up	 to	 50	 nm,	
but	 the	majority	 is	 5-10	 nm	 and	 smaller.	 
All	of	them	show	spherical	shape.

Raman	 spectrum,	 presented	 in	
Figure	 1b,	 belongs	 to	 magnetite	 without	
even trace of hematite or maghemite that 
are	often	accompany	Fe3O4 in the products 
obtained	by	other	methods.

Figure	 1c	 represents	 magnetic	
hysteresis recorded at room temperature 
for	 powder	 obtained	 by	 drying	 of	 water	
dispersion.	 It	 is	 seen	 that	 such	 prepared	
magnetite	NPs	exhibit	superparamagnetic	
properties.	 Thus,	 they	 can	 be	 used	 for	
many	 different	 applications,	 including	
medicine. One of the most important 
features of these NPs is their purity. 
They	 do	 not	 contain	 any	 stabilizers	

or	 surfactants,	 so	 they	 can	 be	 easily	
functionalized	by	bio-active	molecules	 for	
medical applications.

The	work	was	funded	by	the	Ministry	
of	 Education	 and	 Science	 of	 Russia	 (No.	
2014/223,	code	1347).

Figure 1. TEM-image (a), Raman spectra (b) and 
hysteresis (c) of magnetite NPs obtained by PLA 
in water.
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Experimental	 studies	 of	 magnetic	
nanoparticles	 of	 Fe,	 Co,	 and	 Ni,	 as	 well	
as	 alloys	 based	 on	 these	 metals,	 are	
complicated	 by	 the	 fact	 that,	 under	
standard	 atmospheric	 conditions,	
nanoparticles	 are	 coated	 with	 an	 oxide	
film	comparable	in	thickness	to	the	size	of	
the	particle	itself.	To	prevent	the	formation	
of	oxide	layers,	nanoparticles	are	prepared	
in special matrices or encapsulated in a 
shell of a material precluding oxidation. 
However,	 this	 technological	 problem	 is	
far	 from	 simple.	 For	 nanoparticles,	 there	
is	 virtually	 no	 inert	 medium	 because	 of	
their	extremely	high	chemical	activity.	The	
best	solution	to	this	problem	is	offered	by	
the	use	of	nanoparticles	of	Fe,	Co,	Ni,	and	
their	alloys,	as	catalysts	for	the	growth	of	
carbon	nanostructures	and,	consequently,	
the former are encapsulated inside the 
latter.	 Owing	 to	 the	 chemically	 closed	
and	 extremely	 strong	 bonds	 of	 carbon	
forming	 carbon	 structures,	 they	 serve	 as	
the most inert capsule for the mentioned 
nanoparticles.

In	 this	 work,	 the	 purpose	 was	 to	
investigate the structure and the magnetic 
properties	 of	 Fe	 and	 Fe-Ni	 nanoparticles	
encapsulated	 in	 carbon	 matrices	 as	
graphitic	 layers	 or	 nanotubes	 produced	
by	arc-discharge	and	CVD	methods	in	the	
inert	gas	ambient.

According	to	TEM	data	inner	diameter	
of	carbon	nanotubes	synthesized	by	СVD1 

is	 about	 20	 nm.	 The	 diameters	 of	 Fe-Ni	
particles	 in	 the	nanotubes	range	 from	10	
to	 30	nm.	 The	X-ray	 analysis	 reveals	 that	
particles	 synthesized	 from	 the	 Fe	 salt	
only	are	in	orthorhombic	structure	typical	
for	 Fe3C.	 The	 structure	 of	 nanoparticles	
FexNi1–x	 with	 x	 =	 0.2	 to	 1	 is	 fcc	 solid	
solution.	 There	 are	 no	 phases	 observed	
with	 bcc	 structure	 in	 nanoparticles	 with	
Fe0.9Ni0.1	 and	 Fe0.8Ni0.2.	 The	 bulk	 Fe-Ni	
alloys	of	such	composition	are	two-phase	
and	consist	of	solid	solutions	with	fcc	and	
bcc	 structure.	 This	 is	 a	 result	 of	 shift	 of	
the	 bcc-fcc	 phase	 transition	 point	 due	 to	
excess of surface energy. Coercive force 
and	 magnetic	 anisotropy	 of	 the	 Fe-Ni	
nanoparticles	are	considerably	higher	than	
that	in	bulk	alloys.	This	is	explained	to	be	a	
result	of	magnetoelastic,	surface	magnetic	
anisotropy	 contribution	 to	 the	 magnetic	
anisotropy	energy	of	 the	particles.	Also	 it	
may come from chemical inhomogeneity 
–	core-shell	structure	of	single	particle.

The	iron	nanoparticles	encapsulated	
in	 graphitic	 layers	 were	 synthesized	 in	
arc-discharge2.	The	phases	observed	with	
Mössbauer	spectroscopy	are	αFe,	γFe,	and	
amorphous	Fe2.5C.

This	 work	 was	 supported	 by	 the	
Russian	 Foundation	 for	 Basic	 Research,	
Grants	No.	16-03-00256,	16-03-00969.

1 Kudashov, A.G. et al. (2005), Fullerenes, Nanotub. Carbon Nanostr., 12, 93–97.
2 Churilov, G.N. (2000), Instruments Exp. Tech., 43, 1–10.
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SmFeN	 intermetallic	 compound	
exhibits	 excellent	 intrinsic	 magnetic	
properties	such	as	high	Curie	temperature,	
high	 saturation	 magnetization	 and	 large	
anisotropy	 field.	 Since	 SmFeN	 magnets	
were	 reported	 for	 the	 first	 time1,	 no	
significant progress in their production 
was	 achieved.	 Conventional	 sintering	
techniques	 cannot	 be	 applied	 due	 to	
low	 thermal	 stability	 of	 SmFeN	 and	 its	
decomposition	into	α-Fe	and	SmN	phases	
at	 temperatures	 higher	 than	 873	 K.	
Nowadays	 non-conventional	 techniques	
such	as	Spark	Plasma	Sintering	(SPS),	Shock	
Compression	and	Explosion	Sintering	are	
used	 for	SmFeN	 fabrication.	 In	 this	work,	
we	 present	 the	 study	 of	 structural	 and	
magnetic	properties	of	Zn-bonded	SmFeN	
magnets	obtained	by	SPS	technique.

Commercially	 available	 Sm2Fe17Nx 
(x~3)	 powder	 alone	 and	 with	 small	
amounts	 of	 Zn	 (8	 and	 15	 wt.%)	 with	 an	
overage	particle	 size	of	2-3	μm	was	used	
for	 experiments.	 Powders	 were	 mixed	
in	 hexane	 in	 ultrasonic	 bath	 and	 after	
drying under extraction hood grinded 
in a mortar. Before implementing SPS 
technique	 powders	 were	 magnetically	
aligned	 in	 a	 field	 of	 1	 T.	 SPS	 treatment	
was	 performed	 at	 temperatures	 of	 400,	
450	 and	 500	 °C	 in	 vacuum	 under	 the	
pressure	of	155	MPa	for	5	min.	The	density	
of	 sintered	 SmFeN	 samples	 was	 around	
65%	from	the	theoretical	value	and	for	Zn-
bonded	magnets	75	%	and	85	%	from	the	
theoretical	 value	 for	8	and	15	wt.%	of	Zn	
respectively.

The	 study	 of	 x-ray	 diffraction	

patterns	 shows	 diffraction	 peaks	 for	
Sm2Fe17N3	 phase	 together	 with	 peaks	
corresponding	to	α-Fe	phase.	Its	formation	
below	 the	 decomposition	 temperature	
can	 be	 explained	 by	 SPS	 mechanism	
where	 applied	 pulsed	 current	 generates	
extremely	 high	 localized	 temperatures	
between	the	powder	particles.

Figure	 1	 presents	 hysteresis	 loops	
for	 SmFeN+8wt.%Zn	 samples	 sintered	
at	 400	 and	 500	 °C.	 Constriction	 of	 the	
demagnetization	 curves	 at	 low	 field	 is	
due to the presence of soft magnetic 
phase	 (α-Fe).	 Zn-bonded	SmFeN	magnets	
sintered	at	low	temperature	(400	°C)	show	
enhanced	 coercivity	 (up	 to	 3	 T).	 Further	
increase of applied pressure during SPS 
should improve density and magnetic 
properties of sintered samples.

Study of Zn-bonded SmFeN magnets produced  
by Spark Plasma Sintering

Svetlana Ponomareva1,2, Daniil Yazykov1, Vladimir An1 and Oleg Khasanov1

1Tomsk Polytechnic University, 634045, Tomsk, Russia
2Université Grenoble Alpes, F-38042, Grenoble, France

�keywords:� permanent magnets, coercivity, spark plasma sintering

1 J. M. D. Coey and H. Sun (1990), Journal of Magnetism and Magnetic Materials, 87, L25.

Figure 1. Hysteresis loops of SmFeN+8wt.%Zn 
samples sintered at 400 and 500 °C.

 

-8 -4 0 4 8

-0,5

0,0

0,5

M
 (M

A/
m

)

µ0H (T)

 SmFeN+8% Zn (400C)
 SmFeN+8% Zn (500C)

P9.23



413

EASTMAG-2016

Influence of Copper and Niobium on magnetic  
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during annealing
V. Plotnikov1, G.Kraynova1, A. Frolov1, V. Ivanov1, V. Tkachev1, N. Ilin1, A. Kotvitckii1

1Far Eastern Federal University, School of Natural Sciences, 8 Sukhanova st., 690000, 
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Nanocrystalline	 alloys	 Fe-Cu-Nb-
Si-B	 have	 unique	 magnetic	 properties	
with	 a	 high	 saturation	 induction.	 Such	
alloys	 are	 obtained	 by	 crystallization	
from	 amorphous	 ribbons.	 That’s	 ribbons	
made	by	rapid	quenching	from	the	melt1. 
Therefore,	 structural	 relaxation	 and	
stability	 of	 amorphous	 ribbons	 are	 very	
interesting2.

The	 aim	 of	 this	 work	 was	 to	 study	
features	of	the	behavior	structure-sensitive	
characteristics in rapidly quenched 
alloys	 (various	 compositions)	 on	 Fe	 base	
doped	 with	 Cu	 and	 Nb,	 upon	 annealing	
at	 temperatures	 below	 the	 crystallization	
temperature.

Analysis	 of	 samples	 with	 different	
composition	 showed	 that	 during	 heating	
the temperature coefficient of resistance 
is	less	than	with	cooling,	due	to	structural	
changes.	 Structural	 changes,	 in	 its	 turn	
caused	 by	 the	 release	 of	 free	 volume,	
relaxation	 of	 stresses,	 active	 diffusion	
processes during the formation the 
precursor	before	crystallization.

It	 is	 shown	 that	 the	 temperature	
of	 the	 transition	 to	 the	 equilibrium	 state	
increases	in	the	presence	of	niobium	in	the	
alloy.	 For	 tape	 Fe71,5Cu1Nb5Si16,5B6,	which	
contains	 the	 highest	 amount	 of	 niobium,	
structural	relaxation	processes	have	been	
within	the	amorphous	state.

Amorphous	ribbons	are	magnetically	
soft	 in	 the	 initial	 state:	 the	coercive	 force	
Hc≈0.3	 Oe	 (with	 the	 exception	 of	 the	
sample	 Fe77Cu1Si16B6	 Hc	 ≈	 1.37	 Oe).	 The	
value of the temperature for second 
magnetic phase transition to amorphous 
ribbons	 Fe(Cu,Nb)-Si,B	 coincides	 with	
the	crystallization	temperature.

Carried	out	research	has	shown:
1)	 Changing	 the	 relative	 electrical	

resistance	 with	 increasing	 temperature	
allows	 controlling	 the	 processes	 of	
structural relaxation for amorphous alloys 
during	 annealing.	 The	 implantation	 Nb	
and	Cu	in	the	Fe	matrix,	changes	dynamics	
of the electrical resistance at annealing.

2)	 The	 presence	 of	 Nb	 in	 the	 Fe	
(Cu,	 Nb)	 -Si,	 B	 stabilizes	 the	 amorphous	
state,	 lowering	 the	 Curie	 temperature,	
and raising the temperature of magnetic 
phase	 transition	 (paramagnetic	 -	
ferromagnetic)	which	 associated	with	 the	
beginning	of	crystallization.	Increasing	the	
concentration	 of	 Cu	 leads	 to	 a	 lowering	
transition temperature amorphous 
ribbons	in	the	equilibrium	state.

1 A.M. Glezer, I.E. Permyakova, (2013), Melt-quenched nanocrystals, 180p
2 A. Kotvitckii, G. Kraynova, A. Frolov,V. Ivanov, (2013), Advanced Materials Research Vol. 811, 

pp 72-76.
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Alloys	 of	 the	 Fe–Rh	 family	 have	
become	of	great	practical	and	fundamental	
interest	 in	 recent	 years.	 Alloys	 with	
compositions close to equiatomic display 
abnormally	high	saturation	magnetization	
in	 the	 ferromagnetic	 phase	 (up	 to	 
130	emu/g)1	and	have	a	number	of	unique	
properties,	e.g.,	giant	MCE2,	elastocaloric3 
and	barocaloric4 effects that are revealed 
near the 1st order of metamagnetic 
isostructural	 phase	 transition	 (PT).	 The	
PTs	 observed	 in	 Fe–Rh	 epitaxial	 poly	
crystalline thin films are also of interest 
for prospective use in thermomagnetic 
recording5 or in resistive memory cells6.

In	 this	 paper	 we	 investigated	 the	
thermal-magnetic	 properties	 of	 the	

Fe49Rh51	 samples	 with	 different	 types	 of	
heat	 treatment	 (1)	 -	 not	 heat	 treatable;	 
(2)	 -	 annealed	 27	 hours	 at	 1273	 K;	
(3)	 -	 annealed	 2	 hours	 at	 1273	 K	 with	
subsequent	quenching	in	ice	water.

The	 sample	 (1)	 is	 not	 subjected	
to	 heat	 treatment,	 it	 has	 demonstrated	
quasi	diamagnetic	magnetization	behavior	
during heating in the temperature 
range	 of	 80-280	 K	 in	 a	 low	 field	 10	 Oe	 
(Figure	 	1).	With	 increasing	magnetic	 field	
up	 to	 5	 kOe	 quasidiamagnetic	 behavior	
disappears.	 A	 possible	 explanation	 of	
this	 phenomenon	 may	 be	 the	 presence	
of a further phase in the form of an 
inhomogeneous superparamagnetic 
particles	at	temperatures	below	the	phase	

Figure 1. The temperature dependence of Fe49Rh51 magnetization under 10 Oe magnetic field, showing 
quasi-diamagnetic behavior.
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transition.	 A	 possible	 explanation	 of	 the	
main	mechanisms	of	 interaction	between	
the	AFM	phase	of	the	particles	is	given	in	7. 
The	samples	subjected	 to	heat	 treatment	
(2)	and	(3)	the	quasi-diamagnetic	behavior	
of	magnetization	is	detected.

The	 magnetocaloric	 properties	 of	
Fe48Rh52	were	measured	by	direct	methods	
in	 high	 magnetic	 field	 up	 to	 14	 T8.	 The	

latent heat of isostructural metamagnetic 
transition	is	shown	to	drop	with	the	rising	
of the field.

The	work	was	supported	by	Russian	
Science	 Foundation	 grant	 No.	 14-22-
00279.

1 Kouvel J.C., Hartelius C.C. (1962), J. Appl. Phys., 33, 1343-1344.
2 Annaorazov M.P., Asatryan K.A., Myalikgulyev G., Nikitin S.A., Tishin A.M., Tyurin A.L. (1992), 

Cryogenics, 32, 867-872.
3 Annaorazov M.P., Nikitin S.A., Tyurin A.L., Asatryan K.A., Dovletov A.Kh. (1996), J. Appl. Phys, 

79, 1689-1695.
4 Stern-Taulats E., Planes A., Lloveras P., Barrio M., Tamarit J.L., Pramanick S., Majumdar S., 

Frontera C., Manosa L. (2014), Physical Review B.,89, 214105.
5 Thiele J.-U., Maat S., Fullerton E.E. (2003), Applied Physics Letters, 82, 2859.
6 Marti X. et al. (2014), Nature Materials, 13, 367-374.
7 Prudnikov V.N., et al. (2011), Physics of the Solid State, 53(3), 490-493.
8 Kamantsev A. P., et al. (2015), Bulletin of the Russian Academy of Sciences. Physics, 79 (9), 

1086–1088.



416

August 15-19, 2016  
Krasnoyarsk, Russia

The particle size distribution and magnetic properties  
of nanocomposite films

L.N. Kotov1, V.S. Vlasov1, V.K. Turkov1, V.A. Ustyugov1, Yu. E. Kalinin2, A.V. Sitnikov2 
and E.A. Golubev3

1Department of Radiophysics and Electonics, Syktyvkar State University named after Pitirim 
Sorokin, 167000, Syktyvkar, Russia

2Department of Solid State Physics, Voronezh State Technical University, 394026, Voronezh, 
Russia

3Institute of Geology, Komi Scientific Center of UB RAS, 167000, Syktyvkar, Russia
�keywords:� nanocomposite, ferromagnetic resonance, nanoparticles

Nano-,	 micro-	 and	 magnetic	
domain	 structure	 of	 {(Co1-Nb0.2-Ta0.05)
x+(SiO2)1-x}	 films	 was	 investigated	 by	
atomic force microscopy.

The	 composite	 films	were	 obtained	
by	 the	 ion	 beam	 sputtering	 method	 in	
the argon atmosphere1.	The	effective	size	
distributions	 of	 the	metallic	 granules	 are	
studied for the different concentrations 
of the metallic phase and the different 
annealing temperatures.

For	identification	of	granules	we	used	
relief,	 density	 and	magnetic	 AFM	 images	
processed	 by	 open-source	 software	
Gwyddion.	 Assuming	 that	 the	 granules	
have	the	ellipsoidal	shape,	by	the	effective	
size	we	mean	ellipsoid	radius	in	the	plane	
of	the	film.	We	found	that	by	the	increasing	
of the concentration of the metal phase in 
the	 composite	 the	 amount	 of	 small	 size	
particles decreases.

On	 the	 basis	 of	 the	 obtained	 data	
the	 microwave	 magnetic	 properties	
(FMR	 line	 width	 and	 the	 resonance	 field)	
of	 composite	 films	 are	 calculated.	 We	
assume that the granules system in the 
composite	 film	 may	 be	 described	 as	
the	 regular	 array	 of	 the	 identical	 single-
domain particles3.	The	chosen	model	gives	
the satisfactory results in the range of the 
middle concentrations.

The	second	model	we	use	represents	
nanocomposite film as array of ellipsoidal 
particles	 with	 ellipsoidal	 cavity.	 This	
approach	 allows	 to	 calculate	 magnetic	
properties of nanocomposite more 
precise.

Research	 is	 supported	 by	 RFBR	
(grant	№13-0201401-a).

1 L.N. Kotov et al. (2011), Nanomateriali I nanostructure – XXI vek, 4, 27-33.
2 Dubowik, J. (1996), Phys. Rev. B., Vol. 54, №2.
3 A. Butera, J. N. Zhou, J. A. Barnard (1999),, Phys. Rev. B., 60, 12270−12278.
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In	 recent	 years	 the	 number	 of	
the	 works	 devoted	 to	 research	 and	
use	 of	 materials	 with	 magnetocaloric	
effect	 (MCE)	 is	 exponentially	 grows.	
MCE	 has	 far-reaching	 perspective	 in	 the	
field	 of	 the	 creation	 of	 new	 solid-state	
cooling technology and heat near room 
temperature	 for	 a	 wide	 application	 in	
household	 and	 industry.	 At	 the	 moment	
any of the offered prototypes of the 
cooling/heating	device	can’t	compete	with	
the existing traditional refrigerators and 
thermal	pumps	on	the	basis	of	 freon	yet.	
The	main	 problem	 is	 that	 the	 physics	 of	
interaction	of	subsystems	of	a	solid	body	
at phase transformations in rather strong 
magnetic fields is poorly studied.

The	 most	 perspective	 materials	 for	
application	 in	 the	 cooling	 system	 based	
on	MCE	 are	 Ni-Mn-X	 (X	 =	 Ga,	 In,	 Co,	 Sn)	
Heusler	 alloys	 .	 In	 this	 work	 it	 is	 offered	
to	 consider	 communication	 of	 MKE,	
structural	 transition,	 effect	 delta-Q,	 and,	
as	a	result,	coefficient	of	efficiency	of	 the	
cooling	process	(COP).

In	 qualities	 of	 research	 object	
the Ni2.16Mn0.84Ga	 sample	 of	 Heusler	
possessing	 magnetic	 phase	 (Curie	
temperature)	 and	 magnetic	 structure	
transition	 was	 selected.	 The	 sample	 was	
prepared on arc technologists in the 
argon	atmosphere	of	with	the	subsequent	
homogenizing	 annealing	 in	 the	 vacuum	
furnace. Characteristic temperatures 
of	 the	 beginning	 and	 end	 of	 magnetic	
structure transition and connection Curie 

temperature	 of	 alloy	 were	 determined	
by	 the	 thermomagnetic	 analysis.	 Direct	
measurements	 of	 MCE	 were	 carried	 out	
an automated device in magnetic fields 
up	to	14	T,	developed	at	the	International	
Laboratory	 of	 High	 Magnetic	 Fields	 and	
Low	 Temperatures1.	 In	 in-situ the mode 
evolution	 of	 structural	 domains	 with	
change of temperature in the range from 
77	K	 to	420	K	and	under	 the	 influence	of	
a	magnetic	 field	 to	 14	 T	was	watched	 by	
means of the special created original device 
-	 optical	 microscope.	 As	 a	 result	 of	 the	
conducted researches the phase diagram 
of	 an	 alloy	 describing	 magnetostructural	
transition from a magnetic field and 
temperature2	 is	 constructed.	 And	 also	
Delta-Q	 effect	 on	 the	 basis	 of	 direct	
measurements of temperature change of 
massive	 substrate	 which	 was	 in	 thermal	
contact	 with	 a	 sample	 in	 case	 of	 its	
magnetization	is	calculated.

In	 work	 the	 special	 calculation	
procedure the COP is applied to the 
cooling	 machine	 on	 the	 basis	 of	 the	
studied alloy3.	 On	 the	 basis	 of	 certain	
thermodynamic parameters of system the 
qualitative model connecting parameters 
the	 martensitic	 domain	 boundaries	 and	
magnetic properties is constructed.

This	 study	 was	 supported	 by	 the	
Russian	 Science	 Foundation	 (project	 no.	
14-22-00279).
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Most applications of permanent 
magnets demand exploitation of it in 
strong	 demagnetizing	 field.	 As	 a	 result,	
magnetization	 decreases	 irreversible	
during	 exploitation,	 especially,	 at	 high	
temperatures. Determination of the 
coefficient of magnetic viscosity could give 
useful information either from practical or 
fundamental	point	of	view.

The	aim	of	this	work	is	investigating	
features of the magnetic viscosity of 
permanent	 magnets	 with	 the	 broad	
distribution	 of	 switching	 fields	 by	 the	
example of isotropic rapidly quenched 
alloys	 based	 on	 Nd2Fe14B,	 SmCo5 and 
Sm5Fe17 compounds.

Measurements of the magnetic 
viscosity	 were	 made	 with	 MPMS-XL-7	
EC	 squid-magnetometer.	 Calculation	
of	 magnetic	 viscosity	 coefficient	 was	
performed	using	following	equation1,2:

,	 	 (1)
where	 M	 (t)	 –	 function	 of	 magnetization	
vs.	 time,	M	 (0)	 –	 magnetization	 after	 the	
change	 of	 magnetic	 field,	 S – coefficient 
of	 magnetic	 viscosity,	 +	 or	 –	 describes	

whether	M	is	increasing	or	decreasing	with	
time,	t0 – some reference time depending 
on the sample and on the measuring 
procedure.

The	fluctuation	field	is	defined	as	3

,		 (2)
where	 χirr	 –	 irreversible	 magnetic	
susceptibility.
It	 is	 determined	 that	 dependences	 Sv vs. 
Hext plotted in logarithmic coordinates are 
linear	 with	 the	 slope	 lower	 than	 original	
or	 modified	 Barbier	 plot.	 The	 deviation	
from	modified	Barbier	coefficient	may	be	
due to strong interdomain or intergrain 
interactions,	 different	 distributions	 and	
types of defects or some other reasons. 
Measuring Sv vs. Hext	combined	with	other	
techniques	 could	 be	 used	 as	 a	 tool	 to	
reveal	 the	 details	 of	 magnetization	 and	
demagnetization	 processes	 in	 various	
materials,	however,	before	 it	will	possible	
much	further	work	is	required.

1 Preisach F. (1935), Zeitschrift für Physik, 94, 277-302.
2 Müller K.-H. (2001). The Encyclopedia of Materials: Science and Technology. Elsevier 

Science Ltd.
3 Liu J. F., Luo H. L. (1990), Journal of Magnetism and Magnetic Materials, 86, 153-158.
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Since	 the	 discovery	 in	 1997	 of	
the	 «giant	 magnetocaloric	 effect»1 the 
development of magnetic refrigeration has 
been	growing	exponentially.	For	 instance,	
one	 of	 the	 possible	 ways	 for	 designing	
materials for magnetic refrigeration is 
tightly	 connected	 with	 preparation	 very	
thin	 (up	 to	 several	 micrometers)	 foils	
with	high	magnetocaloric	effect	and	good	
mechanical properties.

In	this	work	we	report	the	magnetic	
and magnetocaloric properties of the 
Gd100−xInx	 (x	 =	 0,	 1,	 3)	 solid	 solution.	
These	 are	 very	 simple	 and	 convenient	
materials	for	room-temperature	magnetic	
refrigeration. Curie temperature linearly 
decrease	 with	 increasing	 x	 concentration	
interval	from	295	K	to	259	K.	Depending	on	
the	In	content,	the	TC drops in temperature 
almost	 linearly:	 for	each	1	at	%	of	 In	 that	
is	compounded,	the	TC	falls	12	K.	The	cold	
rolling depresses the ∆Tad effect in Gd 
	 to	about	one-half	of	 the	 initial	value	and	
this	 depression	 is	 connected	 with	 the	
degree of plastic deformation.

Authors	 appreciate	 the	 Russian	
Scientific	 Foundation	 (Project	 №	 15-12-
10008)	grants	for	financing	this	work.

1 Gschneidner Jr. K.A., Pecharsky V.K., Int. J. Refrig., 31(2008)945.

Figure 1. Temperature dependence of ∆Tad for 
bulk and rolled Gd100-xInx (x = 0, 1, 3) alloys.
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The	 numerous	 of	 martensite	
transformation	 features	 in	 Ni-Ti	 alloys,	 
(e.	 g.	 transformation	 temperature,	
presence and amount of intermediate 
phases,	 nature	 and	 mechanism	 of	
martensite	 transformation),	 is	 highly	
dependent	 on	 the	 availability	 of	
lenticular nanocrystals of Ni4Ti3 phase.  
The	 researches2	 showed	 the	 appearance	
of	lenticular	single	crystals	by	exposure	to	
electron	beam	 in	metal	 amorphous	 films	
and metal compounds.

We	 showed3	 that,	 processes	
occurring	 as	 a	 result	 of	 repeated	 direct-
reverse martensite transition cycles in 
Ni-Ti	 alloys	 can	 lead	 to	 the	 separation	 of	
ferromagnetic	particles,	rich	in	nickel.

We	 investigated	 the	 structure	
of deformed Ni51Ti49	 samples	 by	
electron microscopy. Magnetic states 
of deformed samples are investigated 
by	 torsion	 magnetometer	 method	 after	
various	 numbers	 of	 cyclic	 martensite	
transformations.

Lenticular crystals containing 
bending	contours	with	a	high	concentration	
of	internal	stresses	were	found	in	Ni51Ti49 
samples after plastic deformation.

We	 demonstrated	 that	 the	 crystals	
have a different chemical composition 
and	structure	compared	with	 initial	state.	
Torsion	 curves	 showed	 magnetization	
appearance in Ni51Ti49 samples after 
various	 numbers	 of	 direct	 and	 reverse	
transformations.	 The	 phase	 with	 a	 non-
zero	volume	magnetization	was	formed	in	
the samples during the cyclic martensite 
transformations.	The	ferromagnetic	phase	
is	distributed	 in	sample	heterogeneously.	
According	 to	 the	 equilibrium	 phase	
diagram,	the	alloys	of	Ni-Ti	at	a	Ti	content	
above	10	at.	%	is	non-ferromagnetic.

However,	 we	 discovered	 the	
ferromagnetic properties in Ni51Ti49	
alloy,	that	are	 increased	with	the	number	
of	 direct-reverse	 martensite	 transition	
cycles.

1 Tiny W., Schryvers D., Jorissen K., Lamoen D. Acta Cryst. (2006) 62, 966-971.
2 Kolosov V.Yu. Tholen A.R. Acta Materialia (2000) 48, 1829.
3 Abylkalykova R. B., Tazhibaeva G. B., Noskov F. M., Kveglis L. I. Bulletin of the Russian 

Academy of Sciences: Physics, (2009) 73 (11), 1542-1544
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Magnetite	 (γ-Fe3O4)	 nanoparticles	
both	naked	and	with	chemically	modified	
surface	 (e.g.	 Fe3O4@SiO2 )	 are	 promising	
agents for different environmental 
applications,	 in	 particular,	 for	 water	
purification.	 While	 the	 impurity	 sorption	
process on the magnetite particles is 
investigated	 extensively,	 the	 subsequent	
stage,	 that	 is	 the	 efficient	 removal	 of	 the	
nanosorbents	from	the	water,	is	much	less	
well	studied	so	far.

Due to magnetic moment of the 
magnetite-based	 nanoparticles	 they	
can	 be	 removed	 from	 water	 by	 applying	
external	 gradient	 magnetic	 fields.	 This	
might	be	either	filtration	or	sedimentation	
process,	 by	 using	 different	 magnetizing	
system designs.

The	 aggregation	 and	 sedimentation	
dynamics	 of	 Fe3O4	 and	 Fe3O4@SiO2 
nanoparticles	 in	 water	 under	 a	 particle	
concentration	 of	 1	 g/l	 was	 studied	 in	 a	
vertical	gradient	magnetic	 field	by	optical	
turbidity,	 Dynamic	 Light	 Scattering,	 and	
Nuclear	Magnetic	Resonance	relaxometry	
methods.	 The	 magnetic	 field	 (В1	 ≤	 0.3Т,	 
dB/dz	 ≤	 0.13	 Т/cm)	 was	 produced	 by	 a	
system of strip permanent magnets.

A	watery	suspension	of	naked	Fe3O4 
nanoparticles and of nanoparticles covered 
with	Si-O-	groups	-	Fe3O4@SiO2	with	particle	
sizes	of	10-30	nm	stay	stable	in	the	gravity	
field	only	for	many	days.	External	magnetic	
fields enhance the aggregate formation 
and	their	sedimentation	in	water.	A	tuning	
of	the	sedimentation	process	is	possible	as	
well	 by	 changing	 the	 electrostatic	 charge	
on the particle surface and interparticle 
steric interaction

The	 action	 of	 the	 electrostatic	 and	
steric	forces	can	be	attractive	or	repulsive	
depending on the properties of the particle 
surface and on the chemical composition 
of	 the	 water	 medium,	 in	 particular,	 on	
salt	 additives.	 The	 strong	 stability	 of	
Fe3O4@SiO2	 nanoparticles	 in	 pure	 water	
is	 due	 to	 steric	 inter-particle	 interactions	
involving	 polymeric	 Si-O	 groups	 on	 the	
particle	surface.	The	understanding	of	the	
correlation	between	the	magnetic	and	the	
electrosteric interparticle interaction in 
the	 magnetite-based	 water	 suspensions	
is	 both	 of	 fundamental	 and	 practical	
interest.

The	 presence	 of	 Na+ and Ca2+ 
cations	 in	 water	 leads	 to	 increase	 of	 the	
particle	 sedimentation	 rate	 .	 The	 results	
are interpreted in terms of the aggregate 
formation	 caused	 by	 electrostatic,	 steric	
and	magnetic	inter-particle	interactions.

By	 using	 such	 a	 low	 gradient	
magnetic	 separation	 ,	 the	 sedimentation	
time	 of	 the	 naked	 Fe3O4 NP is reduced 
down	from	several	days	to	several	minutes.	
The	 sedimentation	 time	 for	 Fe3O4@SiO2 
decreases	 from	 several	 weeks	 to	 several	
hours	 or	 to	 several	 minutes	 when	 salts	
Na2SO4,	 CaCl2,	 NaH2PO4 are added to 
the solution. Based on the information 
obtained	 provisional	 recommendations	
for	 water	 cleaning	 technologies	 can	 be	
formulated.
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Among	 a	 variety	 of	 magnetic	
nanoparticles,	 it	 is	 absolutely	 safe	 for	
uses	 in	 biomedicine	 are	 ferrihydrite	
nanoparticles1,	 because	 this	 mineral	
is part of the core protein – ferritin is 
the main carriers of the mineral iron in 
the	 cells	 of	 organisms.	 Ferrihydrite	 is	
antiferromagnetic,	 but	 with	 decreasing	
particle	size	to	nanometer	scale,	it	acquires	
an	 uncompensated	 magnetic	 moment,	
and this leads to the superparamagnetic 
behavior	of	such	a	system2.

As	part	of	this	work,	the	ferrihydrite	
nanoparticles and ferrihydrite 
nanoparticles	 doped	 with	 cobalt	 were	
prepared	 by	 chemical	 method.	 Chemical	
ferrihydrite	 was	 prepared	 by	 reacting	
iron	salt	and	alkali	solution.	Alkali	solution	
was	 added	 with	 stirring	 to	 bring	 the	 pH	 
to	 7-8	 and	 deposited	 precipitate	 was	
picked	on	 a	 filter.	 The	 precipitate	 is	 then	
dried in an oven.

The	 morphology	 of	 the	 samples	
was	 investigated	 using	 a	 high-resolution	
transmission electron microscope  
(Figure	1).

The	 temperature	 dependences	
measured	 in	 the	 ZFC	 and	 FC	
conditions	 showed	 the	 characteristic	
superparamagnetic	behavior.

It	is	shown	that	doping	of	ferrihydrite	
of	10	%	cobalt	changes	the	magnetization,	
blocking	 temperature,	 and	 the	 coercive	
force.

Ferromagnetic	 resonance	 measure-
ments	 were	 performed	 at	 the	 frequency	
of	 9.2	 GHz	 in	 the	 temperature	 range	 
110-300	K.

This	 work	 was	 supported	 by	 the	
Russian	 Foundation	 for	 Basic	 Research,	
Grant	 №	 16-03-00969.	 Support	 by	 the	
Special	 Program	 for	 Siberian	 Federal	
University	 of	 the	 Ministry	 of	 Education	
and	 Science	 of	 the	 Russian	 Federation	 is	
acknowledged.

1 Dobretsov K., Stolyar S., Lopatin A. (2015), Acta otorhinolaryngologica Italica, 35 (2),  
97-102.

2 Balaev D.A., Dubrovskii A.A., Krasikov A.A., Stolyar S.V., Iskhakov R.S., Ladygina V.P., 
Khilazheva E.D. (2013), JETP Letters, 98 (3), 139-142.

Figure 1. HRTEM image of cobalt-doped 
ferrihydrite powder.
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Random	 anisotropy	 in	 the	
nanomagnetics results in the destruction 
of	 the	 ferromagnetic	 long-range	 order	
but	 exchange	 interaction	 restores	 the	
ferromagnetic order on the scale of 
magnetic correlations inside stochastic 
magnetic	 domains.	 The	 macroscopic	
magnetic characteristics of nanomagnets 
are	 directly	 correlated	 with	 magnetic	
correlation length and the magnetic 
anisotropy of stochastic domains.

One can determines the magnetic 
correlation	 length,	 the	 magnetic	
anisotropy in stochastic magnetic 
domain,	the	nanoparticle	size	and	its	local	
magnetic	anisotropy,	as	well	as	the	spatial	
dimensionality	of	the	system	of	exchange-
coupled ferromagnetic nanoparticles from 
approach	magnetization	to	saturation.

Here	 we	 report	 about	 investigation	
results of nanostructured CoPt particles 
using approach to magnetic saturation. 
Magnetic measurements of equiatomic 
CoPt	 nanoparticles	 prepared	 by	 thermal	
decomposition	 were	 made	 by	 SQUID	
magnetometer	 on	 the	 base	 of	 MPMS	
and	 vibrating	 sample	 magnetometer	
(VSM)	 PPMS	 -	 Quantum	 Design	
magnetometers.

The	XRD	and	TEM	data	on	the	CoPt	
particles	 reveals	 the	 following:	 individual	
CoPt	 powder	 particle	 is	 a	 sponge-
like agglomerate of nanocrystallites. 
The	 nanocristallite	 size	 is	 about	 few	
nanometers,	 while	 the	 size	 of	 the	 whole	
agglomerate	could	exceed	500	nm.

The	 as-prepared	 CoPt	 sample	 is	
disordered	 fcc	 CoPt	 solid	 solution	 with	
crystallite	 size	 about	 3	 nm.	 This	 sample	
saturates	in	the	fields	up	to	50	kOe.

Magnetization	 approaches	 to	
saturation	 according	 power-laws:	 
M(H) ~ H–0.7	 below	 HR	 =	 30	 kOe	 and	 
the M(H) ~ H –2	 behavior	 above	 30	 kOe.	
According	 theory	 the	 exponent	 in	 power	
law	 below	 the	HR	 is	 α	 =	 (4	 –	 d	 )/2	 and	 it	
depends on the dimensionality of the 
exchange	coupled	crystallites	system.	The	
corresponding dimensionality could then 
be	 estimated	 as	 d	 =	 2.6.	 Dimensionality	
in this case is d = ln(N)/ln(Lm/D),	where	
N	 is	 the	 number	 of	 crystallites	 with	 size	
(D)	 inside	the	magnetic	correlation	 length	
(Lm).	 According	 to	 the	 random	 magnetic	
anisotropy model Lm	 can	 be	 estimated	
using previously determined exchange 
constant	 A,	 anisotropy	 constant	 K,	
crystallite	 size	 D and dimensionality d.  
We	obtain	an	estimation	for	the	Lm≈	20	nm.	
It	follows	that	N	>	1,	and	Lm contains several 
crystallites	 of	 size	 D.	 The	 dimensionality	
determined	 in	 this	 way	 characterizes	 the	
scale invariance of the nanostructured 
media on a length scale from  
3	to	20	nm.	We	assume	that	the	deviation	
of the dimensionality determined in this 
paper from the integer values is related 
to the nanoporosity of the medium.  
The	 point	 is	 that	 presence	 of	 pores	
decreases	 the	 number	 of	 crystallites	
N	 in	 the	 volume	 with	 size	 Lm,	 and	
finally for fixed Lm and D the resulting  
d = ln(N)/ln(Lm/D)	 is	 lower	 than	 in	 the	
continuous	medium,	where	d	=	3.

This	 work	 was	 supported	 by	 the	
Russian	 Foundation	 for	 Basic	 Research,	
Grants	No.	16-03-00256,	15-08-06673	and	
RFBR-KRFS	15-42-0417.
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In	 recent	 years,	 the	 interest	 to	
magnetocaloric	effect	has	been	stimulated	
by	the	possibility	of	developing	«magnetic	
refrigerators»1.	 The	 currently	 achieved	
values of the cooling efficiency at the 
adiabatic	 magnetization	 in	 a	 uniform	
applied magnetic field do not exceed  
10	K/T	 2.	Our	work	 is	 aimed	at	 the	 study	

of the magnetocaloric effect in multilayer 
structures,	 where	 the	 magnetization	 (or	
demagnetization)	 is	 determined	 by	 the	
«proximity»	effect	related	to	the	exchange	
interaction	 between	 different	 magnetic	
layers.	 We	 demonstrate	 theoretically	
that the efficiency of magnetic cooling 
in such systems can achieve the 
limiting value characteristic of the 
homogeneous systems and even exceed 
it 3.	 For	experimental	 investigation	of	 the	
proximity	 effect	 by	 FMR	 -	 method	 it	 has	
made a series of multilayer structures  
CoFe(10	nm)	/	NiCu(d	nm)	/	NiFe(10	nm).	 
The	 figure	 shows	 the	 temperature	
dependence of resonance magnetic field 
for	multilayer	structures	with	d=	6,	20	nm.	
Thus,	 the	 resonant	 fields	 of	 the	 studied	
system strongly depend on the thickness 
and magnetic state of NiCu spacer. 
Possible	 reasons	 for	 such	 behavior	 are	
discussed.

1 V. K. Pecharsky and K. A. Gschneidner, Phys. Rev. Lett. 78, 4494 (1997)
2 V. I. Zverev, A. M. Tishin, and M. D. Kuz’min, J. Appl.Phys. 107, 043907 (2010)
3 A.A. Fraerman, I.A. Shereshevskii, JETP Letters, 101, 618 (2015)

Figure 1. Temperature dependence of resonance 
magnetic field for multilayers CoFe(10nm)/
NiCu(d nm)/NiFe(10nm): d = 6nm (triangles) 
and d = 20 nm (circles).
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Control	 of	 nonuniform	 magneti-
zation	 distribution	 in	 nanocrystalline	
ferromagnetic alloys is of importance 
for successful tailoring of superior soft 
magnetic	 properties.	 The	 magnetization	
distribution	 results	 from	 competition	
among	 anisotropy,	 magnetostatic,	 and	
exchange	 energies.	 These	 energies	
depend	 on	 several	 parameters,	 including	
the fundamental magnetic material 
parameters:	 the	 magnetocrystalline	
anisotropy	 constant,	 saturation	
magnetization,	 and	 exchange	 stiffness.	
Measuring the exchange stiffness A is 
not	 trivial.	 A	 common	 way	 to	 measure	
A	 is	 to	 excite	 a	 spin	 wave	 in	 magnetic	
material	 with	 light	 (Brillouin	 scattering),	
neutrons	 (neutron	 inelastic	 scattering),	
microwaves	 (spin-wave	 resonance)	 and	
to measure the frequency of the spin 
wave.	 Qualitative	 investigation	 of	 the	
intercrystallite,	 intergrain	 or	 interphase	
interactions is frequently performed using 
the	 so	 called	 remanence	 magnetization	
curves	or	Henkel	plots.	The	measurement	
of the Curie temperature is the first 
ever used approach for quantitative 
evaluation of exchange interaction energy. 
Unfortunately	 it	 is	 impossible	 to	use	 it	 in	
nanostructured	 materials,	 because	 of	
structural transformations and crystallites 
growth	 at	 temperatures	 closed	 to	 the	
Curie	 point.	 Low-temperature	 thermal	
spin	 wave	 excitations	 (low	 temperature	
magnetization	 behavior	 according	
Bloch’s	 low	 T3/2)	 is	 another	 common	
technique used for exchange stiffness 
determination.

We	 will	 demonstrate	 in	 this	 report	
an alternative approach to the estimation 
of the exchange stiffness from approach 
magnetization	 to	 saturation	 curve	 of	
nanocrystalline alloy.

According	 to	 theory1,2	 the	 high-	
and	 low-field	 regime	 in	 the	 approach	
magnetization	 to	 saturation	 law	 should	
be	 distinguished.	 Magnetization	 curve	
above	 and	 below	 the	 field	 HR=2A/Ms·Rc

2 
is	 described	 by	 different	 power	 laws.	
We	 extract	 this	 field	 from	 approach	
to	 saturation	 curve.	 Then	 estimating	
«structural	correlation	length»	Rc	through	
the	 average	 crystallite	 size	 k·D = Rc	 we	
determine the exchange stiffness A.

Using	 this	 technique	 and	 law	
temperature	spin	wave	excitations	(Bloch’s	
law	 T3/2)	 we	 estimate	 the	 exchange	
stiffness	between	crystallites	and	volume-
averaged	exchange	over	the	whole	sample	
in	nanostructured	alloys	CoPt,	FeNiP,	and	
nanocomposite	 films	 (CoFeB)-SiO2.	 The	
certain value of A is discussed as mean 
exchange stiffness in nonuniform media 
that is composed at least of crystallites and 
grain	 boundaries	 with	 specific	 exchange	
stiffness.

This	 work	 was	 supported	 by	 the	
Russian	 Foundation	 for	 Basic	 Research,	
Grants	No.	16-03-00256,	15-08-06673	and	
RFBR-KRFS	15-42-0417.

1 Ignatchenko V.A., Iskhakov R.S. (1982), Sov. Phys. JETP 55, 878.
2 Chudnovsky E.M., Saslow W.M., Serota R.A. (1986) Phys. Rev. B 33, 251.
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Investigation	 and	 application	 of	
extraordinary electromagnetic properties 
of metamaterials and nanocomposites 
becomes	one	of	the	most	promising	topics	
in	 last	 years.	 Resonance	 phenomena	 in	
3D	 opal-based	 metamaterials	 containing	
particles	 of	 metals,	 ferrite-spinels	 and	
garnets	 are	 studied	 in	 this	 work	 by	
investigations of the frequency and 
magnetic field dependences of the 
transmission and reflection coefficients at 
the	millimeter	waveband.

Variations of the transmission and 
reflection	 coefficients	 are	 caused	 by	 two	
physical reasons – magnetic resonance and 
antiresonance1. Comparison is outlined 
between	the	calculated	and	experimental	
dependences of the magnetic field 
variations of transmission coefficient and 
relatively	close	fit	between	them	has	been	
obtained.

The	 refraction	 coefficient	 n=n’–in is 
further	 analyzed	 both	 in	 relation	 to	 the	
macroscopic	 and	 the	 submicron	 volume	
including at least one ferromagnetic 
particle.	 The	 real	 part	 of	 the	 refraction	
coefficient	 is	 found	 to	be	mostly	positive,	
and	the	metamaterial	 is	not	a	double	 left	
handed	media.	Nonetheless,	the	refractive	
index	has	unusual	value,	it	can	be	less	than	
unity.

The	 dielectric	 permittivity	 and	
dynamic	 magnetic	 permeability	 of	 the	
metamaterialses are determined from 
the frequency and the magnetic field 

dependences.	 It	 is	 established	 that	 the	
shape of magnetic field dependency and 
the value of the resonance field of the 
microwave	 refractive	 index	 are	 quite	
different	 on	 micro-	 and	 macro-scales	
in	 materials	 with	 metallic	 particles	 and	
with	 high	 magnetization	 of	 particles.	
Close to magnetic resonance the tensor 
of	 magnetic	 permeability	 becomes	
off-diagonal.	 It	 has	 been	 shown	 that	 a	
strict introduction of effective material 
parameters	of	media	is	not	possible	in	this	
case.	It	has	been	proved,	in	particular,	that	
the	average	magnetization	of	a	sample	of	
nanostructured	medium	does	not	describe	
the magnetic resonance spectrum.

The	parameter	is	proposed	by	using	of	
which	one	can	estimate	the	heterogeneity	
of	 the	microwave	 field	on	different	space	
scales2. Our calculations confirmed that 
nonuniformity of electromagnetic field 
inside the metamaterial is extremely high 
and essentially depends on magnetic 
field.

The	 work	 is	 carried	 out	 within	
the	 RAS	 program	 «Spin»	 No	 01.2.006	
01201463330,	 with	 partial	 support	 of	
grant	 from	Russian	Ministry	of	 Education	
and	Science	No	14.Z50.31.0025	and	NSh-
7539.2016.2	grant.

1 Ustinov V.V., Rinkevich A.B., Perov D.V., Samoilovich M.I., Klescheva S.M. (2012), JMMM, , 
324(1), 78–82.

2 Rinkevich A.B., Perov D.V., Demokritov S.O., Samoilovich M.I., Nemytova O.V. Photonics and 
Nanostructures – Fundamentals and Applications, (2015), 15, 59–72.
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An	 analysis	 of	 first	 order	 reversal	
curves	 (FORC)	 is	 the	 most	 powerful	
technique	 to	 determine	 a	 distribution	
of	 switching	 and	 interaction	 fields	 of	
arrays of magnetostatically coupled 
nanostructures1.	 A	 FORC	 distribution	
gives qualitative and quantitative 
information	 about	 magnetic	 parameters	
of	 nanostructures,	 which	 significantly	
expanding the hysteresis loops 
measurement.

The	 quantitative	 analysis	 of	 FORC	
diagrams	 enabled	 to	 draw	 a	 distribution	
of	switching	and	magnetostatic	interaction	
fields	 for	 arrays	made	 of	 single	 or	multi-
component	materials,	 and,	 consequently,	
with	the	different	phase	composition.	The	
qualitative	 analysis	 of	 FORC	 distributions	
helped	 to	 define	 magnetization	 reversal	
mechanisms of the interacting nanostripes 
and	nanowires	 in	order	 to	determine	 the	
presence of different crystalline phases.

We	will	present	recent	results	of	our	
study	of	a	few	magnetic	systems	in	order	
to	 demonstrate	 performance	 capabilities	
of	 FORC	 method.	 For	 instance,	 we	 will	
show	 an	 applicability	 of	 the	 method	 for	
CoNi	 binary	 alloy	 nanowire	 arrays	
fabricated	with	alumina	template–assisted	
electrodeposition and for single crystal 
Co	nanostripe	arrays	grown	by	molecular	
beam	epitaxy.

Since	CoNi	nanowires	can	contain	of	
different crystal phases2,	 an	 investigation	

of	 interrelation	 between	 crystal	 structure	
and magnetic properties is an important 
and	difficult	task,	which	can	be	successfully	
solved using not only hysteresis loop 
measurements,	 but	 also	 involving	 FORC	
method2.	 We	 will	 display	 FORC	 diagrams	
in	 dependence	 on	 the	 nanowire	 content	
and	 will	 demonstrate	 their	 temperature-
dependent	evolution	down	to	173	K.

Variation	 of	 oblique	 deposition	
parameters	 allowed	 us	 fabricating	 of	
arrays	 with	 different	 width	 of	 long	 Co	
nanostripes	 ranging	 from	 10	 to	 40	 nm.	
These	 nanostripes	 have	 hcp	 lattice	 with	
crystallographic	 axis	 [0001]	 oriented	
along	 the	 long	 axis.	With	 increase	 of	 the	
nanostripes	 width,	 the	 coercive	 force	
of	 an	 array	 increases.	 FORC	 analysis	
demonstrates that simultaneousness 
of	 magnetization	 reversal	 processes	
significantly	improves	with	increase	of	the	
nanostripes	 width.	 Our	 findings	 pay	 the	
way	 for	 fabrication	 of	 ultra-high	 aspect	
ratio	 nanostripes	 on	 the	 Si	 surface	 with	
required	dimensions.	The	excellent	quality	
and	 homogeneity	 of	 nanostripes	 enables	
to	develop	new	types	of	sensors	sensitive	
to	the	absorption	of	gases	or	bacteria	and	
advanced	materials	with	induced	magnetic	
anisotropy for the needs of spintronics.

This	 work	 is	 supported	 by	 RFBR	
(grants	16-02-01015	А	and	15-02-05302	А).

1 Mayergoyz I.D. (1985), J. Appl. Phys., 57, 3803-3805.
2 A.S. Samardak et al. (2015), J. Magn. Magn. Mat., 383, 94-99.
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Iron-nickel	 alloys	 over	 entire	
compositional	 range	 have	 been	 the	
subject	 of	 experimental	 and	 theoretical	
research,	 reflected	 in	many	 technological	
applications.	FeNi	magnetic	nanoparticles,	
MNPs,	 can	 be	 obtained	 by	 different	
techniques,	 including	 electrophysical	
method of the electrical explosion of 
wire	 based	 on	 the	 evaporation	 of	 metal	
wire	 by	 an	 electric	 high	 power	 pulse	
in an inert atmosphere2,	 EEW.	 In	 this	
work	 we	 describe	 our	 experience	 in	

iron-nickel	 EEW	 MNPs	 fabrication,	 their	
structural,	 magnetic,	 magnetocaloric	 and	
microwave	 characterization	 followed	 by	
fabrication	 and	 characterization	 of	 FeNi	 
MNPs/polymer of composites in the range 
of	 5–90	 wt%	 of	 MNPs.	 Figure	 	 1	 shows	
examples	 of	 FeNi	 MNPs	 /polymer	 de-
aggregated	 composites.	 This	 work	 was	
supported	 by	 RF	 project	 №	 0389-2014-
0002	 and	 URFU	 grant	 «Laboratory	 of	
Magnetic	Sensors.»

1 Beketov I.V., Safronov A.P., Bagazeev A.V., Larrañaga A., Kurlyandskaya G.V., Medvedev A.I., 
(2014), Journal of Alloys and Compounds, 586, S483–S488.

Figure 1. Fe45Ni55 EEW MNPs/polymer de-
aggregated composite with 30 wt % of magnetic 
filler, scanning electron microscopy. Structure 
revealed in the surface layer down to 1 μm.
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There	 are	 two	 homo-metallic	
(M2+=M3+)	warwickites	Fe2BO4 and Mn2BO4,	
exhibiting	 long-range	magnetic	order	and	
charge	 ordering	 (CO).	 The	 CO	 transition	
in	 Fe2BO4	 (TCO=340	K)	 is	 accompanied	 by	
a structural transition from monoclinic 
P21/c	 to	 orthorhombic	 Pmcn	 symmetry	
with	 increasing	 temperature	 and	 was	
extensively	 investigated	 by	 different	
methods. Mn2BO4 has a monoclinic 
structure	 (sp.	 gr.	 P21/n,	 a=9.293	 Å,	 
b=9.541	 Å,	 c=3.247	 Å,	 and	 β	 =	 90.751°)	
at room temperature1.	 The	 CO	 of	 the	 
Mn2+(2)-Mn3+(1)	kind	appears	to	be	related	
to	 the	strong	 Jahn-Teller	distortion	of	 the	
Mn3+O6	 octahedra	 and	 a	 relevant	 orbital	
ordering	(dz

2)	occurrence2,3.	Here,	we	apply	
the	X-ray	absorption	spectroscopy	(XANES/
EXAFS)	 and	 powder	 X-ray	 diffraction	
(XRD)	 to	 study	 the	CO	 in	Mn2BO4 at high 
temperatures	(300-700	K).

Mn K-edge	 XANES	 spectra	 of	
Mn2BO4	 (T=10–700	 K),	 Mg0.74Mn1.26BO4 
and Mn1.25Fe0.75BO4	 (T=300	 K)	 have	 been	
measured.	 A	 weak	 pre-edge	 absorption	
feature	at	~	6536	eV	was	found	originating	
from the quadrupole 1s → 3d transition.  
A	 strong	peak	 in	 the	 vicinity	 of	 ~6550	 eV	 
was	assigned	to	a	dipole-allowed	transition	

1s → 4p. Mn2BO4	 shows	 a	 step-like	
behavior	of	the	absorption	threshold	near	
6547	 eV	 indicating	 bimodal	 Mn2+-Mn3+ 
distribution.	A	shift	~4	eV	corresponds	 to	
the	charge	disproportion	between	different	 
Mn ions.

The	 full-profile	 crystal-structure	
analysis of Mn2BO4	 was	 done	 using	 the	
Rietveld	 method.	 Charges	 at	 the	 two	
manganese	 sites	 have	 been	 estimated	
using	the	bond	valence	sum	(BVS	method).	
The	 Mn	 charge	 states	 as	 a	 function	 of	
temperature	 was	 obtained	 from	 the	
XANES	 and	 XRD	 data.	 The	 observed	
charge	 disproportion	 was	 found	 to	 
be	 ~	 0.8	 electrons	 being	 essentially	
unaltered	 with	 temperature.	 The	 results	
provide an experimental support that 
Mn2BO4 is an example of ionic charge 
ordered system.

This	work	has	been	financed	by	the	
Council for Grants of the President of 
the	 Russian	 Federation	 (SP-938.2015.5),	
the	 RFBR	 (№	 16-32-60049	 mol_a_dk,	 
№	 16-32-00206	 mol_a),	 SB	 RAS	 program	
№	 II.2P	 contract	 0358-2015-0005	 and	 by	
«UMNIK»	program.

1 Kazak N.V., Platunov M.S., Knyazev Yu.V., et al., (2015), J.M.M.M. 393, 316.
2 Norrestam R., Kritikos M., Sjdin A., (1995), J. Solid State Chem. 114, 311.
3 Goff R.J., Williams A.J., Attfield J.P., (2004), PRB 70, 014426.
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Magnetic	 nanowires	 and	 their	
arrays are currently investigated as a 
consequence	 of	 the	 broad	 range	 of	
applications	 where	 they	 are	 proposed,	
including	 magnetic	 sensors,	 biomedical	
functionalization,	 or	 alternative	 families	
of	 RE-free	 permanent	 magnets	 and	 3D	
magnetic storage media1.	 The	 low	 cost	
of synthesis and processing together 
with	 a	 high	 degree	 of	 reproducibility	 of	
the	 magnetic	 behavior	 are	 also	 relevant	
aspects in those technological applications. 
The	 electrochemical	 route	 enables	 the	
growth	 of	 cylindrical	 nanowires	 (roughly	
20	to	200	nm	diameter	and	up	to	tens	of	
microns	 long)	 into	 ordered	 nanoporous	
membranes	 as	 templates.	 A	 deep	
knowledge	 of	 the	magnetization	 reversal	
and of its control through designed 
geometry	 and	 composition	 (e.g.	 pinning	
mechanisms)	 becomes	 essential	 for	 the	
design and control of those applications.

Current	 studies	 in	 our	 laboratory	
are	addressed	to	Co	and	CoFe	nanowires	
with	 significant	 magnetocrystalline	
anisotropy.	Co	nanowires	exhibit	 typically	
hexagonal,	 hcp,	 while	 FeCo	 show	 cubic,	 
fcc or bcc,	crystalline	symmetry	structure,	as	
determined	by	HRTEM.	Magnetocrystalline	
and shape anisotropies determine an axial 
or transverse effective magnetic anisotropy 
and the spin reversal mechanism itself.

Two	reversal	modes	were	 identified	
by	micromagnetic	simulations:	nucleation	
of	a	vortex-like	structure	at	the	nanowire’s	
end	 followed	 by	 its	 propagation,	 and	
the	 additional	 rotational	 mode	 in	 wires	
with	 strong	 perpendicular	 anisotropy	
component1.	 Individual	 nanowires	 with	
periodical modulations in composition 
(multilayer/multisegment)	 and	 diameter	
have	been	analyzed.	XMCD-PEEM	imaging	
at	remanence	has	allowed	us	to	determine	
the	 surface	 and	 inner	 spin	 distribution	
profiting of the mean free path of 
secondary electrons2. Vortex structure 
is confirmed around the diameter 
modulations	 as	 well	 as	 in	 the	 transition	
between	 different	 diameters.	 Additional	
experimental	 results	 were	 obtained	 by	
magnetic	force	microscopy	imaging	and	by	
magneto-optic	Kerr	effect	magnetometry3. 
They	 revealed	 that	 for	 FeCo	 nanowires,	
100	to	170	nm	in	diameter,	reversal	takes	
place	 by	 propagation	 of	 a	 vortex-like	
domain	wall	which	partially	pinned	at	the	
periodical	 diameter	 modulations	 before	
its	 full	 propagation	 along	 the	 nanowire.	
In	 the	 case	 of	 hcp	 Co	 nanowires,	 the	
strong perpendicular magnetocrystalline 
anisotropy determines a circular magnetic 
configuration at remanence that does 
not	 follow	 the	 periodic	 modulations	 in	
diameter.

1 Ivanov Y.P. et al., (2014) Nanotechnology 25, 475702; (2013) JPhys C:Appl.Phys 46, 485001
2 Bran C. et al (2016) J. Mater. Chem. C, 4, 978
3 Palmero E. et al. (2015) Nanotechnology 26, 461001
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Evolution of structure and magnetism in ultrathin Cr films  
on the (001) surface of the topological insulator Bi2Se3

Holger L. Meyerheim, Arthur Ernst, Andrey Polyakov, Victor Antonov,  
Hari B. Vasili, E. Daryl Crozier, Robert A. Gordon, Manuel Valvidares,  

Pierluigi Gargiani, Evgueni V. Chulkov, Stuart S. P. Parkin

Using	surface	x-ray	diffraction,	x-ray	
circular	dichroism	and	x-ray	absorption	fine	
structure	 measurements	 in	 combination	
with	 ab-initio	 calculations	 we	 have	
investigated the geometric and magnetic 
structure	of	ultrathin	Cr	films	on	the	(0001)	
surface of the topological insulator Bi2Se3. 

At	 0.3	 monolayer	 coverage,	 Cr	 atoms	
(m≈3µB)	 are	 found	 in	 (Se)	 substitutional	
sites	and	in	the	van	der	Waals	gap	having	
no magnetic long range order. Beyond 
1	 monolayer,	 Cr	 atoms	 from	 islands	 of	
quasi-hexagonal	 double	 layers	 which	 are	
ferri-magnetically	coupled.
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Spin effects in hybrid heterostructures: normal metal/
magnetic insulator
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In	 the	 last	 decade,	 the	 research	
on spin transport has given rise to the 
discovery	of	a	number	of	novel	phenomena	
in the field of spintronics. By using the spin 
transfer	 torque	 (STT),	 the	 spin	 pumping	
effect	(SPE),	the	spin	Hall	effect	(SHE),	and	
the	spin	Seebeck	effect	(SSE),	it	is	possible	
to	create	and	inject	spin	current	in	hybrid	
ferromagnetic/normal-metal	 (FM/NM)	
structures.	 Thus,	 the	 interaction	between	
spin	 current	 and	 spin	 wave	 oscillations	
in	 magnetic	 materials	 can	 be	 achieved	
and	 therefore	 spintronic	 devices	 with	
new	 functionalities	 have	 been	 proposed.	
As	 spin	 wave	 oscillations	 in	 yttrium	 iron	
garnet	 (YIG)	 can	 propagate	 coherently	
over	 centimeter	 distances,	 the	 interplay	
between	 spin	 waves	 and	 spin	 current	 in	
YIG	is	of	current	interest.

In	the	SPE,	a	microwave	radiation	is	
used to excite the coherent precession of 
the	 magnetization	 in	 the	 ferromagnetic	
resonance configuration that generates 
a spin current in an attached nanometer 
thick	 metallic	 layer.	 In	 the	 spin	 Seebeck	
effect,	 a	 spin	 current	 is	 generated	 by	
the	motion	 of	 spin	 carriers	 created	 by	 a	
temperature	 gradient	 The	 spin	 pumping	
effect	 and	 the	 spin	 Seebeck	 effect	 have	
been	 extensively	 investigated	 in	 recent	
years	 both	 in	 metallic	 and	 insulating	
ferromagnetic.

In	order	 to	 investigate	 the	 interplay	
between	 spin	 waves	 and	 spin	 currents,	
unique	 experimental	 schemes,	 in	 which	
both	 effects	 are	 simultaneously	 excited	
and	detected,	are	highly	desired.

Developing	 new	 methods	 for	
generating and detecting spin currents 
has	 been	 the	 central	 task	 of	 spintronics.	
Recent	 theoretical	 and	 experimental	
efforts	 have	 shown	 that	 magnons	 and	
phonons play crucial roles in the spin 
effects in magnetic insulator. Since 
magnons	 carry	 spin	 angular	momentum,	
the	magnon-phonon	 interaction	 provides	
an	opportunity	for	phonons	to	contribute	
to	 spin-related	 phenomena.	 It	 is	 known	
that	 the	 spin-orbit	 coupling	 connects	
the	 kinetic	 and	 the	 spin	 subsystems	 of	
conduction	 electrons	 and	 thus	 allows	 to	
affect each one of them through another. 
Thus	it	becomes	impossible	to	separate	of	
the configuration and the spin motions. 
In	this	case	the	conditions	of	excitation	of	
different resonance transitions change. 
The	 spin-orbit	 interaction	 leads	 to	 the	
possibility	 of	 resonance	 transitions	 of	
electrons	at	 frequencies,	which	are	 linear	
combinations	of	the	cyclotron	and	Zeeman	
frequencies.	It	becomes	possible	to	excite	
spin transitions of the electric component 
of	 the	 electromagnetic	 field.	 This	 type	 of	
resonance	 is	known	as	combined	Rashba	
resonance.

Here	 we	 discuss	 the	 different	
methods of the dynamic generation of 
spin-wave	current	in	the	magnetic	insulator	
influenced	by	a	temperature	gradient	and	
an external oscillating electromagnetic 
field.
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Fe Magnetic Moment of Fe-Phthalocyanine on Ag(110)  
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Molecular overlayers on ordered 
substrates	 have	 a	 broad	 field	 of	
application	in	catalysis,	sensing,	molecular	
electronics,	light-to-energy	conversion,	etc.	
In	 particular,	 oxygen-binding	 metalated	
macrocycles,	 such	 as	 iron-phtalocyanines	
(FePc),	 are	 being	 investigated	 as	 viable	
substitutes	for	precious	metals	in	catalysis	
of	 the	 Oxygen	 Reduction	 Reaction	 (ORR)	
in	 low-temperature	 fuel	 cells.	 Recent	
studies	 of	 FePc	 on	 Ag(110)	 have	 shown	
that	 sub-monolayer	 (sub-ML)	 phases	 are	
catalitically	active.	It	has	been	shown	that	
in	 oxygen-dosed	 FePc	 phases,	 oxygen	
intercalates	 between	 the	 molecules	 and	
the	 surface,	 strongly	 changing	 the	 Fe	
magnetic moment.

Reversible	 switching	 of	 the	 Fe	
magnetic	moment	in	couple	of	low-density	
FePc	 phases	 upon	 an	 oxygen	 dosing	 –	
annealing	cycle	has	been	demonstrated.

In	this	contribution	we	report	on	the	
structural and magnetic changes along a 
catalytic	cycle	of	FePc	sub-ML	phases;	low	
density	rectangular	c(10×4)	and	p(10×4),	
medium	 density	 (1±4,4+3)	 and	 a	 new	
denser	«quasi-square»	FePc	sub-ML	phase.	
Our	combined	Scanning	Probe	Microscopy	
and	X-ray	Absorption	 Spectroscopy	 study	
evidences	the	mechanisms	of	ORR	of	FePc,	
its	probability	and	the	measured	magnetic	
moments	 of	 Fe	 in	 different	 phases.	 The	
combined	analysis	 shows	 that	oxydation/
deoxydation is less effective in denser 
phases,	 mainly	 due	 to	 steric	 hindrance:	
ORR	of	FePc	on	Ag(110)	requires	a	rotation	
and	 displacement	 of	 the	 FePc	 molecule,	
which	 is	more	 difficult	 to	 fulfill	 in	 denser	
phases.

1 Sedona F., et al., (2012), Nature Materials, 11, 970-977.
2 Bartolomé J., et al., (2015) J. Phys. Chem. C, 119 (22), 12488–12495
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The	 magnetization	 reversal	
mechanism	 in	 quasi-two-dimensional	
heterostructures and thin films is one of 
the	 most	 highly	 debated	 subjects.	 The	
magnetization	reversal	in	this	material	with	
restricted	 lateral	sizes	 is	mostly	governed	
by	 the	 magnetostatic	 fields,	 localized	 in	
the	edges.	A	domain	structure	with	 three	
types	of	domain	walls	 (DWs)	–	Bloch	wall,	
cross-tie	structure,	and	Neel	wall	–	may	be	
realized	in	such	films1.	The	magnetization	
reversal	 of	 these	 films	 is	 controlled	 by	
the kinetics of the formation and motion 
of	 these	 walls.	 In	 patterned	 thin	 films,	
their	 size	 and	 shape	 play	 a	 significant	
role.	 In	 our	 report,	 we	 present	 both	
experimental and simulation results of the 
magnetization	transformation	in	magnetic	
f e r r o m a g n e t i c / a n t i f e r r o m a g n e t i c  
(FM/AFM)	 structures	 and	 thin	 films	 with	
various	 lateral	 geometry	 and	 size	 during	
their reversal.

The	 effect	 of	 shape	 and	 edges	
in	 magnetic	 elements	 with	 reduced	
dimensions	on	the	magnetization	reversal	
of	 a	 cross	 and	 square	 mesh	 shaped	 FM	
films of Ni81Fe19	 (30nm)	 both	 single	 and	
deposited	 on	 the	 AFM	 IrMn	 substrates	
were	studied.	The	stripes	of	the	patterned	
structures	 had	 ~3,	 10,	 15,	 and	 30	 µm	
width	 and	 either	 10	 or	 85	 µm	 lengths.	
Remagnetization	 details	 in	 the	 patterned	
structures	were	visualized	by	the	magneto-
optical	 indicator	 film	 (MOIF)	 technique2. 
The	hysteresis	loops	were	measured	with	
a	vibrating	sample	magnetometer.

The	 MOIF	 imaging	 revealed	 that	
magnetostatic	 fields,	 which	 are	 formed	
on the edges perpendicular to the applied 
field	 during	 the	 sample	 magnetization	
reversal,	induce	a	canted	state	of	the	spins	
exclusively	 along	 the	 stripe	 edges.	 With	
decreasing	 field,	 the	 spins	 rotate	 parallel	
to	 the	 edge.	 Due	 to	 the	 FM	 exchange	
interaction,	 the	 spins	 further	 from	 the	
edges	also	rotate	with	decreasing	field	to	
the	same	direction	as	the	edge	spins.	When	
the	spin	deviations	near	the	two	opposite	
edges	 become	 perpendicular	 to	 the	
interior	spins	one	or	two	Neel	domain	walls	
will	appear,	depending	upon	whether	the	
spin canting directions near the opposite 
edges of the stripes are respectively the 
same	or	not.	This	work	established	that	the	
magnetization	 switching	 of	 such	 stripes	
occurs	through	the	formation	of	a	cross-tie	
structure	 followed	 by	 its	 transformation	
and	 annihilation,	 simultaneously	 with	
the homogeneous rotation of the spins 
inside	 the	 domains.	 The	 reversal	 process	
in the parallel to applied field stripes 
is quite different; it occurs separately 
for	 each	 stripe.	 In	 this	 case,	 the	
magnetization	 switching	of	 stripes	occurs	
by	 the	nucleation	and	motion	of	unusual	
magnetization	 fronts,	 which	 consist	 of	 a	
number	of	coupled	vortices	located	along	
both	 edges.	 The	 experimental	 results	
are	 in	 good	 agreement	 with	 simulation	
results. 

1 Hubert A. & Schafer R., (2008), Magnetic Domains, Berlin, Springer-Verlag, Germany.
2 Gornakov V.S., et al., (2004), Sov. Phys. JETP, 126, 691-703.
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In	 this	 paper	 we	 study	 the	
non-equilibrium	 properties	 of	 Ising	
ferromagnetic films using Monte Carlo 
simulations	 by	 short-time	 dynamic	
method.	 By	 exploring	 the	 short-time	
scaling	dynamics,	we	have	found	thickness	
dependency	of	critical	exponents	z,	θ′	and	
β/ν	 for	 ferromagnetic	 thin	 film.	 Ageing	
effects	were	observed	 in	non-equilibrium	
critical	 behavior.	 A	 characteristic	 time	 of	
relaxation,	 which	 diverges	 at	 a	 transition	
temperature	 in	 the	 thermodynamic	 limit,	
is	obtained	as	a	function	of	the	system	size	
and	waiting	time.

In	 this	 work	 we	 study	 the	
ferromagnetic	 thin	 film	 with	 Ising	
hamiltonian.	 Periodic	 and	 free	 boundary	
conditions	 are	 used	 for	 the	 in-plane	 and	
out-of-plane	 directions,	 respectively.	 The	
simulation	 was	 carried	 out	 for	 systems	
with	linear	size	L	and	number	of	layers	N.

For	calculating	the	critical	exponents	
of	 ferromagnetic	 films	 we	 considered	
systems	 with	 linear	 size	 L	 =	 128	 and	
layers	number	N	 =	2;	 4;	 6;	 8;	 10.	 Starting	
from	 initial	 configurations,	 the	 system	

was	 updated	 with	 Metropolis	 algorithm	
at the critical temperatures Tc	=	3.2076(4)	 
for N	 =	 2,	 Tc	 =	 3.8701(3)	 for	 N	 =	 4,	 
Tc	=	4.1179(3)	for	N	=	6,	Tc	=	4.2409(2)	for	 
N	=	8	and	Tc	=	4.3117(3)	for	N	=	101.

We	have	measured	the	time	evolution	
of	the	magnetization	m(t)	and	the	second	
moment m(2)(t)	 from	 high-temperature	 
(m0	 <<	 1)	 and	 low-temperature	 (m0	 =	 1) 
initial	 states.	 It	 allowed	 to	 calculate	
the cumulant F2(t)2.	 In	 Figure	 1	 the	
magnetization	 is	 plotted	 for	 a	 high-
temperature	 initial	 state	 (a)	 and	 a	 low-
temperature	 initial	 state	 (b).	 Critical	
indexes z,	θ′ and β/ν	have	been	calculated	
for	 different	 number	 of	 layers.	 Obtained	
values	for	N=2–6	corresponding	to	the	2D	
and	the	3D	Ising	critical	behaviour3,4.

For	research	ageing	phenomena	we	
have	 calculated	 two-time	 autocorrelation	
function.	 Ageing	 effects	 were	 discovered	
for	 non-equilibrium	 regime	 (t−tw)>>tw. 
Time	 dependencies	 of	 autocorrelation	
function C(t, tw)	for	tw	=	0,	10,	30,	150	MCS/s	
and	for	N	=	4	are	presented	in	Figure	1(a)	
for	evolving	from	high-temperature	 initial	

  

Figure 1. Time dependencies of autocorrelation function C(t; tw) for N = 4 for different tw and initial 
state m0<<1 (a), m0 = 1 (b).
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state	and	tw	=	20,	50,	70,	100	MCS/s	1(b)	for	
low-temperature	initial	state.	The	resulting	
curves	 have	 been	 obtained	 by	 averaging	
over	30000	samples.

To	 estimate	 correlation	 time	 of	 our	
spin	 system	 we	 calculate	 magnetization-
magnetization	 autocorrelation	 functions	
Cm(t, tw) = (<C(t, tw)> − <m(tw)>2)/(<C(tw, tw)> 
− <m(tw)>2)~e−t/τ.	 A	 characteristic	 time	 of	
correlation	increases	with	the	waiting	time.	
For	 film	 with	N=2-6	 values	 are	 the	 same	
within	the	error.	These	systems	belong	to	
the same universality class.

The	 reported	 study	 was	 supported	
by	 Russian	 Science	 Foundation	 through	
Project	 no.	 14-12-00562.	 The	 simulations	
were	 supported	 by	 the	 Supercomputing	
Center	 of	 Lomonosov	 Moscow	 State	
University,	Moscow	 and	 Saint	 Petersburg	
Joint	Supercomputer	Center	of	the	Russian	
Academy	of	Sciences.

1 Laosiritaworn Y., Poulter J., Staunton J.B., (2004), Phys. Rev. B, 70, 104413.
2 Prudnikov P.V., Medvedeva M.A., (2012), Prog. Theor. Phys., 127 (3), 369-382.
3 Prudnikov P.V., Prudnikov V.V., Menshikova M.A., Piskunova N.I., (2015), J. Magn. Magn. 

Mater., 387, 77–82.
4 Prudnikov P.V., Prudnikov V.V., Medvedeva M.A., (2014), JETP Letters, 100 (7), 446–450.
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Antiferromagnetic	 quantum	 spin	
chains	 with	 competing	 spin-exchange	
interactions along the spin chains are 
known	 to	 exhibit	 unusual	 groundstates.	
For	example,	helicoidal	magnetic	ordering	
supporting	 multiferroic	 behavior	 has	
been	found	in	a	numbers	of	Cu2+ systems 
(e.g.	 LiCuVO4,	 CuCl2,	 CuBr2)	 where	
the	 next-nearest	 neighbor	 (nnn)	 spin-
exchange interaction is antiferromagnetic 
and larger in magnitude than the 
ferromagnetic	 nearest	 neighbor	 (nn)	
spin-exchange	 interaction.	 Systems	
with	 strong	 ferromagnetic	 nn	 which	
realize	 a	 ferromagnetic	 groundstate	 are	
less	 frequent.	 CuAs2O4	 (mineral	 name	
‘Trippkeite’)	is	a	new	S=1/2	quantum-spin-
chain	 with	 dominant	 nn	 ferromagnetic	
spin-exchange	 which	 undergoes	 long-
range	 ferromagnetic	 ordering	 below	 
7.4	K.1 ab initio calculations indicate a ratio 

of	 nearest	 to	 next-nearest	 neighbor	 spin	
exchange interaction of Jnn/Jnnn=	–	4.1	which	
is in the vicinity of the quantum critical 
point	 where	 for	 classical	 spins	 helicoidal	
order changes to a ferromagnetic 
groundstate.	 In	 order	 to	 tune	 the	 spin-
exchange	 interactions	 we	 have	 applied	
hydrostatic pressure and investigated the 
response in the magnetic and structural 
properties	 of	 CuAs2O4	 by	 single-crystal	
synchrotron	 x-ray	 diffraction,	 Raman	
spectroscopy	 and	 SQUID	 magnetometry.	
Precise structural parameters gained 
from	 the	 single	 crystal	 x-ray	 structure	
determination under hydrostatic pressure. 
These	 have	 been	 utilized	 for	 detailed	
density	functional	calculations	of	the	spin-
exchange	interactions	which	are	correlated	
with	 the	 magnetic	 properties	 measured	
under hydrostatic pressure2.

1 K. Caslin, R. K. Kremer, F. S. Razavi, A. Schulz, A. Muñoz, F. Pertlik, J. Liu, M.-H. Whangbo, and 
J. M. Law, Phys. Rev. B 89, 014412 (2014).

2 K. Caslin, R. K. Kremer, F. S. Razavi, M. Hanfland, K. Syassen, E. E. Gordon, and M.-H. 
Whangbo, Phys. Rev. B 93, 022301 (2016).
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Magnetic layers are important part of 
many planar structures in nanoelectronics. 
A	 base	 for	 the	 properties	 tailoring	 of	
these layers is the clear understanding 
of correlation of these properties and 
magnetic microstructure. Micromagnetic 
modeling is an effective approach to solve 
this	problem.

The	 common	 features	 of	 the	 most	
micromagnetic models of thin film are 
following.	 The	 magnetic	 film	 is	 consists	
of	 crystallites	 with	 randomly	 oriented	
axes	 of	 easy	 magnetization.	 Moreover,	
there	 is	 exchange	 interaction	 between	
the	 crystallites.	 In	 the	 nanolayer	 the	
thickness	 is	 about	 the	 crystallite	 size.	
Magnetic correlations are spread out 
in	 two-dimensions	 in	 the	 plane	 of	 the	
magnetic	 nanolayer.	 There	 are	 analytical	
results	 about	 the	 magnetization	 curve	
and micromagnetic structure for the high 
field regime1–2.	 Magnetization	 curve	 in	
the	fields	about	coercivity	(Hc)	 is	currently	
treated	on	the	base	of	primary	evaluations	
in terms of random magnetic anisotropy 
(RMA)	 model.	 The	 RMA	 model	 predicts	
quadratic increase of coercive field Hc 
versus	 crystallite	 size	D	 for	material	 with	
two-dimensional	magnetic	correlations.

We	report	on	new	interesting	results	
obtained	by	micromagnetic	 simulation	of	
nanolayer	with	two-dimensional	magnetic	
correlations,	using	package	OOMMF.

The	 three	 regions	 can	 be	
observed	 on	 the	 calculated	 Hc	 versus	 D	
dependence.	 Hysteresis	 loops	 coincide	
with	 the	 classical	 Stoner–Wohlfarth	 loop	
for	 the	 layer	 with	 crystallite	 size	 larger	
than	 3(A/K)0.5	 (A	 –	 exchange	 parameter,	 
K	–	anisotropy	constant)	with	Hc	=	0.96	K/Ms  
(Ms	 –	 magnetization).	 The	 dependence	
Hc	 versus	 D	 corresponds	 to	 RMA	 model	
predictions	 for	 layer	 with	 crystallite	 size	
below	(A/K)0.5. More drastic than quadratic 
increase	 is	 observed	 for	 Hc versus D for 
crystallite	 size	 from	 (A/K)0.5	 to	 3(A/K)0.5.  
This	 behavior	 may	 be	 due	 to	 the	
formation of topological magnetic defects.  
We	 have	 identified	 the	 main	 types	 of	
defects	 and	 study	 their	 behavior	 and	
magnetic	 correlations	 with	 increasing	 of	
external field.

The	 effect	 of	 D and material 
constants fluctuations on Hc versus D 
dependence	 have	 been	 studied	 also.	 We	
found	 that	 results	 are	 in	 agreement	with	
effective medium theory.

This	 work	 was	 supported	 by	 the	
Russian	 Foundation	 for	 Basic	 Research,	
Grants	No.	16-03-00256,	15-08-06673	and	
RFBR-KRFS	15-42-0417.

1 Hoffmann H. (1964), J. Appl. Phys., 35 (6), 1790.
2 Ignatchenko V. A. (1968), Zh. Éksp. Teor. Fiz., 54, 303. [Sov. Phys. JETP 27,162 (1968)].

O10.1



444

August 15-19, 2016  
Krasnoyarsk, Russia

Artificial dense lattice of magnetic skyrmionic bubbles  
in Co/Pt multilayers

M.V. Sapozhnikov1, S.N. Vdovichev1, O.L. Ermolaeva1, N.S. Gusev1, A.A. Fraerman1,  
S.A. Gusev1 and Yu.V. Petrov2

1Institute for Physics of Microstructures RAS, Nizhny Novgorod, GSP-105, Russia
2Saint Petersburg state University, St.Petersburg, Universitetskaya nab. 7/9, 199034, Russia

�keywords:� magnetic skyrmion, nanomodification, perpendicular anisotropy

Co/Pt	 superlattices	 with	 perpendi-
cular magnetic anisotropy are irradiated 
by	focused	He+	ion	beam	to	locally	change	
the	 anisotropy	 value.	 The	 irradiated	
areas	 have	 100	 nm	 diameter	 and	 are	
arranged	 in	 the	 square	 lattice	 with	 200	
nm	period.	While	there	are	no	changes	in	
the film topography the formation of the 
nonuniform periodic magnetic structure 
is	 observed	 due	 to	 the	 local	 decrease	 of	
the anisotropy value in the irradiated 
areas.	 The	 spatial	 symmetry	 of	magnetic	
force	 microscopy	 (MFM)	 signal	 together	
with	 specific	 shape	 of	 the	 magnetization	
curves indicates the formation of the 
dense	 lattice	 of	 magnetic	 skyrmions	 (for	
the	 irradiation	 dose	 of	 2×1015 ions/cm2)	 
or	 magnetic	 vortices	 with	 the	
perpendicularly	magnetized	area	between	
them	 (the	 dose	 of	 3÷4×1015 ions/cm2).	 
While	 the	 skyrmions	 demonstrate	 the	
absence	 of	 the	 MFM	 contrast	 on	 the	
background	 of	 the	 reversed	 domains	
(Figure	 	 1	 D,	 left),	 in	 the	 case	 of	 the	
«vortex»	the	magnetization	lies	in	the	plain	
so	 it	 will	 demonstrate	 the	 MFM	 contrast	
independently	on	the	up	or	down	direction	
of	 the	 magnetization	 of	 the	 surrounding	
area	(Figure		1	D,	right).

The	 micromagnetic	 simulations	
of the system are used to calculate the 
magnetization	 curve	 of	 the	 system.	 The	
difference	 between	 the	 measured	 and	
calculated	 curves	 can	 be	 explained	 by	
additional	 topological	 contribution	 to	 the	
Hall	effect.

Figure 1. The left column: the data for the sample 
with low dose irradiation (2×1015 ions/cm2), 
 the right – for a sample with a higher dose  
(3×1015 ions/cm2). From top to bottom:  
the hysteresis of the Hall effect (the crosses  
are for experimental data, the line is for 
calculation), (R) MFM images of the remanent 
state of the sample, (D) MFM image of the 
demagnetized state. The scan size is 2μm×2μm.
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In	 the	 last	 decades,	 new	 methods	
of	 synthesis	 of	 hexaferrites	 have	 been	
proposed.	They	based	on	self-propagating	
high-temperature	synthesis	1.	This	method	
utilizes	 the	 internal	 chemical	 energy	 of	
the	initial	reagents,	and	is	organized	most	
favorably	 from	 the	 thermal	 viewpoint.	
In	 the	 process	 of	 obtaining	 ferrites,	 SHS	
substitutes	the	most	 important	operation	
–	ferritization	–	which	 in	the	conventional	
ceramic method of sintering is very long 
and proceeds at high temperatures. 

New	 resource-saving	 methods	
of	 synthesis	 of	 hexaferrites	 with	
W-composition	 are	 suggested	 with	 the	
SHS,	 mechanochemical	 pre-	 or	 post-
activation,	 and	 final	 thermal	 treatment	
in electric furnaces2.	 It	 is	 of	 interest	 to	
substitute	 the	 final	 thermal	 treatment	 in	
an	 electric	 furnace	 by	 radiation-thermal	
treatment	 (RTT)	 upon	 exposure	 to	 an	
electron	beam.

We	 investigate	 the	 influence	 of	 RTT	
on	 the	 phase	 composition,	 structural	
parameters and magnetic properties 
of the hexaferrite BaCo0.7Zn1.3Fe16O27 
obtained	by	the	method	of	SHS.

The	 x-ray	 analysis	 was	 performed	
using	 a	 SHIMADZU	 XRD-6000	 poly-
crystalline	 diffractometer.	 The	
morphological characteristics of 
synthesized	 hexaferrites	 were	 analyzed	
using a Phylips 515 scanning electron 
microscope. Studies of the static magnetic 
characteristics	 of	 samples	 was	 carried	
out on an automated complex in pulsed 
magnetic	 fields.	 The	 ferromagnetic	
resonance	 (FMR)	 spectra	 were	measured	
by	 the	 standard	 waveguide	 transmission	
technique in the frequency range  
26–37	GHz.

The	 technology	 combining	 SHS,	
mechanical	 activation,	 and	 radiation-
thermal	treatment	allows	hexaferrites	to	be	
synthesized	 and	 magnetic	 characteristics	
no	 worse	 than	 the	 corresponding	
characteristics	 of	 samples	 synthesized	by	
the	 conventional	 ceramic	 technology.	 An	
advantage of the suggested technology 
is a significant decrease of the time of 
synthesis and energy consumption.

O10.3

1 Merzhanov A.G., (1998). Processes of combustion and synthesis of materials, Edited by 
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In	 this	 work	 the	 results	 of	 the	
investigation of the Bi influence on 
magnetic properties of the Co/Bi/Co 
thin-film	 systems	 and	 the	 analysis	 of	
peculiarities	of	exchange	coupling	between	
Co layers through the Bi interlayer are 
presented.

The	 Co/Bi/Co	 samples	 were	 grown	
by	 magnetron	 sputtering	 using	 Co	 and	
Bi	 targets.	 The	 constant	 magnetic	 field	 
of	 250	 Oe	 was	 applied	 parallel	 to	 the	
substrate	 (marked	 as	 direction	 D1),	 in	
order to induce a uniaxial magnetic 
anisotropy.	The	thickness	of	Co	layers,	tCo,	
was	 equal	 to	 5	 nm,	 and	 the	 thickness	 of	
Bi	layer,	tBi,	varied	from	0.2	to	50	nm.	The	
hysteresis loops for the studied samples 
were	 measured	 by	 using	 the	 magneto-
optical	 magnetometer.	 The	 following	
results	were	obtained.

The	 shape	 of	 hysteresis	 loops,	
observed	 for	 some	 Co/Bi/Co	 samples	 in	
the	 magnetic	 field,	 applied	 along	 the	 D1	
direction,	 is	 almost	 rectangular,	 while	
others	samples	are	characterized	by	more	
complex	two-stage	loops	and	rather	large	
values	 of	 the	 saturation	 field,	 Hs.	 The	
dependence of HS(tBi)	 has	 an	 oscillating	
character in the tBi	range	of	0.2	to	50	nm.	
The	peaks	of	HS	are	observed	at	tBi	=	2,	4,	
5,	20	and	35	nm.	According	to	the	existing	
data,	the	two-stage	and	rectangular	loops	
testify,	 respectively,	 presence	 of	 the	
antiparallel and parallel orientations of 
magnetization	 components	 in	 the	 cobalt	
layers.	 Thus,	 the	 observed	 dependence	
of HS(tBi)	 for	 the	Co/Bi/Co	samples	can	be	
explained	 by	 the	 existence	 of	 exchange	

interaction	 between	 Co	 ferromagnetic	
layers through Bi interlayer and its 
oscillating	behaviour	with	changing	tBi from 
0	to	50	nm.	The	period	of	these	oscillations,	
Λ	is	equal	to	2,	1	and	15	nm.	The	features	
of discovered HS oscillations for the  
Co/Bi/Co	samples	is	that	they	are	observed	
in	wide	range	of	the	tBi changes and do not 
exhibit	periodicity	in	comparison	with	the	
thin-film	 systems,	 studied	 by	 us	 before.	
According	to	mechanism	of	the	exchange	
coupling	via	 the	RKKY	 interaction,	Λ	must	
be	 of	 the	 order	 of	 Fermi	 wavelength,	 
λF	 (Λ	=	 λF/2).	 For	most	metals	 Λ	 is	 equal	
to	 0.3–0.4	 nm.	 The	 Fermi	 wavelength	 of	
the	semimetal	Bi	is	about	40	nm,	which	is	
more	than	the	experimentally	found	Λ.	The	
existence of longer period of oscillations 
is	 consistent	 with	 calculations	 that	 take	
into	 account	 the	 quantum	 size	 effects,	
which	 are	 manifested	 in	 changes	 of	 the	
electron structure of ultrathin layers as 
compared	with	a	bulk	sample.	It	is	known	
that	the	bismuth	exhibits	two-dimensional	
motion	 (behaves	 like	 a	 semiconductor)	
and	 its	 Fermi	 wavelength	 is	 reduced	 
if tBi<	20	nm.	 In	particular,	 λF	 =	 26	nm	at	 
tBi	 =	 10	 nm.	 At	 tBi	 >	 20	 nm,	 the	 bismuth	
displays	 quasi-two-dimensional	 motion	
and	 λF	 is	 the	 order	 of	 40	 nm.	 Thus,	 the	
changes of tBi	are	accompanied	by	changes	
of Bi electronic structure that in its turn 
lead to the appearance of different periods 
of HS oscillations.

This	 work	 was	 supported	 by	 RFBR,	
Grant	No.	15-02-02077	and	16-32-50028.

O10.4



447

EASTMAG-2016

Model-less approach in X-ray reflectivity of multilayer 
nanoheterostructure Fe/Cr

Yuri A. Babanov, Denis I. Devyaterikov and Vladimir V. Ustinov
M.N. Miheev Institute of Metal Physics UB RAS, 620990, Ekaterinburg, Russia
�keywords:� multilayer nanoheterostructure, inverse problem, the regularization method

Determination of the electron 
density	 profile	 (EDP)	 perpendicular	 to	
an	 interface	 by	 specular	 X-ray	 reflectivity	
(XRR)	has	become	a	routine	tool	in	surface	
and	thin	film	science.	Reflectivity	data	have	
been	 traditionally	 analyzed	 by	 the	 trial-
and-error	 and	 non-linear	 least	 squares	
fitting methods using Parratt’s recursive 
method	to	obtain	the	final	EDP.	The	main	
advantage of this method is that it involves 
relatively	 simple	 computation,	 but	 often	
the	result	 is	highly	subjective.	 It	 is	known	
that	in	this	case	there	is	no	stability	and	no	
uniqueness.

A	 new	 model-less	 method	 of	
determining the concentration element 
profile	 of	 metal	 multilayer	 nanohetero-
structures	systems	for	low-contrast	in	X-ray	
reflectivity	was	proposed	recently1.	The	key	
idea	of	 the	new	approach	 is	 to	 formulate	
the	XRR	 integral	equation	 in	 terms	of	 the	
element profile pi (z),	which	describes	the	
probability	 to	 find	 the	element	 i	at	depth	
z	 from	 the	 surface	 of	 the	 sample.	 The	
proposed	 new	 method	 does	 not	 require	
any a priori information on the structure 

of	 the	multilayer	nanostructures,	 such	as	
the	position	and	width	of	interfaces	as	well	
as	 their	 shape.	 The	method	 is	 confirmed	
experimentally2.

It	is	known	that	in	the	experiment	for	
measuring	 the	 X-ray	 reflectivity	 intensity,	
we	get	only	the	square	of	modulus	of	the	
reflection	coefficient	R(s).	The	phase	of	the	
signal	is	lost.	This	fact	has	been	called	the	
phase	 problem.	 To	 solve	 the	 nonlinear	
Fredholm	 integral	 equation	 of	 the	 first	
kind,	which	describes	the	intensity	of	X-ray	
specular reflection from the surface of the 
sample,	it	was	recently	applied	a	modified	
Levenberg-Marquardt.	This	 is	an	effective	
way	to	avoid	the	phase	problem3.

Effectiveness	 of	 a	 new	 method	
in	 study	 the	 internal	 structure	 of	 two-
component	films	Fe/Cr	has	been	proven.

The	 work	 is	 supported	 by	 RFBR	
(No.15-02-01674-a).

1 Yuri Babanov, Yuri Salamatov, Vladimir Ustinov. Superlattices and Microstructures 74 
(2014) 100–113.

2 Yu. A. Babanov, Yu. A. Salamatov, V. V. Ustinov, E. Kh. Mukhamedzhanov. Physics of the 
Solid State, 56 (2014) 1904–1915.

3 Yuri Babanov, Yuri Salamatov, Vladimir Vasin, Vladimir Ustinov. Superlattices and 
Microstructures 82 (2015) 612–622.
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The	interest	in	the	study	of	magnetic	
nanostructured	 systems	 has	 been	 driven	
by	 their	 unique	 physical	 properties.	 The	
large variety of methods for producing 
such	 structures	 has	 been	 developed.	
Among	 them,	 the	 self-assembly	methods	
are	very	promising	as	they	allow	to	produce	
large	magnetic	 structured	systems	at	 low	
cost.	 For	 example,	 oblique	 deposition	 or	
more	 recently	 developed	 Glancing	 Angle	
Deposition	 (GLAD)	 techniques1	 (with	
controllable	 movement	 of	 the	 substrate	
during	 deposition)	 are	 widely	 used	 to	
fabricate	nanostructured	(or	sculptured)	in	
three	dimensions	thin-film	systems.

As	 the	 underlying	 mechanisms	 of	
the films morphology formation in such 
techniques	 have	 a	 stochastic	 nature,	 the	
resulting system usually has a nonregular 
structure.	 Because	 of	 that,	 it	 is	 hard	 to	
predict theoretically physical properties 
of	the	films.	However,	the	recent	increase	
in	 availability	 of	 high-power	 and	 low-cost	
processors	 has	 now	 enabled	 to	 both	
simulate	 the	 growth	 process	 of	 thin-film	
systems	 and	 numerically	 analyze	 the	
physical	properties	of	obtained	structures.	
In	 the	 case	 of	 obliquely	 deposited	 films,	
such studies already include calculations 
of	 mechanical,	 optical,	 and	 electrical	
characteristics,	but,	to	our	knowledge,	not	
magnetic.

Here	 we	 study	 the	 static	 magnetic	
properties	 of	 obliquely	 deposited	 thin	
(~50	 nm)	 permalloy	 (Ni80Fe20)	 films.	 We	
developed	 Monte	 Carlo	 thin	 film	 growth	

simulator,	 which	 allows	 us	 to	 generate	
three-dimensional	 structures	 of	 the	 films	
produced	with	different	deposition	angles	
α.	Then,	we	transfer	the	structures	data	to	
our	 micromagnetic	 simulation	 software	
and	 analyze	 the	 magnetization	 reversal	
processes,	highlighting	the	dependence	of	
the magnetic anisotropy on the deposition 
angle	 (Figure	 1).	 With	 the	 adjustment	 of	
the	model	 parameters,	we	are	 able	 to	 fit	
the	 dependences	 with	 the	 experimental	
one	very	well.

The	results	of	the	work	demonstrate	
the perspectives of the method for 
studying complex magnetic structures.

1 M. Hawkeye, M. Brett, (2007), J. Vac. Sc. Tech. A, 25, 1317.

Figure 1. Anisotropy field Hk as a function of 
the deposition angle α.
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Thin	films	with	PMA	are	widely	used	
for storing and processing of information1. 
PMA	provides	greater	recording	density	in	
comparison	with	 the	 in-plane	 anisotropy.	
Moreover,	 the	 magnetization	 reversal	 of	
films	 with	 PMA	 under	 the	 action	 of	 the	
spin-polarized	 current	 occurs	 at	 lower	
current densities2–4.

We	 have	 investigated	 the	 thickness	
dependence	of	the	buffer	layer	of	ruthenium	
on	the	values	of	PMA	and	coercive	force	in	
ultrathin	Ru/Co/Ru	films.

The	 Ru/Co/Ru	 films	 were	 prepared	
by	 magnetron	 sputtering	 onto	 the	 SiO2 
substrate	 at	 room	 temperature.	 The	
thickness	of	 the	cobalt	 layer	 (tCo)	 ranged	
from	0.6	to	2	nm.	The	thickness	of	the	Ru	
buffer	 (tb)	 layer	 varied	 from	 3	 to	 20	 nm.	 

Film	was	covered	by	3	nm	Ru	layer	to	prevent	
oxidation.	 The	 surface	 morphology	 and	
magnetic	structure	were	studied	by	atomic	
force	 microscopy	 (AFM)	 and	 magnetic	
force	 microscopy	 (MFM).	 The	 crystalline	
structure	 was	 inspected	 by	 means	 of	
the transmission electron microscopy 
(TEM)	 and	 electron	 microdiffraction.	 
The	 magnetic	 properties	 of	 the	 films	
were	 investigated	by	 the	magneto-optical	 
Kerr	effect.

From	 the	 shape	 of	 hysteresis	 loops	
measured in fields applied perpendicular 
and	parallel	 to	 the	 film	surface	we	 found	
that	 film	 Ru/Co/Ru	 have	 PMA	 when	 
tCo=0.9	 nm.	 But	 thickness	 of	 buffer	 layer	
affects	 on	 the	 value	 of	 PMA.	 Analysis	
of	 out-of-plane	 loops	 for	 films	 with	
varied	 buffer	 layer	 has	 shown	 that	 PMA	
appears only for tb≥6	 nm.	 Increasing	 tb  
from	 6	 to	 20	 nm	 leads	 to	 an	 increase	
in	 the	 magnitude	 of	 Ha	 from	 1.4	 
to	2.6	kOe	(Figure		1).	Also	the	dependence	
of	the	coercive	force	on	the	value	of	tb	is	
shown	in	Figure		1.	As	seen,	with	increase	of	tb  
from	6	to	20	nm,	the	value	of	Hc increases 
from 15 to 148 Oe.

It	 is	 known	 that	 coercive	 force	 in	
polycrystalline films depends on the 
surface	 roughness,	 grain	 size	 and	 grain	
boundaries.	 The	 investigation	 with	 AFM	
has	 shown	 that	 roughness	 of	 the	 Ru/Co	
interface	stays	unchanged	with	increasing	
of tb.	By	means	of	TEM	we	have	found	that	
both	layers	Ru	and	Co	have	an	amorphous	
structure at tb=5	 nm	 (Figure	 	 2a).	 With	
increasing	of	 tb	 the	grain	sizes	of	Ru	and	
Co	 layers	were	growing	 from	3	 to	10	nm	
(Figure	 	 2e).	 The	 analysis	 of	MFM	 images	

Figure 1. The dependences of the anisotropy field 
Ha (left axis) and coercive force Hc (right axis) on 
the thickness of the buffer layer.
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of	the	domain	structure	of	Ru/Co/Ru	films	
with	PMA	revealed	the	formation	of	bubble	
domains	 at	 the	 magnetization	 reversal	
(Figure		2	(f-i)).

Our theoretical estimations have 
shown	that	an	increase	in	the	Hc is mostly 
caused	by	the	growth	of	the	grain	size	and	
the	 change	 in	 the	 magnetization	 of	 the	
grain	 boundaries.	 Thus,	 we	 have	 studied	

an	effect	of	the	thickness	of	Ru	buffer	layer	
on	 PMA,	 grain	 size	 and	 coercive	 force	 of	
the ultrathin Co film.

This	 study	 was	 supported	 by	
the	 Russian	 Ministry	 of	 Educationand	
Science	 (Contracts	 14.575.21.0039	
(RFMEFI57514X0039)).

1 Kent A., Worledge D. (2015), Nature Nanotechnology, 10, 187–191.
2 Kent A. (2010), Nature Materials, 9, 699–700.
3 Mangin S., Ravelosona D., et al. (2006), Nature Mater., 5, 210–215.
4 Kishi T, Yoda H, et al. (2008), IEDM Tech. Dig., 309–312.

Figure  2. TEM images of the crystal structure (a, b, c, d) and MFM images of the magnetic structure 
(f, g, h, i) for films Ru(tb)/Co(0,9 nm)/Ru(3 nm) (a, f)-tb=5 nm; (b, g)-tb=10 nm; (c, h)-tb=15 nm (d, 
i)-tb=20 nm. The scale bar for the TEM images is 50 nm. The scale bar for MFM images is 2 mkm. 
(e)-Dependence of the grain size R on the thickness of the buffer layer.
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Cluster-layered	 [Fe/Cr]	multilayers	a	
lot of intriguing magnetic properties1.

The	 Mössbauer	 investigation	 of	
the	 epitaxial	 [57Fe(1.2	 Å)/Cr(10.5	 Å)]30 
sample	with	thinnest	57Fe	layers	has	been	
done	 at	 the	 ESRF	where	 the	 Synchrotron	
Mössbauer	Source	(SMS)	has	been	recently	
installed.	 The	 reflectivity	 curves	 do	 not	
show	 any	 Bragg	 peaks	 (no	 periodicity	
is	 detected).	 Mössbauer	 spectra	 of	
reflectivity	 have	 been	 measured	 near	
the	 critical	 angle.	 The	 spectrum	 splittings	
clearly	 show	 the	 magnetic	 ordering	 at	
temperatures	below	~	50	K	(Figure	 	1).	At	
the external field Hext=0	the	fitted	ratio	of	
lines	in	Mössbauer	sextets	corresponds	to	
the random orientations of the hyperfine 
fields	(«effective»	azimuth	angle	γ≈56.4°).

As	 the	Hext	 increases,	Bhf
(i) increase 

and	 become	 somehow	 be	 ordered	 (only	
partially	 even	 up	 to	 4	 T	 !).	 The	 total	 field	
Btot at 57Fe	nuclei	depends	on	the	mutual	
orientation Bhf and Hext and varies in the 
range Bhf±	 Hext.	 At	 saturation	 Bh

f(i) are 
antiparallel to Hext,	 that	explains	 the	shift	
of the Btot	 distributions	 (inserts)	 to	 the	
lower	values.

With	 π-polarized	 SMS	 in	 transverse	
geometry	 (Btot⊥�,	 γ=0)	 2nd and 5th lines 
in	 Mössbauer	 sextets	 dominate,	 but	 in	
longitudinal	 geometry	 (Btot||�,	 γ=90°)	 the	
1st	and	6th	lines	determine	the	total	width	
of	the	spectra.	Additional	broadening	and	
asymmetry	is	determined	by	the	vicinity	to	
the critical angle of the total reflection.

The	 obtained	Btot	 field	 distributions	
indicate an inhomogeneity of Bhf

(i) ordering 
by	Hext and its dependence on the magnetic 
pre-history.	That	confirms	that	our	film	at	
helium	 temperatures	 contains	 spin-glass	
regions	 mixed	 with	 superparamagnetic	
clusters.

The	 work	 is	 supported	 by	 RFBR	
(No.15-02-01674-a	and	15-02-01502-a).

1 Drovosekov A.B., Kreines N.M., et al. (2008), JETP Letters, 88, 118–112.

Figure 1.
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Local atomic structure of Fe/Cr multilayers:  
depth-resolved method

Yu.A. Babanov1, D.A. Ponomarev1, D.I. Devyaterikov1, Yu.A. Salamatov1,  
L.N. Romashev1, V.V. Ustinov1, V.V. Vasin2, A.L. Ageev2

1M.N. Miheev Institute of Metal Physics UB RAS, 620990, Ekaterinburg, Russia
2N.N. Krasovsky Institute of Mathematics and Mechanics UB RAS,  

620990, Ekaterinburg, Russia
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It	 is	 known,	 that	 multilayers	 
Fe/Cr	have	not	only	giant	magnetoresistive	
effect,	 but	 also	 «Kondo-like»	 behavior	
of the electrical resistivity especially 
pronounced	 in	 ultrathin	 Fe	 layers1.  
It	was	interesting	to	investigate	the	relation	
between	 these	 physical	 phenomena	 and	
atomic	structure.	Experimental	data	on	the	
real	 local	 structure	 can	 only	 be	 obtained	
by	 using	 spectroscopic	 methods	 if	 they	
are	available	for	the	system.	One	of	them	 
is	 the	 method	 of	 Extended	 X-ray	 
Absorption	 of	 Fine	 Structure	 (EXAFS)	
spectroscopy.

The	 method	 is	 used,	 to	 probe	
the local atomic arrangement around 
a specific atomic species for multilayer 
nanostructures,	 but	 not	 with	 depth	
resolution.

We	 have	 developed	 a	 method	
for investigation of the local atomic 
structure that gives us the most complete 
information	on	the	atomic	structure,	even	
for	 systems	 [Fe/Cr]n	 with	 overlapping	
coordination	 spheres.	 This	 method	
consists	 in	 solving	 the	 inverse	 problem	
using	 the	 experimental	 data	 on	 EXAFS	
spectroscopy	 with	 angle	 resolution	 and	
X-ray	 reflectivity	 data.	 It	 will	 gives	 us	 a	
unique opportunity to make detailed 
information	 about	 atomic	 and	 later	 on	
magnetic	structures	of	Fe/Cr	multilayers.

The	 problem	 can	 be	 divided	 into	
three	stages:
1 Determination of the concentration 

element	profile	with	the	depth2.
2	 Determination	of	the	X-ray	fluorescence	

emission spectrum of the element i 
absorption	 coefficient	 as	 a	 function	 of	
depth	 using	 the	 angle-resolved	 EXAFS	
data – μi(z,E)3.

3 Determination of partial correlation 
functions as a function of depth from 
μi(z,E).

For	 example,	 for	 a	 two-component	
system	 Fe/Cr	 we	 have	 K	 spectra	 μa

Fe(z,E)	
and μa

Cr(z,E).	A	system	of	Fredholm	integral	
equations	 for	 these	 EXAFS	 data	 is	 solved	
and three partial pair correlation functions 
gij(z,	r)	are	obtained.

All	 stages	 of	 the	 proposed	 method	
is	 demonstrated	 on	 a	 model	 of	 cluster-
layered	[Fe/Cr]n system.

This	method	undoubtedly	significant	
both	 in	 fundamental	 and	 technical	
aspects.

The	 work	 is	 supported	 by	 RFBR	 
(№	 14-22-01063-ofi_m,	 №.15-02-01674-a	
and	№.	16-32-00676-mol_a).

1 V.V. Ustinov, et al. (2006), JMMM, v.300, 148-152.
2 Yuri A. Babanov, Denis I. Devyaterikov, Vladimir V. Ustinov «Model-less approach in X-ray 

reflectivity of multilayer nanoheterostructure Fe / Cr» (report, this Conference).
3 Yu.A. Babanov, Yu.A. Salamatov, E.Kh. Mukhamedzhanov), Journal of Physics: Conference 

Series, (2009190, 012030(4))
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Co/Pd	 multilayered	 films	 exhibit	
strong perpendicular magnetic anisotropy 
(PMA).	 Recently,	 large	 current	 induced	
spin-orbit	 torques	 in	 Co/Pd	 multilayered	
nanowires	 were	measured1.	 In	 this	 work	
we	 show	 an	 approach	 of	 growing	 high	
quality	 epitaxial	 Pd(111)	 buffer	 layer	 on	
Si(111)	substrate	and	investigate	the	origin	
of	 PMA	 in	 this	 system	 by	 analyzing	 the	
dependence	of	energy	of	PMA	in	epitaxial	
Pd/Co/Pd	 trilayers	 on	 the	Pd	buffer	 layer	
thickness.

In	 the	 samples	 Cu	 (2	 nm)	
seed	 layer	 was	 deposited	 on	
annealed	 Si	 (111)	 substrate	 and	 then	 
Pd	 (2	 nm)/Co(0.84	 nm)	 /Pd(tPd)	 trilayered	
structure	was	formed.	The	thickness	of	Pd	
buffer	layer,	tPd	was	varied	from	0	to	7	nm	
in the samples.

Reflection	 high	 energy	 electron	
diffraction	 analysis	 showed	 that	 lattice	
parameter	of	Pd	grown	on	Cu(111)/Si(111)	
becomes	 nearly	 equal	 to	 volume	 lattice	
parameter at tPd=	 1.5	 nm.	 Relaxation	 of	
the	 lattice	 of	 Pd	 during	 growth	 occurs	

gradually in contrast to the results of 
Paniago et al2	(Figure		1).	We	noticed	weak	
oscillations of intensity of a specular spot 
in	RHEED	images	which	evidences	about	a	
layer-by-layer	growth	in	the	interval	of	the	
Pd	thickness	from	0.8	to	1.7	nm.

Scanning tunneling microscopy 
investigation	revealed	that	Pd	buffer	layer	
grows	on	Cu/Si(111)	at	room	temperature	
by	 3D	 islands	 from	 the	 beginning	 of	 the	
growth.	 3D	 island	 growth	mode	 explains	
weakness	of	RHEED	oscillations.

We	 measured	 energy	 of	 PMA	 in	
obtained	 samples	 by	 vibrating	 sample	
magnetometer.	 The	 dependence	 of	 the	
energy	 of	 PMA	 on	 the	 Pd	 buffer	 layer	
thickness	 does	 correlate	 well	 neither	
with	 strain	 nor	with	 roughness	 behavior.	
According	 to	 Go	 et	 al.3 increasing 
roughness in epitaxial Co/Pd multilayers 
leads	 to	 decreasing	 of	 PMA.	 However,	
roughness	of	the	Pd	buffer	layer	grows	up	
with	increasing	coverage	of	Pd	(Figure		1).	 
On	the	contrary	energy	of	PMA	saturates	
at tPd	=	4.5	nm.

Figure 1. The dependence of 
energy of effective PMA, in-plane 
Pd lattice parameter and RMS 
roughness of Pd on the Pd buffer 
layer thickness.
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Co	 layer	 grown	 on	 Pd(111)	 surface	
undergoes	 tensile	 in-plane	 strain	 which	
may	 give	 contribution	 to	 PMA.	 However,	
lattice	parameter	of	 Pd	buffer	 layer	does	
not sufficiently change after deposition of 
0.9	nm	of	Pd	buffer	layer,	but	energy	of	PMA	
reaches	only	40	%	of	its	maximal	value	at	
this	Pd	buffer	layer	thickness.	Calculations	
of volume magnetoelastic anisotropy 
showed	 that	 observed	 PMA	 in	 epitaxial	
Pd/Co/Pd trilayers cannot have pure 

magnetoelastic	 origin.	 Therefore,	 based	
on	experimental	results	we	conclude	that	
PMA	 in	 our	 samples	 is	 caused	 by	 effects	
in	 the	 Co/Pd	 interfaces.	 Roughness	 has	
negligible	 influence	 on	 PMA.	 Strains	may	
contribute	to	PMA	not	in	the	volume	but	in	
the	bottom	and	top	Co/Pd	interfaces	in	the	
trilayered epitaxial Pd/Co/Pd films.

1 Jamali M., Narayanapillai K., Qui X., Ming Loong L., Manchon A., Yang H. (2013), Physical 
Review Letters, 111, 246602.

2 Paniago R., de Siervo A., Soares E.A., Pfannes H.-D., Landers R. (2004), Surface Science, 
560, 27.

3 Go N., Suzuki K., Emoto S., Itou M., Sakurai Y. and Sakurai H. (2013), Key Engineering 
Materials, 534, 7.
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Properties of thin films differ from 
properties	 of	 bulk	 materials.	 Magnetic	
properties of thin films depend on the 
stress	 near	 the	 substrates,	 roughness	 of	
the	 surface.	 We	 studied	 the	 influence	 of	
substrate	 ferroelectric	 properties	 on	 the	
magnetic properties of multiferroic thin 
films.

Here	 we	 investigate	 the	 magnetic	
properties	 of	 manganite	 RMnO3	 (R=Gd,	 
Yb,	 Y)	 thin	 films	 of	 different	 thickness:	
40,	60,	100,	120,	150	and	250	nm	and	the	
effect	 of	 epitaxial	 strain	 on	 these.	 The	
manganite	 thin	 films	 were	 deposited	 on	
dielectric	 LaAlO3	 and	 ferroelectric	 SrTiO3 
and	LiNbO3	substrates.

We	found	that	the	type	of	substrate	
can impact to the magnetic phase transition 
temperature	as	it	was	for	GdMnO3 thin films 
(Figure		1	a,	b).	We	observed	the	presence	
of the ferromagnetically correlated regions 
in	 250	 nm	 thin	 film	 YbMnO3/LaAlO3  
(Figure		2b),	and	absent	that	in	150	nm	thin	
film	(Figure		2a).

This	 work	 was	 supported	 by	 the	
programs	of	the	Presidium	of	the	Russian	
Academy	 of	 Sciences	 no.	 32	 and	 the	
Science	 Development	 Foundation	 under	
the	President	of	the	Republic	of	Azerbaijan	
Grant	№	EIF-2013-9(15)-46/09/1.

Figure 1. Temperature dependence of the 
magnetic moment in (a) - GdMnO3/LiNbO3 and 
(b) - GdMnO3/SrTiO3.
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Figure 2. Temperature dependence of the 
magnetic susceptibility in YbMnO3/LaAlO3 of 
the thickness (a) – 150nm and (b) – 250nm.
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Recent	 studies	 on	 heterostructures	
of	 ultrathin	 ferromagnets	 sandwiched	
between	a	heavy	metal	layer	and	an	oxide	
have	 highlighted	 the	 importance	 of	 spin-
orbit	coupling	(SOC)	and	broken	inversion	
symmetry	 in	 domain	 wall	 (DW)	 motion.	
Specifically,	 chiral	 DWs	 are	 stabilized	 in	
these	 systems	 due	 to	 the	 Dzyaloshinskii-
Moriya	 interaction	 (DMI).	 SOC	 can	 also	
lead	 to	 enhanced	 current	 induced	 DW	
motion,	 with	 the	 spin	 Hall	 effect	 (SHE)	
suggested as the dominant mechanism 
for	 this	 observation.	 The	 efficiency	 of	
SHE	 driven	 DW	 motion	 depends	 on	 the	
internal	 magnetic	 structure	 of	 the	 DW,	
which	could	be	controlled	using	externally	
applied	 longitudinal	 in-plane	 fields1.  
In	 this	 work,	 micromagnetic	 simulations	
and analytical models are used to study 
field	and	current-driven	DW	motion	under	
high	 in-plane	 fields	 in	 perpendicularly	
magnetized	 samples	 with	 strong	 DMI.	
An	 extended	 analytical	 model	 including	
canting in the domains is developed to 
describe	 the	 micromagnetic	 results.	 This	
extended	 model	 shows	 improvements	

over traditional analytical models2–4.  
While	 this	 extended	 model	 shows	
improvements over previous analytical 
models	 in	describing	 the	dynamics,	 there	
are	still	discrepancies	between	the	model	
and	 micromagnetic	 simulations.	 This	
paper suggest avenues of improvement 
which	 could	 be	 explored	 to	 improve	 the	
accuracy of analytical models.

1 E. Martinez, S. Emori, N. Perez, L. Torres and G. S. D. Beach, «Current-driven dynamics 
of Dzyaloshinskii domain walls in the presence of in-plane fields: Full micromagnetic and 
one-dimensional analysis,» Journal of Applied Physics, vol. 115, no. 21, 2014.

2 J. C. Slonczewski, «Dynamics of magnetic domain walls,» AIP Conference Proceedings, vol. 
5, no. 1, pp. 170-174, 1972.

3 A. Thiaville and Y. Nakatani, «Spin dynamics in confined magnetic structures III,» vol. 
Volume 101/2006, B. Hillebrands and A. Thiaville, Eds., Berlin-Heidelberg, Springer, 2006, 
pp. 161-205.

4 O. Boulle, S. Rohart, L. D. Buda-Prejbeanu, E. Jue, I. M. Miron, S. Pizzini, J. Vogel, G. Gaudin and 
A. Thiaville, «Domain wall tilting in the presence of the Dzyaloshinskii-Moriya interaction in 
out-of-plane magnetized magnetic nanotracks,» Phys. Rev. Lett., vol. 111, p. 217-203, 2013.

Figure  1. Variation of DW velocity with in-
plane field. In the case of SHE driven DW motion 
Simulations were performed for a current density 
of J = 0.1 TA/m2 on a Pt-CoFe-MgO system.
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Bulk Pd1–xFex	 alloy	 is	 known	 as	 the	
material	 which	 gains	 the	 ferromagnetic	
properties	 because	 of	 high	 magnetic	
polarization	 of	 Pd	 already	 at	 the	 doping	
level	 about	 0.1	 –	 1	 %.	 The	 effective	
magnetic	 moment	 per	 Fe	 atom	 grows	
inversely proportional to x and reaches  
12 Bohr magnetons at x	~	0.011. Depending 
on x,	 ferromagnetic	 or	 antiferromagnetic	
arrangement	 of	 magnetization	 takes	
place2.	 The	 spontaneous	 magnetization	
of the alloys and the Curie temperature 
are	 reduced	 with	 the	 doping	 decrease	
and	 with	 the	 reduction	 of	 magnetic	
material volume3,4.	 The	 interest	 to	 the	
magnetic	properties	of	weak	ferromagnet	

nanofilms	 appears	 a	 few	 years	 ago	 with	
the	development	of	cryoelectronics	where	
such	 a	 films	 are	 suggested	 to	 be	 used	
as the layer governing electromagnetic 
properties	 of	 hybrid	 superconductor-
ferromagnet-superconductor	structures5.

Herewith	we	report	on	the	properties	
of	20	to	40	nanometers	thick	Pd1–xFex films 
fabricated	 by	 rf	 magnetron	 sputte-ring.	
The	experiments	are	performed	by	SQUID	
magnetometery in temperature range 
1.4	 –	 40	 K.	 Temperature	 dependences	 of	
magnetization,	 coercitivity	 and	 magnetic	
permeability	are	determined.	Two	types	of	
magnetization	loops	are	found	depending	
on	 the	 range	 of	magnetic	 field	 sweeping	
with	the	threshold	value	as	low	as	20	Oe.	
Large shift of Curie temperature under the 
applied	magnetic	field	is	observed.

Huge	relaxation	of	magnetization	 in	
Pd1–xFex films in all temperature range is 
revealed	but	it	does	not	prevent	the	usage	
of	 the	 films	 as	 the	 layer	 which	 controls	
the	 critical	 current	 of	 Nb-PdFe-Nb	 in	 few	
Oersted	magnetic	field,	Figure	1.

The	 results	 are	 explained	 taking	
into account the magnetic nanocluster 
arrangement	 of	 weak	 ferromagnet	 film	
which	 was	 proven	 by	 the	 experiments	
on	magnetic	 flux	 penetration	 in	 Nb-PdFe	
bilayer	films.

1 Clogston A.M. et al., (1965), Phys. Rev., 125, 541.
2 Kondo Y., Swieca K., Pobell F., (1995), J. Low Temp. Phys., 100, 195.
3 Shinodara T. et al., (1999), J. Magn. Magn. Mat., 196-197, 94.
4 Uspenskaya L.S., Rakhmanov A. L.; Dorosinskii L. A. et al., (2014), Mater. Res. Express, 1, 

036104.
5 Kupriyanov M.Yu., Golubov A.A., Sigel M., (2006), Proc. Of SPIE, 6260, 62600S.

Figure 1. Variation of the critical current of 
multilayer SF structure under few Oersted field.
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The	magnetic	characterization	using	
first-order	 reversal	 curves	 (FORC)1–2 is 
usually used to evidence the interactions 
and	 the	 distribution	 of	 coercivity	
of	 the	 switching	 physical	 entities	 in	
ferromagnetic	 samples.	 In	 this	 paper	 we	
describe	an	experimental	setup	developed	
to	measure	 dynamic	 FORCs	 for	magnetic	
wires.	 Their	 magnetization	 process	 takes	
place	 through	domains	wall	 propagation.	
The	 developed	 experimental	 tool	 opens	

the	 possibility	 to	 evidence	 in	 details	 how	
the	 switchings	 of	 domains	 and	 grains	 in	
soft magnetic materials are influenced 
by	 the	 field	 rate.	 We	 have	 developed	
also	 a	 model	 able	 to	 reproduce	 with	 a	
remarkable	 accuracy	 the	 typical	 features	
of	 the	 experiment.	 Work	 was	 supported	
by	Romanian	CNCS-UEFISCDI	Grants	Nos.	
PN-II-RU-TE-2012-3-0439	 and	 PN-II-RU-
TE-2012-3-0449.

1 Mayergoyz I. D., (1985), J. Appl. Phys. 57 (1), 3803-3805.
2 Pike C. R., Roberts A. P., Verosub K. L., (1999), J. Appl. Phys. 85 (9), 6660-6667.

 

Figure 1. Experimental dynamic FORC diagrams for different values of the applied field sweep rate 
υH. Insets: normalized dynamic FORCs and induced signal as a function of the applied field. Due to 
the dynamic effects the magnetic moment continues to decrease even after the applied magnetic field 
starts to increase.
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We	 study	 the	 electronic	 properties	
of	 twisted	 bilayer	 graphene	 in	 the	 tight-
binding	approximation.	Using	the	Lanczos	
algorithm for the numerical evaluation 
of	 eigenvalues	 of	 large	 sparse	 matrices,	
we	 calculate	 the	 bilayer	 single-electron	
spectrum	 for	 commensurate	 twist	 angles	
in	 the	 range	 1º<θ<30º.	We	 show1 that at 
certain	angles	θ	greater	than	θc≈1.89º	the	
electronic	spectrum	acquires	a	 finite	gap,	
whose	value	could	be	as	large	as	80	meV.	
Recently,	the	band	gap	of	similar	value	has	
been	experimentally	observed	in	transport	
measurements2.

We	 show,	 however,	 that	 in	 an	
infinitely large and perfectly clean sample 
the	 gap	 as	 a	 function	 of	 θ	 behaves	 non-
monotonously,	 demonstrating	 expo-
nentially-large	 jumps	 for	 very	 small	
variations	of	θ.	We	demonstrate	that	for	a	
system	of	finite	size	L	 the	gap	becomes	a	
smooth	function	of	θ.

Using	our	results	of	the	tight-binding	
calculations	 we	 construct	 the	 effective	
Hamiltonian	 at	 large	 twist	 angles,	 similar	
to	 that	 proposed	 by	 E.J.	 Mele3.	 Including	

interaction	 into	 this	 model,	 we	 show	
within	 random	 phase	 approximation	
that	 electron-electron	 interaction	
enhances	 the	 value	 of	 the	 band	 gap	 as	 
Δ∞Δ0ln(EΛ/Δ0),	 where	 Δ0	 is	 the	 bare	 gap	
and EΛ is the energy cutoff of the order 
of	 the	graphene	bandwidth.	The	effect	of	
the	 impurities	 and	 the	 electron-electron	
interaction	 on	 quasi-particle	 lifetime	 is	 
also studied.

For	 intermediate	 angles	 θc<θ<5º,	
the	 gap	 calculated	 in	 the	 tight-binding	
approximation	 is	negligible.	However,	 the	
interaction driven spontaneous symmetry 
breaking,	 leading	e.g.	 to	 the	spin-density-
wave	 ordering	 and	 the	 gap	 opening,	 is	
possible	and	discussed	in	this	regime.

For	 small	 angles	 θ<θc,	 our	 tight-
binding	 calculations	 predict	 the	 system	
to	 be	 a	 metal	 with	 a	 well-defined	 Fermi	
surface	which	 is	 reduced	 to	 Fermi	 points	
for	some	values	of	θ.	On	the	other	hand,	
the	 electron	 bands	 are	 quite	 flat,	 so	
the	 disorder	 or	 the	 electron-electron	
interaction	may	give	rise	to	localization	or	
opening of a gap due to ordering.

1 Sboychakov A.O., Rakhmanov A.L., Rozhkov A.V., Nori F. (2015), Physical Review B 92 (7), 
075402.

2 Park J., Mitchel W. C., Elhamri S., Grazulis L., Hoelscher J., Mahalingam K., Hwang C., Mo S.-
K., Lee J. (2015), Nature Communications 6, 5677 (2015).

3 E.J. Mele (2010), Physical Review B 81 (16), 161405.
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Thin	magnetic	films	(TMF)	are	widely	
used in various fields of science and 
technology1.	 TMF	 based	 on	 Fe-Si	 attract	
the great researcher’s interest due to their 
unique	 physical	 properties	 and	 it	 can	 be	
used	to	create	both	magnetic	sensors	and	
spintronics devices.

The	 experiment	 was	 carried	 out	
with	 ultrahigh	 vacuum	 molecular-beam	
epitaxy	«Angara»	set-up2,	equipped	with	a	
system	 of	 reflection	 high-energy	 electron	
diffraction	 (RHEED).	 The	 base	 pressure	
in	 the	 growth	 chamber	 was	 6.5×10–8 Pa. 
The	 n-Si(111)	 substrates	 were	 used	 and	
prepared	 by	 special	 treatment2.	 The	
component	 materials	 were	 evaporated	
from	Knudsen	effusion	cells.

The	Fe1–xSix	 films	were	prepared	by	
molecular-beam	 epitaxy	 (MBE)	 technique	
with	simultaneous	deposition	of	Si	and	Fe	
on	heated	at	130	°C	Si(111)	7×7	substrate,	
when	0.15	<	x	 <	 0.35.	 Silicon	wafers	with	
both	 1º	 and	 4º-top	 surface	 deviation	
from	 the	 (111)Si plane	 were	 used.	 The	
thickness	 of	 the	 films	 was	 about	 60	 nm.	
The	 structure	 formation	 was	 monitored	
in situ	by	RHEED,	as	well	as	ex situ	by	XRD.	
The	magnetic	properties	of	the	films	were	

investigated	with	a	scanning	spectrometer	
ferromagnetic	 resonance	 at	 3.329	 GHz	
pump frequency3.	 In	 the	 film	 plane	 an	
angular dependence of the resonance 
field HR(φ) 	 at	 2°	 step	 was	measured.	 To	
determine the uniaxial anisotropy field 
Hu for the investigated films from the 
angular	 dependence	 of	 FMR	 field	 the	
phenomenological model3	was	used.

It	 is	 found	 the	 uniaxial	 anisotropy	
for	 the	 film	 Fe1–xSix	 with	 x	 =	 0.25	 
(Fe3Si	 stoichiometric	 ratio)	 deposited	
on	 Si(111)	 with	 1º-top	 surface	 deviation	
is	 8.13	 Oe,	 but	 for	 the	 film	 (x	 =	 0.25)	
deposited	 on	 Si(111)	with	 4º	 is	 75.45	Oe.	
During experiments it is found the top 
surface	 deviation	 from	 the	 (111)Si	 plane,	
the	 stoichiometric	 ratio	 and	 an	 oblique	
evoporation are affect on the uniaxial 
anisotropy value.

The	 work	 was	 supported	 by	 the	
President	 Program	 of	 the	 RF	 (Sci.	 School	
2886.2014.2	 and	 SP-3382.2016.3),	 RFBR	
(grants	 No.	 16-32-00291),	 the	 Ministry	
of	 Educ.	 and	 Sci.	 of	 the	 RF	 State	 task	 
No.	16.663.2014К),	The	Complex	program	
of	 SB	 RAS	 №	 II.2P,	 project	 0358-2015-
0007.

1 Volkerts J.P. Magnetic Thin Films: Properties, Performance and Applications. – Nova 
Science Publishers, Incorporated, 2011. – 409 p.

2 Yakovlev I.A., Varnakov S.N., Belyaev B.A. et al., JETP letters 99(9), 527 (2014).
3 Belyaev B.A., Izotov A.V., Leksikov A.A.. IEEE Sens. J. 5/2 (2005)260.
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Thin	 magnetic	 films	 containing	
exchange	 coupled	 ferromagnetic	 (FM)	
and	 antiferromagnetic	 (AFM)	 layers	
continuously attract significant attention 
due to their importance for current ant 
prospect applications in magnetic sensors 
and spintronic devices. Understanding 
of	 magnetization	 processes	 in	 both	 FM	
and	 AFM	 layers,	 including	 asymmetric	
magnetization	 reversal,	 advanced	
greatly during the last decade1.  
In	 this	 work,	 we	 considered	 asymmetric	
magnetization	 processes	 in	 FM/AFM	
films2	 with	 Fe-Mn	 AFM	 layer	 and	 various	
FM	 layers	having	different	magnetization,	
magnetocrystalline	 anisotropy,	 and	
coercivity.

SiO2/Ta(5)/Fe20Ni80(5)/Fe50Mn50(20)/
FM(40)	 samples	 (thicknesses	 in	 nm	 are 
	 given	 in	 parenthesis)	 were	 synthesized	 
using	 magnetron	 radio-frequency	
sputtering	 system	 in	 a	 100	 Oe 
magnetic field2.	 For	 FM	 layer	 we	 used	
Fe20Ni80,	 Fe10Ni90,	 Co,	 Fe,	 Ni	 materials.	
Hysteresis	 properties	 were	 studied	 at	
room	 temperature	 using	 wide-field	 Kerr	
microscope.	 AFM	 and	 FM	 layers	 were	
confirmed	 to	 be	 in	 the	 nanocrystalline	
state.

For	 the	 series	 of	 FM/Fe-Mn	 films,	
hysteresis	 loops	were	measured	applying	
magnetic field at different angles in 
respect to the direction of the exchange 

anisotropy.
For	 every	 hysteresis	 loop	 both	

longitudinal	and	transversal	magnetization	
components	were	plotted	(Figure	1),	which	
allowed	us	 to	estimate	 the	asymmetry	of	
ascending	and	descending	branches.	 The	
obtained	results	were	analyzed	considering	
angular	 dependencies	 of	 exchange	 bias	
field,	coercivity,	and	asymmetry	taking	into	
account differences in magnetic properties 
and	crystal	structure	of	FM	layers.	Magnetic	
domain	 structure	 was	 analyzed	 at	 each	
branch	of	the	hysteresis	loop.

This	 work	 was	 supported	 by	 RFBR	
(grant	16-32-00132	мол_а).

1 Camarero J., Jordi S., Hoffmann A., et al. (2005), Phys. Rev. Lett., 95, 057204.
2 Vas’kovskiy V., Lepalovskij V., Gorkovenko A., et al. (2014), IEEE Trans. Magn., 50(11), 

4800504.

Figure 1. Asymmetric hysteresis loops measured 
for Fe50Mn50/Co sample. Magnetic field was 
applied at 10 degrees in respect to the magnetic 
anisotropy axis.
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Competing	 interactions	 between	
magnetic particles can lead to modification 
in the magnetic features of a nanoscopic 
system.	 In	particular,	 Fe/Si3N4 multilayers 
produced	 by	 magnetron	 sputtering	 with	
rf-power	 (for	 Si3N4	 layers)	 and	 dc	 (for	
Fe	 layers)	 supplies	 have	 been	 chosen	
in the past as a system to study the 
transition	 from	 superparamagnetic	 (SPM)	
to	 spin-glass-like	 or	 superferromagnetic	
behaviour	 with	 variable	 magnetic	 layer	
thickness1,2. For	 Fe	 layer	 thickness	 
tFe	≤	2.5	nm,	the	as-deposited	multilayers	
show	 superferromagnetic	 behaviour,	
which	 has	 been	 interpreted	 as	 due	
to	 ferromagnetic	 α-Fe	 nanoparticles	
separated	 by	 nonmagnetic	 iron	 silicide	
grains.	 Besides,	 a	 large	 decrease	 in	
saturation	 magnetization	 of	 more	 than	
60%	 with	 respect	 to	 pure	 Fe	 layers	 has	
been	observed,	assigned	to	paramagnetic	
nitrides2.

Currently	 we	 present	 the	 study	 of	
[Fe	 (tFe)/Si3N4	 (3	 nm)]n	multilayers	pre-
pared	 with	 n	 =	 3	 and	 6	 and	 tFe	 =	 5	 and	
10	nm	using	 rf	magnetron	 sputtering	 for	
both	Fe	and	Si3N4 layers.	The	cases	n	=	3	
(odd)	 and	 n	 =	 6	 (even)	 were	 intended	 to	
detect	 possible	 interlayer	 interactions	
with	 uncompensated	 or	 compensated	
90º	 in-plane	 relative	 orientation	 of	 layer	
magnetizations,	 respectively.	 The	 low	
temperature	 saturation	 magnetization,	

MS,	 measured	 with	 a	 SQUID	 for	 n	 =	 6,	 
was	 consistent	 with	 a	 simple	 doubling	
of the n	 =	 3	 case,	 and	 the	 remanence	
to	 saturation	 ratios	 was	 0.88	 in	 both	
cases.	 This	 suggests	 that	 the	 magnetic	
layers	 behave	 independently	 or	 that	 the	
interlayer coupling through the isolating 
Si3N4 layers is collinear ferromagnetic. 
However,	 MS	 shows	 a	 decrease	 with	
respect	 to	 ideal	 only	 α-Fe	 layers	 
of	just	23	%,	in	clear	contrast	to	the	similar	
multilayers	prepared	in	previous	works.

The	 metal/insulator	 interface	
was	 studied	 by	 x-ray	 reflectivity,	 which	
showed	 that	 the	 layer	 roughness	 was	
lower	 by	 a	 factor	 1.5–2	 with	 respect	 to	
previous similar multilayers2. Conversion 
Electron	 Mössbauer	 Spectroscopy	 data	
were	 collected	 at	 room	 temperature	 in	
order to detect the different phases.  
In	 addition	 to	 α-Fe,	 the	 spectra	 showed	
a	 second	 magnetic	 phase	 and	 a	 non-
magnetic	 phase.	 The	 relative	 amount	
of	 non-magnetic	 phase,	 amounting	 
to	≈19	%,	is	in	agreement	with	the	decrease	
in MS observed	 in	 the	 same	 multilayers.	
This	 proves	 that	 the	 deposition	 method	
presently	 used	 produces	 better	 Fe/Si3N4 
multilayers from the magnetic point of 
view	 than	 the	 sequential	 rf-dc	 sputtering	
method.

1 Jiménez-Villacorta F. et al.., Phys. Rev. B 82 (2010) 134413.
2 Jiménez-Villacorta F. et al., J. Phys. D: Appl. Phys. 41 (2008) 205008 (8p)
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Exchange	 bias	 phenomenon	 in	
ferromagnetic/antiferromagnetic	 (F/AF)	
thin film structures is still of a great interest 
due to its potential applications such 
as	 magnetic	 sensory	 devises	 which	 are	
based	on	giant	magnetoresistance	effect.	 
One of the important characteristics of 
spintronic	devices	is	F	layer	magnetization	
that determines magnetic energy 
magnitude.	 Therefore,	 the	 choice	 of	
appropriate	 F	 layer	 material	 with	 high	
saturation	 magnetization	 and	 low	
coercivity	 is	 of	 great	 importance.	 Here	
we	 report	 on	 investigations	 of	 exchange	
bias	 in	 F/AF/F	 trilayer	 structures	 with	
different	 thickness	 of	 AF	 layers	 for	 two	
different	 NiFe	 relative	 contents	 in	 F	
layer.	 Two	 sets	 of	 experimental	 samples	 
Si/Ta	 30nm/NiFe	 10nm	 /IrMn	 tAF/NiFe	
10nm/Ta	 30nm	 where	 tAF	 =	 2	 –	 50	 nm	 
with	 Ni75Fe25 and Ni40Fe60	 F	 layer	
compounds	were	deposited	by	magnetron	
sputtering in argon at pressure  
of	3·10–3 Torr	with	magnetic	field	of	420	Oe	
applied	 in	 plane	 of	 substrate	 during	 the	
deposition.	For	each	sample	ferromagnetic	
resonance	(FMR)	field	angular	dependence	
was	obtained	and	fitted	by	equation

Hr	=	Hr0 – HEBcos(φ – α)	–	HKcos2φ		 	 (1)	

where	 Hr0	 –	 intrinsic	 resonance	 field,	
HEB	 –	 exchange	 bias,	 HK – unidirectional 
magnetocrystalline	 anisotropy,	 α	 –	 angle	
between	exchange	bias	and	applied	during	
deposition magnetic field directions.

For	 trilayers	 with	 Ni75Fe25	 F	 layers	
FMR	 spectra	 contained	 two	 peaks	
corresponding	 to	 upper	 (AF/F)	 and	 lower	
(F/AF)	 interfaces	 while	 for	 trilayers	 with	
Ni40Fe60	only	single	peaks	were	observed.	
Trilayers	 with	 both	 F	 layer	 compositions	
had	 FMR	 angular	 distribution	 with	 non-
zero	 angle	 α	 at	 low	 tAF.	 This	 angle	 had	 a	
maximum value at tAF	 at	which	 exchange	
bias	occurs	(4	nm	for	Ni40Fe60 and 8 nm for 
Ni75Fe25)	 then	decreased	with	 tAF increase 
and	converged	 to	 zero	at	 tAF	 =	15	nm	 for	
Ni40Fe60	and	20	nm	for	Ni75Fe25.

For	 trilayers	 with	 Ni75Fe25 the 
exchange	bias	of	5	Oe	for	bottom	interface	
and	 40	 Oe	 for	 top	 interface	 occurs	 
at tAF	=	8nm	that	is	higher	than	for	Ni40Fe60 
(4	nm).	Than	exchange	bias	monotonically	
increases	 to	 60	 and	 80	 Oe	 at	 F/AF	 
and	AF/F	interfaces,	respectively,	and	after	
tAF	 =	 15	 nm	 remains	 doesn’t	 significantly	
change.	 In	 case	 of	 trilayers	 with	 Ni40Fe60 
F	 layers	 exchange	 bias	 grows	 from	 
20	Oe	at	tAF	=	4	nm	to	40	Oe	at	tAF	=	8	nm	
than oscillates and linearly increases  
from 22 Oe at tAF	 =	 20	 nm	 to	 48	 Oe	 at	
tAF	 =	 50	 nm.	 In	 all	 tAF range investigated 
exchange	 bias	 of	 structures	 with	 
Ni40Fe60	 F	 layers	 is	 lower	 than	 that	 of	
both	interfaces	in	structures	with	Ni75Fe25 
having close values at tAF	=	15	and	50	nm.	
Along	with	higher	Ni40Fe60 coercivity it can 
be	caused	by	strong	FCC	(111)	texture	and	
small	grain	size	in	Ni75Fe25.
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The	 binary	 Heusler	 alloy	 Fe3Si,	
which	 is	 the	potential	 candidate	 for	 spin-
injectors,	 has	 heavily	 been	 investigated	
over	 the	 last	 decade.	 However,	 it	 has	
been	 examined	 that	 Fe3Si	 has	 low	 spin	
polarization	(P)	(0.15	≤	P	≥	0.45)	and	should	
be	improved1.	One	of	the	ways	suggested	
to	 increase	spin	polarization	 is	 to	 change	
Si	content	 in	Fe3Si silicide that could shift 
unpolarized	 s-bands	 of	 iron	 either	 above	
or	below	Fermi	energy	in	order	to	remain	
only	 polarized	 d-bands.	 Furthermore,	
controlling chemical and structural order 
in	Fe1–xSix	thin	films	grown	on	Si	substrates	
could also tune the electronic and magnetic 
properties.

In	this	work,	we	investigated	the	way	
that	the	Si	content,	chemical	and	structural	
order	 affect	 on	 optical,	 electronic	 and	

magnetic	 properties	 of	 epitaxial	 Fe1–xSix 
thin	films	in	composition	range	0	≤	x	≥	0.4.	
Examination	of	off-stoichiometric	epitaxial	
Fe1–xSix	 thin	 films	 obtained	 was	 carried	
out	 using	 X-ray	 diffraction,	 Rutherford	
back-scattering,	 SQUID	 magnetometry,	
ferromagnetic	 resonance,	 transmission	
electron	 microscopy,	 atomic	 force	
microscopy,	 Kerr	 effect	 measurements,	
spectroscopic ellipsometry and ab initio 
calculation	 methods.	 This	 work	 revealed	
that chemical order is an effective mean 
to	 adjust	 the	 electronic	 and	 magnetic	
properties	of	Fe1–xSix/Si(111)	system.

The	 work	 was	 supported	 by	 State	
contract	 No.	 02.G25.31.0043,	 State	 task	
No.16.663.2014К,	the	Complex	program	of	
SB	RAS	№	II.2P,	project	0358-2015-0007.

1 Kawano M., Ikawa M., Arima K. et al.. (2016) , J. Appl. Phys, 119, 045302-1-6.

Figure 1. Experimental σ1 and 
ε1 spectra of Fe1–xSix films with 
different Si content.

O10.20



465

EASTMAG-2016

Characterization and magnetotransport properties  
of textured Fe3O4 films

A.S. Tarasov1, M.V. Rautskii1, A.V. Lukyanenko1,2, M.N. Volochaev1,3, E.V. Eremin1,3, 
V.V. Korobtsov4,5, V.V. Balashev4,5, V.A. Vikulov4, L.A. Solovyov6 and N.V. Volkov1,2

1Kirensky Institute of Physics, 660036, Krasnoyarsk, Russia
2Siberian Federal University, Krasnoyarsk, 660041, Russia

3Siberian State Aerospace University, Krasnoyarsk, 660014, Russia
4Institute of Automation and Control Processes, FEB RAS, Vladivostok, 690041, Russia

5School of Natural Sciences, Far Eastern Federal University, Vladivostok, 690922, Russia
6Institute of Chemistry and Chemical Technology, SB RAS, 660049, Krasnoyarsk, Russia

�keywords:� magnetite, texture film, spin-dependent transport

Magnetite	 (Fe3O4)	 is	 a	 well-
known	 magnetic	 material	 with	 the	
Neel	 temperature	 TN	 =	 860	 K	 and	 the	
cubic	 inverse	 spinel	 structure.	 However	
magnetite is interesting for application 
in	 spintronic	 devices	 because	 it	 has	
the	 extremely	 high	 (~80	 %	 1)	 degree	 of	
conduction	 electrons	 spin	 polarization	
and	 high	 TN.	 In	 this	 view	 the	 transport	
and magnetotransport properties of the 
magnetite films are attract researchers’ 
attention.	In	this	work	we	present	results	of	
systematically	 investigation	 of	 structural,	
magnetic and magnetotransport 
properties	Fe3O4 thin films.

Analysis	of	the	XRD	data	showed	that	
the preferred orientation of the samples is 
(001)	and	 the	orientation	degree	 is	30	%.	
According	 to	 the	SPM	and	cross-sectional	
TEM	 data,	 the	 average	 crystallite	 size	 
is	 ~70	 nm.	 Temperature	 dependences	
of the magnetic moment have feature 
at	 120	 K	which	 connected	 to	 the	 Verwey	
transition2.	 Resistivity	 measurements	 of	
the	 samples	 with	 thicknesses	 of	 37,	 44,	
55,	and	102	nm	in	the	temperature	range	
80−273	 K	 showed	 that	 the	 dominant	
carrier transport mechanism in the films 
is	 thermoactivated	 tunneling.	Meanwhile,	
the	 room-temperature	 resistivity	 of	 the	
55-	 and	 102-nm-thick	 films	 is	 similar	 to	
the	 value	 for	 the	 bulk	 crystals.	 At	 the	

same	time,	 the	specific	shape	of	 the	field	
dependences	of	MR	(Figure	1)	indicates	that	
spin-dependent	 tunneling	 occurs	 across	
Fe3O4 grains and antiferromagnetically 
coupled	 antiphase	 boundaries.	 
Thus,	 we	 managed	 to	 obtain	 the	 high-
quality	 films	 by	 reactive	 deposition	 of	 Fe	
in	 oxygen	 atmosphere.	 The	 Fe3O4 films 
exhibit	 all	 main	 typical	 properties	 of	 the	
epitaxial magnetite films.

This	 work	 was	 partially	 supported	
by	RFBR	project	no.	14-02-00234,	the	RAS	
«Far	East»	Program	No	0262-2015-0057.

1 M. Ziese, Rep. Prog. Phys. 65, 143 (2002).
2 F. Walz, J. Phys.: Condens. Matter 14, R285 (2002).

Figure 1. Field dependences of MR for the 
magnetite films of different thicknesses.
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The	 intermetallic	 compound	 MnBi	
has many unique magnetic and structural 
properties	 and	 is	 seen	 as	 a	 possible	
replacement	for	expensive	and	rare-earth	
magnets1.

The	 paper	 discusses	 the	 solid-state	
transformations	 of	Mn/Bi	 (Mn	on	Bi)	 and	
Bi/Mn	 (Mn	 on	 Bi)	 films	 as	 a	 function	 of	
annealing	temperature.	In	the	experiments,	
Mn/Bi	 and	 Bi/Mn	 films	 were	 obtained	
by	 sequential	 thermal	 depositing	 of	 Mn	
on	 Bi	 and	 Bi	 on	 Mn	 on	 glass	 substrates	
with	 an	 approximate	 stoichiometry	 
of	Mn:Bi	=	1:1	and	total	thickness	~	350	nm	
in	a	vacuum	of	10–6	mbar.	Initial	Mn/Bi	and	
Bi/Mn	samples	were	annealed	in	a	vacuum	
of	10–6	mbar	at	50	°C	intervals	from	50°	C	
to	450	°C	and	held	at	each	temperature	for	
30	minutes.

It	has	been	shown	that	the	synthesis	
of	 the	 α-MnBi	 hard	 magnetic	 phase	 in	
polycrystalline	 Mn/Bi	 films	 begins	 at	 
~120	 °C	 and	 the	Mn	 and	 Bi	 layers	 finish	
reacting	 completely	 at	 300	 °C.	 The	
resulting	 α-MnBi	 (001)	 samples	 had	 a	
large perpendicular magnetic anisotropy  
(Ku	~	1.5·107 erg/cm3)	and	a	coercive	force	
HC ~ 3 kOe.

Unlike	 Mn/Bi	 films,	 in	 Bi/Mn	 films	
the	 ferromagnetic	 α-MnBi	 phase	 is	 not	

formed,	even	at	400	°C	annealing,	and	Mn	
clustering	was	observed	 in	the	melted	Bi.	
This	 asymmetry	 is	 due	 to	 the	 existence	
of	 phase	 transitions	 of	 Mn	 chemisorbed	
oxygenon	 the	 Bi/Mn	 film	 surface,	 which	
swallow	 down	 the	 solid-state	 reaction	
between	Mn	and	Bi.	 This	proves	 that	 the	
solid-state	synthesis	of	 the	 ferromagnetic	
phases	 in	 the	 Mn-Bi	 system	 greatly	
depends on the deposition sequence of 
Mn and Bi layers.

After	 annealing	 the	 synthesized	
α-MnBi	 film	 at	 a	 temperature	 of	 450	 °C,	
the	 film	 is	 oxidized	 and	 becomes	 non-
magnetic.	Repeated	depositing	of	 the	Mn	
layer	on	the	oxidized	film	and	subsequent	
annealing	at	300	°C	results	in	the	formation	
of	 the	 α-MnBi	 ferromagnetic	 phase	 in	
a	 MnO-like	 matrix.	 The	 obtained	 MnBi-
MnO composites have a large rotating 
anisotropy.	 An	 easy	 axis	 of	 magnetic	
anisotropy	can	rotated	by	a	magnetic	field,	
which	exceeds	the	coercive	force	HC.

This	 study	 was	 supported	 by	 the	
RFBR	(grants	##	15-02-00948,	16-03-00069)	
and	partially	by	«UMNIK»	program.

1 McCallum, R. W., Skomski, R., Kramer, M. J., Lewis, L. H., Anderson, I. E. (2014). Annual 
Review of Materials Research, 44 (1), 451-477.
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It	 is	 common	 knowledge	 that	
among the various kinds of defects 
that are present in magnetic materials 
there	 exist	 such	 defects	 upon	 which	
magnetic	 inhomogeneities	 originate,	 the	
configuration of such inhomogeneities 
correlating	with	the	defect	profile1.	In	this	
case,	 these	defects	 (they	correspond	to	a	
«potential	 well»2)	 can	 easily	 be	 detected	
using	magneto-optic	observation	methods	
in	 a	 polarization	 microscope	 which	 will	
reveal an image of the domain structure 
with	 embedded	 magnetic	 formations	
on	 the	 defects.	 A	 similar	 pattern	 was	
observed	 in	 paper2,	 which	 investigated	
the	 dynamics	 of	 a	 single	 domain	 wall	
(DW)	 in	 BiYFeGa-garnet	 films	 exposed	 to	
a	2D	magnetic	field.	The	pictures	featured	
images not only of dynamic positions of 
the	DW,	 but	 also	 of	magnetic	 formations	
on	the	defects	with	a	halo	that	duplicated	
the	 defect	 profile.	 It	 was	 assumed	 that	
the	 presence	 of	 the	 halo	 was	 brought	
about	by	peculiarities	of	nucleation	upon	
the	 defects	 of	 the	 «potential	 well»	 type3. 
To	 substantiate	 this	 assumption	 the	
configuration of the domain structure in 
the	 field	 under	 study	 with	 no	 magnetic	
fields	applied	was	subjected	to	a	repeated	

research.	 As	 a	 result,	 it	 was	 discovered	
that	similar	formations	with	a	halo	on	the	
defects	 did	 exist.	 Calculations	 show	 that	
two	 types	 of	 magnetic	 inhomogeneities	
can	 originate	 on	 the	 defects	 of	 this	 type,	
these inhomogeneities corresponding 
to	 0-degree	 DWs	 (0°DW)	 and	 those	
differing	 in	0°DW	characteristics:	width	Δ,	
amplitude θm (maximal	angle	of	deviation	
of	 magnetization	 vector	 M from the 
homogeneous state М0)	and	energy	E.	An	
analysis	 has	 shown	 that	 in	 the	 first	 type	
(0°DW(I))	0<	θm <π/2,	whereas	in	the	send	
one	 (0°DW(II))	 –	 π<	 θm <3π/2.	 It	 follows	
that	there	is	an	area	(π<	θm <3π/2)	in	the	
structure	of	0°DW(II)	in	which	the	spins	are	
oppositely	directed	or	constitute	an	obtuse	
angle	 with	 vector	 М0.	 As	 a	 result,	 the	
image	of	the	0°DW(II)	will	represent	some	
magnetic	formation	with	a	halo.	The	paper	
has	 shown	 that	 if	 demagnetizing	 fields	
are	 taken	 into	 account	 the	 0°DW(II)	 films	
become	a	stable	formation	that	can	affect	
many	 phenomena	 that	 are	 observed	 in	
ferrite-garnet	films.	Specifically,	the	paper	
investigates	 the	 contributions	 of	 0°DWs	
of	both	types	to	the	nucleation	processes	
that take place during spin reorientation of 
a magnet.

1 Mishin D.D. (1981), Magnetic Materials, M: Vyssh. shkola, 327 pp.
2 Chetkin M.V., Kurbatova Yu.N., Shapayeva T.B. (2010) FTT, 52 (9), p. 1795 – 1797.
3 Vakhitov R.M., Magadeyev Ye.B. (2014), FMM, 115 (9), p. 906 – 912
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Heat	 treatment	 is	 a	 standard	
technique for increasing magnetic 
properties	level.	It	occurs	mainly	in	the	air	
and	does	not	lead	to	a	visible	oxidation	of	
the	 ribbon	 surface	 due	 to	 the	 relatively	
low	 temperature	 of	 isothermal	 holding.	
Changes of the magnetic properties occur 
as a result of relaxation of the internal 
stresses	 caused	by	quenching	 and	under	
the	 action	 of	 the	 stresses	 induced	 by	
hydrogen	 and	 oxygen	 atoms	 embedded	
in	 the	 surface	 of	 the	 ribbon	 by	 its	
interaction	with	atmospheric	water	vapor,	
and	by	 formation	 of	 surface	 amorphous-
crystalline layer1.	 An	 interesting	 feature	
of	 cobalt-based	 alloys	 with	 λs	 near	 zero	
is the dependence of the values and sign 
of	 λs	 on	 structural	 state	 of	 the	 ribbon1–2. 
In	 this	 regard,	 the	 issues	 concerning	 the	
optimization	 of	 the	 magnetic	 properties	
of	amorphous	cobalt	based	alloys	by	heat	
treatment in air are more complex than 
for	iron-based	alloys,	and	require	a	further	
study.	Chemical	reaction	of	ribbon	surface	
elements	 with	 vapor	 and	 water	 leads	
to oxidation and hydrogenation of the 
surface.	The	atoms	of	hydrogen	and	oxygen	
embedded	 in	 the	 ribbon	 surface	 induce	
predominantly planar anisotropic tensile 
stresses	 which	 affect	 the	 magnetization	
distribution	and	the	magnetic	properties1. 
Moreover,	 the	 action	 of	 these	 stresses	
is	 different	 for	 the	 ribbon	 state	 with	
different	 signs	 of	 λs.	 In	 the	 present	work	

the effect of heat treatment in air and 
the	 interactions	 between	 ribbon	 surface	
and	 water	 on	 the	 magnetic	 properties	 
of	 the	 Co-Fe-Ni-Cr-Si-B	 alloy	 has	 been	
investigated.	 The	 results	 of	 water	 and	
vapor	 treatment	 of	 the	 ribbon	 surface	
have	shown	that	in	the	as-quenched	state	
λs<0.	 The	 water	 treatment	 of	 the	 ribbon	
surface	after	pre-annealing	at	350	°C	with	
duration of the isothermal holding from 
15	 to	 40	minutes	 leads	 to	 an	 increase	of	
μmax.	The	main	reason	for	this	is	mainly	flat	
tensile	stresses	induced,	which	contribute	
to the decrease of the volume of domains 
with	 orthogonal	 magnetization	 at	 the	
state	 with	 λs>0.	 The	 vapor	 treatment	 of	
the	 samples	 annealed	 at	 380	 °C	 with	
the duration of isothermal holding from  
20	seconds	to	30	minutes	increases	Vorth.	
The	 formation	 of	 a	 higher	 concentration	
of	 the	 atoms	 embedded	 in	 the	 surface	
across	 the	 ribbon	axis	 induces	a	pseudo-
uniaxial	tension	in	this	direction.	However,	
the	 volume	 of	 the	 domains	 with	 planar	
magnetization	 oriented	 along	 the	 ribbon	
axis	 is	 increased.	 Consequently,	 this	
annealing leads to the formation of the 
state	 with	 λs<0.	 Increasing	 the	 duration	
of	 isothermal	 holding	 up	 to	 40	 minutes	
provides	 the	 formation	 of	 the	 state	 with	
positive	λs.

The	research	was	supported	 in	part	
by	 the	Ministry	 of	 Education	 and	 Science	
(RFMEFI62514X0018).

1 N. A. Skulkina, O. A. Ivanov, E. A. Stepanova, L. N. Shubina, P. A. Kuznetsov and A. K. Mazeeva 
(2015), The Phys.Met. Metallogr., 116 (12),1182–1189.

2 I.B. Kekalo and P.S. Mogilnikov (2015) Technical Physics, 85 (12), C.80-87.

P10.3



472

August 15-19, 2016  
Krasnoyarsk, Russia

Self-organization of the magnetization  
in ferromagnetic nanowires
Anatoly A. Ivanov and Vitaly A. Orlov

Siberian Federal University, 660041, Krasnoyarsk, Russia
�keywords:� nanowires, magnetization, domain walls, random local anisotropy

The	 phenomenon	 of	 self-
organization	 in	 the	 flow	 of	 energy,	
accompanied	 by	 the	 emergence	 ordered	
structures	 at	 the	 chaotic	 organization	 of	
energy,	wakes	physical	imagination.	Thus,	
usually	come	into	play	competing	factors:	
hectic chaos and uniform ordering and 
amid	 chaotic	 interactions	 occur	 quasi-
periodic structures.

In	 this	 paper	 we	 consider	 the	
phenomenon	 of	 self-organization	
in	 the	 magnetization	 polycrystalline	
ferromagnetic	 nanowire.	 Areas	 easy	 axes	
magnetizing	 wire	 crystallites	 randomly	
and	 uniformly	 distributed	 area.	 Random	
local anisotropy acts as disorder factor. 
At	 the	 same	 time	 there	 order	 factors	 is	
magnetostatic or exchange interaction. 
Emerging	 with	 stochastic	 domains	 are	
similar	 to	 normal	modes,	 which	 in	 some	
cases	 are	not	 excited,	 but	 as	 a	 structural	
unit	 exist.	 The	 manifestation	 of	 self-
organization	is	possible	with	magnetization	
reversal.

The	 simulation	 and	 analytical	
assessments	 have	 shown	 that	 when	 the	
external field takes some critical value 
catastrophic	 growth	 nuclei	 of	 reverse	
magnetization,	 which	 result	 in	 a	 180	 or	
360-degree	 domain	 walls.	 The	 resulting	
domains	 are	 where	 in	 the	 absence	 of	
a	 uniform,	 magnetostatics	 induced	
anisotropy	would	be	stochastic	domains.

In	 addition,	 information	 about	 the	
self-detected	by	the	vanished	study	of	the	
power	 profile	 of	 F(z),	 securing	 a	 domain	
wall.	 Most	 detailed	 characteristic	 is	 the	
spectral density of function F(z).	With	study	
the spectral densities of implementations 
F(z)	 discovered	 that	 their	 maximum	 is	 in	
inverse	 characteristic	 length	 distributions	
magnetization.	 Be	 sure	 to	 exercise	
maximum	attributable	 to	 the	back	 length	
equal	to	the	thickness	of	the	domain	wall	
and the length of the stochastic domain 
(magnetic	block)	(Figure	1).

Figure 1. The spectral density function F(z) in the field of reverse domain wall thickness.
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In	 this	 work	 the	 influence	 of	
the pretreatment on magnetic and 
magnetoelastic parameters versus 
temperature	 has	 been	 investigated	 for	
amorphous	 Fe75Si10B15	wires.	 Samples	of	
5	cm	length	and	110÷115	μm	in	diameter	
were	pretreated	by	simultaneous	applying	
of the dc current and tensile stresses. 
While	the	range	of	the	dc	current	densities	
was	 varied	 from	 35.4	 to	 44.2	 MA/m2,	 
the	magnitude	 of	 applying	 stresses	 were	
σpre=	217	MPa.	For	the	investigated	wires,	
such the pretreatment led to the plastic 
deformation	 with	 the	 relative	 elongation	
Δl/l0	 grew	 up	 to	 1.83	%	 (Table	 1).	 During	
the	 «heating-cooling»	 cycle	 (Th from  
20	 to	 330	 °C),	 magnetoelastic	 properties	
were	 measured	 by	 the	 resonance-
antiresonance	 method,	 meanwhile,	
magnetic	 properties	 were	 observed	 by	
the induction method on the frequency 
of	 1	 kHz	 with	 the	 simultaneous	 applying	
of	tensile	stresses	in	the	range	of	0	to	165	
MPa.	It	should	be	noted	thermocycling	for	
magnetic	 properties	 measurements	 was	 
from	20	to	270	°C.

Tablk 1. Elwngatiwn rkpknrknck vkodud 
thk rc cuooknt rkndite poktokatmknt.

jpre,	МА/
м2 35.4 39.8 42.4 43.3 44.2

Δl/l0,	% 0 0.17 0.67 1.50 1.83

As	 obtained	 experimentally,	 the	
weak	 negative	 ΔЕ-effect	 (about	 2	%)	 took	
place	 both	 as-quenched	 samples	 and	
wires	 with	 the	 low	 relative	 elongation	 
(Δl/l0<0.2	 %),	 i.e.	 the	 elasticity	 module	

decreased initially versus the magnetic 
field.	On	other	hand,	only	positive	ΔЕ-effect	
(about	 50	 %)	 was	 observed	 for	 samples	
with	 the	 relative	 elongation	 is	more	 than	
0.67	%,	i.e.	the	elasticity	module	increased	
versus the magnetic field.

Hysteresis	 loop	 behavior	 depended	
strongly	versus	the	value	of	jpre.	Then,	the	
hysteresis loop rectungularity increased 
in	 higher	 values	 of	 jpre	 as	 well	 as	 the	
remanence Br got higher significantly 
(Figure	1).

Based	 on	 this	 research,	 the	 model	
of	 the	 change	 distributing	 magnetisation	
inside	 the	 pretreated	 wires	 has	 been	
builting.

This	 work	 was	 supported	 financally	
by	RFBR	(grant	№14-08-00339-а).

Figure 1. Hysteresis loops for the different value 
of the dc current density of the pretreatment.
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In	this	work	the	effect	of	the	relative	
elongation during the plastic deformation 
on	 domain	 wall	 propagation	 inside	 the	
core	 of	 the	 rapid-quenched	 metallic	
Сo66Fe14Nb2,5Si12,5B15	 wires	 with	 low	
magnetostriction	(λs	≈	0,2	·	10–7)	has	been	
investigated. Samples of 12 cm length 
and	165	μm	 in	diameter	were	pretreated	
by	 the	 dc	 current	 density	 of	 38.8	MA/m2 
with	 the	simultaneous	applying	of	 tensile	
stresses	 in	 the	 range	 of	 0	 to	 181.7	MPa.	
Such a pretreatment led to the plastic 
deformation	of	the	investigated	wires	and	
its relative elongations versus the tensile 
stresses	presented	in	the	Table1

The	 domain	 wall	 propagation	 was	
measured	 by	 the	 Sixtus-Tonks	 method.	
During	 «heating-cooling»	 cycle,	 magnetic	
properties	 were	 observed	 the	 inductive	
method	 on	 the	 frequency	 of	 1	 kHz	 with	
the simultaneous applying of the elastic 
tensile	 stresses	 in	 the	 range	 of	 the	 0	 
to	165	MPa.

Tablk 1. Thk oklativk klwngatiwn wf 
damplkd fwo riffkoknt valuk wf tkndilk 
dtokddkd.

σpre,	
MPa 0 45.4 90.8 136.2 181.7

Δl/l0,	% 0 0.69 1.31 1.92 4.62

The	 field	 dependencies	 of	
the	 velocity	 V(H)	 of	 the	 domain	 wall	
propagation inside the core of the metallic 
Сo66Fe14Nb2,5Si12,5B15	 wire	 presented	 on	
Figure	1.

As	 obtained	 experimentally,	 V(H)	
dependencies	had	almost	linear	behaviour	
in the range of applied magnetic field and 
this	 behaviour	 did	 not	 depend	 on	 values	
of	 plastic	 tensile	 stresses.	 Increasing	 the	
plastic	 deformation	 value,	 the	 mobility	
of	 domain	 walls	 inside	 of	 the	 core	 get	
higher.

Given	 results	 has	 been	 interpreted	
by	 using	 of	 not	 only	 additional	magnetic	
parameters measurements of investigated 
wires,	 but	 also	 understanding	 of	 their	
magnetic structure.

This	 work	 was	 supported	 financally	
by	RFBR	(grant	№14-08-00339-а).

Figure 1. The field dependencies of the velocity 
V(H) of the domain wall propagation inside the 
wire core.
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The	 rotatable	 magnetic	 anisotropy	
(RMA)	 was	 discovered	 in	 the	 studies	 of	
magnetism	 in	 thin	 films.	 This	 anisotropy	
means	 that	 the	 easy	 axis	 follows	 the	
direction of the magnetic field. Unlike 
other	 kinds	 of	 anisotropies,	 the	 RMA	
is	 not	 described	 by	 a	 sinusoidal	 law	
and,	 therefore,	 has	 no	 unambiguous	
characteristic.	 The	 difference	 
Hrot = Hk

dyn – Hk
stat	 between	 the	 dynamic	

field of the magnetic anisotropy measured 
by	 ferromagnetic	 resonance	 and	 the	
static field of the magnetic anisotropy 
is	 used	 to	 characterize	 the	 RMA.	 In	
torque	 measurements,	 the	 RMA	 can	 be	
characterized	by	the	average	torque	value	
Lrot	(Figure		1)	at	large	rotational	angles	of	
the magnetic field1.

We	 present	 the	 first	 observations	
of	 a	 high	 RMA	 in	 the	 hard	 magnetic	
FexPt1–x,	 and	 CoxPt1–x	 films,	 obtained	 by	
solid	state	reaction	of	elemental	Fe	or	Co	
and	 Pt	 layers.	 After	 annealing	 at	 750	 °C,	
the	 samples	 contained	 nanoclusters	with	
the dominating L10FePt	 (L10CoPt)	 phase	
epitaxially	intergrown	with	the	FePt3	(CoPt3)	
phase.	The	high	RMA	whose	easy	axis	can	
be	 rotated	 in	 the	 fields	 exceeding	 the	
coercivity in the plane and perpendicular 
to	 the	 sample	 plane	 was	 found	 in	 the	
prepared	 samples.	 It	 was	 concluded	
that	 the	 high	 RMA	 can	 be	 the	 main	
source of the perpendicular anisotropy  
in	 FexPt1–x	 (CoxPt1–x)	 films.	 Although	 the	
detailed	mechanism	of	high	MRA	remains	
unclear,	but	we	supposed	that	high	RMА	is	
result	epitaxial	intergrowth	hard	magnetic	
L10FePt	with	soft	magnetic	FePt3	 (L10CoPt 
with	 CoPt3)	 phases	 and	 high	 RMA	 may	
be	 the	 main	 source	 of	 perpendicular	
anisotropy	in	FexPt1–x and CoxPt1–x films.

This	 study	 was	 supported	 by	 the	
RFBR	(grants	##	15-02-00948,	16-03-00069)	
and	partially	by	«UMNIK»	program.

1 V.G. Myagkov, V.S. Zhigalov, L.E. Bykova, G.N. Bondarenko, A.N. Rybakova, A.A. Matsynin, 
I.A. Tambasov, M.N. Volochaev, D.A. Velikanov, High rotatable magnetic anisotropy in 
epitaxial L10CoPt(111) thin films, JETP Letters 102 (2015) 355-360.

Figure  1. L⊥(φ) torque curve of 
L10CoPt(111)+CoPt3(111) film sample 
at the rotation of the magnetic field  
H = 10 kOe >HC = 8 kOe by 360° (direct and 
reverse passes) perpendicular to the sample plane.
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Ferromagnetic	 Fe-In2O3	 nanocom-
posite	 thin	 films	 have	 been	 synthesized	
by	 the	 thermite	 Fe2O3	 +	 In	 →	 Fe-In2O3 
reaction.	We	have	used	different	thickness	
of	the	Fe	thin	film	(~30	nm,	~50	nm,	~85	nm)	
to	prepare	nanocomposite	Fe	–	In2O3 thin 
films and then to investigate influence of 
iron	thickness	on	structural	and	magneto-
optical properties.

The	 thickness	 and	 structural	
properties	 of	 thin	 Fe-In2O3	 films	 were	
measured	by	high-resolution	transmission	
electron	 microscopy	 (TEM).	 For	 this	
purpose,	 cross-sectional	 TEM	 specimens	
were	prepared	by	a	focused	ion	of	40	keV	
Ga+	 beam	 system	 (FIB)	 Hitachi	 FB-2100.	 
A	 Ge	 protective	 layer	 was	 formed	 by	
thermal deposition at room temperature. 
The	 Ge	 layer	 is	 necessary	 to	 protect	 
Fe-In2O3 samples from structural 
degradation	 during	 FIB	 preparation.	 TEM	
images	 were	 acquired	 with	 a	 Hitachi	
HT7700	microscope	operating	at	110	kV.

In	 addition,	 TEM	 studies	 have	 been	
conducted	 before	 and	 after	 the	 thermite	
reaction.

Magneto-optical	 properties	 were	
studied	by	optical	(350-1250	nm)	magnetic	
circular	dichroism	(MCD).

TEM	revealed	geometric	dimensions	
of	 Fe	particles	 in	nanocomposite	 films	 to	

be	 probably	 related	 to	 the	 thickness	 of	
Fe2O3	films,	which	were	used	for	thermite	
Fe2O3	+	In	→	Fe-In2O3	reaction.	The	shape	
of the particle can vary from simple almost 
circular	 to	 consisting	 of	 several	 particles,	
which	extended	through	the	full	thickness	
of	Fe-In2O3 film.

MCD	 spectra	 of	 Fe	 –	 In2O3 thin 
films	 are	 similar	 to	 spectra	 of	 Fe3O4 
films	 or	 nanoparticles,	 but	 there	 are	
significant	 differences.	 It	 was	 expected	
that the detected MCD signal is higher 
for	 thickest	 Fe-In2O3	 film.	 Furthermore,	
it	 was	 found	 that	 absorption	 peaks	 are	
shifted depending on the thickness of thin  
Fe	–	In2O3 films.

We	 conclude	 that	 nanocomposite	
thin	films	obtained	by	the	thermite	reaction	
have iron oxide phases that significantly 
affect	 on	 magneto-optical	 properties	 of	 
Fe	–	In2O3 thin films.

This	 study	 was	 supported	 by	 the	
Russian	 Foundation	 for	 Basic	 Research	
(Grants	 #	 16-32-00302	 мол_a,	 #	 15-02-
00948-A,	#	16-03-00069-A),	by	the	Council	
for	Grants	of	the	President	of	the	Russian	
Federation	(SP-317.2015.1,	SP-938.2015.5),	
and	 by	 the	 program	 of	 Foundation	 for	
Promotion	of	Small	Enterprises	in	Science	
and	Technology	(№6662ГУ2015)	(«UMNIK»	
program).
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Fe/Cr/Gd	 multilayers,	 where	 Fe-
Gd interlayer exchange is mediated 
by	 antiferromagnetic	 Cr,	 display	 novel	
magnetic phases in applied magnetic 
fields	and	temperature,	including	possible	
switching	an	otherwise	 antiferromagnetic	
interlayer coupling to ferromagnetic or 
non-collinear	 one.	 Including	 Cr	 spacer	
may	also	affect	Fe-Gd	magnetic	proximity	
effects and lead to structural transitions 
inside	Fe	and	Gd	layers.

Here	 we	 report	 on	 structural	 and	
magnetic studies of a series of multilayers 
[	Fe	(35	Å)	/	Cr	(t	Å)	/	Gd	(50	Å)	/	Cr	(t	Å)	]	12	
(t=0–60	Å)	 grown	with	an	UHV	 sputtering	
onto	 Si	 (001)	 substrates.	 Structural	
investigation	 done	 with	 high-resolution	
X-ray	 reflectometry	 and	 glancing	 angle	
X-ray	 diffraction	 has	 confirmed	 that	 the	
multilayers	 have	 a	 well-defined	 layered	
structure	with	rms	interface	roughness	of	
ca.	 3–5	 Å.	 The	multilayers	were	 found	 to	
be	 polycrystalline,	 with	 Gd/Fe	 multilayer	
containing	Gd	 hcp	 and	 Fe	 bcc	 phases,	 in	
Fe/Cr/Gd	an	extra	fcc	Gd	phase	appearing.	
As	Cr	spacer	becomes	thicker	fcc	Gd	phase	
becomes	stronger.

The	 depth-resolved	 magnetic	
structure	 of	 the	 multilayers	 was	
determined	by	complementary	application	
of	 SQUID	 magnetometry	 and	 polarized	
neutron	 reflectometry	 (PNR).	 We	 found	
that insertion of Cr spacer and further 
increase	in	its	thickness	leads	to	switching	
Fe-Gd	 interlayer	 magnetic	 ordering	
from	 antiferromagnetic	 to	 non-collinear	
one,	 for	 thick	 enough	 Cr	 spacers	 Fe	 and	
Gd	 being	 uncoupled.	 The	 saturated	

Gd magnetic moment decreases as Cr 
thickens,	 which	we	 explain	 by	 nucleation	
of	fcc	Gd	crystallographic	phase	with	lower	
magnetic	 moment.	 PNR	 measurements	
have	 revealed	 the	 existence	 of	 an	 Fe-
Gd	 proximity	 effect	 when	 there	 is	 an	
enhancement Gd magnetic moment at 
ca 2–3 monolayers near the interfaces 
and decrease in the core of Gd layers. 
The	 enhanced	 Gd	 magnetic	 moment	
is	 temperature	 independent,	 it	 is	 the	
strongest	one	 in	 Fe/Gd	and	decreases	 as	
Cr	spacer	becomes	thicker.

This	 research	 was	 carried	 out	
within	 the	 state	 assignment	 of	 FASO	 of	
Russia	 (theme	 «Spin»	 No.	 01201463330),	
supported	in	part	by	RFBR	(project	No.	14-
22-01063).

Figure 1. Experimental (symbols) and calculated 
(lines) PNR spectra from the Fe/Cr(10 Å)/Gd 
sample measured at T = 15 K in field H =500 Oe.
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Magnetoelectric	 phenomena	 beco-
me one of the most attractive fields of 
magnetism	because	of	novel	physics	 and	
promising potential for application. One 
of	 discussable	 items	 is	 magnetoelectric	
mechanisms	 with	 a	 particular	 focus	 on	
inhomogeneous magnetoelectricity leading 
to	 appearance	 of	 electric	 polarization	
of	 magnetic	 domain	 walls,	 improper	
polarization	of	multiferroics	etc.1,2

We	 report	 the	 influence	 of	
interface coupling on ferroelectric 
properties	 of	 ferromagnetic	 bi	 –	 layers.	
Electric	 polarization	 arising	 at	 magnetic	
ingomogeneity	in	bi	–	layered	ferromagnetic	
structure	with	antiferromagnetic	coupling	
at interface in applied magnetic field has 
been	 explored.	 Diagrams	 representing	
dependences	 of	 electric	 polarization	 on	
magnetic field P(H)	have	been	constructed	
for	 two	 magnetic	 field	 geometries	
(H||[100],	H||[011])	 (Figure	 	 1	 a,b).	 It	 has	
been	 found	 out	 that	 P(H)	 dependences	
demonstrate	 non–	 monotonic	 behavior.	
Peculiarities	 of	 polarization	 in	 an	 in	 –	
plane	–oriented	magnetic	field	have	been	
explained	 by	 magnetization	 processes.	 It	
has	been	shown	that	a	variety	of	magnetic	
configurations	 of	 Bloch,	 Neel	 and	 mixed	
Bloch-Neel	 types	 can	 be	 realized	 in	
antiferromagnetically coupled film due to 
cubic	anisotropy	contribution.	The	critical	
values of magnetic fields suppressing 
polarization	have	been	estimated.

The	work	is	supported	by	the	Russian	
Foundation	for	Basic	Research	(grant	№16-
02-00336).

1 Tokura Y., Seki S. (2010), Advanced materials 22(14) 1554-1565.
2 Zvezdin A.K. & Pyatakov A.P. (2009), Phys. Usp. 52 (8) 845 - 904 .

Figure  1. Dependences of electric polarization 
on magnetic field a) H||[100], b) H||[011], K1 
= 2·104 erg/cm3 , K2 = –7·104 erg/cm3, Kc = 
–2·104 erg/cm3.
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The	behavior	of	magnetic	properties	
of	 the	 (Fe0.7Co0.3)88Hf4Mo2Zr1B4Cu1 
alloy	 and	 their	 thermal	 stability	 after	
nanocrystallizing	 annealing	 (NA)	 in	 the	
presence	 of	 magnetic	 alternative-current	
(ac)	 field	 (FA),	 or	 tensile	 stresses1	 (SA),	 or	
both	of	them	(FSA)	was	investigated.

The	 investigated	alloy	was	obtained	
in	the	form	of	ribbon	with	a	cross-section	
of	 1	 mm	 ×	 0.020	 mm	 in	 an	 amorphous	
state	 by	 quenching	 from	 the	 melt	 onto	
a	 rotating	 drum.	 All	 treatments	 were	
performed	in	air	at	620	°C	for	20	min.	The	
frequency	 of	 the	 ac	 field	 was	 50	 Gz,	 the	
field	 strength	 was	 in	 the	 range	 of	 20-80	
kA/m.	 The	 magnitude	 of	 tensile	 stresses	
applied	 during	 annealing	 was	 varied	 in	
the	 range	 of	 0–250	 MPa.	 The	 cooling	 of	
specimens	 after	 annealings	 was	 carried	
in	 the	 presence	 of	 external	 actions.	 The	
magnetic	state	of	ribbon	samples	100	mm	
long	 was	 determined	 from	 the	 magnetic	
hysteresis	 loops,	 which	 were	 measured	
using a galvanometer compensation 
microfluxmeter and open magnetic circuit. 
The	hysteresis	loops,	which	were	measured	
in	 fields	of	up	 to	8000	A/m	applied	along	
the	 ribbon	 axis,	 were	 used	 to	 determine	
the	coercive	force	Нс,	maximum	induction	
Bm,	 residual	 induction	 Br,	 and	 the	 Br/Bm 
ratio.	The	errors	of	measurement	of	Нс,	Br,	
and Bm	were	3,	7,	and	7	%,	respectively.

The	 thermal	 stability	 of	 magnetic	

properties	of	 the	alloy	samples	subjected	
to	the	treatments	with	field,	stress,	or	field	
and	stress	together	was	studied	after	the	
subsequent	 annealings	 at	 550–620	 °C	
in	 the	 absence	 of	 external	 actions.	 The	
thermal	stability	of	the	alloy	samples	was	
estimated via measuring their magnetic 
properties	 (which	 were	 compared	 with	
those	measured	directly	after	NA,	FA,	SA,	
or	 FSA)	 depending	 on	 the	 temperatures	
and times of annealings.

It	was	shown	that	in	the	investigated	
alloy	the	magnetic	anisotropy	with	an	easy	
magnetization	axis	parallel	to	the	long	side	
of	the	ribbon	was	induced	in	the	course	of	
the	FA,	SA,	or	FSA.

It	was	estimated	 that	 FA,	 as	well	 as	
SA	and	FSA	with	small	stresses,	6-30	MPa,	
resulted	in	the	threefold	Hc	decrease,	but	
did	not	provide	a	thermal	stability	at	high	
temperature.

For	 the	 alloy	 under	 study	 the	
optimum regime of the treatment for high 
temperature	 applications	 (up	 to	 550	 °C)	
was	found	to	be	the	holding	at	620	°C	for	
20	min	in	the	presence	of	tensile	stresses	
250	MPa.

The	results	were	obtained	within	the	
state	assignment	of	FASO	of	Russia	(theme	
«Magnet»	no.	01201463328),	supported	in	
part	by	Ural	Branch	of	RAS	(project	no.	15-
9-2-33).

1 Dmitrieva N. V., Lukshina V. A., Volkova E. G., Potapov A. P., Filippov B. N. (2013) The Physics 
of Metals and Metallography, 114(2), 138–144.
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Magnetic	 hysteresis,	 being	
observed	 in	 ferromagnetic,	 undergoing	
remagnetization,	 could	 be	 caused	 by	
a variety of reasons. Magnitude of the 
coercivity	 (HC)	 in	 a	 same	 compound	
may	 vary	 within	 a	 wide	 range.	 HC in the 
single-domain	 particles	 depends	 on	 the	
processes	 of	 rotation.	 Its	 magnitude	
depends	on	the	value	of	potential	barriers,	
preventing	 the	 moving	 of	 domain	 walls.	
These	 mechanisms	 are	 well-studied	 that	
let purposefully produce highly coercive 
magnetic	materials	as	well	as	low	coercive	
ones.	 However,	 the	 mechanism,	 causing	
considerable	HC	dropping	in	the	sandwich	
structures	 with	 non-magnetic	 interlayers,	
remains mainly unclear.

The	article	 represents	 the	observed	
magnitudes of the coercive force in a 
sandwich	 structure,	 consisting	 of	 two	
magnetic	 layers	 with	 a	 non-magnetic	
interlayer.	 The	 films	are	produced	by	 the	
method	 of	 chemical	 deposition	 of	 same-
thickness	amorphous	Co-P	layers,	divided	
by	 a	 non-magnetic	 Ni-P	 interlayer.	 Both	
magnetic	 layers	 are	 of	 one-axe	magnetic	
anisotropy	 caused	 by	 constant	 magnetic	
field imposed in the process of film 
deposition.

Typical	dependence	of	the	coercivity	
on	 the	 interlayer’s	 thickness	 (d)	 is	 shown	
on	 Figure	 1.	 НС	 significantly	 drops	 while	
d	grows	and	reaches	 the	minimum	 if	d	~	

2	nm.	The	 following	 interlayer’s	 thickness	
growth	 results	 in	 gradual	 growth	 of	 the	
coercive force’s magnitude.

The	 report	 discusses	 physical	
factors	 producing	 non-monotonic	
dependence	of	 the	coercivity	on	the	non-
magnetic	interlayer’s	thickness.	For	minor	
thicknesses	 «positive»	 addition	 to	 the	
domain	barriers’	energy	(that	includes	the	
direct	exchange	layers’	interaction)	as	well	
as	 to	 the	 magnetostatic	 energy	 (caused	
by	 orange-skin-type	 interface	 roughness)	
are revealed1.	 For	 major	 thicknesses	
«negative»	 addition	 is	 caused	 by	 Neel	
quasi	wall2,	weakening	 the	magnetostatic	
interaction	of	 neighboring	 layers’	 domain	
walls.

1 Tegen S., Monch I., Shumann J., Vinzelberg H., Shneder C.M. (2000), J. Appl. Phys., 89 (12), 
8169-8174.

2 Gupta H.O., Niedoba H., Heyderman L.J., Tomas I. and PuchalskaI.B. (1991), J. Appl. Phys., 
69 (8), 4529-4531.

Figure 1. The dependence of the coercivity on the 
interlayer’s thickness.
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thin-film solid-state reaction

The	Mn5Ge3	 phase	has	been	widely	
investigated as a promising compound 
for spintronic devices as it has a Curie 
temperature	 above	 room	 temperature	
(TC  =  304  K),	 sufficiently	 high	 spin	 polari-
zation	 (P = 42	±	5	%)	 /	Recently,	we	show	
that ferromagnetic Mn5Ge3 phase is 
the	 first	 phase	 which	 arises	 at	 the	 non-
ferromagnetic	Ge/Mn	 interface	above	the	
initiation	temperature	Tin	~	120	ºC1,2.

In	this	investigation	we	demonstrate	
the	 solid-state	 synthesis	 of	 the	 Mn5Ge3 
phase	 in	 Ge/Ag/Mn	 trilayers	 via	 inert	 Ag	
barrier	 layers	 with	 thicknesses	 of	 0,	 0.3,	
1	and	2.2	μm.	From	this	 it	 follows	that	 in	
the reactive state the Ge and Mn atoms 
chemically	 interact	 at	 a	 distance	 104 
greater	 than	 an	 ordinary	 chemical	 bond	
length and it forms ferromagnetic Mn5Ge3 
phase.

The	 initial	 Ge/Mn	 bilayer	 and	
Ge/0.3μmAg/Mn,	 Ge/1μmAg/Mn	 and	
Ge/2.2μmAg/Mn	 trilayers	 remain	
nonmagnetic up to annealing temperatures 
of	~	120	°C,	~	150	°C,	~	200	°C	and	~	250°	C,	
respectively and this clearly demonstrates 
the onset of intense intermixing of the 
Ge and Mn atoms and the formation of 
ferromagnetic Mn5Ge3. Our study provides 
convincing	 evidence	 that	 the	 Ag	 buffer	
layers	with	thicknesses	up	to	2.2	μm	don’t	

depress	the	reaction	between	Mn	and	Ge	
do not change the first phase Mn5Ge3 and 
only insignificantly increase the initiation 
temperature	Tin.

The	 realization	 of	 ferromagnetic	
Mn5Ge3,	 the	 Nowotny	 and	 secondary	
ferromagnetic	phases	using	thin	film	solid-
state	 reactions	 in	 Ge/Ag/Mn	 trilayers	 can	
be	 a	 candidate	 material	 for	 future	 Ge-
based	spintronic	devices.

This	 study	 was	 supported	 by	
the	 RFBR	 (Grants	 15-02-00948-A,	 
16-03-00069	 А),	 and	 by	 the	 program	
UMNIK-2015	№0011727.

1 V.G. Myagkov, V.S. Zhigalov, A.A. Matsynin, et al., (2012). JETP Letters, Vol. 96, No.1, 42–45
2 V.G. Myagkov, V.S. Zhigalov, А.А. Matsynin, et al., (2014). Thin Solid Films 552, 86–91.

Figure 1 . These results demonstrate the low-
temperature reaction between Ge and Mn across 
the Ag buffer layer up to 2.2μm and the synthesis 
of the ferromagnetic Mn5Ge3.
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The	 defects	 that	 occur	 in	 magnetic	
materials	 exert	 a	 considerable	 influence	
on	the	properties	of	such	materials,	and	in	
some	cases	this	influence	can	be	positive1. 
Specifically,	 existence	 of	 the	 defects	
substantially	affects	 the	value	of	 coercive	
force	 which	 is	 an	 important	 technical	
characteristic	 of	 a	 material.	 It	 is	 for	 this	
reason that there is a continued interest 
in researching the influence of defects on 
the	 magnetization	 reversal	 processes	 in	
magnets.

The	 paper	 investigates	 a	 non-
uniform	 magneto-uniaxial	 film	 exposed	
to external magnetic field H perpendicular 
to	 the	 film’s	 surface.	 It	 is	 assumed	 that	
the defects that are present in the 
sample	 make	 a	 negative	 contribution	
to	 its	 energy.	 In	 the	 absence	 of	 a	 field	
(H=0),	 this	 may	 result	 in	 the	 formation	
thereon of micromagnetic structures that 
correspond	 to	 0-degree	 domain	 walls	
(0°DW)2.	 As	 calculations	 show,	 the	 latter	
can	be	of	two	types	which	differ	in	energy	
E,	 width	 Δ,	 and	 amplitude	 .	 This	 being	
said,	 the	 characteristics	 of	 the	 first-type	
0°DW	 (0°DW(I))	 are	 considerably	 smaller	
than	 those	 of	 the	 second	 type	 (0°DW(II)).	
It	 follows	 that	 0°DW(II)	 energetically	

are	 less	 favourable	 formations	 than	
(0°DW(I)).	However,	 the	situation	changes	
if	 the	 film’s	 demagnetizing	 fields	 are	
taken	 into	 account:	 under	 certain	 values	
of the material parameters and defect 
characteristics,	0°DW(II)	can	exist	as	stable	
formations3.

If	 a	 field	 is	 there	 (H≠0),	 0°DWs	
behave	in	different	manners.	As	the	value	
of H	increases,	reaching	some	critical	value	
of Hc,	0°DWs	reverse	their	magnetization,	
i.e.	disappear.	 In	 case	of	H→Hc,	 however,	
the	 0°DW(I)	 continuously	 reduces	 in	 size	
(as	 if	 «melting»:	 (θm→0,	 Δ→0),	 whereas	
0°DW(II)	 transits	 into	 the	 uniform	 state	
in a leap θm increases).	An	analysis	of	 the	
results	 obtained	 shows	 that	 these	 and	
other	 peculiarities	 of	 their	 behaviour	 in	
a	magnetic	 field	 are	 conditioned	by	 their	
differing	 structures	 in	 a	 zero	 field:	 in	
0°DW(II),	 there	 is	 an	 area	 (π/2<θm<3π/2)	
in	 which	 the	 spins	 are	 anti-parallel	 to	
magnetization	 of	 the	 uniform	 state.	 It	
has	 been	 shown	 in	 particular	 that	 the	
main	 contribution	 to	 the	 processes	 of	
magnetization	 reversal	 of	 materials	 is	
made	 by	 0°DW(I),	 while	 the	 hysteresis	
phenomena	–	by	0°DW(II).

1 Kandaurova G.S. (1997), Soros Educational Journal № 1, p. 100 – 106.
2 Vakhitov R.M., Magadeyev E.B. (2014), FMM, 115 (9), 906 – 912.
3 Vakhitov R.M., Magadeyev Ye.B., Yumaguzin A.R., Solonetski R.V. (2015), FTT, 57 (8), 1462 

– 1466.
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Compounds	 with	 crystal	 lattice	
containing chains of magnetic atoms 
demonstrate	 often	 remarkable	 magnetic	
properties.	 Recent	 studies	 have	 reliably	
revealed	 that	 crystals	 with	 pyroxene	
structure	 also	 belong	 to	 such	 a	 kind	 of	
compounds1,2.	 They	 have	 the	 general	
chemical	formula	ABX2O6	(A=Na,	Li	and	Ca;	
B=Mg,	Cr,	Cu,	Ni,	Fe,	etc.;	X=Ge,	Si)	and	are	
of	the	interest	as	a	new	class	of	multiferroic	
materials3	 Ferroelectricity	 in	 pyroxenes	
is	usually	 induced	by	a	primary	magnetic	
ordering and a strong magnetoelectric 
coupling	 exists	 between	 ferroelectric	 and	
magnetic order parameters.

Cationic	 substitution	 in	 pyroxenes	
effects on structural and electronic 
properties and the study of intermediate 
phases	 often	 allows	 one	 to	 identify	 the	
fundamental interactions driving the 
phase	 transitions.	 However,	 the	 detailed	
crystal	 structure,	 thermal	 and	 magnetic	
properties of pyroxene solid solutions 
were	unknown	so	far.

In	 the	 present	 work,	 we	 report	 the	
experimental data on the crystal structure 
at	 room	 temperature,	 heat	 capacity,	
entropy	 and	 magnetic	 susceptibility	
of the clinopyroxene solid solutions  
Li1–xNaxFeGe2O6.

Compounds	 with	 x	 =	 0	 –	 0.9	 have	
been	 synthesized	 by	 the	 solid	 state	
reaction.	 The	 X-ray	 characterization	 has	
shown	the	absence	of	additional	phases	in	
the samples.

Calorimetric studies of the series 
of	solid	solutions	with	x<0.9	 revealed	 the	
displacive	 first	 order	 phase	 transitions,	
which	are	accompanied	by	the	appearance	
of	 superstructure	 reflections	 in	 the	 X-ray	
powder	 patterns.	 The	 symmetry	 of	 the	
high	 and	 low	 temperature	 phases	 are	
characterized	 by	 the	 following	 space	
groups:	C2/c and P21/c.	It	has	been	found	
that an increase of Na concentration leads 
to decrease of the C2/c ↔ P21/c phase 
transition temperature.

Using	 SQUID	 techniques	 the	
temperature dependence of the magnetic 
susceptibility	 was	 studied.	 It	 exhibits	 a	
maximum,	 which	 is	 suggested	 the	 phase	
transition from the paramagnetic state 
to	 a	 magnetically	 ordered	 one	 below	
20	 K.	 The	 asymptotic	 Néel	 temperature	
θ	 was	 found	 to	 be	 negative,	 which	
indicates the prevailing presence of the 
antiferromagnetic exchange interaction in 
solid solutions Li1–xNaxFeGe2O6.

1 S.V. Streltsov and D.I. Khomskii. (2008), Phys. Rev. B: Conndens. Matter 77, 064405.
2 T.V. Drokina, O.A. Bayukov, G.A. Petrakovskii, D.A. Velikanov, A.F. Bovina, G.N. Stepanov and 

D.A. Ivanov (2008) Phys. Solid State, 50, 2141.
3 Jodlauk S., Becker P. et al. (2007) J. Phys. Cond. Matter. 19, 432201-432210.
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In	 the	 last	 years	 the	 layered	
oxides of alkali and transition metals 
are intensively investigated due to their 
potential applications as solid electrolytes 
and electrode materials in modern ionics. 
Recently,	 a	 new	 generation	 of	 layered	
complex	 metal	 oxides	 with	 honeycomb-
based	 crystal	 structure	 where	 ordered	
mixed-layers	of	magnetic	cations	alternate	
with	 non-magnetic	 alkali	 metal	 layers	
has	 been	 a	 subject	 of	 intense	 research	
worldwide.

This	 work	 is	 devoted	 to	 the	
investigation	 of	 new	 quasi	 two-
dimensional	 (2D)	 honeycomb-lattice	
compounds Li3Ni2SbO6,	 Na3Ni2SbO6  
and Li0,8Ni0,6Sb0,4O2. Basic magnetic 
properties of Li3Ni2SbO6 and Na3Ni2SbO6 
have	 been	 reported	 recently1,2.	 We	 are	 
here to present the results a systematic 
study of their electronic and magnetic 
behavior	by	nuclear	magnetic	resonance.

We	 performed	 the	 7Li	 (I	 =	 3/2)	 and	
23Na	(I	=	3/2)	NMR	experiments	and	found	
that	the	behavior	of	the	NMR	spectrum	and	
relaxation	 at	 low	 temperature	 is	 caused	

by	 the	 interaction	 with	 the	 magnetic	
Ni2+ ions and reflects the dynamics of 
magnetic	 subsystem.	 Upon	 approaching	
the	Neel	temperatures	the	NMR	lineshape	
of the sodium and lithium spectra change 
dramatically,	 that	 indicate	 the	 onset	 of	
long-range	 magnetic	 order.	 In	 addition,	
the calculations of different models of 
ordering	 have	 been	 performed.	 The	 best	
fit	of	the	experimental	data	was	obtained	
assuming	 a	 zigzag	 spin	 structure	 with	
spins oriented perpendicular to the plane. 
At	 4.5	 T	 the	 spin-flop	 phase	 is	 observed.	
At	 T	 >	 300	 K	 the	 deviation	 of	 the	 1/χT1T	
from	 1	 shows	 the	 additional	 relaxation	
mechanism	 which	 becomes	 effective	 at	
these	temperatures.	We	propose	that	the	
reason of this additional relaxation is the 
growth	of	in-plane	lithium	mobility.

The	 work	 was	 supported	
by	 Foundation	 for	 Basic	 Research	 
(grant	14-02-01194	and	14-02-00245).

1 E.A. Zvereva, et al., Dalton Trans. 41, 572 (2012).
2 V.V. Politaev, et al., J. Solid State Chem. 183, 684 (2010).
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The	 object	 of	 our	 study	 is	
spin	 injection	 and	 controlling	 spin-
dependent	 transport	 in	 a	 low-
dimensional	 semiconductor	 (germanium)	
channel.	 The	 Co	 /	 Al2O3 /	 Ge	 /	 Al2O3 / Si   
(100	nm	 /	 2	 nm	 /	 20	 nm	 /	 100	nm	 /	 350	
µm)	 samples	under	 study	were	prepared	
by	magnetron	sputtering.

Structures	to	investigate	were	formed	
by	photolithography	with	subsequent	wet	
chemical	etching.	The	desired	profile	was	
obtained	by	 treating	 the	substrate	with	a	
polymer mask in the aqueous solution of 
HCl	 for	 ~1	min	at	permanent	 intermixing	
to completely remove Co from the areas 
coated	 with	 a	 photoresist.	 The	 required	
topology	was	 created	on	 the	 film	surface	
using	an	FP-383	positive	photoresist,	which	
formed	a	~1	µm-thick	film.	The	important	
items	to	be	investigated	were	the	deviation	
of	side	walls	of	the	etched	profile	from	the	
normal,	formation	of	the	etching	bias,	and	
dilution of a material under the protective 
mask,	 which	 ensures	 high	 quality	 of	 the	
prepared structures.

The	nanosized	 channel	was	 formed	
on	 a	 Hitachi	 FB-2100	 focused	 ion	 beam	
system,	which	enables	modification	of	solid	
surfaces	with	high	 spatial	 resolution.	 The	
main	advantages	of	the	focused	ion	beam	
(FBI)	technique	over	other	nanolithography	
methods are the high rate of formation 

of	 a	 topological	 pattern	 without	 using	
photoresists	and	masks	and	possibility	of	
treating various materials and performing 
local	 selective	 etching	 by	 changing	
technological	parameters	in	a	wide	range.	
The	 scanning	 electron	microscopy	 image	
of the prepared structure is presented in 
the figure.

Figure 1. Image of the nanosized channel formed 
on a FIB Hitachi FB2100 system. Insert: AFM 
image of the structure.
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Using	 Monte-Carlo	 simulations,	
we	 investigated	 phase	 transitions	 and	
frustrations	in	the	three-state	Potts	model	
on	 a	 triangular	 lattice	 with	 allowance	 for	
antiferromagnetic exchange interactions 
between	 nearest-	 neighbors J1	 and	 next-	
nearest-	neighbors	J2.

An	 antiferromagnet	 (AF)	 on	 a	
triangular lattice provides an example of a 
frustrated spin system1.	 It	 is	necessary	to	
notice,	however,	 in	 the	case	of	 the	 three-
state	 antiferromagnetic	 Potts	model	with	
allowance	for	the	interaction	only	between	
nearest	neighbors	in	the	ground	state,	the	
frustrations	 driven	 by	 lattice	 geometry	
for	 the	 Ising	 model	 are	 absent	 and	 the	
magnetic system is ordered at room.

When	 taking	 the	 next-nearest-neighbor	
interactions	into	account,	the	competition	
of exchange interactions may result  
in	 frustrations,	 i.e.	 in	 such	 spacing	 of	
atomic magnetic moments in a crystal 
at	 which	 a	 simultaneous	 ordering	 of	 all	
interacting	 spins	 fails	 (see	 Figure	 1).	 In	
our	work	 (see	Ref.2)	we	have	evaluated	a	
three-state	triangular	AF	Potts	model	with	
allowance	 for	 first	 and	 second	 nearest-
neighbors	 interactions	 with	 values	 J1<0	
and J2<0	 over	 a	 range	 of	 r=0.0÷1.0,	 
r=J2/ J1.	 The	 present	 work	 determine	
whether	 frustrations	 or	 transition	 have	
occurred in the system at r>1.

1 Diep H.T., (2004). Frustrated spin systems. World Scientific Publishing: Singapore.
2 Murtazaev A.K., Babaev A.B., Magomedov M.A., Kassan-Ogly F.A., Proshkin A.I. (2014), JETP 

Lett. 100, 242.

Figure 1. Magnetic structures in the triangular three-state Potts model. The initial phase (a) 
corresponds to parameter r=J2/J1 over the range of 0<r<0.2; the intermediate phase – over the range 
0.2<r<1.0; the final phase – over the range r>1.0.

r>1.  
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There	 is	 currently	 immense	 interest	
in	 the	 fabrication	 of	 bulk	 nanostructured	
or	 amorphous	 composite	 materials	 with	
unique and tailored magnetic properties 
for various applications in materials 
science.	 The	 shock	 wave	 compaction	 is	
attractive	 because	 it	 can	 be	 used	 as	 an	
effective	 compaction	method	 for	 powder	
materials	 without	 recrystallization,	 grain	
growth	and	decomposition.	In	the	present	
work,	the	role	of	the	dynamic	compaction	
regimes in the control of microstructure 
and magnetic properties of the  
Co-P/Cu	and	Al2O3/Co-P	bulk	samples,	the	
mechanism for the nanocrystalline and 
amorphous	 structure	 formation,	 and	 the	
relation	 between	 the	 microstructure	 and	
magnetic properties are discussed.

The	bulk	nanostructured	 composite	
Co88P12/Cu	 and	 Al2O3/Co88P12 materials 
were	 prepared	 by	 dynamic	 compaction.	
The	electroless	plating	is	used	to	synthesize	
the	 core-shell	 composite	 Co-P/Cu	 and	
Al2O3/Co-P	particles,	which	used	as	starting	
for	compaction	process.	The	investigations	
of structure and magnetic properties of 
bulk	 samples	 were	 carried	 out	 by	 X-ray	
diffraction,	electron	microscopy,	NMR	and	
correlation	magnetometry.	It	is	found	that	
the structure and magnetic characteristics 
(the	 diffraction	 pattern,	 heat	 and	
temperature	 of	 crystallization,	 saturation	
magnetization,	 exchange	 stiffness	
constant,	 local	magnetic	 anisotropy	 field,	
coercivity)	 of	 the	 composite	 materials	
remain unchanged if the loading pressure 
PL	 <	 3	 GPa.	 The	 shape	 of	 NMR	 spectra	

(Figure	 1)	 points	 to	 the	 presence	 of	 a	
mixture of fcc and hcp surroundings of 
Co	 for	 both	 type	 of	 initial	 powders	 and	
compacts.	It	is	observed	that	the	FMR	line	
narrowed	after	shock	wave	loading.

We	demonstrated	 that	 the	 using	 of	
composite	core-shell	particles	as	 initial	at	
compaction	 processes	 allows	 to	 produce	
bulk	samples	with	structural	and	magnetic	
parameters that are not inferior to the 
characteristics	of	initial	powders.

This	work	was	supported	by	Russian	
Foundation	of	Basic	Research	15-08-06673,	
16-03-00256,	16-03-00969	and	RFBR-KRFS	
15-42-04171.

Figure 1. NMR spectra measured at 77 K of 
initial (Co88P12)80/Cu20 powder (solid circles) and 
bulk samples prepared by dynamic compaction 
(open circles).
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An	important	feature	of	the	chemical	
technology for magnetic films preparation 
on	 the	 basis	 of	 Co-P	 is	 the	 possibility	 of	
a	 significant	 change	 of	 the	 coercivity	 by	
varying the concentration of chemical 
agents1,2.	 This	paper	presents	 the	 results	
of experimental studies of the effect of 
the solutions acidity on the structure of 
the investigated films to determine of the 
causes	of	observed	effects.

The	 deposition	 of	 Co-P	 films	 was	
conducted from solutions included  
(in	 g/l):	 CoSO4 · 7H2O	 –	 8,75,	 Na(H2PO2)	
–	 7.5,	Na3C6H5O7	 –	 17,5.	 The	pH	 value	 of	
solutions	was	 adjusted	by	 alkali	 reagents	
such	 as	 NaOH	 and	 NaHCO3.	 The	 result	
of	 electron	 diffraction	 of	 obtained	 films	
corresponds to the three characteristic 
regions	of	the	acid	solution	in	which	there	
are	high-coercivity	(HC)	and	low-coercitive	
(LC)	 films,	 as	 well	 as	 the	 transition	 
between	them.

To	 identify	 the	 structural	
transformations for every type of films 
X-ray	 analysis	 was	 held.	 The	 data	 of	
analysis	 shows	 that	 in	 the	preparation	of	
films	 from	 solution	 with	 low	 alkaline	 pH	
(7–8,5)	 cobalt	 is	 recovered	 in	 the	 lattice	
with	 a	 hexagonal	 crystal	 structure.	 The	
further	 increase	 of	 pH	 value	 leads	 to	 an	

abrupt	 shift	 of	 the	 film	 structure	 of	 the	
amorphous	 phase.	 The	 coercivity	 of	 the	
polycrystalline film depends on several 
factors,	 including	 the	 size	 and	 structure	
of	the	grain.	The	first	mechanism	can	not	
to	 explain	 the	 abrupt	 change	 of	 the	 Hc,	
because	 in	the	transition	region	from	the	
Hc phase to the LC phase the monotonic 
dependence	of	the	grain	size	of	the	acidity	
of	the	solution	is	observed.	The	results	of	
X-ray	analysis	indicate	on	the	presence	of	
the	 second	 mechanism.	 They	 imply	 that	
in	 the	 pH	 range	 near	 the	 transition	 to	
the amorphous phase the formation of 
crystalline compounds CoP2 is occurs.

It	 can	 be	 assumed	 that	 at	 the	 high	
pH	 the	 phosphorus	 penetrate	 inside	 the	
grain.	 It	 result	 in	 the	 appearance	 of	 the	
fine	 structure,	 which	 then	 goes	 into	 the	
amorphous	 phase.	which	 causes	 a	 sharp	
drop	in	Hc.	At	the	low	pH	the	phosphorus	
is	deposited	primarily	between	the	grains	
and	is	not	included	in	the	lattice	of	cobalt.

1 Aspland M., Jones G., Middleton B. (1969), IEEE Trans. On Magn. MAG-5 (3), 314-317.
2 Chzhan A.V., Patrusheva T.N., Podorozhnyak S.A., Seredkin V.A., Bondarenko G.N. (2015) 

In Proceedings Ordering in minerals and alloys. 18th International Symposium l-15 
September 2015 Rostov-on-Don, pos. Southern, p.282-284.
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Magnetic	 films	 with	 exchange	
bias	 are	 widely	 used	 as	 a	 media	 for	
magnetic	 sensors	 based	 on	 the	 giant	
magnetoresistance and anisotropic 
magnetoresistance effects1.	 This	 work	
is	 devoted	 to	 studying	 the	 possibility	 of	
fine	 adjustment	 of	 the	 exchange	 bias	 in	
multilayers	 based	 on	 antiferromagnetic	
FeMn	 layer	 by	 introduction	 of	 Co-Al2O3 
granular spacers of varying thickness.

Processes	of	magnetization	reversal	
in	 Ta(5)/Fe20Ni80(5)	 /	 Fe50Mn50(20)	 /
Fe20Ni80(5)/Co-Al2O3(L)	 /	 Fe20Ni80(40)/Ta(5)	
multilayers	 (in	 parentheses	 thickness	 in	
nm	 is	 specified)	 obtained	 by	 magnetron	
sputtering	 have	 been	 investigated.	
The	 Fe20Ni80(40)	 layer	 was	 regarded	 as	
a	 functional	 layer,	 and	 the	 rest	 of	 the	
magnetically ordered layers – as a source 
of	 exchange	 bias.	 The	 thickness	 L of the 
spacer	was	varied	in	the	range	of	0–5	nm.	
Magnetic properties of the multilayers 
were	measured	by	a	VSM.

Figure	1	shows	a	typical	example	of	
hysteresis	 loop	 of	 the	 multilayer.	 It	 can	
be	seen,	 that	 the	 loop	has	a	 complicated	
three-stage	 appearance.	 It	 indicates	
the	 separate	 magnetization	 reversal	
of	 the	 main	 (in	 the	 magnetic	 field	 Не1)	 
and	 auxiliary	 (in	 the	 magnetic	 fields	 Не2 
and Не3)	permalloy	layers.

The	 dependencies	 of	 exchange	
bias	 fields	 Не1,	 Не2 and Не3 on spacer 
thicknesses L	 have	 been	 determined.	
It	 has	 been	 shown,	 that	 the	 exchange	

bias	 field	 of	 the	 main	 layer	 decreases	
monotonically	 with	 L	 increasing,	 but	
remains up to L	 =	 5	 nm.	 Analysis	 of	 the	
obtained	dependences	taking	into	account	
data	on	the	microstructure	of	the	Co-Al2O3 
medium	has	been	carried	out.

The	 reported	 study	 was	 funded	 by	
RFBR	 according	 to	 the	 research	 project	 
No.	16-32-00327	мол_a.

1 Yuvchenko A.A., Lepalovskij V.N., Savin P.A., Gorkovenko A.N., Kulesh N.A., Vas’kovskiy V.O. 
(2015) IEEE Transactions on Magnetics, 51(1), 2500304.

Figure 1. The hysteresis loop of the sample with 2 
nm granular spacer.
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The	 properties	 of	 exchange	
coupled film structures containing 
Ni-Mn	 and	 permalloy	 layers	 have	
been	 systematically	 investigated.	 The	
experiment	 was	 conducted	 on	 two	 types	
of	 the	 samples	 prepared	 by	 means	 of	
magnetron sputtering in the presence 
of	 a	 homogeneous	 magnetic	 field:	 
type	I	–	Ta/Ni-Mn(20	nm)	/	Fe20Ni80(40	nm)/Ta; 
type	II	–	Ta/Fe20Ni80(50	nm)/Ni-Mn(20	nm) 
/Fe20Ni80(40	 nm)	 /	 Ta.	 Nickel	 concent	 (x) 
	in	Ni-Mn	layers	varied	from	10	to	70	wt.	%	 
which	 was	 achieved	 by	 changing	 the	
deposition rates of simultaneously 
sputtered nickel and manganese targets. 
Composition	 control	 of	 Ni-Mn	 layers	was	
carried	 out	 by	 means	 of	 Nanohunter	
instrument	 using	 total	 reflection	 X-ray	
fluorescence spectroscopy.

The	work	 has	 dealt	with	 a	 problem	
of	 searching	 conditions	 at	 which	 the	
most	 exchange	 bias	 field	 realized	 in	 the	
relatively	 thick	 (40	 nm)	 permalloy	 layers	
and defining its relation to the structural 
state	 of	 the	 adjoining	 Ni-Mn	 layer.	 For	
this	 purpose,	 alongside	 with	 varying	 the	
chemical	 composition	 of	 Ni-Mn	 layer,	
a	 one	 hour-long	 vacuum	 annealing	 at	
200	 ÷	 500	 °C	 was	 employed.	 Structural	
parameters	 of	 the	 films	 were	 analyzed	
by	 X-ray	 diffractometry	 with	 Philips	 
X’PertPRO	 using	 CuKα	 radiation.	 The	
exchange	bias	field	(He)	is	a	parameter	that	
characterizes	the	exchange	coupling	and	is	
the	shift	of	 the	center	of	magneto-optical	
hysteresis loops along the applied magnetic  
field axis.

Figure	 1	 shows	 some	 results	 of	
the	 experiment.	 It	 is	 seen	 that	 the	 He(x)	
dependences	of	two	types	are	considerably	
different	 in	the	 initial	state,	and	are	quite	
similar	near	x	=	30	%	after	annealing	of	the	
film	at	the	temperature	of	300	°C.

The	 interpretation	 of	 defined	
patterns	has	been	given	with	a	help	of	the	
structure analysis results and literature 
data1,2.

This	 work	 was	 supported	 by	 The	
Ministry	 of	 Education	 and	 Science	 of	 the	
Russian	Federation,	project	№	2582.

1 Giri S., Patra M., Majumdar S. (2011), Journal of Physics-Condensed Matter, 23 (7), 073201 
(23).

2 Lepalovskij V., Svalov A., Balymov K., Vaskovskiy V. (2016), Physics Procedia, in press.

Figure 1. Dependence of exchange bias field on 
Ni concentration in Ni-Mn layer for samples 
of the type I (curves 1, 2) and type II (curves 3, 
4) in the initial state (1, 3) and after annealing  
(2, 4) at 300 °C.
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Magnetic thin films play a key role 
in	 modern	 technologies,	 for	 example,	
ferromagnetic	 metal-dielectric	 structures	
are promising for multiple applications 
like	 magnetic	 tunnel	 junctions,	 magnetic	
storage,	 photonic	 and	 nonreciprocal	
devices.	 Here	 we	 report	 on	 magneto-
optical properties of high quality ultrathin 
multilayer	 metal-dielectric	 structures	 
[Co/TiO2]n	on	Si	substrate.

Three	compositions	of	the	nanosized	
ferromagnetic	metal-dielectric	multilayers	
[Co/TiO2]n,	 were	 grown	 on	 a	 (001)-Si	
substrate	 with	 a	 thickness	 of	 0.5	 mm	
by	 the	 ion	 beam	 deposition	 technique1.  
Each	sample	consists	of	15	pairs	alternating	
Co	 and	 TiO2 layers of 2–4 nm thickness. 
Multilayer	 structures	 were	 characterized	
by	 standard	 atomic	 force	 microscopy,	
scanning	electron	microscopy,	and	grazing-
incidence	 X-ray	 reflectometry	 techniques,	
revealing	 sharp	 and	 flat-parallel	 
interfaces	of	Co/TiO2.

Magnetic	 behavior	 of	 [Co/TiO2]n	
multilayers	 in	 applied	magnetic	 field	was	
studied	 using	 the	 magneto-optical	 Kerr	
effect	 (MOKE).	 Magnetic	 hysteresis	 loops	
are	measured	by	means	of	 the	polar	and	
longitudinal	MOKE	with	the	use	of	a	He-Ne	
laser	emitted	light	at	λ	=	0.6328	μm.

The	magnetic	 field	dependencies	of	
the	 polar	 and	 longitudinal	 MOKE	 exhibit	

very	 different	 behavior	 revealing	 the	
easy-plane	 type	 of	 magnetic	 anisotropy.	
Comparison	 of	 these	 effects	 allowed	 us	
to estimate an effective anisotropy field 
higher	than	16	kOe.

Spectra	 of	 the	 longitudinal	 MOKE	
in	 [Co/TiO2]n	 multilayers	 were	 studied	
by	 a	 fast	 spectroscopic	 system	 which	
requires	a	stable	continuous	spectral	light	
source,	 two	 polarizers,	 an	 achromatic	
quarter-wave	 plate	 and	 a	 spectrometer2. 
The	 optical	 response	 of	 the	 multilayers	
was	 modeled.	 The	 theoretical	 model	 is	
based	 on	 the	 full	 4x4	 matrix	 formalism	
to calculate the amplitude reflection 
components of light3.

Experimental	 results	 for	 the	
longi-tudinal	 MOKE	 in	 three	 different	
multilayers	[Co/TiO2]n	on	Si	are	compared	
to	 theoretical	 modelling.	 We	 show	 that	
for	 some	 composi-tions	 of	 multilayers	 a	
strong	enhancement	of	the	MOKE	can	be	
achieved.	It	is	predicted,	that	the	structure	
with	 only	 5	 %	 Co	 fraction	 exhibits	 the	
enhancement	of	longitudinal	MOKE	signal	
as	much	as	5.6	times	bigger	compared	to	
the	MOKE	signal	in	pure	Co.

This	 work	 is	 supported	 by	 the	
Russian	Ministry	of	Science	and	Education	
(14.613.21.0048)	 and	 RFBR	 (16-02-
00377).

1 Stognij A. I., Pashkevich M. V., et al. (2010), Tech. Phys. Lett. 36 (5), 426-429.
2 Du G. X., Saito S., Takahashi M. (2012), Rev. Sci. Instrum. 83, 013103-1-5.
3 Buchmeier M., hdl.handle.net/2128/2605
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Nanocrystalline soft magnetic 
materials have gained much attention in 
recent	 years	 because	 of	 their	 unique	 set	
of properties. Nanocrystilline materials 
have	 a	 complicated	 relation	 between	
their	 magnetic	 properties	 and	 the	 size	
D of crystallites. Depending on the ratio 
between	D and the correlation exchange 
length	of	 the	material,	different	magnetic	
configurations	 arise.	 In	 particular,	 for	
a	 certain	 combination	 of	 a	 D	 size	 and	 a	
value of an external magnetic field H the 
magnetization	 ripple	 structure1	 can	 be	
formed in thin nanocrystalline films.

In	 this	 work,	 the	 ripple-like	
magnetization	 structure	 was	 studied	 by	
a numerical analysis of micromagnetic 
model2	 of	 nanocrystalline	 films	 with	 a	
random	distribution	of	uniaxial	anisotropy	
easy	 axes.	 The	 films	 characteristics	
corresponded	to	α-Fe-20	at	%	Si,	with	the	
nanoparticles	size	D variation in the range 
6–100	nm.

As	 an	 example	 inset	 Figure	 	 1	
shows	 the	 simulated	 «pictures»	 of	 the	
magnetization	ripple	(for	H	=	10	Oe),	which	
are very similar to the experimental ones. 
The	study	of	the	magnetization	root-mean-
square	 (rms)	deviation	φ as a function of 
H for different D reveals that for small D 
behavior	φ of has a good correspondence 
with	 the	 predictions	 of	 the	 analytical	
Hoffmann’s	 theory1	 (lines	 in	 Figure	 	 1).	

However,	 as	 the	 D	 increases	 (≥	 42	 nm),	
the magnetostatic energy is starting to 
prevail leading to a formation of magnetic 
domains	 and,	 as	 a	 consequence,	 to	 a	
significant	 increase	 of	 the	 magnetization	
rms deviation.

1 Hoffmann H. (1968) IEEE Transactions on Magnetics, 4 (1), 32-38.
2 Belyaev B.A., Izotov A.V., Leksikov An.A. (2010) Physics of the Solid State 52 (8), 1664.

Figure 1. Magnetization ripple microstructures 
(inset) and magnetization rms deviation φ as a 
function of the field H.
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Epitaxial film of iron borate on gallium borate substrate
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Iron	 borate,	 FeBO3,	 single	 crystals	
are	 of	 great	 interest	 from	 the	 viewpoint	
of	 both	 fundamental	 issues	 of	 solid	
state magnetism and technological 
applications1.	 In	 particular,	 magnetic	
characteristics	 of	 the	 near-surface	 layer	 
(10-100	 nm)	 of	 FeBO3 single crystal 
drastically differ from those of the 
volume2.	 In	 order	 to	 get	 deeper	 insight	
in	 this	 difference,	 one	 should	 study	
«pure»	 surface	 magnetic	 effects.	
Obviously,	 for	 this	 purpose	 one	 needs	
a	 low-dimensional	 system	 –	 thin	 FeBO3 
magnetic	 film,	 deposited	 on	 diamagnetic	
substrate.	 Therefore,	 the	 aim	 of	 the	
present	 work	 has	 been	 obtaining	 such	
an	 object	 and	 determining	 its	 primordial	
characteristics.

As	a	substrate	we	have	chosen	GaBO3 
transparent diamagnetic single crystal that 
we	have	synthesized	by	solution	in	the	melt	
technique.	 This	 material,	 isomorphous	
with	FeBO3,	possesses	unit	cell	parameters	
appropriate	 for	 depositing	 FeBO3 film 
by	 liquid	 phase	 epitaxy	 technique3. 
Temperature	modes	and	types	of	mounting	
of	 the	 substrate	 were	 determined	
experimentally.	Figure	1	shows	an	electron	
microscopy image of an intermediate 
stage	of	 epitaxial	 island	 growth	of	 FeBO3 
film on GaBO3	 substrate.	 The	 technique	
developed	allows	synthesizing	FeBO3 films 

of	 different	 thickness,	 including	 those	
suitable	 for	 studying	 surface	magnetism.	
A	 relatively	 thick	 (~4	 µm)	 epitaxial	 FeBO3 
film	 has	 been	 studied	 by	 EMR	 technique	
in	 the	 temperature	 range	 295	 –	 350	 K,	
the	frequency	range	15	–	35	GHz	and	the	
magnetizing	 field	 up	 to	 5	 kOe,	 applied	
in	 the	 basal	 plane	 of	 the	 sample.	 The	
EMR	 spectra	 for	 FeBO3 film display a 
resonance	 line	 in	 the	 same	 field	 range,	
as	 previously	 observed	 for	 FeBO3 single 
crystals4	and	 identified	as	 the	AFMR.	This	
finding confirms the existence of magnetic 
ordering	in	the	FeBO3	film.	Moreover,	the	
values	 of	 Dzyaloshinskii	 field	 and	 Néel	
temperature,	as	determined	for	FeBO3 thin 
film,	are	in	good	agreement	with	those	for	
FeBO3 single crystals.

1 R. Diehl, W. Jantz, B.I. Nolang, W. Wettling, (1984), in: Current Topics in Materials Science. 
Vol. 11, pp. 241-387, E. Kaldis, ed., Elsevier: New-York.

2 Maksimova E., Nauhatsky I.A., Strugatsky M.B., Zubov V.E. (2010), JMMM, 322, 477-480.
3 Yagupov S., Strugatsky M., Seleznyova K., Maksimova E., Nauhatsky I., Yagupov V., Milyukova 

E., Kliava J. (2015), Appl. Phys. A, 121, 179-185.
4 Velikov L.V, Prokhorov A.S., Rudashevskiĭ E.G., Seleznev V.N. (1974), JETP, 39, 909-915.

Figure 1. One of the stages of FeBO3 film 
formation (electron microscopy).
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FINEMET-type	 thin	 films	 notice	
attention as an appropriate functional 
medium	for	magnetic	field	sensors	based	
on giant magnetic impedance effect. 
Excellent	 soft	magnetic	 properties	 of	 the	
alloy	are	controlled	by	an	acceptable	heat	
treatment.	Due	to	this	fact,	study	surveys	
influence of the heat treatment on a 
magnetic	anisotropy	of	FINEMET-type	thin	
films	using	Kerr-microscopy.

The	 thin	 films	 of	 10–200	 nm	
thicknesses	 were	 prepared	 by	 means	 of	
radio	 frequency	 ion-plasma	 sputtering	
of	 Fe72.5Si14.2B8.7Nb2Mo1.5Cu1.1 target 
onto	 monocrystalline	 Si	 (100)	 substrates	
covered	 with	 the	 buffering	 SiO2 layer of 
10	nm.	 The	 depositions	were	 carried	 out	
in	 the	 technical	magnetic	 field	 of	 100	Oe	
oriented	 parallel	 to	 the	 substrate	 and	
under	 Ar	 pressure	 of	 10–3	 Torr.	 Thermal	
treatments	of	the	samples	were	performed	
in	 a	 sputtering	 chamber	 at	 temperatures	
of	350,	450,	550	°C	for	an	hour.

The	presence	of	an	in-plane	easy	axis	
of	magnetization	 is	 clearly	detected	 in	all	
as-deposited	 samples	 as	 a	 result	 of	 the	
technological field during the deposition 
as	 well	 as	 quenched-in	 internal	 stresses.	
Hysteresis	 loops	 have	 been	 measured	
along several directions in the film plane 
and the remanence to saturation ratio for 
all	samples	are	reported	in	Figure		1.	This	
polar	plots	of	remanence	for	as-deposited	
and	annealed	at	 350	and	450	 °C	100	nm	
films	 show	 the	 double	 circle	 typical	 for	
such materials1.

However,	 heat	 treatment	 leads	 to	
lowering	 of	 uniaxial	 anisotropy.	 Almost	
circle	MR/MS	dependence	is	observed	for	
the	film	annealed	at	550	°C.

After	 annealing	 at	 550	 °C	 dramatic	
grains	growth	up	to	35-40	nm	was	observed.	
Such grains are large enough to efficient 
averaging	 of	 their	 anisotropy	 within	 the	
framework	 of	 random	 anisotropy	model.	
Random	 orientation	 of	 the	 grains	 easy	
axes	leads	to	almost	isotropic	behavior	of	
the sample2.

Kerr-microscopy study of magnetic anisotropy  
of FINEMET-type films

Evgeniya Mikhalitsyna, Vasiliy Kataev and Vladimir Lepalovskiy
Department of solid state magnetism, Ural Federal University, 620002, Yekaterinburg, Russia

�keywords:� finemet, soft magnetic material, Kerr-microscopy, thin film

1 Modak S., Kane S., Gupta A., Mazaleyrat F., Bue M. L., Coisson M., Celegato F., Tiberto P., 
Vinai F. (2012), Thin Solid Films, 520, 3499.

2 Mikhalitsyna E. A., Kataev V. A., Larranaga A., Lepalovskya V. N., Turygin A. P. (2016), Journal 
of Magnetism and Magnetic Materials, (article in press).

Figure 1. Azimuthal angle dependence of reduced 
magnetization for as-deposited and annealed 
samples with thickness of 100 nm.
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of Fe72.5–xNixCu1.1Nb1.9Mo1.5Si14.3B8.7 nanocrystalline alloys

Vasiliy Kataev1, Yuri Starodubtsev1,2, Evgeniya Mikhalitsyna1, Vladimir Belozerov2 
and Roman Tsyngalov1

1Department of solid state magnetism, Ural Federal University, 620142, Yekaterinburg, Russia
2Research and Production Enterprise «Gammamet», 620028, Yekaterinburg, Russia
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Fe-Cu-Nb-Si-B	 alloys	 having	 a	
nanocrystalline structure as a result of an 
appropriate	annealing	are	well	known	due	
to their excellent soft magnetic properties. 
The	 high	 softness	 is	 explained	 by	
magnetocrystalline anisotropy averaging 
of	 nanograins	 by	means	 of	 intergranular	
exchange.	 Low	 natural	 anisotropy	 allows	
to manage magnetic hysteresis properties 
of	 the	 alloys	 efficiently	 by	 induction	 of	
uniaxial	magnetic	anisotropy.	In	the	course	
of magnetic properties improvement due 
to chemical composition variations it is 
necessary to save the fulfillment of the 
base	 conditions	 mentioned	 above.	 Alloy	
modification	 with	 a	 partial	 replacement	
of	 Nb	 by	 Mo	 is	 known.	 In	 that	 case,	
crystallization	 fraction	 increases	 and	
thermal	 stability	 enhances1.	 It	 is	 possible	
to	 replace	 Fe	 with	 Ni	 for	 impact	 on	
susceptibility	 along	 with	 creation	 of	 the	
induced	 magnetic	 anisotropy.	 However	
surplus	 of	 Ni	 decreases	 stability	 of	 the	
nanocrystalline phase2.

We	 investigated	 crystallization,	
formation of the induced anisotropy and 
magnetic	 properties	 of	 Finemet-type	
alloys,	 modified	 by	 Mo	 and	 Ni.	 Ribbons	
of	 Fe72.5–xNixCu1.1Nb1.9Mo1.5Si14.3B8.7 
alloys	 (x	 =	 0;	 1.5;	 2.5;	 4.2;	 6.3;	 8.4;	 12.7	
ат.%)	 were	 prepared	 using	 ultra-fast	
quenching	method.	Crystallization	process	

study	was	held	by	means	of	heat	 release	
control during the samples heating. 
Uniaxial	 anisotropy	 was	 induced	 by	 the	
magnetic annealing. Magnetic properties 
measurements of the toroidal samples 
were	 carried	 out	 in	 static	 and	 dynamic	
magnetization	modes.	A	positive	influence	
of Ni addition for the set of magnetic 
properties	was	revealed.

1 Silveyra J.M., Cremaschi V.J., Janickovic D., Svec P., Arcondo B. (2011), Journal of Magnetism 
and Magnetic Materials, 323, 290–296.

2 Duhaj P., Svec P., Frank J., Sitek J.,Janickovic D. (2001), Materials Science and Engineering, 
A304-306, 178-186.

Figure 1. Temperature changing of the samples 
with different Ni level during the crystallization 
process.
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Spin polarization of ZGNR4/LSMO(001) heterostructures:  
MnO-terminated spinterface
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Graphene and graphene 
nanoribbons	 has	 been	 extensively	
investigated	 and	 continue	 to	 be	
studied as materials of many promising 
nanodevices.	 They	 are	 advanced	 media	
for 2D spintronics applications due to 
the	 weak	 spin–orbit	 coupling	 in	 carbon	
atoms,	high	Fermi	 velocity	of	 the	 carriers	
and long spin lifetimes in a hexagonal 
lattice.	 It	has	previously	been	shown	 that	
zigzag	 graphene	 nannoribbons	 (ZGNRs)	
are	 semiconductors	 with	 a	 significant	
edge	ferromagnetism.	However,	the	whole	
ribbon	 are	 antiferromagnetic	 material1. 
ZGNRs	 may	 be	 used	 in	 spintronics	 as	
FET,	 logic	gates	and	spin	filtering	devices.	
Recently	ZGNRs	have	been	demonstrated	
single-channel	 roomtemperature	 ballistic	
conductivity on a length scale greater 
than	 ten	 micrometres.	 This	 property	 is	

at least an order of magnitude more 
than theoretical prediction for perfect 
graphene2.

Using	 ferromagnetic	 supports	 (e.g.	
Ni(111))	 allows	 one	 to	 spin	 injection	 in	
graphene.	 Half	 metallic	 materials	 like	
La0.7Sr0.3MnO3	 (LSMO)	 are	 characterized	
by	 colossal	 magnetoresistance	 and	
effective	spin-injection	due	to	their	ability	
to	provide	nearly	100	%	spin-polarizations.	
LSMO is an optimal material for spintronic 
devices	 thanks	 to	 its	 low	 carrier	 density	 
(1021-1022	 cm–3),	 high	 carrier	 spin-
polarization,	 high	 Curie	 temperature	
(Tc=370	 K).	 It	 is	 a	 perfect	 material	 for	
magnetic	tunnel	junctions3.

We	 present	 results	 of	 ab initio 
density	 functional	 calculations	 of	 zigzag	
graphene	 nanoribons/LSMO	 (ZGNR/
LSMO)	 composites	 deposited	 on	 MnO-

Figure 1. Total and partial density of states of 
ZGNR4/LSMO(001) composite.

Figure 2. Spatial distribution of spin density of 
ZGNR4/LSMO(001) composite.
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terminated	 surface	 with	 taking	 into	
account	 a	 week	 dispersion	 interaction.	
The	 atomic	 and	 electronic	 structure	 was	
studied	using	GGA	+	U	metod.	The	results	
indicate	 weak	 disperse	 interactions	 with	
small	energy	difference	between	possible	
coordination	 types	 of	 ZGNR/LSMO(001)	
interfaces	 take	 place.	 The	 interaction	 of	
ZGNRs	 with	 LSMO	 leads	 to	 considerable	
modifications,	 which	 imposes	 a	 buckling	
of	 a	 carbon	 fragments	 and	 substrate	 top	
layer.	100%	of	induced	spin	polarization	of	
ZGNR4	was	detected	with	nonzero	density	
of	 states	 at	 the	 Fermi	 level	 for	 major	
spin,	while	 the	band	gap	 is	presented	for	
electrons	 with	 minor	 spin	 (figure	 1)	 due	
to transformation of antiferromagnetic 
coupling	 to	 ferromagnetic	 one.	 Figure	
2	 shows	 the	 spin	 density	 distribution	 of	
ZGNR4/LSMO(001)	 composite.	 Large	 spin	
density accumulates around Mn4+ and 

Mn3+	 ions.	 A	 small	 part	 of	 spin	 density	
is concentrated around the oxygen 
ions.	 The	 Bader	 analysis	 detects	 small	
oxygen-localized	 magnetic	 moments	 of	 
0.05–0.07	 μB.	 The	 magnetic	 moments	
of	 carbon	 edge	 atoms	 of	 ZGNR4	 equal	
to	 0.06	 μB.	 La	 atoms	 have	 0.01	 μB.	 No	
fundamental	 changes	 between	 densities	
of	 states	 of	 ZGNR/LSMO	 in	 different	
configurations	have	been	detected.

These	 results	 demonstrate	
significant	 changes	 in	 the	 carbon	
nanofragment	 properties.	 At	 the	 same	
time,	 no	 considerable	 changes	 of	 LSMO	
electronic	 structure	 has	 been	 detected.	
Thus,	 the	ZGNR/LSMO	is	an	 intrinsic	half-
metallic ferromagnet that makes it an 
attractive composite for future spintronics 
devices.

1 Son Y.-W., Cohen M. L., Louie S. G. (2007), Phys. Rev. Lett. 98, 089901
2 Baringhaus J., Ruan M., Edler F., Tejeda A., Sicot M., Taleb-Ibrahimi A., Li A.-P., Jiang Z., 

Conrad E. H., Berger C., Tegenkamp C., de Heer W. A. (2014), Nature 506, 349–354.
3 Viret M., Nassar J., Drouet M., Contour J.P., Fermon C., Fert. (1999), J. Magn. Magn. Mat. 5, 

198-199.
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Composite materials attract much 
attention due to the manifestation of 
unexpected	 new	 physical	 properties	 in	
them. Studies of composite compounds 
with	high	values	of	magnetic	susceptibility	
and	 dielectric	 permittivity	 are	 of	 interest,	
which	can	be	used	in	variety	of	applications.	
Here	we	 investigated	 the	materials	which	
consist	of	two	inorganic	phases.

One of the components of the 
composite material is CaCu3Ti4O12	(CCTO).	
The	dielectric	behavior	of	 calcium	copper	
titanate	 (CCTO)	 exhibits	 an	 extraordinary	
high	 dielectric	 constant	 and	 shows	 good	
thermal	 stability	 in	 a	 wide	 temperature	
range	 (100–600	 K)1.	 As	 the	 second	
component of the composite material 
besides	 CCTO	 we	 chose	 the	 strontium	
hexaferrite	SrFe12O19	(SFO)	or	lanthanum-
strontium manganite La2/3Sr1/3MnO3 
(LSMO)	 to	 modulate	 the	 magnetic	
properties of the composite. 
Magnetic resonance spectra of composites 
(SFO)x(CCTO)1–x	 and	 (LSMO)x(CCTO)1–x 
for	 x=0.05	were	measured	 on	 an	 ER	 200	
SRC	 (EMX/plus)	 spectrometer	 (Bruker)	 at	
the	 frequency	 of	 9.4	 GHz	 with	 a	 flow	 N2 
Temperature	 Controller	 RS	 232	 cryostat	
(Bruker)	 in	 the	 temperature	 range	
from	 100	 to	 300	 K.	 The	 temperature	
dependence	 of	 the	 magnetization	 was	
measured	 on	 a	 PPMS-9	 device	 in	 the	
temperature	 range	 from	 4	 to	 300	 K.	 

The	 temperature	 dependence	 of	 the	
integral	 intensity	 of	 the	 ESR	 signal	
corresponds to the temperature 
dependence	 of	 the	 magnetization,	
f.e.	 for	 (LSMO)0.05(CCTO)0.95 this fact is 
presented	 in	 Figure	 1.	 Also	 it	 was	 found	
that	 strontium	 hexaferrite	 (SFO)	 micro	
inclusions	 in	 composite	 «magnetize»	
CaCu3Ti4O12	at	 temperatures	 from	300	to	
200	K	forming	a	ferrimagnetic	particle	near	 
the	SrFe12O19	«core».

The	reported	study	was	supported	by	
RFBR,	research	project	№	16-32-00660.

1 Subramanian M.A. et al. (2000). J. Solid State Chem. 151, 323-325.

Figure 1. Temperature dependence of direct 
and inverse magnetic susceptibility in 
(LSMO)0.05(CCTO)0.95.
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of NixFe100–x layers in Fe20Ni80/FeMn/NixFe100–x films
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Magnetic multilayers containing 
exchange-coupled	 antiferromagnetic	
and	 ferromagnetic	 layers	 have	 been	 a	
subject	 of	 many	 studies	 focused	 on	 the	
development of magnetic sensors. Present 
research is aimed to study the influence 
of	 composition	 on	 crystalline	 structure,	
exchange	 bias,	 and	 magnetic	 hysteresis	
of ferromagnetic NixFe100-x layers coupled 
with	the	antiferromagnetic	FeMn	layers	in	
multilayered film structures.

SiO2/Ta(5)/Fe20Ni80(5)/Fe50Mn50(20)/	
NixFe100–x(40)/Ta(5)	 (thicknesses	 are	 given	
in	nm)	films	were	prepared	by	magnetron	
sputtering	 onto	 glass	 substrates	 in	 the	
presence of the external magnetic field 
oriented	 parallel	 to	 the	 substrate	 plane.	
Tantalum	and	permalloy	additional	 layers	
were	 deposited	 in	 order	 to	 ensure	 the	
formation	of	a	stable	 fcc	 lattice	and,	as	a	
consequence,	 antiferromagnetic	 ordering	
in	Fe50Mn50 1.

Dependencies of the value of the 
lattice	 parameter	 and	 exchange	 bias	
field	 He	 on	 NixFe100–x layers composition 
were	 obtained	 using	 PHILIPS	 X’PERT	 PRO	
diffractometer and VSM magnetometer 
(Figure	1).	Fe50Mn50 layers in all cases have 
fcc type lattice. NixFe100–x	 layers	have	bcc	
(x	<	40	at.%)	or	fcc	(x	>	40	at.%)	structures	
depending on the Ni concentration.

The	 non-monotonous	 behavior	 of	
exchange	bias	field	He	with	x	increase	was	
found.	 The	magnitude	of	He	 for	 samples	
with	x	>	40	at.%	is	significantly	differs	from	
He	for	samples	with	x	<	40	at.%.	Therefore	
it	 can	 be	 concluded	 that	 similar	 types	 of	
crystalline	structure	of	the	adjacent	layers	
is	an	important,	but	not	the	only	condition	
for	 the	 existence	 of	 the	 exchange	 bias	
between	 ferro-	 and	 antiferromagnetic	
layers.

1 Vas’kovskiy V.O., Lepalovskij V.N., Gorkovenko A.N., Savin P.A., Kulesh N.A., Shchegoleva 
N.N. (2014), IEEE Trans. Magn., 50 (11), 4800504 (1-4).

Figure 1. Lattice parameters (bcc (1) and fcc (2)) 
and exchange bias field (3) as a function of alloy 
composition x in NixFe100–x layers.
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This	 work	 is	 dedicated	 to	 the	most	
important	 new	 technique	 in	 magnetic	
characterization	 of	 ferromagnetic	
materials,	 the	method	based	on	the	 first-
order	 reversal	 curves	 (FORC)	 covering	
the	surface	of	the	major	hysteresis	 loop1.  
In	order	to	understand	the	typical	features	
observed	on	experimental	FORC	diagrams	
we	are	using	as	benchmarks	linear	chains	
of	magnetic	wires	with	 intrinsic	 coercivity	
and rectangular hysteresis loops.  
The	 chains	 could	 be	 longitudinal	 (wires	
along	 the	 chain)	 or	 perpendicular	 (wires	
perpendicular	on	the	chain).	Our	previous	
studies on 2D systems2–4 have indicated 
the need to use simpler systems like these 
1D chains5.

Indeed,	 as	 we	 show	 in	 this	 study,	
the	 main	 features	 observed	 in	 FORC	
diagrams	 can	 be	 reproduced	 with	 1D	
chains and the quantitative fundamentals 
of	these	particular	elements	can	be	better	
understood.	 Moreover,	 we	 show	 that	
there	 are	 specific	 elements	 that	 can	 be	
attributed	to	the	1D	chains.	In	fact,	as	we	
show	 in	 the	 Figure,	 the	 structure	 of	 the	
FORC	diagram	for	1D	chains	can	be	really	
reach	 in	specific	elements	 that	cannot	be	
observed	 in	 2D	and	3D	 structures	unless	
in	 very	 specific	 conditions.	 This	 work	
was	 funded	 by	 the	 CNCS-UEFISCDI	 grant	 
no.PN-II-ID-PCE-2011-3-0794	(IDEI-EXOTIC).

1 I. D. Mayergoyz (1985), J. Appl. Phys., 57, 3803-3805; & C. R. Pike, A. P. Roberts,  
and K. L. Verosub (1999), J. Appl. Phys., 85, 6660-6667; & A. Stancu, C. Pike, L. Stoleriu,  
P. Postolache, and D. Cimpoesu (2003), J. Appl. Phys., 93, 6620-6622.

2 C.-I. Dobrotă and A. Stancu (2013), Journal of Applied Physics, 113, 043928.
3 C.-I. Dobrotă and A. Stancu (2015), Physica B: Condensed Matter, 457, 280-286.
4 M. Nica and A. Stancu (2015), Physica B: Condensed Matter, 475, 73-79.
5 R. Tanasa and A. Stancu (2011), J Phys Condens Matter, 23, 426002.

Figure 1. Set of simulated FORCs in a 1D-perpendicular chain of magnetic wires (left) and the 
corresponding FORC diagram (right).
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The	 peculiarities	 of	 magnetization	
reversal	 in	 the	permalloy	 layer	exchange-
coupled	 to	 antiferromagnetic	 (FeMn,	
Ni30Mn70)	 or	 hard-magnetic	 (Tb33Co67)	
layer	 were	 investigated	 by	 means	 of	
longitudinal	 Kerr	 effect.	 The	 experiment	
was	performed	on	multilayers	obtained	by	
ion	sputtering.	Fe20Ni80 layers in different 
samples	had	thicknesses	of	40-50	nm	and	
demonstrated unidirectional anisotropy 
induced	by	the	pinning	layer.

Figure	 1	 shows	 typical	 hysteresis	
loops of the permalloy layer exchange 
coupled	 to	 FeMn	 or	 Tb33Co67.	 For	 the	
multilayer containing antiferromagnetic 
layer,	 the	 loop	 is	 almost	 rectangular	 and	
characterized	by	a	pronounced	hysteresis.	
In	 the	 sample	 containing	 Tb27Co73	 layer,	
the loop is asymmetric and has almost no 
hysteresis.

The	 domain	 structure	 can	 be	
observed	 only	 for	 the	 samples	 with	
antiferromagnetic pinning layers.  
It	 means	 that	 magnetization	 reversal	
takes	place	by	the	movement	of	the	zigzag	
domain	 wall.	 Near	 the	 coercivity	 field,	
fine	 domain	 structure	 appears,	 which	
has some specific features in samples 
with	 different	 antiferromagnetic	 layers	 
(Figure	2).	In	samples	with	Tb27Co73 pinning 
layer,	 during	 the	 magnetization	 reversal	
only	uniform	gradual	changes	of	the	Kerr	
contrast	can	be	observed.

The	detailed	analysis	of	the	obtained	
results	 was	 carried	 out	 using	 literature	
data1.

This	 work	 was	 supported	 by	 RFBR	
(grant	16-32-00132	мол_а).

1 Hubert A., Schafer R., Magnetic Domains—The Analysis of Magnetic Microstructures, 3rd 
ed., Springer, Berlin Heidelberg, 2009, pp. 422-471.

Figure 2. Domain structure of the Fe20Ni80 
layer as part of the FeMn/Fe20Ni80 (a) and 
Ni30Mn70/Fe20Ni80 (b) multilayers.

Figure 1. Hysteresis loops of the Fe20Ni80 layer 
exchange coupled to FeMn (a) and Tb33Co67 
(b) layer measured along the exchange bias 
direction.
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In	 despite	 of	 the	 wide	 range	 of	
applications for the MSM study nanoscale 
magnetic domain structures of different 
material	 thin	 films,	 at	 the	moment	 most	
of the research carried out in linear 
dimensions greatly exceeding the range 
of	 nanometres.	 First	 of	 all,	 this	 is	 due	 to	
the technological features of modern SPM 
and	 manufacture	 of	 specialized	 features	
of	the	cantilevers,	coated	with	a	magnetic	
material	with	the	desired	properties.

The	possibility	of	 studying	 the	walls	
of	 magnetic	 domains	 with	 nanometer	
resolution	 without	 application	 of	 an	
external magnetic field for the first 
time a group of authors demonstrated 
NRU	 «MIET»	 (Zelenograd)	 in	 20161. 
The	 theoretical	 possibility	 of	 studying	
the	 structure	 of	 the	 domain	 walls	 of	
ferromagnetic thin films under the 
influence of an external magnetic field 
has	 been	 demonstrated	 by	 colleagues	 in	 
Ref.	 2.	 The	 new	 experiments	 using	
technology magnetron sputtering 

were	 prepared	 test	 samples	 of	 thin-
film	 magnetic	 structures:	 onto	 a	 silicon	
wafer	 deposited	 a	 predetermined	 layer	
thickness Si3N4,	 then	 sequentially	 on	 it	
were	deposited	layers	of	Ta	(40	nm),	CoFeB	
(9	nm),	MgO	 (2	nm),	CoFeB	 (3	nm)	Ta	 (10	
nm).	This	structure	is	mainly	used	for	the	
investigation	of	the	GMR	effect.

The	 object	 studied	 using	 MSM	
techniques	 and	 highly	 sensitive	 probes	
to the magnetic field induction and 
after	 short-term	 bias	 field	 of	 0.5	 T.	 The	
experiments	and	studies	presented	weak	
magnetic	 fields	 by	 the	 MSM.	 It	 is	 shown	
that	 the	method	 of	 high-resolution	MSM	
and	transient	magnetization	of	the	sample	
in	 conjunction	 with	 highly	 sensitive	
magnetic	 probe	 allows	 visualization	 of	
weak	magnetic	 fields	 films	 of	 nanometer	
thickness.

1 Djuzhev N.A., Kozmin A.M., Chinenkov M. Yu. (2016), Journal of Surface Investigation. X-ray, 
Synchrotron and Neutron Techniques, 10 (1), 39–42.

2 Temiryazev A.G., Saunin S.A., Sizov V.E. (2014), Bulletin of the Russian Academy of Sciences: 
Physics, 78 (1), 49-52
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Film	systems	consisting	of	alternating	
ferromagnetic metal and semiconductor 
layers are promising for application in 
spintronic	devices.	The	interlayer	coupling	
in	 such	 systems	 is	 responsible	 for	 the	
formation	 of	 the	 magnetic	 state.	 The	
creation of film structures that could 
be	 sensitive	 to	 external	 factors	 and	
simultaneously	exhibit	strong	interactions	
between	 magnetic	 layers	 is	 an	 urgent	
problem.	 This	 problem	 can	 be	 solved,	 in	
particular,	by	using	a	semimetal	Bi	spacer	
instead of a semiconductor material.

Permalloy	 was	 chosen	 as	 a	
magnetic	 layer	 material	 due	 to	 its	 weak	
magnetic	 crystallographic	 anisotropy,	
which	 prevents	 shading	 of	 the	 interlayer	
coupling.	In	the	synthesized	films,	the	iron	
content	was	18	at.%	and	the	nickel	content,	
82	 at.%.	 In	 all	 the	 films,	 the	 magnetic	
layer	thickness	was	 tNiFe	≈	10	nm	and	the	
bismuth	 layer	 thickness	 varied	 within	 
tBi	 =	 3−15	 nm.	 The	 layer	 thickness	 was	
determined	 by	 X-ray	 spectroscopy.	
Magnetization	was	measured	on	an	MPMS-
XL	 SQUID	 facility.	 Magnetic	 resonance	
spectra	were	obtained	on	a	spectrometer	
at	 microwave	 radiation	 frequency	 
of fUHF	=	26.7	GHz	in	the	temperature	range	
of T	=	90−300	K.	The	magnetic	field	lied	in	
the	film	plane.	The	in-plane	anisotropy	of	
the	resonance	field	was	not	observed.

For	 the	 reference	 film	 without	
bismuth	 spacer	 and	 for	 the	 films	 with	
tBi	 ≥	 15	 nm,	 the	 shape	 of	 the	microwave	

absorption	 curve	 represents	 a	 single	
Lorentz	 line.	 In	 the	 bismuth	 thickness	
range of tBi	 =	 3–12	 nm,	 the	 magnetic	
resonance	 spectrum	 involves	 two	 lines,	
which	is	indicative	of	the	antiferromagnetic	
character of the interlayer coupling 
between	 ferromagnetic	 layers.	 In	 our	
opinion,	 the	 low-field	 line	corresponds	 to	
acoustic	 oscillations	of	 the	magnetization	
of	 the	 film	 structure,	 while	 the	 high-field	
line reflects the optical oscillation mode. 
The	 obtained	 temperature	 dependences	
of	 the	 resonance	 fields	 were	 used	 to	
establish	 the	 temperature	 dependences	
of anisotropy field HA and exchange  
field HE.

The	 anisotropy	 of	 the	 separate	
ferromagnetic	 layer	 is	 extremely	 low.	 
It	was	established	that	for	all	the	films	with	
tBi	 ≠	 0	 the	 temperature	 dependences	 of	
the resonance field of the acoustic mode 
can	be	explained	only	with	 regard	 to	 the	
additional magnetic anisotropy.

Thus,	 the	 main	 experimental	 data	
obtained	 by	 us	 indicate	 the	 effect	 of	 the	
semimetal Bi spacer thickness on the value 
and sign of the interlayer coupling in the 
NiFe/Bi/NiFe	structure.

This	 study	 was	 supported	 by	 RFBR,	
Project	No.	14-02-00238-a.
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In	 this	work,	we	 use	 the	 variational	
spin-density	 functional	 method	 for	
theoretical description and calculation 
of energy and magnetic characteristics 
of	activated	adsorption	of	 Fe	 ions	on	 the	 
W	 and	 Au	 nonmagnetic	 substrates	 with	
taking into consideration the interface 
roughness and inhomogeneous 
distrubution	 of	 magnetization	 in	 surficial	
region.	 We	 include	 into	 consideration	
the thermal effects of transition metal 
ions intermixing inside film and their 
substitution	 with	 atoms	 of	 substrate	
surficial layer.

The	 experimental	 investigations	
of	 ultrathin	 magnetic	 films	 show	 that	
the	 magnetic	 properties	 of	 system	 Fe/W	
are	 characterized	 by	 two-dimensional	
Ising	 model	 type,	 and	 Fe/Au	 by	 two-
dimensional	 XY	 model	 type.	 Therefore,	
in	 this	 work	 we	 use	 for	 description	 of	
temperature dependence for the relative 
magnetization	 m(T)	 the	 Onsager’s	 exact	

solution	 for	 Ising	 type	 systems	 and	 the	
results	of	renormalization-group	finite-size	
consideration	for	XY	type	systems.

The	equilibrium	interface	roughness	
parameter D0 is determined from the 
minimum of the total interfacial energy.  
We	 calculated	 the	 adsorption	 energies,	
values of the interface roughness 
parameter D0	 and	 spatial	 distribution	
of	 magnetization	 as	 a	 function	 of	 the	
parameter	 of	 coverage	 θ	 for	 different	
temperatures	(Figure	1-2).

The	 conditions	 for	 the	 formation	
of	 ultrathin	 ferromagnetic	 films	 stable	
with	 respect	 to	 island	 adsorption	 with	 a	
change	 in	 the	 coverage	 parameter	 θ	 are	
revealed.	 The	 stable	 films	 are	 realized	
at	 θmin(T)<θ<θmax(T)	 only.	 At	 θ<θmin(T)	
intermixing	 occurs	 in	 the	 system,	 at	
θ>θmax(T)	island	adsorption	is	observed.

Investigations	 were	 supported	 by	
Russian	 Scientific	 Fund	 through	 project	
No.	14-12-00562.

Figure 1. Dependence of D0 on coverage θ for 
Fe/W(110) for different temperatures.

Figure 2. The spatial distribution of magnetization 
for Fe/W(110).
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In	 recent	 decades	 researches	 show	
considerable	 interest	 to	 the	study	of	new	
materials	 reflecting	 and	 absorbing	 HF	
and	 UHF	 electromagnetic	 radio	 waves.	
These	materials	are	based	on	composites	
of various magnetic alloys of metals and 
dielectric	and	semiconductor	substance.

Films	of	two	series	have	compositions:	
(Co0.4+Fe0.4+Zr0.2)x+(Al2O3)(1–x)/5	(thickness:	
3÷6	 μm)	 and	 (Co0.8+Nb0.15+Ta0.05)
x+(SiO2)(1–x)/3	 (thickness:	 0.6	 ÷	 1.6	 μm).	
Here	x	=	0.25	÷	0.65.	The	investigated	films	
were	 prepared	 by	 ion	 beam	 sputtering	
on	 the	 polycrystalline	 glass	 substrate1.  
Films	were	annealed	at	a	 temperature	of	
823	K	in	a	normal	atmosphere.

Magnetic structures of surfaces 
of composite films at various metal 
concentrations	 x	 were	 obtained	 using	
atomic	force	microscopy	(AFM)	ARIS-3500.	
The	 silicon	 probe	 coated	 with	 a	 layer	 of	
cobalt	 to	a	thickness	of	20	nm.	With	AFM	
were	 found	 magnetic	 particles	 sizes	 of	
10-100	nm	and	domain	structure	 in	both	
series	 of	 composite	 films.	 It	 can	 be	 seen	
that increasing of x the relative amount 
of	 small	 particle	 size	 decreases	 and	 the	
number	of	large	particles	increases.

The	 FMR	 spectra	 were	 obtained	 by	
an electron paramagnetic spectrometer 
RE-1306	on	the	frequency	of	9.36	GHz	with	

using a standard modulation index meter1. 
Microwave	 magnetic	 characteristics	 of	
composite	 films	 in	 respect	 of	 obtained	
distributions	were	calculated.

On the dependence of the internal 
field	 from	 the	x	 for	 I	 and	 II	 series	 films	a	
continuous	 growth	 with	 the	 transition	
to	 saturation	 with	 the	 increasing	 x	 was	
observed	 for	 room	 and	 liquid	 nitrogen	
temperatures. Saturation region of the 
internal	 field	 for	 larger	 values	 of	 x	 was	
detected.	The	growth	rate	and	magnitude	
of	 the	 internal	 fields	 for	 II	 series	 films	
depends much higher than the composite 
films	 of	 I	 series	 on	 x.	 That	 difference	
can	 be	 explained	 by	 the	 difference	 in	
thickness of this series films from each 
other.	 Annealing	 of	 the	 composite	 films	
reduces the heterogeneity of the surface 
film due to fusion of small areas of metal 
and dielectric to a larger structures form. 
Changing	 the	 shape	 of	 the	 granules	with	
the increasing x leads to the change of 
the	 granules	 demagnetizing	 fields	 and	
respectively,	 the	 magnetic	 characteristics	
of the films changes.

1 Antonets I.V., Kotov L.N., Kalinin Yu.E., Sitnikov A.V., Shavrov V.G., Sheglov V.I., (2014), 
Technical Physics Letters, 40 (7), 584-586.

P10.36



506

August 15-19, 2016  
Krasnoyarsk, Russia

Monte Carlo modelling of phase transitions in quasi-two-
dimensional multiferoic with external periodic potential

S.J. Lamekhov1, D.A. Kuzmin1, I.V. Bychkov1 and V.G. Shavrov2

1Chelyabinsk State University, 454001, Chelyabinsk, Br. Kashirinykh str., 129, Russia
2Kotel’nikov Institute of Radio Engineering and Electronics of RAS,  

125009, Moscow, Mokhovaya str., 11-7, Russia
�keywords:� two-dimensional multiferroic, periodic potential, phase transitions, Monte Carlo method

In	 recent	 years,	 there	 is	 a	 growing	
interest	 of	 researchers	 in	 multiferroics,	
especially in compounds demonstrating 
magnetoelectric coupling. Materials 
with	 coexistence	 of	 (anti)ferromagnetic	
ordering and ferroelectric ordering 
coexistence are representatives if this 
class of materials.

Behavior	 of	 two-dimensional	
multiferoic	 in	 external	 magnetic	 field,	
electric field and external periodic potential 
was	investigated	in	current	work.	Modelling	
by	 Monte	 Carlo	 method	 was	 performed	
to	 show	 influence	 of	 external	 magnetic	
field	 on	 appearance	 of	 polarization	 and	
temperature of phase transition in electric 
subsystem.	 Magnetization,	 polarization	
and energy components for magnetic and 
electric	 subsystems	 dependencies	 were	
obtained	 for	 different	 values	 of	 external	
magnetic and electric field.

Periodic potential is used to model 
behavior	of	two-dimensional	multiferroic	in	
case	of	substrate	and	to	study	its	influence	
on	magnetic,	electric	and	magnetoelectric	
properties of this kind of materials.

Modelling	 showed	 that	 periodic	
potential	 in	 form	 of	 Frenkel-Kontorova	
makes influence on maximal values and 
temperature of phase transitions for 
polarization.

Simulation	 of	 two-dimensional	
spin	 array,	 taking	 into	 account	 the	
dependence of the strength of the 
ferromagnetic	 interaction	 between	 the	
atoms,	 external	 field	 and	 a	 periodic	
potential	 was	 performed.	 The	 resulting	
dependence	 of	 the	 polarization	 of	 the	
external	magnetic	field	show	the	coupling	
between	 the	 magnetic	 and	 electric	
subsystem,	indicating	the	existence	of	the	
magnetoelectric effect in this material. 
Existence	 of	 Frenkel-Kontorova	 periodic	
potential causes a change of maximum 
polarization.	 Obtained	 temperature	
dependencies	 for	polarization	shows	 that	
electric	properties	 can	be	 controlled	with	
external periodic potential.

1 S.D. Kaushik, S. Rayaprol, J. Saha, N. Mohapatra, V. Siruguri, P.D. Badu, S. Patnail, 
Magnetoelectric coupling in Ca3CoMnO6, Journal of applied Physics. 108 (8) (2010) 
084106_1-084106_5.

2 S.J. Lamekhov, I. V. Bychkov, D. A. Kuzmin, V. G. Shavrov, «Monte Carlo Modelling of Two 
Dimensional Multiferroics», Solid State Phenomena, Vols. 233-234, (2015) 379-382

3 YJ Choi, HT Yi, S Lee, Q Huang, V Kiryukhin, S-W Cheong, Ferroelectricity in an Ising chain 
magnet, Phys. Rev. Lett. 100 (2008) 047601, 2008.
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It	 is	well	 known	 that	 exchange	 bias	
field in polycrystalline heterostructures 
depends	on	the	number	of	measurements,	
the	so-called	 training	effect1.	The	 training	
effect	 can	also	be	observed	using	 torque	
measurements.	 Most	 probably	 this	
phenomenon occurs due to a partial 
reorientation	 of	 antiferromagnetic	 (AFM)	
domains	 with	 ferromagnetic	 (FM)	 layer	
magnetization	reversal.

The	 present	 work	 concerns	 the	
occurrence of the training effect in  
NiFe/NiO	 bilayers.	 The	 magnetization	
reversal of such coupled systems is usually 
associated	with	the	penetration	of	a	partial	
domain	 wall	 (exchange	 spring)	 into	 the	
AFM	layer3.	The	exchange	spring	formation	
creates	a	field	of	internal	stresses	owing	to	
magnetoelastic interactions.

We	 use	 an	 acoustic	 emission	
technique to detect the effect of external 
magnetic	field	on	the	possible	generation	
of	 elastic	 waves	 within	 the	 sample.	

This	 technique	 is	 very	 sensitive	 to	 fast	
changes	 in	 the	 sample	 structure.	 We	
observed	occurrence	of	 strong	AE	events	 
(up	 to	 50	 dB,	 with	 the	 background	 noise	
of	 24	 dB)	 after	 removal	 of	 the	 external	
magnetic	field.	Such	events	may	be	related	
to fast relaxation of internal stresses after 
reorientation	of	AFM	domains	in	zero	field.	
Indeed,	the	external	magnetic	field	tends	to	
orient	AFM	grains	along	the	field	direction.	
In	zero	field	the	reoriented	grains	tend	to	
return	to	the	initial	state,	thus	giving	rise	to	
a	AE	response.

The	 work	 was	 partially	 supported	
by	RFBR	Grant	№	16-32-00264	and	French	
ANR	 Grant	 «Labex	 DAMAS»,	 ANR-11-
LABX-0008-01.

1 C. Schlenker, S. S. P. Parkin, J. C. Scott, J. K. Howard, (1986), JMMM. 54-57, 801
2 Nogués J. & Schuller I. K. (1999), JMMM, 192, 203-232.
3 C. L. Chien, V. S. Gornakov, V. I. Nikitenko, A. J. Shapiro, R. D. Shull, (2003), Phys. Rev. B 68, 

014418.
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Granular and multilayer magnetic 
films	with	the	soft	magnetic	granules	and	
insulating matrix are promising magnetic 
nanostructures	 for	 high-frequency	
applications due to their high resistivity 
and	 a	 high	 magnetic	 permeability.	
Among	 the	 most	 important	 material	
characteristics are the values of anisotropy 
and saturation field. Magnetic anisotropy 
of	 [CoFeB-SiO2/α-Si:H]n,	 [CoFeB-SiO2/
SiO2]n multilayer films in comparison 
with	 that	 for	 CoFeB-SiO2 granular films 
was	 the	 subject	 of	 this	 report.	 Detailed	
measurements	 of	 magnetization	 curves	
and	 microwave	 absorption	 spectra	
of	 granular	 (Co40Fe40B20)X(SiO2)100–X 
ultrathin	layers	(30	<	X	<	80	)	sandwiched	 
by	 α-Si:H	 or	 SiO2	 layers	 have	 been	
performed.

Information	 on	 local	 anisotropy	
field	 was	 obtained	 from	 investigation	 of	
approach	to	saturation	magnetization	law.	
Magnetization	curves	of	investigated	films	
in	the	applied	fields	range	up	to	3	÷	6	kOe	
follow	Akulov’s	 law	М(H)~(H)–2.	This	allows	
us to determine the value of local magnetic 
anisotropy field Ha.	 The	 value	 of	 Ha is 
occured	 to	 decrease	 with	 the	 increasing	
the	fracture	of	magnetic	phase	(Ha=2.4	kOe 
for	 [(Co40Fe40B20)40(SiO2)60/α-Si:H]60	 film, 
Ha=0.5	 kOe	 for	 X=68).	 Microwave	
absorption	spectra	were	measured	at	9.2	
GHz.	From	ferromagnetic	 resonance	data	
we	 evaluate	 an	 effective	 anisotropy	 field	
which	provides	us	with	information	about	
the effective shape anisotropy of magnetic 

phase.	The	spectrum	of	standing	spin-wave	
has	 been	 registered	 in	 the	 perpendicular	
experiment configuration for all types of 
films	with	the	metal	phase	content	above	
48	 vol.	 %.	 A	 surface	 resonance	 mode	 is	
observed	 for	 all	 samples.	 It	 means	 that	
there	was	the	easy-plane	anisotropy	in	all	
films,	 which	 can	 be	 caused	 by	 a	 change	
of chemical composition of granules on 
surface	 or	 by	 an	 increase	 of	 structural	
defects	quantities.	The	surface	anisotropy	
field	 is	evaluated	as	a	 function	of	X	using	
equation:

	,

where	Hs – resonance field corresponding 
to	 the	 surface	mode.	 The	 Ks	magnitudes	
for	 multilayer	 [CoFeB-SiO2/α-Si:H]n films 
are larger than for single layer films. 
The	 differences	 of	 Ks values for granular 
and	 multilayer	 films	 diminish	 when	
metal	 volume	 fraction	 increases.	 These	
large values of the surface anisotropy  
(0.5	 <	 Ks	 <	 0.9	 erg/sm2)	 for	 multilayer	
films	 probably	 arise	 from	 the	 interfacial	
anisotropy	 between	 the	 Co40Fe40B20–SiO2 
and	silica	layers.	A	comparison	between	the	
magnetic properties of Co40Fe40B20–SiO2 
granular films and  
[Co40Fe40B20-SiO2/α-Si:H]n multilayer films 
was	carried	out.

Acknowledgments.	 This	 work	
was	 supported	 by	 RFBR-KRFS	 grant	 
15-42-04171	and	RFBR	grants	15-08-06673,	
16-03-00256,	16-03-00969.
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In	 this	 work	 we	 report	 the	 results	
of investigation of magnetocaloric effect 
in Gd100−xCx	 (x=0..10)	 cold	 rolled	 ribbons.	
The	 principal	 idea	 of	 this	 work	 is	 to	
obtain	 information	 about	 the	 influence	
of	 severe	 plastic	 deformation	 (SPD)	 on	
magnetocaloric properties. Such kind 
of alloys has direct application to the 
new	 technology	 of	 magnetic	 cooling.	
Since	 the	 discovery	 in	 1997	 of	 the	 «giant	
magnetocaloric	 effect»1 the development 
of	magnetic	refrigeration	has	been	growing	
exponentially	and	many	alloys	have	been	
designed	 as	 a	 possible	 magnetocaloric	
materials.	Nevertheless,	Gd	and	Gd-based	
alloys	are	still	one	of	the	best	compounds	
for such technology ever done.

Today	there	 is	a	 lack	of	 information	
about	 the	 influence	 of	 SPD	 on	 magnetic	
and	 magnetocaloric	 properties,	 but	
as	 it	 is	 shown	 in	 some	 papers	 plastic	
deformation dramatically affect on the 
magnetic	 and	 other	 physical	 properties,	
for	 instance,	see2.	According	to	degree	of	
plastic	 deformation	 magnetic,	 structural	
or thermodynamic properties of the media 

could	 be	 modified	 and	 that’s	 the	 point	
not	only	of	academic	 interest,	but	also	of	
practical application.

As	 it	 shown	 in	 as-cast	 low	 carbon	
Gd100−xCx alloys magnetocaloric effect do 
not	decrease	significantly,	also	we	observe	
increasing	 Curie	 temperature	 about	 8	 K.	
After	cold	rolling	treatment	magnetocaloric	
effect decrease correspondingly to applied 
deformation.	 This	 effect	 goes	 from	 the	
defects	 of	 structure,	 which	 are	 induced	
during cold rolling and this result in a 
random magnetic anisotropy in the SPD 
material.	 Special	 high-temperature	 heat	
treatment can restore magnetocaloric 
properties	of	the	cold	rolled	ribbons	back	
to	 the	 bulk	 ones3.	 The	 heat	 treatment	
regimes	 are	 directly	 connected	 with	 the	
degree of deformation.

Authors	 appreciate	 the	 Russian	
Scientific	 Foundation	 (Project	 №	 15-12-
10008)	grants	for	financing	this	work.

1 Gschneidner Jr. K.A., Pecharsky V.K., Int. J. Refrig., 31(2008)945.
2 Taskaev S.V., Kuz`min M.D., Skokov K.P., Karpenkov D.Yu., Pellenen A.P., Buchelnikov V.D. 

and O. Gutfleisch, JMMM, 331(2013)33.
3 Taskaev S., Skokov K., Khovaylo V., Buchelnikov V., Karpenkov D., Pellenen A., Ulyanov M., 

Bataev D., Usenko A., Lyange M., and O. Gutfleisch, J. Appl. Phys, 117(2015)123914.
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Multilayer magnetic film structures 
consisting of alternative layer of magnetic 
hard and magnetic soft materials are very 
suitable	 objects	 for	 employment	 in	 spin-
electron	 devices.	 The	 interlayer	 coupling	
in	 the	 described	 systems	 is	 responsible	
for the formation of the magnetic state 
and causes some intriguing phenomena. 
The	conjugation	of	ferromagnetic	(FM)	and	
antiferromagnetic	(AFM)	layers	leads,	as	a	
rule,	 to	 implementation	 of	 the	 exchange	
bias,	 and	 the	magnetization	process	 as	 a	
whole	is	related	to	the	behavior	of	the	FM	
layer.	 At	 the	 conjugation	 of	 magnetically	
soft	 and	 magnetically	 hard	 FM	 layers,	 a	
new,	magnetic	 spring	 state	 occurs,	 when	
the	magnetization	process	involves	certain	
stages and the hysteresis loop has a 
specific	shape.	In	the	case	when	interlayer	
coupling	is	controlled	there	is	possibility	to	
wait	for	new	manifestations	and	it	that	can	
be	useful	for	applied	aims.

The	 films	 of	 composition	 CoNi/Si/
FeNi	 were	 obtained	 at	 first.	 The	 method	
was	 a	 deposition	 onto	 a	 glass	 substrate	
by	 ion-plasma	 sputtering	 at	 a	 base	
pressure	 of	 ~10–8	 Torr.	 The	 thickness	
of	 magnetic	 hard	 layer	 (CoNi)	 was	 
th	=	50	nm	and	magnetic	soft	 layer	 (FeNi)	 
was	 ts=	 70	 nm.	 The	 thickness	 of	 inter- 
mediate	 nonmagnetic	 semi-conducting	
layer	(Si)	was	variable	and	it	was	changed	
in range tSi=	 3	 –	 15	 nm.	 Layer	 thickness	
was	 controlled	 by	 X-ray	 spectroscopy	
with	 a	 measurement	 accuracy	 
of	 ±0.5	 nm.	 Surface	 roughness	 was	
controlled on a Veeco MultiMode 

NanoScope	IIIa	SPM	system.	The	magnetic	
properties	were	investigated	on	an	MPMS-
XL	 magnetic	 property	 measurement	
system	 and	 magneto-optical	 installation	
NanoMOKE-2.	In	this	layered	structure	the	
relation of coersivities separate magnetic 
hard	 and	magnetic	 soft	 layers	 was	more	
than	 two	 orders.	 Electron	 microscopy	
cross-section	 study	 was	 carried	 out	
on	 a	 JEM-2100	 transmission	 electron	
microscope and one indicates existence of 
sharp	boundary	between	silicon	and	both	
magnetic layers.

The	 magnetization	 curve	 has	 form	
typical	 for	 the	magnetic	 exchange-spring.	
Temperature	 dependence	 of	 coercivity	
has	maximum	in	range	T	≈	20	–	50	K	and	
the	temperature	of	that	is	shifted	towards	
higher	 temperatures	 with	 increasing	
of	 nonmagnetic	 layer	 thickness.	 The	
measurements of magnetic hysteresis 
loop	 by	 magneto-optical	 Kerr	 effect	 on	
opposite sides layered structure give the 
partial	contributions	of	different	magnetic	
layers.	 But	 an	 algebraic	 sum	 of	 these	
curves	 does	 not	 coincide	 with	 SQUID-
obtained	magnetic	loops.	These	data	make	
possible	to	judge	about	interlayer	coupling	
in	 three-layer	 structure	 and,	 changing	
silicon	thickness,	to	control	the	behavior	of	
magnetic	exchange-spring.

This	 study	 was	 supported	 by	 RFBR,	
Project	No.	14-02-00238-a.
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High-temperature	 annealing	 is	
one	 of	 the	 most	 effective	 ways	 used	
for modification of homogeneous 
and heterogeneous films properties. 
For	 example,	 it	 is	 known,	 that	 the	
heat	 treatment	 of	 Fe-Ni	 alloys	 leads	
to the increase of the anisotropic 
magnetoresistive	effect	(AMR)	up	to	3–5	%1,	
which	is	sufficient	for	sensors	applications.	
In	case	of	heterogeneous	structures,	such	 
as	 FeNi/TbCo	 bilayers,	 heat	 treatment	
of	 the	 whole	 film	 leads	 to	 undesirable	
degradation of functional magnetic 
properties of the amorphous ferrimagnetic 
layer.	In	such	cases,	the	alternative	way	is	
to	use	the	selective	annealing	(SA).	In	other	
words,	 a	 heat	 treatment	 of	 the	 selected	
layer	 (or	 layers)	 in	 multilayer	 structures.	
In	 the	 exchange-coupled	 multilayers,	
structural changes of the annealed 
layer	 can	 affect	 the	 interface-dependent	
properties,	 such	 as	 unidirectional	
anisotropy2.	 This	 work	 is	 devoted	 to	 the	
study of magnetic and electrical properties 
of	 exchange-coupled	 FeNi/TbCo	 bilayers	
with	selectively	annealed	FeNi	layer.

Samples	 were	 prepared	 by	 rf	
ion	 sputtering	 of	 mosaic	 (TbCo)	 and	
homogeneous	 targets	 (Fe10Ni90,	 Fe20Ni80,	
Ti)	 in	 presence	 of	 the	 external	 magnetic	
field.	For	all	samples,	Corning	cover	glass	

was	used	as	a	substrate.	Fe10Ni90	(Fe20Ni80)	
and	Tb-Co	layers	had	thicknesses	of	50	nm	
and	110	nm	respectively.	The	composition	
of	 Fe-Ni	 and	 Tb-Co	 layers	was	 controlled	
using	 x-ray	 fluorescence	 analysis	
(spectrometer	Nanohunter).	The	selective	
annealing	 was	 carried	 out	 by	 heating	 of	
the layer during one hour at temperature 
100-600	°C	in	a	single	cycle	of	preparation.	
Magnetic and magnetoresistive properties 
were	 measured	 using	 vibrating	 sample	
magnetometer	LakeShore	7407	equipped	
with	an	option	for	the	magnetoresistance	
measurement	 by	 four-point	 probe	
method.

Dependencies of exchange coupling 
parameters,	 magnetic	 and	 electrical	
properties of the ferromagnetic layer on 
the temperature of selective annealing 
were	obtained.	SA	leads	to	the	significant	
increase	 of	 AMR	 of	 the	 ferromagnetic	
layer and to the decrease of the exchange 
coupling	parameters.	Interpretation	of	the	
obtained	features	was	given	in	terms	of	the	
structural changes in the ferromagnetic 
layer near the interface.

This	 work	 was	 supported	 by	 RFBR,	
grant	№	16-32-00377	мол_а.

1 Elmrabat B. and Popma Th.J.A., (1990), Journal of magnetism and magnetic materials, 87 
(1-2), 114-122.

2 Kulesh N., Balymov K., Vas’kovskiy V., (2015), Acta Physica Polonica A, 127, 525-527.
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Recently	 (2013)	 single-chain	
magnet	 [FeIII(Tp*)(CN)3]2FeII(bpmh)·2H2O1 
(hereafter,	 SCM-zigzag)	 was	 synthesized.	
The	magnetic	properties	of	this	compound	
arise	 from	 alternate	 FeII	 spin-crossover	
(SCO)	 units	 and	 dimers	 of	 two	 FeIII	 ions	
that	 are	 incorporated	 into	 a	well-isolated	
double	 zigzag.	 The	 main	 interest	 to	 this	
compound	 arise	 from	 the	 possibility	 of	
switch	 the	 magnetic	 properties	 of	 spin	
chains	 under	 optical	 irradiation.	 It	 has	
established	 that	 before	 irradiation	 FeII	
SCO	units	have	the	non-magnetic	low-spin	
(S=0)	 state	 and	 compound	 as	 the	 whole	
should	 be	 considered	 as	 paramagnetic	
ensemble	 of	 spin-1/2	 dimers.	 After	
irradiation	the	chain	exhibits	light-induced	
reversible	 spin-crossover	 at	 the	 FeII	 ions,	
which	 get	 spin	 (S=2)	 moment	 and	 have	
strong	 easy-axis	 single	 ion	 anisotropy.	
Single-chain	magnet	 behavior	 is	 actuated	
by	 ferromagnetic	 interactions	 between	
the	 photoinduced	 high-spin	 FeII	 and	 low-
spin	FeIII	ions	in	the	chain.	The	mentioned	
properties	 of	 the	 SCO-zigzag	 provide	 a	
strategy	 to	 switch	 the	 bistable	 state	 of	
molecular nanomagnets using external 
stimuli	 such	 as	 light	 and	 heat,	 with	 the	
potential	to	erase	and	write	information	at	
a molecular level.

In	 this	 work	 the	 temperature	
dependence	 of	 magnetic	 susceptibility	
and	spin-spin	correlation	functions	of	the	
SCM-zigzag	 have	 been	 calculated	 using	
transfer-matrix	 approach.	 This	 approach	
has	allowed	describing	the	experimentally	
observed	 modification	 of	 the	 magnetic	
susceptibility	 of	 the	 SCM-zigzag	 under	
optical	 irradiation	 (Figure	 1).	 It	 has	 been	
shown	 that	 presence	 of	 non-magnetic	
repulsion	 between	 FeII	 ions	 at	 light-
induced excited spin states could lead to a 
realization	of	quantum	phase	transition	in	
the	compound	and,	as	a	consequence	to	a	
strong modification of magnetic properties 
of the system.

1 T.Liu, H. Zheng, S. Kang et.al. (2002), Nature Communications, 4, 2826.

Figure 1. Modification of magnetic susceptibility 
vs. temperature dependence of the [FeIII(Tp*)
(CN)3]2FeII(bpmh)·2H2O.
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Exchange	 bias	 (or	 unidirectional	
anisotropy)	 is	 usually	 realized	 in	
multilayers	 containing	 exchange-coupled	
ferromagnetic	(FM)	and	antiferromagnetic	
(AFM)	 layers.	 Magnetic	 anisotropy	 of	
AFM	 layer	 plays	 an	 important	 role	 in	 the	
formation	of	exchange	bias.	One	of	the	few	
simple yet effective methods for estimation 
of such anisotropy is the analysis of the 
dependence	 of	 the	 exchange	 bias	 field	
He	 on	 the	 thickness	 of	 the	 AFM	 layer1.  
In	this	work,	we	investigated	the	influence	
of	 the	 temperature	 on	 exchange	 bias	 in	
multilayers	 containing	 FeMn	 layer	 and	
estimated the magnetic anisotropy of the 
AFM	layer.

In	 this	 study	 we	 used	 multilayers	
Ta/ (1 )Fe20Ni 80/FeMn/ (2 )Fe20Ni 80/Ta	
synthesized	by	magnetron	sputtering	with	
high-frequency	 electrical	 bias	 applied	 to	
the	 substrate.	 Magnetic	 anisotropy	 axis	
was	 set	 by	 application	of	 the	uniform	 in-
plane magnetic field during the deposition. 
The	 auxiliary	 5	 nm	 (1)Fe20Ni80	 layer	 was	
used to improve fcc crystal structure and 
ensure antiferromagnetic ordering in the 
FeMn	layer.	Exchange	bias	was	measured	
on	 the	 main	 40	 nm	 (2)Fe20Ni80 layer. 
Thickness	of	the	AFM	layer	L	was	varied	in	
the	range	from	2	to	20	nm.

Values	 of	 He	 were	 obtained	
from hysteresis loops measured 
along	 the	 anisotropy	 axis	 using	 MOKE	
at room temperature and MPMS 
XL7	 magnetometer	 at	 temperatures	 
from	5	to	300	K.

Dependencies He(T)	(Figure	1)	demon-
strate strong increase as temperature 
decreases.	 The	most	 substantial	 changes	
are	 observed	 for	 samples	 with	 zero	
exchange	 bias	 at	 room	 temperature.	 
The	 observed	 increase	 of	 He	 can	 be	
attributed	 to	 the	 increase	 of	 magnetic	
anisotropy	 of	 the	 AFM	 layer.	 Basing	 on	
the	obtained	results,	quantitative	analysis	
of	 the	 temperature	 dependence	 of	 AFM	
anisotropy	constant	was	carried	out.

This	 work	 was	 supported	 by	 RFBR	
(grant	16-32-00132	мол_а).

1 Mauri D., Kay E., Schooll D. and Howard J.K. (1987), J. Appl. Phys., 62(7), 2929-2932

Figure 1. Temperature dependencies of exchange 
bias field measured for films with various 
thicknesses of AFM layer: 1 – 5 nm; 2 – 4 nm; 
3 – 3.5 nm.

 

0 50 100 150 200 250 300
0

20

40

60

80

100

120

 

 

H e
 (O

e)

T (K)

1

2

3

P10.44



514

August 15-19, 2016  
Krasnoyarsk, Russia

On the thermal motion of domain walls in nanowires
Anatoly A. Ivanov and Vitaly A. Orlov

Siberian Federal University, 660041, Krasnoyarsk, Russia
�keywords:� nanowires, magnetization, domain walls, Langevin’s equation

A	method	of	computer	modeling	the	
termofluktuation motion of the domain 
walls	(DW)	in	polycrystalline	ferromagnetic	
nanowires	based	on	their	interaction	with	
the magnetic field inhomogeneities is 
presented.	 The	 nature	 of	 this	movement	
determined	 by	 the	 characteristics	 of	 the	
magnetic	structure,	which	in	turn	depends	
by	 defects	 in	 material,	 shape	 of	 the	
sample,	 the	 mechanical	 stress	 condition	 
surfaces,	etc.

No	 activation	 motion	 of	 DW	 in	
the force field F(z)	 with	 using	 the	 theory	
of stochastic processes emissions is 
described	 satisfactorily1.	 At	 the	 same	
time	 the	 thermal	 vibrations	 of	 the	 DW	
can	 be	 regarded	 as	 Brownian	 motion	 of	
quasiparticles.	Description	 can	be	 carried	
with	 using	 elements	 of	 the	 theory	 of	
velocity of chemical reaction2.

Simulation looks visually using 
Langevin	 equation,	 wherein	 interaction	
with	 the	 thermostat	 function	 is	
approximated	by	a	stochastic	force,	time-
dependent3,4. Langevin equation for the 
DW	as	a	particle	is:

  .

нere	 β–	 viscous	 friction	 coefficient,	 
	 –	 speed	 of	 DW,	 L(t)	 –	 the	 power	 of	
Langevin	 -	 random	 function	 depending	
on time t,	which	models	the	interaction	of	
the	 magnetic	 system	 with	 a	 thermostat.	 
This	 equation	 is	 basis	 of	 computer	
modeling.

In	 real	 nanowire	 DW	 experiencing	
interaction	with	magnetic	inhomogeneities	
of	the	material	created	by	fixing	the	power	
relief. Study characteristic depending on 
the mean square displacement of the 
domain	 wall	 from	 time	 It	 showed	 that	
the	 law	of	 the	Einstein-Smoluchowski	not	
performed.

An	 external	magnetic	 field	 provides	
a	regular	drift	in	the	background	of	chaotic	
DW	oscillations.	At	low	pressure	forces	the	
determining factor for the drift velocity is 
the	 absolute	 temperature,	 and	 at	 large	 -	
the	pressure	force	of	the	external	field.	The	
drift velocity as a function of the pressure 
force	of	the	external	field	and	the	number	
of	 jumps	 subject	 to	 critical	 dependence	
with	an	exponent	of	about	1.1.

The	 simulation	 showed	 the	
following.	 Distributions	 durations	 less	
jumps	 sensitive	 to	 temperature	 change	
than	 the	 waiting	 time.	 However,	 with	
decreasing	 Temperature	 increases	 the	
length	of	 the	 jump,	 and	 the	width	of	 the	
distribution	 is	 almost	 unchangeable.	
Sometimes	when	there	is	a	complete	jump	
partial reflexive motion. Partial refunds 
are	 much	 more	 likely	 to	 occur	 at	 low	
temperatures,	 increases	the	average	time	
of	 the	 jump.	 Unlike	 simulation	 Brownian	
motion of particles suspended in the fluid 
in	the	equation	of	motion	in	DW	anchoring	
the field important to consider the inertial 
member.

1 A.A. Ivanov, V.A. Orlov, FTT 53, 13 (2011) [In russian]
2 V.I. Tihonov, Emissions of random processes. Nauka, M. (1970). 392 p.[In russian]
3 S. Glasstone, K.J. Laider, H. Eiring, The Theory of Rate Processes. McGrow-Hill, N.Y. (1941). 

611 p.
4 W. Doring, Z. Naturfor-schung 3a, 373 (1948).
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Recent	 extensive	 studies	 in	 the	
field	 of	 magnetic	 materials,	 in	 particular,	
magnetic	 micro-	 and	 nanostructures,	
have yielded interesting and important 
scientific	results	 that	 form	the	basis	 for	a	
new	scientific	direction	called	spintronics.	
Spintronics is a vigorously developing 
area	of	electronics	that	uses,	notably,	 the	
transfer	 of	 magnetic	 moment	 or	 spin	 by	
an electric current in structures containing 
magnetic	materials.	The	spin	transfer	can	
also	occur	with	the	help	of	magnons	or	spin	
waves	 in	magnetic	metals	and	dielectrics.	
This	gives	rise	to	a	new	scientific	field,	so-
called magnonics – a field of spintronics 
or,	 more	 generally,	 electronics	 studying	
the physical properties of magnetic 
micro-	and	nanostructures,	the	properties	
of	 propagating	 spin	 waves,	 and	 the	
possibility	of	using	spin	waves	to	construct	
an	 elemental	 base	 for	 devices	 for	 data	
processing,	 communications,	and	storage	
based	on	new	physical	principles.

Here	 we	 present	 applications	 of	
spin	 wave	 devices	 for	 data	 processing	 in	
different	magnetic	 structures:	 distributed	
periodic	 system,	 resonators,	 coupled	
waveguide	systems,	controllable	magnetic	
structures.

As	 a	 distributed	 periodic	 system	
we	 consider	 1D	magnonic	 crystals	where	
periodicity	 crucially	 impact	 on	 spin	 wave	
dynamics.	In	these	structures	also	reveals	
non-reciprocity	of	spin	waves.	On	the	other	
hand	periodic	system	with	defect	or	finite	
array	of	oscillators	are	proved	 to	be	high	
Q-factor	 resonator.	 Tuning	magnetic	 and	
geometric	parameters	of	the	structure	we	
can	obtain	resonator	with	high	frequency	
selectivity.

We	 have	 also	 considered	 set	 of	
coupled	 magnonic	 systems	 (lateral	
coupled	 magnetic	 waveguides	 and	
surface to surface coupled magnonic 
crystals).	 There	 are	 also	 demonstrated	
ways	 of	 controlling	 spin	 wave	 dynamics	
in	 multiferroid	 structures	 and	 T-shaped	
magnetic	waveguides.

The	 work	 is	 supported	 by	 Russian	
Science	Foundation	(Grant	#	14-19-00760),	
Russian	 Foundation	 for	 Basic	 Research	
(Grants	 #	 15-07-08152	 A,	 16-37-00507	
mol_a).	
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The	 recording	 areal	 density	 has	
continued	 increasing	 to	 nearly	 1	 Tbpsi	
with	 Perpendicular	 Magnetic	 Recording	
(PMR).	However,	it	seems	that	the	growth	
rate of a recording areal density is fairly 
reduced	for	the	trilemma	problem	due	to	
particulate magnetic recording principle. 
Of	 course,	 such	 alternative	 technologies	
or methods as energy assisted recording 
(HAMR,	 MAMR	 etc.)	 have	 been	 worked	
on	with	energy	towards	realizing	the	next	
generation	 recording	 system	 where	 they	
are	 still	 based	 on	 a	 particulate	 magnetic	
recording	 principle.	 On	 the	 other	 hand,	
in	 a	 magnetic	 RAM	 research	 field,	 new	
spintronics	physics	 such	as	 Spin	 Transfer	
Torque	 (Current	 Induced	 Magnetization	
Switching),	 Spin	 Orbital	 Torque	 Induced	
Magnetization	 Switching	 (Spin	 Hall	
Effect	 or	 Rashba	 Effect)	 and	 Voltage	
Controlled	 Magnetization	 Switching	 are	
proposed and developed or studied. 
Considering	 a	 magnetic	 recording	 (i.e.	
head/media	 system),	 STT	 and	 SOT	 are	
not	 suitable	 for	 magnetic	 recording	
principle.	 So	 in	 this	 paper	 we	 propose	 a	
new	 magnetic	 recording	 principle	 with	
voltage	effect	on	magnetization-switching,	
especially	Magnetoelectric	Effect	of	Cr2O3 
sesquioxide,	 that	 is	 to	 say	 that	magnetic	
bits	are	written	on	Cr2O3 antiferromagnetic 
media	by	E(electric	field) H(magnetic	field)	
product.

Magnetoelectric	 (ME)	 effect	 has	 so	
far	 been	 paid	 attention	 to	 be	 applied	 to	
a	 nonvolatile	 memory	 (NVM).	 Cr2O3 is a 
typical	sesquioxide	with	ME	effect	and	 its	
antiferromagnetic Neel temperature is  

TN	=307	K,	which	is	higher	than	RT.	A	robust	
isothermal	 electric	 control	 of	 exchange-
bias	at	RT	is	actually	reported	for	bulk	Cr2O3 
single	crystal	sample	when	both	of	electric	
field	E	=	0.02	 [MV/cm]	and	magnetic	 field	
H	=	-1.54	[kOe]	was	applied1.	But	ME	effect	
has	 not	 yet	 been	 clarified	 in	 Cr2O3 thin 
films	because	of	 its	 large	 leakage	current	
and	 imperfect	antiferromagnetic-ordering	
while	ME	effect	 like	behavior	up	to	200	K	
is	reported	to	be	observed	in	an	ultrathin	
Cr2O3/Fe2O3	 Nano-Oxide	 Layer	 (NOL)2. 
When	 considering	 the	 application	 of	 ME	
effect to magnetic recording technology 
with	 voltage-controlled	 magnetization	
switching,	 there	 are	 some	 problems	
except	 the	 above	 issue,	 which	 should	
be	 resolved.	 The	 first	 is	 to	 realize	 and	
design	 an	 effectually	 high	 exchange-bias	
filed	 between	 antiferromagnetic	 (AFM)	
Cr2O3 and	 ferromagnetic	 (FM)	 thin	 film	
multilayers in the higher temperature 
range	 than	 RT,	which	means	 higher	Neel	
temperature	 (TN)	 and	 higher	 blocking	
temperature	 (TB),	 where	 the	 properly	
low	coercive	 force	of	FM	 is	also	required.	
The	 second	 is	 to	 invest	 FM	 layer	 with	 a	
perpendicular	anisotropy	which	is	thought	
to	be	caused	by	both	of	the	hybridization	of	
FM	3d	and	O	2p	orbitals	and	the	magnetic	
coupling	at	the	interface	between	FM	and	
Cr2O3.	 The	 third	 is	 to	 confirm	 ME	 effect	
in the thin film Cr2O3 after getting Cr2O3 
thin	 film	 which	 shows	 good	 electrical	
properties.

In	 this	 paper,	 electrical	 and	
magnetic performances of the thin film  
Cr2O3/Fe2O3 sesquioxide	were	investigated.	
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We	 successfully	 fabricated	 the	 Cr2O3 
and	 Fe2O3 thin	 films	 with	 small	 leakage	
current and good magnetic properties.  
Figure	1	shows	our	idea	for	TN	enhancement	
with	spin	correlation	effect	in	sesquioxide	
multilayers	 where	 perpendicular-spin-
alignment	along	c-axis	should	be	realized	
in	 Fe2O3	 too,	 which	 means	 TM	 (Morin	
temperature)	 enhancement	 higher	 than	
400	 K.	 The	 electrical	 properties	 were	
measured in the out of plane direction 
to	 the	 film	 plane.	 The	 leakage	 current	
density	at	E	=	0.02	[MV/cm]	is	as	small	as	
3	 ×	 10	 –6	 [A/cm2].	 From	 the	 impedance	
measurement,	the	parasitic	resistance,	the	
film	 resistance	 and	 the	 capacitance	were	
17	 [Ω],	 80	 [kΩ]	 and	 17	 [nF],	 respectively.	
Dielectric	constant	εr calculated from these 
results	 was	 14,	 which	 is	 almost	 same	 as	
that	reported	(εr	=	12).	In	addition,	we	also	
measured	magnetic	susceptibility	of	Cr2O3 
thin	film	and	weak	ferromagnetic	moment	
above	TM	of	Fe2O3	and	Ir-doping	Fe2O3 thin 
films	by	SQUID	magnetometer.	Mossbauer	
spectroscopy	 was	 also	 carried	 out	 for	
confirming	 perpendicular-spin-alignment	
of	 with	 and	 without	 Ir-doping	 Fe2O3 thin 
film samples.

We	successfully	confirmed	ME	effect	
of Cr2O3	 thin	 films	 (100	 nm	 ~	 500	 nm)	
and	 the	 switching	 of	 both	 exchange	 bias	
field	 and	 residual	 magnetization	 using	 
Co/Cr2O3	 exchange	 bias	 bilayer	 with	 low	

FM	 layer	 coercivity	 (~20	 Oe)	 structure,	
shown	in	Figure	2	under	both	of	ME	filed	
cooling and isothermal process conditions 
for	the	first	time	in	the	world3,4.	In	addition,	
we	 succeeded	 in	 enhancing	 TM	 of	 Fe2O3 
higher	 than	 400	 K	 by	 Ir-doping	 where	
perpendicular-spin-alignment	 of	 Fe2O3 
was	also	confirmed	in	both	of	Mossbauer	
spectroscopy	 and	 weak	 ferromagnetic	
moment	 measurement	 with	 SQUID	
magnetometer.	These	results	support	our	
new	magnetic	recording	principle	concept	
with	 voltage	 controlled	 magnetization	
switching	 of	 AFM	 Cr2O3	 thin	 film	 above	
room temperature at the first step.

In	 addition,	 we	 also	 propose	
low	 EHproduct	 writing	 with	 positive	
exchange coupling in Chromia/Co 
bilayer	 system	 where	 an	 induced	
weak	 ferromagnetic	 moment	 is	 also	
observed	 of	 antiferromagnetic	 Chromia.	
The	 related	 experimental	 results	
and phenomenologically analytical 
consideration	will	be	discussed.

This	study	was	partially	supported	by	
ImPACT	Program	led	by	Council	of	Science,	
Technology	and	Innovation	(CSTI),	Cabinet	
Office	 of	 Government	 of	 Japan,	 and	 JST-
ALCA	Program.

1 X. He, C. Binek et al., Nature Materials, 9 (2010) 579.
2 N. Shimomura, T. Nozaki, and M. Sahashi et al, Appl. Phys. Lett. 101,012403 (2012)
3 T. Ashida, T. Nozaki, M. Sahashi et al., Appl. Phys. Lett. 104, 152409 (2014).
4 T. Ashida, T. Nozaki, M. Sahashi et al., Appl. Phys. Lett. 106, 132407(2015).
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One of the most important 
characteristic of magnetic refrigerating 
machines is the coefficient of performance 
of	 the	 process	 (COP)	 refrigeration.	 This	
coefficient is calculated as the ratio of the 
quantity of heat transferred from a cold 
reservoir	to	the	amount	of	work	expended	
during	 one	 thermodynamic	 cycle.	 The	

work	 of	magnetic	 field	 δA	 =	HdM,	where	
M	 –	 magnetization	 of	 the	 material	 and	 
H	 –	 external	 magnetic	 field.	 In	 order	 to	
achieve	the	maximum	COP,	it	is	necessary	
that the COP of the process should tend 
to values corresponding to the ideal 
refrigeration	 cycle,	 i.e.,	 to	 the	COP	of	 the	
process	of	the	ideal	reversed	Carnot	cycle,.	
The	 purpose	 of	 the	 present	 work	 is	 to	
propose	 the	new	experimental	 technique	
for measurement of the COP of a magnetic 
material	 and	 to	 simulate	 the	 cycle	 based	
oh	Gd	in	magnetic	filed	12	T.

Figure 1. (a) Time dependences of the 
magnetization and temperature of the sample in 
different magnetic fields and (b) dependences of 
the magnetization and temperature of the sample 
on the magnetic field under the quasi-adiabatic 
conditions. The initial temperature is 275 K.

Figure 2. The same as on Figure 1. The initial 
temperature is 275 K.
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The	 proposed	 setup1 provides the 
means for simultaneously measuring 
the	 magnetocaloric	 effect	 (MCE)	 and	
magnetization	of	 a	 sample	of	 a	magnetic	
material as a function of the magnetic 
field of a Bitter coil magnet in the range up  
to	12	T	under	the	quasiadiabatic	conditions.	
The	 complete	 magnetic	 refrigeration	
cycle	has	been	simulated	on	a	 sample	of	
gadolinium in magnetic fields of a Bitter 
coil	magnet	up	 to	 12	 T.	 The	 total	 change	
of temperature of the sample during 
the cycle is a consequence of magnetic 
refrigeration,	 and	 the	 dependence	 of	
the	 magnetization	 of	 the	 sample	 on	
the	 magnetic	 field	 exhibits	 a	 hysteretic	
behavior	 (see.	Figure	 	1,	2).	This	makes	 it	
possible	 to	 determine	 the	 work	 done	 by	
the magnetic field on the sample during 

the magnetic refrigeration cycle and to 
calculate the coefficient of performance 
of	 the	process.	 In	a	magnetic	 field	of	2	T	
near	the	Curie	temperature	of	gadolinium,	 
the COP of the magnetic refrigeration 
is	 found	 to	 be	 92	 (see	 Figs.	 3,	 4).	 With	
an	 increase	 in	 the	 magnetic	 field,	 
the coefficient of performance of the 
process	 decreases	 sharply	 down	 to	 15	
in	 a	magnetic	 field	 of	 12	 T.	 The	 reasons,	
for	 which	 the	 COP	 of	 the	 magnetic	
refrigeration	 is	 significantly	 below	 the	
fundamental	 limitations	 imposed	 by	 the	
reversed	 Carnot	 theorem,	 have	 been	
discussed.

This	 study	 was	 supported	 by	 the	
Russian	 Science	 Foundation	 (project	 no.	
14-22-00279).

1 Dilmieva E. T., Kamantsev A. P., Koledov V. V., Mashirov A. V., Shavrov V. G., Cwik J., Tereshina 
I. S. (2016), Physics of the Solid State, 58(1), 81–85.

Figure 3. COP of magnetic refrigeration in the 
real cycle (ε) and the ideal reversed Carnot cycle 
(ε0) on a logarithmic scale and the perfection 
factor of magnetic refrigeration (η) as a function 
of the magnetic field at the initial temperatures 
of 275 K.

Figure 4. The same as on Figure 3, at the initial 
temperatures of 298 K.
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Among	 factors	 limiting	 sensitivity	
of magnetometers those related to 
thermodynamic	 nonequilibrium	 state	 in	
a remagnetisation cycle of the sensing 
element are the most significant. 
Formation	of	nonsaturated	regions	of	the	
sensitive	element,	domains,	domain	walls,	
inhomogeneity	at	dislocations,	etc.	can	be	
mentioned	foremost.	Transition	processes	
during	 establishing	 of	 the	 equilibrium	
can	 also	 produce	 irregularities.	 All	 the	
mentioned factors cause the sensitivity 
decrease and the noise of 1/f type typical 
for	 flux-gate	 magnetic	 field	 sensors1. 
Besides,	 in	 strongly	 nonequilibrium	
systems an adequate evaluation of the 
sensitivity threshold of a sensor on the 
basis	of	the	material	parameters	is	rather	
problematic.

The	 use	 of	 epitaxial	 yttrium	 iron	
garnet	(YIG)	films	in	an	transducer	excited	
by	a	magnetic	field	rotating	in	the	film	plane	
leads	to	significant	increment	of	sensibility.	
The	circular	excitation	of	the	film	allows	one	
to keep it in the saturated monodomain 
state and elude the Barkhausen noise. 
Using	of	a	ferrodielectric	material	enables	
one	to	avoid	eddy-current	losses	that	limit	
the	 excitation	 frequency	 and,	 thus,	 the	
magnetometer sensitivity and are also an 
additional source of noise.

A	 new	 ultrasensitive	 flux-gate	
magnetometer,	 based	 on	 epitaxial	
iron	 garnet	 film,	 is	 developed	 and	
demonstrated.	 The	high	 sensitivity	of	 the	
sensor	 exceeding	 200	 fT/Hz1/2	 is	 shown	
in the rat heart magnetocardiography 
(MCG)	 signal	 measurement.	 The	 main	
components	of	the	MCG	rat	signal,	R-peak	
value	 of	 about	 10-pT,	 were	 recorded	
without	 the	 use	 of	 time-averaging,	
which	 gives	 the	 opportunity	 to	 explore	
the	 cardiac	 rhythm	 abnormality.	 High	
sensitivity	 is	 achieved	 by	 the	 sensitive	
elment made of the iron garnet circular 
shaped	 film	 with	 a	 quasielliptic	 mutli-
stepped profile2,	which	 can	be	 fabricated	
using multilayer optical lithography. 
Calculations	 predict	 the	 technical	 ability	
to	 achieve	 sensitivity	 up	 to	 1	 pT,	 that	 is	
comparable	 with	 modern	 expensive-
SQUID	 magnetometers.	 Such	 fact	 opens	
up prospects for the use of the proposed 
flux-gate	sensor	for	magnetocardiography,	
magnetoencephalography,	 and	 other	
biomedical	 applications.	 This	 work	
was	 supported	 by	 the	 Russian	 Science	
Foundation:	grant	No.	14-32-00010.

1 Tumanski S. (2011). Handbook of magnetic measurements, CRC Press, USA
2 Vetoshko P. M. et al. (2015), Technical Physics Letters 41.5, 458-461
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Synthetic	ferrimagnet	(SF)	is	a	layered	
structure	of	F1/Ru/F2	in	which	ferromagnetic	
nanolayers	 F1	 and	 F1 are coupled 
antiferromagnetically	by	RKKY	interaction.	
SFs	in	spin	valve	structures,	such	as	Ff/Cu/
F1/Ru/F2/AF	 with	 antiferromagnetic	 layer	
(AF)	improve	the	range	of	fields	where	the	
free	 ferromagnetic	 layer	 (Ff)	 and	 F1 layer 
magnetizations	are	antiparallel.	There	are	
two	anisotropy	directions	 in	 a	 spin	 valve:	
uniaxial	 anisotropy	 axis	 (easy	 axis	 =	 EA)	
and	unidirectional	anisotropy	axis	(pinning	
direction	 =	 PD).	 At	 some	 magnetic	 field	
the	 spin-flop	 state	 arises	 in	 SF,	 and	 the	
magnetizations	of	F1	and	F2	layers	become	
perpendicular to the applied field1.	 In	the	
present	study	the	investigation	of	the	spin-
flop	state	splitting	in	SVs	with	SF	has	been	
performed.

SVs	 of	 Ta/Ni80Fe20/Co90Fe10/Cu/ 
Co90Fe10/Ru/Co90Fe10/Fe50Mn50/Ta	 were	
fabricated	 by	 DC	 magnetron	 sputtering.	
The	 resistance	 was	 measured	 in	 CIP	
geometry.	 The	 magnetoresistance	 was	
defined	 as	 ΔR/Rs=((R(H)–Rs)/Rs)×100%,	
where	Rs is the resistance in the saturation 
magnetic field.

Magnetoresistive measurements 
and	 visualization	 of	 magnetic	 structure	
showed	 that	 thermomagnetic	 treatment	
in	 the	 field	 of	 spin-flop	 state	 (Hann)	 leads	
to	 the	 forming	of	new	pinning	directions:	
one	 (PDn)	or	 two	 (PDn1 and PDn2).	These	
pinning directions are perpendicular to 
Hann	and	PDn1 is opposite to PDn2.	 Two	
new	 pinning	 directions	 arise	 because	

of	 the	 splitting	 of	 spin-flop	 state	 of	 SF.	
Realization	of	one	or	 two	spin-flop	states	
was	 shown	 to	 depend	 on	 the	 mutual	
orientation	 of	 Hann	 and	 PD.	 If	 only	 one	
PDn	 forms,	 the	 magnetoresistive	 curve	
becomes	 anhysteretic	 and	 GMR-effect	
achieves	9.6	%	(Figure	1).

The	research	was	carried	out	within	
the	 state	 assignment	 of	 FASO	 of	 Russia	
(«Spin»	 No.	 01201463330),	 supported	
in	 part	 by	 RFBR	 (P.	 No.	 16-02-00061)	
and	 Russian	 Ministry	 of	 Education	 and	
Science	(Contract	Nos.	14.Z50.31.0025	and	
7539.2016.2-SS).

1 Jang S.H., Kang T., Kim H.J., Kim K.Y. (2002), J. of Magnetism and Magnetic Materials 239, 17

Figure 1. The magnetoresistive curves measured 
before (dashed line) and after the thermomagnetic 
treatment: α = 0, β = 0 (empty symbols); α = 0, β 
= 5° (solid symbols) and α = 5°, β = 0 (line). The 
definition of α and β is shown in the insert.
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Over the last decade the role of 
wireless	 sensor	 networks	 (WSN)	 and	
remote	 monitoring	 devices	 grew.	 Energy	
harvesting	 devices	 have	 been	 developed	
to	 meet	 the	 energy	 needs	 of	 WSNs	 and	
remote monitoring devices in order to 
improve the lifetime and the limitations 
of	 traditional	 batteries1.	 There	 are	 many	
different	 sources	 available	 for	 energy	
harvesting,	 such	 as	 solar	 radiations,	
thermal	 gradients,	mechanical	 vibrations,	
magnetic	fields,	waves	and	so	forth.

In	 this	 work	 we	 demonstrate	
energy	 harvesting	 device	 based	 on	
magnetoelectric	 effect	 (ME)	 in	 composite	
structures consisting of ferromagnetic 
and	piezoelectric	 layers2.	ME	effect	arises	
due	 to	 combination	 of	 magnetostriction	
and	 piezoeffect	 and	 exhibits	 itself	 as	
polarization	 change	 in	 response	 to	 an	
external	 ac	 magnetic	 field.	 The	 structure	
of	 rectangular	 shape	 with	 dimensions	 of	
32×12×05	 mm3 contained ferromagnetic 
layer	 (nickel,	 amorphous	 magnetic	 alloy,	
galfenol	or	permendur)	and	piezoceramic	
piezoelectric	 layer	 (PZT-19),	 connected	
with	epoxy	glue.

The	 structure	 was	 clamped	 at	 one	
end so that the resonance frequency of 
bending	 oscillations	 was	 ~0,74	 kHz.	 This	
structure generated ac voltage U under 
action of external longitudinal ac magnetic 
field	 4	 Oe	 with	 resonance	 frequency.	 
It	 is	 important	 that	 resonance	 frequency	

was	 less	 than	 1	 kHz	 where	 frequencies	
of natural and industrial ac magnetic  
fields lay.

Important	 characteristic	 of	 energy	
harvester	 is	 output	 power	 P.	 Measured	
dependences of generated voltage and 
power	 on	 load	 resistance	 for	 the	 Nickel-
PZT	structure	are	shown	on	Figure	1.

Generated	 power	 is	 enough	 for	
powering	sensors	and	remote	monitoring	
devices.

The	 work	 was	 supported	 by	 the	
Russian	 Foundation	 for	 Basic	 Research	
(grant	 №	 15-32-70006)	 and	 Ministry	 of	
Education	and	Science	of	Russia.

1 Zhou G., Huang L, Li W. and Zhu Z., (2014). Journal of sensors., Article ID 815467, 20 pages.
2 Srinivasan G., Shashank P. and Sun X. Nian, Eds. (2015). Composite Magnetoelectrics. Vol 

7, Woodhead Publishing: Cambridge.

Figure 1. Dependence of output voltage U and 
power P on load resistance.
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Magnetoelectric	 (ME)	 effects	 in	
composite	 ferromagnetic-piezoelectric	
(FM-PE)	 structures	 arise	 due	 to	
combination	 of	 magnetostriction	 of	 the	
FM	 layer	 and	 piezoelectricity	 of	 the	 PE	
layer1.	 The	direct	ME	effect	 exhibits	 itself	
as generation of electrical voltage u across 
the structure under action of a magnetic 
field H,	 while	 the	 converse	 ME	 effect	
exhibits	itself	as	variation	of	the	structure	
magnetization	 M	 caused	 by	 an	 electrical	
field E. Under high amplitudes of magnetic 
fields	the	nonlinear	dependence	of	the	FM	
layer magnetostriction on magnetic field 
results	in	a	variety	of	nonlinear	ME	effects	
such	 as	 detection	 of	 ac	 magnetic	 fields,	
generation	of	higher	harmonics,	mixing	of	
magnetic fields etc.

This	 review	 presents	 results	
of experimental investigations of 
nonlinear	 ME	 effects	 in	 composite	
planar	 structures	 containing	 FM	 layers	
of various magnetostrictive materials 
(nickel,	 galfenol,	 permendur,	 amorphous	
alloys)	 and	 various	 PE	 layers	 (ceramic	
lead	 zirconate-titanate,	 single-crystal	
langatate,	piezo-fiber	 composite,	polymer	
piezoelectrics).	 The	 dependences	 of	

nonlinear	ME	interaction	efficiency	on	the	
excitation field amplitude h in the range 
up	 to	 100	 Oe	 and	 on	 the	 dc	 magnetic	
field H	up	to	4	kOe	in	the	frequency	band	 
1	mHz	–200	kHz	at	the	room	temperature	
have	 been	 studied.	 It	 has	 been	
demonstrated that the efficiency of 
nonlinear	 ME	 interactions	 increases	 in	
the resonance regime under excitation 
of	 bending	 or	 in-plane	 acoustic	
oscillations	 in	 the	 structures.	 A	 simple	
theory	 describing	 analytically	 the	 effects	
observed	at	relatively	low	excitation	fields	
and	 allowing	 for	 numerical	 calculation	 of	
the	 effects’	 characteristics	 for	 arbitrary	
amplitudes of the fields is presented.

Possible	applications	of	nonlinear	ME	
effects	for	design	of	the	high-sensitivity	dc	
magnetometers,	 wide-band	 ac	 magnetic	
field	 sensors,	 bias-free	 magnetic	 field	
sensors,	 low-frequency	 modulators	 and	
filters	have	been	demonstrated.

The	 research	 was	 supported	 by	
the	Ministry	 of	 Education	 and	 Science	 of	
Russia.

1 Nan C.-W., Bichurin M.I., Dong S., Viehland D, Srinivasan G. (2008) J. Appl. Phys.103, 
031101.

2 Kamentsev K.E., Fetisov Y.K., Srinivasan G. (2006), Appl. Phys. Lett. 89, 142510.
3 Burdin D.A., Chashin D.V., Ekonomov N.A., Fetisov L.Y. (2014), JMMM, 359, p. 98-104.
4 Burdin D.A., Chashin D.V., Ekonomov N.A. et al (2016), JMMM, 405, p. 344-348.
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Pulsed	 magnetic	 fields	 with	 the	
pulse	 durations	 of	 30	 –	 300	 ms	 appear	
to	 be	 an	 ideal	 tool	 for	 the	 investigation	
of	 magnetocaloric	 materials.	 First,	 the	
relatively	 short	 pulse	 duration	 allows	 for	
providing	 sufficient	 adiabaticity	 without	
great	 efforts.	 Second,	 this	 time	 range	
matches desired operation frequencies of 
possible	devices	based	on	magnetocaloric	
materials.	 Further,	 the	 magnetocaloric	
effect	 is	 a	 side	 effect	 of	 any	 pulsed-
field	 measurement,	 and	 a	 quantitative	
evaluation of the effect is essential for 
pulsed-field	 measurements,	 especially	 in	
the vicinity of phase transitions.

We	 report	 on	 magnetization,	
magnetostriction,	 and	 magnetocaloric	
effect	of	polycrystalline	LaFe11.74Co0.13Si1.13 
and	 LaFe11.21Co0.65Si1.11 compounds 
measured	 in	 both	 pulsed	 and	 static	
magnetic	 fields.	 Both	 compounds	 belong	
to	a	well-known	 family	of	magnetocaloric	
materials1,2.	 The	 latter	 material,	 with	
higher	 Co	 concentration,	 behaves	 like	 a	
conventional	 ferromagnet	with	 a	 second-
order	 para-	 to	 ferromagnetic	 transition.	
The	 former	 one,	 with	 lower	 Co	 doping,	
undergoes	 a	 first-order	 transition	 at	 the	
Curie	 point.	 The	 ferromagnetic	 state	 can	

be	 also	 induced	 by	 external	 magnetic	
fields	 (itinerant	metamagnetic	 transition),	
which	 is	 accompanied	 by	 a	 substantial	
heat release.

The	magnetocaloric	effect	 in	pulsed	
magnetic	 fields	 was	 measured	 directly	
by	 a	 copper-constantan	 differential	
thermocouple.	 One	 junction	 of	 the	
thermocouple	 was	 sandwiched	 between	
two	 sample	 pieces,	 and	 the	 other	 one	
was	 thermally	 coupled	 to	 the	 sample	
environment.

Although	the	two	compounds	behave	
rather	different	at	 low	fields	(~5	Tesla),	 in	
high-field	 range	 (50-60	 Tesla)	 they	 show	
quite similar values of the magnetocaloric 
effect,	the	temperature	increases	of	about	
16	K.	Magnetostriction	and	magnetization	
in	 both	 cases	 also	 reach	 very	 similar	
values.

We	 were	 able	 to	 quantify	 the	
magnetoelastic	 coupling	 and,	 based	 on	
that,	formulate	the	criterion	distinguishing	
first-	and	second-order	transitions.

1 L. Löwe, J. Liu, K. P. Skokov, J. Moore, H. Sepehri-Amin, K. Hono, M. Katter, and O. Gutfleisch, 
Acta. Mater. 60, 4268 (2012).

2 A. Fujita, K. Fukamichi, M. Yamada, and T. Goto, J. Appl. Phys. 93, 7263 (2003).
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Studies on magnetoelectric effects 
in composite structures consisting of 
magnetostrictive	 and	 piezoelectric	 layers	
have demonstrated the importance of 
precise measurements of magnetostriction 
for	 arbitrary	 orientation	 of	 external	 dc	
magnetic field1. Numerical differentiation 
of	λ(H)	dependences	allows	 to	obtain	 the	
value	 of	 linear	 piezomagnetic	 coefficient	
q=dλ/dH	for	the	magnetic	layer,	as	well	as	
values of nonlinear coefficients d2λ/dH2 
and d3λ/dH3.

In	 this	 work	 we	 measured	
field dependences of the static 
magnetostriction for plates of amorphous 
alloy	Metglas	2601s,	polycrystalline	nickel,	
and	permendure.	The	samples	with	linear	
dimensions	 of	 10×20	mm2 and thickness 
from	20	 µm	 to	 200	 µm	were	 placed	 in	 a	
static	dc	field	up	to	2	kOe.	A	strain	gauge	
glued on the surface of a sample and the 
Winston	 bridge	 were	 used	 to	 measure	
magnetostriction.	 The	 imbalance	 signal	

from	 the	 bridge	 was	 amplified,	 digit	
ized,	 and	 processed	 by	 the	 computer.	
Temperature	 of	 the	 sample	 was	 varied	
in	 the	 range	 of	 10–80	 °С	 using	 a	 Peltier	
thermoelectric module.

Typical	 magnetostriction	 curves	
for nickel and permendur plates at room 
temperature	 are	 shown	 on	 Figure	 1.	
Similar dependences for the amorphous 
alloy	 sample	 for	 different	 angles	 δ	
between	 the	 long	 edge	 of	 the	 plate	 and	
the	 magnetic	 field	 direction	 are	 shown	
on	 Figure	 2.	 One	 can	 see,	 that	 a	 change	
in	 the	 magnetostriction	 sign	 is	 observed	
for	 δ	 ~70°.	 Thus	 obtained	 precise	 field	
dependences of static magnetostriction 
for	 Metglas,	 nickel,	 and	 permendure	 can	
be	used	for	calculations	of	magnetoelectric	
characteristics of composites structures.

The	 work	 was	 supported	 by	 the	
Russian	 Foundation	 for	 Basic	 Research,	
grant	 16-32-00417	 and	 the	 Ministry	 of	
Education	and	Science	of	Russia.

1 Burdin D.A., Chashin D.V., Ekonomov N.A., Fetisov Y.K., Fetisov L.Y., Sreenivasulu G., and 
Srinivasan G. (2014), JMMM., 358-359, 98-104.
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Figure 2. Metglas’s magnetostriction λ(H).
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Magnetic vortices are very interesting 
nanoscale magnetic states1–4,	which	have	
attracted	 research	 interest	 from	 both	
fundamental and applied perspectives. 
Especially	interesting	are	vortices	generated	
in the magnetic nanostructures during the 
flow	of	spin-polarized	current	through	them	
by	means	of	a	spin	transfer	torque.

Based	 on	 the	 magnetization	
of the vortex dynamics in magnetic 
nanostructures	 it	 is	 possible	 to	 realize	 a	
fundamentally	 new	 miniature	 microwave	
generators	 widely	 tunable	 frequency	 so-
called	 «Spin-transfer	 nanooscillators»	
(STNO).	Unlike	homogeneous	STNO,	vortex	
STNO	 have	 considerable	 advantages:	 a	
smaller	 width	 of	 the	 spectral	 line	 (about	
1	MHz	 at	 frequencies	 up	 to	 1	 GHz),	 high	
output	 power	 (about	 1	 µW),	 and	 the	
absence	of	an	external	magnetic	field.	For	
practical	 applications	 of	 such	 generators,	
it is necessary to reduce the spectral line 
width	of	STNO.

One of the methods of reducing the 
width	 of	 the	 spectral	 line	 of	 oscillations	
generated	 by	 vortex	 STNO	 is	 to	 use	 the	
external	 synchronization	 by	 harmonic	
high frequency current or a magnetic field. 
Based	on	the	Thiele	equation	we	obtained	
truncated	 equations	 for	 slowly	 varying	
amplitude	and	phase	of	vortex	based	STNO	
while	it	synchronized	by	external	harmonic	
source.	Moreover,	not	only	spin-polarized	
current	may	change	harmonically,	but	an	
external	magnetic	field	may,	too.

In	 this	 work	 we	 find	 the	 truncated	
equations	 for	 the	 slowly	 varying	
amplitude and phase difference  
ψ=φ0–φSTNO	in	the	following	form:

Here	U0 is the stationary amplitude 
without	external	force,	γ	is	the	normalized	
amplitude	 of	 the	 external	 force	 (current	
or	 magnetic	 field),	 Δω is the difference 
between	 the	 external	 frequency	 ω0 
and	 constant	 STNO	 frequency	 ωSTNO  
with	phases	φ0 and φSTNO,	 consequently,	
and N is the nonisochronous parameter.

Firstly,	 we	 find	 the	 stationary	
amplitude U 0 and phase ψ0 difference and 
then	using	the	small	perturbation	technic,	
we	find	the	stability	of	stationary	states	on	
the parameter plane.

Secondly,	 we	 use	 the	 theory	 of	
oscillations	to	find	the	basic	bifurcations	of	
our system and topology of phase plane.

Finally,	 we	 find	 the	 phase-locking	
bandwidth	of	the	vortex	STNO	by	varying	
parameters γ, Δω, N.

Our findings are very important 
for	 STNO-based	 microwave	 oscillator	
design.

This	 work	 is	 supported	 by	 the	
Russian	 President	 grant	 for	 young	 Ph.D.	
researchers	(Grant	No.	MK-7026.2016.8).

1 Andrei Slavin & Vasil Tiberkevich (2009), IEEE Transactions on Magnetics, Vol. 45,1875- 
1918.

2 Yuri Gaididei, Volodymyr P. Kravchuk, Denis D. Sheka (2009), International Journal of 
Quantum Chemistry, Vol. 110, 83–97.

3 Junyeon Kim & Sug-Bong Choe (2007), Journal of Magnetics, 12(3), 113-117.
4 B.A. Ivanov & C.E. Zaspel (2007), Physical Review Letters, PRL 99, 247208.
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The	 physical	 properties	 of	 the	
materials are sensitive to defects and 
inhomogeneities in the structure. 
Therefore,	 one	 of	 the	 most	 important	
problems	 in	 modern	 micro-	 and	
nanoelectronics is to produce atomically 
clean surfaces.

For	 the	 study	 of	 spin	 transport	 in	
hybrid	 structures	 with	 two-dimensional	
germanium current channel requires 
clean	 surface	 of	 a	 substrate	 (silicon	
wafer).	Its	surface	contains	a	natural	oxide	 
(5–10	 nm).	 To	 create	 an	 atomically	 clean	
silicon	 surface,	 oxide	 is	 bombarded	
with	 inert	 gas	 ions,	 it	 is	 annealed	 at	
temperatures	 above	 1000	 °C,	 and	 so	
forth.

The	 aim	of	 the	work	was	 the	 study	
of	 the	 combined	method	 of	 cleaning	 the	
surface	of	the	silicon	at	a	lower	temperature	
and	small	power	of	RF	plasma.

The	 cleaning	 process	 was	 carried	
out at ultrahigh vacuum sputtering system 
with	а	generator	of	rf	plasma	(13.56	MHz,	
100	W)	and	a	heating	element	(800	°C).	TEM	
image of a cross section of the structure 
was	observed	with	a	transmission	electron	
microscope	Hitachi	HT7700.

In	 a	 single	 vacuum	 cycle	 obtained	
samples	 vary	 the	 parameters.	 The	 base	
pressure	was	varied	from	10	to	35	mTorr.

RF	plasma	power	was	from	30	to	100	
W.	Treatment	time	was	of	5	to	30	minutes.	
The	 heating	 temperature	 of	 the	 sample	
was	 from	 20	 °C	 to	 750	 °C.	 The	 samples	
were	cleaned	with	the	rotation	of	10	r/min.	
Then,	 the	 sample	 is	 then	 slowly	 cooled	
to	 25	 °C.	 Then,	 thin	 film	 of	 cobalt	 was	

synthesized	on	substrate	(10-20	nm).
TEM	 images	 of	 samples	 were	

analyzed.	The	minimum	thickness	of	oxide	
(5–6	 Å,	 Figure	 	 1)	 was	 obtained	 with	 the	
parameters:	 pressure:	 30	 mTorr,	 power	
of	 RF	 plasma	 70	 W.	 The	 temperature	 of	
substrate	was	of	700	°C.

The	 coercive	 force	 of	 the	 cobalt	 at	
room	temperature,	at	a	thickness	of	oxide	
silicon	5–6	Å	was	60	Oe.

Thus,	 heating	 took	 place	 at	 a	
temperature	 less	 than	 10000	 C.	 This	
simplifies	 the	 process.	 In	 addition,	 it	
reduces the effect of impurities on the 
silicon	 structure.	 Combined	 method	 of	
cleaning	 the	 surface	 reduces	 defects	 by	
ion	 bombardment	 and	 improves	 the	
conditions	 of	 deposition	 and	 growth	 of	
thin	films,	epitaxial	layers,	etc.	The	residue	
of	 the	 oxide	 apparently	 associated	 with	
residual oxygen in silicon or not optimally 
matched	with	the	process	parameters.

Figure 1. TEM image of a cross section. 
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Dependences of the impedance 
and its real and imaginary components 
on	 external	 magnetic	 field	 were	
investigated for amorphous soft magnetic 
Co66Fe4Ta2.5Si12.5B15	 wires.	 Investigations	
were	 carried	 out	 in	 the	 temperature	
interval	of	(120	–	300)	K	at	different	values	
of	 the	 tensile	 stresses	 reach	 440	 MPa,	
ac	 frequencies	 of	 (0.1	 –	 100)	 MHz	 and	
magnetic	fields	of	±	12	kA/m.	The	external	
magnetic field and the elastic tensile 

stresses	were	directed	along	the	samples’	
length	equaled	3	cm.	The	diameter	of	the	
samples	was	130	μm.

Effect	of	 the	 tensile	 stresses	on	 the	
real and imaginary component of the 
impedance	 as	 well	 as	 the	 impedance1 
depends	 on	 the	 temperature	 (Figure	 	 1).	
It	 should	 be	 noted	 that	 the	 imaginary	
component	of	the	impedance	shows	more	
sensitivity to the external magnetic field 
than impedance and its real component.

Figure 1. The relative changes of the impedance and its components in the external magnetic field 
calculated as: ΔZ/Z0=[Z(H)-Z(H0)]/Z(H0), where Z(H) – impedance in the magnetic field H, 
Z(H0) – impedance in the zero H0. 1 – ΔZ/Z0(H), 2 – ΔZ’/Z’0(H), 3 – ΔZ”/Z”0(H). The dependences 
were measured for the frequency of 40 MHz.

1 A.V. Semirov, M.S. Derevyanko, D.A. Bukreev, A.A. Moiseev, G.V. Kurlyandskaya. (2014), 
Solid State Phenom., 215, 337–341.
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Using	magnetic	metal	 films	with	 in-
plane	 anisotropy	 for	 the	 visualization	 of	
inhomogeneous	 magnetic	 fields	 allows	
for	 the	 gathering	 of	 information	 about	
the	distribution	of	vertical	(Hz)	and	planar	 
(Hx,	Hy)	components	of	the	of	the	field1.

In	 this	 paper,	 we	 analyze	 the	 MO-
image of the stray fields of the magnets 
of	 simple	 geometric	 shapes.	 MO-images	
of stray fields of rectangular magnets 
the	moments	which	 are	 oriented	parallel	
to	 the	 plane	 of	 the	 indicator	 film	 (M⊥n,	
n	 -	normal	to	the	plane	of	observation)	 is	
simple	and	easily	interpretable1.

MO-images	 of	 the	 field	 of	 magnets	
with	M||n in polar sensitivity have uniform 
intensity and geometrically coincides 
with	 a	 surface	 of	 magnet.	 MO-images	 of	
magnets of different shape in longitudinal 
sensitivity	consists	of	several	figures	which	
number	 is	 defined	 by	 number	 of	 angles.	
Bisector	 of	 each	 angle	divides	 it	 into	 two	
sectors	of	different	 intensity.	 In	figures	of	
every type these lines converge forming 
a singular point of Si or So type1.	 Thus,	
MO-image	 of	 triangular	 magnet	 is	 made	
of	three	triangles	(Figure	1).	MO-image	of	
rectangular magnet is composed of four 
pieces,	the	shape	of	which	depends	on	the	
aspect ratio of the rectangle.

The	angular	distributions	of	intensity	
in the vicinity of each point are the 
quantitative	 characteristic	 of	 distribution	
of	 magnetization	 (and	 field)	 in	 these	
shapes.	 These	 angular	 charts	 have	 a	
characteristic	appearance	on	the	bisectors	
dividing	areas	with	various	intensity	and	in	
vicinity of singular points.

1 Ivanov V. E., (2012). J. Magn. and Magn. Mater., 324, 2572-2578.

Figure 1. MO-image in longitudinal sensitivity 
of field of triangular magnet. Direct line shows 
the orientation of the plane of light incidence.
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Main	 urgent	 problems	 of	
the magnetic devices and primary 
converters	 development	 based	 on	 the	
magnetoresistive structures1 are the 
sensitivity improvement and thermal 
stability.	The	sensitivity	was	determined	as	
the ratio of the magnitude of the output 
signal	 (imbalance	 voltage	 of	 the	 bridge	
under	the	action	of	magnetic	field)	to	the	
magnetic field magnitude on the linear 
range	 of	 transfer	 characteristic.	 The	
investigated	 structures	 had	 a	wide	 range	
of	sensitivity	values	from	3.0	(mV/V)/(kA/m)	
to	9.4	(mV/V)/(kA/m),	in	the	bias	field	value	
of	1	kA/m.	It	is	established	what	the	main	
influence on the sensitivity of the sensor 
has	 a	 width	 of	 permalloy	 strips2,3.	 The	
distance	 between	 the	 barber	 pole	 has	 a	
substantially	smaller	effect.

The	study	of	ferromagnetic	structures	
in the range of temperatures is important 
for	 various	 applications,	 because	 this	
determines	the	possibility	of	working	in	the	
systems operating in harsh environment. 
Measurements of anisotropic structures 
transfer characteristic in the range 
from	 –40	 to	 +125	 ºC	 were	 carried	 out.	
It	 is	 shown	 the	 structures	 sensitivity	

decreases	 with	 temperature	 growth	 and	
conversely.	 The	 sensitivity	 change	 value	
is	 –0.35	 %/ºC,	 which	 allows	 to	 make	 a	
conclusion	 about	 possibility	 of	 using	 the	
structures in the most harsh environment 
as in automotive electronics and special 
purposes	 systems.	 The	 expansion	 of	 the	
working	temperatures	range	up	to	+170	ºC	
is	possible,	but	 it	 is	 limited	by	 the	sensor	
shell material.

It	 is	 shown	 that	 the	 obtained	
structures	 sensitivity	 can	 be	 increased	
with	 decreasing	 bias	 field.	 It	 was	
proved	 that	 obtained	 magnetoresistive	
structures	 can	 be	 used	 in	 the	 harshest	
operating conditions. Successful testing of 
experimental samples of magnetoresistive 
structures in speed and phase sensors 
was	 carried	 out.	 These	 sensors	 have	
successfully passed the complete cycle 
of	 production	 tests	 and	 showed	 the	
perspective of industrial production of 
automotive magnetoresistive sensors.

This	 work	 was	 supported	 by	
Minobrnauki	 RF	 grant	 №	 14.578.21.0007	
(RFMEFI57814X0007).

1 Tumanski S. (2001). Thin film magnetorsistive sensors. IOP Publishing Ltd.
2 Djuzhev N.A., Mazurkin N.S., Pozdnyakov V.S., Iurov A.S., Chinenkov M.Yu. (2015) 

Semiconductors, 49 (13), 1739-1742.
3 Bespalov V., Djuzhev N., Iurov A., Mazurkin N., Chinenkov M., Preobrazhensky R. (2016). 

Solid State Phenomena, 249, 124-130.
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Rare	earth	huntites	are	interested	by	
the	sufficiently	strong	electric	polarization	
induced	 by	 the	 magnetic	 field.	 The	
magnitude of the magnetoelectric effect 
depends	not	only	on	the	rare	earth	cation,	
but	 also	 on	 the	 ratio	 between	 them.	
To	 elucidate	 the	 microscopic	 picture	 of	
magneto-electric	polarization	is	important	
experiments on single crystals of the 
substituted	composition	of	solid	solutions,	
such	as	Ho0.5Nd0.5Fe3(BO3)4.

Rare	 earth	 ferroborates,	 RFe3(BO3)4 
(R=rare	earth,	Y)	belonging	to	the	trigonal	
system	with	 space	 group	 R32	 have	 been	
studied	because	of	a	large	magnetoelectric	
effect	 observed	 in	 HoFe3(BO3)41.	 The	
growth	 of	 single	 crystals	 of	 HoFe3(BO3)4,	
NdFe3(BO3)4 and	 Ho0.5Nd0.5Fe3(BO3)4 and 
their	 structural	 properties	 have	 been	
described	recently	2,3.

These	crystals	were	grown.

Then	 we	 have	 been	 carried	 out	
investigations of the magnetic properties 
of	 trigonal	 HoFe3(BO3)4	 and	 NdFe3(BO3)4 
and	Ho0.5Nd0.5Fe3(BO3)4	single	crystals.	The	
magnetic and magnetoelectric properties 
were	measured	with	PPMS-9	facility	in	the	
temperature	range	3−300	K	and	magnetic	
fields	up	to	90	kOe.

Taking	 into	 account	 the	 twinning	
factor	 obtained	 magnetoelectric	
polarization	of	Ho0.5Nd0.5Fe3(BO3)4 crystals 
is close to the sum of the respective 
shares	 of	magnetoelectric	 polarization	 of	
HoFe3(BO3)4	and	NdFe3(BO3)4 crystals.

This	 study	 was	 supported	 by	 the	
Russian	 Foundation	 for	 Basic	 Research,	
project	 no.	 13-02-12442	 and	 no.	 14-02-
00307.

1 A.M. Kadomtseva, Yu.F. Popov, G.P. Vorob’ev, et al., // JETP, 2012, Vol. 114, No. 5, pp. 810-
817

2 C Ritter, A Vorotynov, A Pankrats, et al. J. Phys.: Condens. Matter 20, 2008, 365209
3 M. Janoschek, P. Fischer, J. Schefer, et al., PHYSICAL REVIEW B 81, (2010) 094429
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Based on soft magnetic materials 
exchange-coupled	 superlattices	 are	
most sensitive to a magnetic field1.  
In	 this	 study	 the	 correlation	 between	
the crystal structure and coercivity has 
been	 investigate	 on	 Ni65Fe15Co20/Cu 
superlattices	 with	 (Ni80Fe20)60Cr40	 buffer	
layer.	The	superlattices	were	sputtered	by	
DC magnetron from targets of correspond 
compositions	 in	 magnetic	 field	 80	 Oe.	
Texture	 was	 measured	 by	 XRD	 (ω-scan)	
and	 confirmed	 by	 surface	 morphology	
AFM-patterns.

It	was	 revealed	 that	 the	addition	of	
Ta	 under-layer	 to	 (Ni80Fe20)60Cr40	 buffer	
layer	 leads	 to	 increase	 of	 <111>	 texture	
perfection	 (Figure	 	 1)	 and,	 as	 the	 result,	
to	reduction	of	coercivity	from	49	to	6	Oe	
with	 GMR-effect	 of	 14	 %	 and	 saturation	
field	about	130	Oe.

The	research	was	carried	out	within	
the	 state	 assignment	 of	 FASO	 of	 Russia	
(«Spin»	 No.	 01201463330),	 supported	
in	 part	 by	 RFBR	 (P.	 No.	 16-02-00061)	
and	 Russian	 Ministry	 of	 Education	 and	
Science	(Contract	Nos.	14.Z50.31.0025	and	
7539.2016.2-SS).

1 Parker M., Hossain S., Seale D., Barnard J., Tan M., Fujiwara H. (1994), IEEE Transaction on 
Magnetics, 30 (2), 358-363.

Figure  1. The surface morphology of Ni65Fe15Co20/Cu superlattices with (Ni80Fe20)60Cr40 (a)  
and Ta/(Ni80Fe20)60Cr40 (b) buffer layers. The insert shows the XRD ω-scans.
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A	 spin	 valve	 (SV)	 consists	 of	 an	
antiferromagnetic	 (AF)	 layer	 and	 two	
ferromagnetic	 layers	 separated	 by	
nonmagnetic	 one.	 In	 SVs	 with	 synthetic	
antiferromagnet	 (SAF)	 the	 adjacent	 to	
AF	 ferromagnetic	 layer	 is	 substituted	 by	
the	 F1/Ru/F2	 layered	 structure.	 The	 F1	 
and	F2	layers	magnetizations	are	coupled	
antiferromagnetically.

The	 magnetic	 anisotropy	 of	 a	 SV	
includes:	the	uniaxial	anisotropy	axis	(easy	
axis	=	EA)	and	the	unidirectional	anisotropy	
axis	 (pinning	 direction	 =	 PD).	 To	 obtain	
the	 low-hysteretic	 magnetic	 reversal	
the creation of the crossed anisotropy 
configuration	(PD⊥EA)1 is used.

In	 the	 present	 work,	 we	 study	 the	
correlation	 between	 uniaxial	 anisotropy	
and magnetoresistive sensitivity in the 
top	 and	 the	 dual	 SVs	 with	 SAF	 in	 the	
case	 of	 the	 crossed	 anisotropy.	 The	
PD⊥EA	 configuration	 was	 formed	 by	
the thermomagnetic treatment in the 
saturation field directed perpendicular to 
EA	and	in	field	of	a	spin-flop	state	of	SAF.

The	 SVs	 were	 fabricated	 by	 DC	
magnetron	 sputtering.	 The	 resistance	
was	 measured	 in	 CIP	 geometry.	 The	
magnetoresistance	 was	 defined	 as	 
ΔR/Rs=((R(H)–Rs)/Rs)×100%,	 where	 
Rs is the resistance in the saturation field. 
Uniaxial	 anisotropy	 was	 changed	 by	 the	
annealing in magnetic field oriented 
parallel	 and	perpendicular	EA	and	by	 the	
fabrication	of	micron-sized	objects.

Figure	1	shows	the	magnetoresistive	
curves	 for	 Ta	 /	 Ni80Fe20	 / Co90Fe10	 / Cu /
Co90Fe10	/	Ru	/	Co90Fe10	/	Fe50Mn50	/	Ta	SV	
with	 the	 parallel	 and	 crossed	 anisotropy.	
Both	the	SVs	with	PD⊥EA	are	anhysteretic	
but	 their	 magnetoresistive	 sensitivity	 is	
different.	The	tendency	was	revealed:	the	
less the uniaxial anisotropy the higher 
the	 sensitivity.	 The	 similar	 behavior	 was	
shown	 for	 dual	 SVs	 and	 for	micron-sized	
objects.

The	 work	 was	 carried	 out	 within	
the	 state	 assignment	 of	 FASO	 of	 Russia	
(«Spin»	 №01201463330),	 supported	 in	
part	 by	 RFBR	 (grant	 №16-32-00501)	 and	 
SS-7539.2016.2.

1 Rijks Th.G.S.M., de Jonge W.J.M., Folkerts W., Kools J.C.S., and Coehoorn R. (1994), Appl. 
Phys. Lett, 65 (7), 916-918.

Figure 1. The magnetoresistive curves for SV 
with parallel (dashed line) and crossed anisotropy 
formed by the annealing in spin-flop state (line) 
and in the saturation field applied perpendicular 
EA (empty symbols).
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based on layered artificial ferrimagnet
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The	 temperature	 dependences	 of	
the spin valves’ properties are usually 
discussed	 from	 the	 point	 of	 view	 of	 the	
thermal	 stability	 of	 such	 devices.	 In	 the	
present	 work,	 however,	 we	 propose	 to	
use the temperature dependence of the 
magnetization	of	one	of	 the	 layers	of	 the	
multilayered structure in order to design a 
thermo-sensitive	spin	valve	sensor.

Gd-Co/Co/Cu/Co	 spin	 valves	 were	
prepared	 by	 magnetron	 sputtering	
deposition	 onto	 glass	 substrates.	 
A	 Gd-Co/Co	 artificial	 ferrimagnet	 bilayer1 
was	 used	 as	 thermo-sensitive	 layer	
of	 the	 spin	 valve.	 The	 temperature	
dependences	 of	 magnetization	 and	
coercivity	of	the	Gd-Co/Co	composite	layer	
confirmed its ferrimagnetic character. 
The	 features	 of	 these	 dependences	 can	
be	 tuned	 by	 both	 the	 composition	 of	
the	Gd-Co	 layer	 and	 the	 thickness	 of	 the	
Co	 layer.	 The	 coercivity	 of	 the	 free	 Co	
layer	 increases	 monotonously	 with	 the	
temperature decrease. Measurements of 
magnetoresistance	were	done	with	a	spin	
valve	 structure	 for	 which	 the	 difference	
of	more	than	20	Oe	between	the	coercive	
forces	 of	 «free»	 Co	 and	 Gd-Co/Co 
	composite	layers	was	observed	for	100	К	
large	temperature	interval.	This	allows	the	
magnetizations	of	the	adjacent	layers	(both	
parallel	and	antiparallel	 to	each	other)	 to	
align	during	magnetization	reversal	of	the	
whole	structure.

Figure	 1	 shows	 the	 temperature	
dependences	 of	 the	 resistance	 R(T)	
obtained	 at	 different	 values	 of	 external	
magnetic field applied along the easy 
magnetization	axis	of	the	spin	valve.	There	
is a sharp change in resistance at the 
temperature	 at	 which	 coercive	 force	 of	
the	Gd-Co/Co	composite	 layer	 is	equal	 to	
the	external	switching	field	Hsw.	 It	 is	seen	
that the actuation of the spin valve can 
be	 achieved	 at	 various	 temperatures	 by	
setting	different	Hsw values.

1 Svalov A.V., Fernandez A., Vas’kovskiy V.O., Tejedor M., Barandiarán J.M., Orue I., 
Kurlyandskaya G.V. (2006), J. Magn. Magn. Mater., 304 (2), e703-e705.

Figure 1. R(T) curves for Gd-Co/Co/Cu/Co spin 
valve for different switching fields.
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The	 40-nm-thick	 Fe3O4	 films	 were	
prepared	 by	 reactive	 deposition	 of	 Fe	
in	 oxygen	 atmosphere	 on	 n-type	 and	
p-type	 Si(100)	 substrates	 with	 1.5	 nm	
thick SiO2	layer	on	the	surface.	The	doping	
concentrations	of	both	n-type	and	p-type	
silicon	 were	 about	 1015 cm–3. Lateral 
photovoltaic	 effect	 (LPE)	 was	 done	 using	
He-Ne	 laser	 (0.3	 mW)	 and	 Keithley	 2000	
multimeter.

The	 LPE	 of	 the	 Fe3O4/SiO2/n-Si	
and	 Fe3O4/SiO2/p-Si	 was	 investigated	 in	
detail.	 Two	 aluminum	 electrodes	 were	
deposited	 onto	 the	 surface	 of	 Fe3O4 
film	 as	 shown	 in	 the	 inset	 of	 Figure.	 The	
contact	 distance	 was	 2	 mm.	 When	 the	
Fe3O4	 surface	 was	 partially	 illuminated	
by	 He-Ne	 laser	 spot	 with	 a	 diameter	 of	
about	 60	 μm,	 a	 large	 LPE	 was	 found	 on	 
Fe3O4/SiO2/n-Si	structure	and	its	absence	on	 
Fe3O4/SiO2/p-Si	 structure.	 Figure	
shows	 the	 dependence	 of	 the	 induced	
photovoltage on the laser position for the 
both	 structures.	 For	 the	 Fe3O4/SiO2/n-Si	
structure	the	LPE	shows	an	approximately	
linear dependence as the laser spot moves 
in	the	region	between	the	two	electrodes	
on	the	Fe3O4	surface	and	decreases	when	
the	 laser	 spot	 moves	 out	 of	 this	 region,	
and the largest position sensitivity of  
68	 mV·mm–1 in the linear region is 
achieved.	 Considering	 that	 the	 power	 of	
the laser illuminating the structure is only 
0.3	mW	and	the	contacts	distance	is	2	mm,	
the	 position	 sensitivity	 in	 Fe3O4/SiO2/n-Si 

structure	 is	 very	 high.	 In	 the	 case	 of	 
Fe3O4/SiO2/p-Si	structure,	the	photovoltage	
was	 generated	 only	 during	 irradiation	
Fe3O4	 flim	 near	 contact	 regions.	 When	 a	
laser	beam	moves	from	the	electrodes	the	
signal decays rapidly.

These	 results	 will	 be	 discussed	 on	
the	 basis	 of	 the	 traditional	 theory	 of	 the	
LPE,	 taking	 into	 account	 the	 peculiarities	
of	the	lateral	transport	of	charge	in	hybrid	
structure	Fe3O4/SiO2/Si.	It	is	assumed	that	
the photovoltaic effect in this structure 
is	 defined	 by	 the	 additional	 conductivity	
channel	 which	 is	 adjacent	 to	 the	 
SiO2/Si interface and is dependent on the 
conductivity	type	of	the	Si	substrate.

Comparative study of lateral photovoltaic effect  
in Fe3O4/SiO2/n-Si and Fe3O4/SiO2/p-Si structures

T.A. Pisarenko1,2, V.A. Vikulov1, A.A. Dimitriev1,2, V.V. Balashev1,2, V.V. Korobtsov1,2

1Institute for Automation and Control Processes, 5 Radio St., 690041, Vladivostok, Russia
2School of Natural Sciences, Far Eastern Federal University,  

8 Sukhanova St., 690091, Vladivostok, Russia
�keywords:� magnetite, silicon, photovoltaic effect

Figure 1. Azimuthal angle dependence of reduced 
magnetization for as-deposited and annealed 
samples with thickness of 100 nm.
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hybridization
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Traditional	 molecular	 spintronics	
deals	 with	 magnetic	 molecules	 showing	
single-molecule	magnet	 (SMM)	properties	
adsorbed	 on	 non-magnetic	 surfaces1,2. 
Major	 challenges	 are	 (i)	 designing	
SMMs	 with	 sufficiently	 high	 blocking	
temperatures	 and	 (ii)	 controlling	 the	
molecular adsorption such that the 
molecules remain intact and maintain their 
key electronic and magnetic properties. 
In	 spite	 of	 extensive	 research	 the	 class	
of SMMs fulfilling these requirements is 
limited	and	the	blocking	temperatures	do	
not	exceed	several	tens	of	Kelvin.

We	discuss	 an	 alternative	 approach	
based	on	aromatic	molecules	adsorbed	on	
ferromagnetic	surfaces.	The	chemisorption	
is	 governed	 by	 strong	 hybridization	 of	
molecular	π-orbitals	with	d-orbitals	of	the	
substrate.	The	spin-split	band	structure	of	
the	 latter	 leads	 to	 different	 hybridization	
for	 spin-up	 and	 spin-down	 states.	 
This	 spin-dependent hybridization 
induces	a	spin-imbalanced	density	of	states	
in	 the	 adsorbed	 molecule,	 which	 results	
in an induced moment for strong and 
spin-filter	properties	for	weak	coupling3,4.  

The	 hybridization	 also	 modifies	 the	
magnetic	 moment,	 exchange	 interaction,	
and	 anisotropy	 of	 the	 involved	 substrate	
atoms leading to magnetic hardening5,	
i.e. these atoms and the molecule form a 
hybrid molecular magnet	with	enhanced	
coercivity	 and	 blocking	 temperature,	 e.g. 
above	240	K	in	Ref.	4.

Here,	 we	 study	 single	 triphenyl-
triazine	 (TPT)	molecules	adsorbed	on	two	
layers	of	 Fe	on	W(110)	by	spin-polarized 
STM	 (SP-STM)	 and	 density-functional	
theory	 (DFT).	 The	 adsorption	 of	 3-fold	
symmetric	 TPT	 on	 the	 2-fold	 symmetric	
substrate	 results	 in	 dif-ferent	 bonding	
and	hybridization	conditions	for	the	three	
phenyl	 groups	 in	 each	 TPT	 as	 directly	
evidenced	 by	 STM	 topography	 images.	
SP-STM	 data	 of	 single	 TPT	 adsorbed	
on different magnetic domains of the 
Fe/W(110)	 substrate	 reveal	 a	 hybridi-
zation-induced	molecular	spin	polarization	
opposite	to	the	surrounding	Fe	film,	which	
varies	on	a	nm-scale	due	to	locally	different	
binding	conditions	and	hence	confirms	the	
concept	of	spin-polarized	hybridization.

1 Bogani L. and Wernsdorfer W. (2008), Nature Materials 7, 179–186.
2 Fahrendorf S. et al. (2013), Nature Communications 4, 2425.
3 Galbiati M. et al. (2014), MRS Bulletin 39, 602–607.
4 Raman K.V. et al. (2013), Nature 493, 509-513.
5 Callsen M. et al. (2013), Physical Review Letters 111, 06805.
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The	 effect	 of	 a	 magnetic	 field	 on	
various	 topochemical	 processes	 was	
investigated for a long time. Magnetic 
field	 was	 reported1	 to	 influence	 growth	
of	 sodium	 hydrocarbonate	 crystals.	 It	
was	 shown	 that	 crystallites	 diminished	
because	of	an	increase	in	the	rate	constant	
of	nucleation.	Since	proton	transfer	was	a	
rate-determining	stage,	the	magnetic	field	
presumably	influenced	the	spin	relaxation	
of	 protons.	 Awaji	 et	 al.2 studied the 
magnetic	field	effect	on	the	crystallization	
of	 the	 complex	 oxide	 YBa2Cu3Ox from 
a	 melt.	 They	 have	 revealed	 that	 the	
growth	of	crystallites	was	decelerated	in	a	
magnetic	 field.	B.	B.	 Žižić	 et	 al.3 reported 
deceleration	of	the	growth	of	ammonium	
hydrophosphatesingle crystals in a 
magnetic	 field.	 In	 the	 last	 decade	 the	
magnetic field effect on the electrochemical 
processes	was	investigated4.

The	 theory	 of	 low	 temperature	
oxidation	 or	 oxidation	 in	 thin	 films	 was	
for	 the	 first	 time	 formulated	 by	 Caberra	
and	Mott.	It	involves	the	appearance	of	an	

electric	potential	between	oxide–adsorbed	
oxygen	 and	 oxide–metal	 boundaries	
at	 the	 initial	 time	 moment.	 The	 theory	
qualitatively	 correctly	 describes	 the	
formation	 of	 planar	 thin	 oxide	 films,	 but	
ignores potential gradients in films and 
assumes that the diffusion coefficients of 
metal	 ions,	 oxygen	 ions,	 electrons,	 and	
vacancies are constant.

The	thermal	decomposition	of	cobalt	
formate	in	a	flow	of	an	inert	gas	led	to	the	
formation	of	cobalt	nanoparticles	in	pores	
of	 various	 substrates	 (silica	 gel,	 alumina,	
activated	 carbon,	 and	 montmorillonite).	
Electron	microscopic	studies	showed	that	
the	 particle-size	 distribution	 of	 cobalt	
depended on the external magnetic 
field	 strength;	 the	 average	 particle	 size	
and	 distribution	 variance	 decreased	
as	 the	 field	 strength	 increased.	 It	 was	
assumed that the external magnetic field 
affected	the	nucleation	constant	of	cobalt	
nanoparticles.

Magnetic field effect on topochemical reactions
N. S. Perov1, G. V. Pankina2 and P. A. Chernavskii2

1Faculty of Physics, Lomonosov Moscow State University, Moscow, Russia
2Faculty of Chemistry, Lomonosov Moscow State University, Moscow, Russia

�keywords:� magnetochemistry; topochemical reactions; magnetic nanoparticles

1 E. Hans, J. Cryst. Growth 267, 251 (2004).
2 S. Awaji, K. Watanabe, and M. Motokawa, J. Cryst. Growth 226, 83 (2001).
3 B. B. Žižić, S. E. Božin, S. I. Žegarac, and Ž. M. Nikoliс, J. Cryst. Growth 54 , 439 (1981)
4 Perov N.S., Sheverdyaeva P.M., Inoue M. «Investigations of the magnetic field effect on 

electrochemical processes» Journal of Magnetism and Magnetic Materials, 272, 2448 
(2004)
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for biomedical applications
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With	 the	 development	 of	
nanotechnology,	 novel	 physicochemical	
properties	 and	 applications	 have	 been	
emerging.	 The	multidisciplinary	 approach	
carried out over the last decades to 
address fundamental and applied issues at 
the	nanoscale	have	boosted	the	research	
on	 single	 nanoplatforms	 that	 are	 able	 to	
integrate	 several	 functionalities.	 This	 is	
the	 case	 of	 the	 so-called	 «theranostic»	
nanoparticles	 in	 the	 biomedical	 field,	
which	are	able	to	carry	out	simultaneously	
diagnosis and therapeutic functions in 
diseased	areas	of	the	human	body.

In	 this	 report	 we	 have	 attempted	
to	 present	 the	 overview	 of	 biomedical	
applications	 of	 core/shell	 (C/S)	
nanoparticles.	In	general,	C/S	nanoparticles	
have	a	core	made	of	a	material	coated	with	
another material on top of it. Magnetic 
C/S	nanoparticles	consist	of	(i)	a	magnetic	
core	responsible	of	the	required	magnetic	
behavior,	 (ii)	 water-	 soluble	 surface	 that	
provides	 them	 stability	 and	 compatibility	
in	 physiological	 fluids,	 and	 (iii)	 surface	
functionalized	 with	 bioactive	 ligands	 for	
specific	 targeting	 purposes.	 In	 biological	
applications	 core-shell	 nanoparticles	
have	 major	 advantages	 over	 simple	
nanoparticles leading to the improvement 
of	 properties	 such	 as	 (i)	 less	 cytotoxicity,	
(ii)	increase	in	dispersibility,	bio-	and	cyto-
compatibility,	 (iii)	 better	 conjugation	 with	
other	 bioactive	 molecules,	 (iv)	 increased	
thermal	and	chemical	stability	and	so	on.

We	 have	 focused	 on	 iron	 Fe-
based	 core/shell	 nanoparticles,	 since	
they	 constitute	 the	 most	 widely	
accepted magnetic nanoparticles for 
in vivo	 biomedical	 applications	 due	 to	
their	 unique	 size-dependent	 magnetic	
properties,	 biocompatibility,	 and	 ability	
to	 be	 easily	 surface	 modified	 with	 both	
organic and inorganic coating agents. 
Therefore,	 a	 delicate	 design	 of	 structure,	
composition,	 and	 surface	 chemistry	 is	
essential to achieve the desired properties 
in	C/S	systems,	such	as	chemical	stability,	
specific	target	recognition	(molecules,	cells,	
diseased	 tissues),	 and/or	 multimodality,	
that	will	enable	their	efficient	performance	
in	final	applications,	such	as	hyperthermia	
and	 high	 MR	 imaging-contrast,	 both	
reviewed	 as	 two	 of	 the	main	 researched	
applications of C/S magnetic nanoparticles 
in	biomedicine.

In	this	review	we	attempt	to	highlight	
the most popular and efficient synthesis 
approaches	for	magnetic	C/S	nanoparticles,	
which	 can	 be	 used	 in	 biomedical	 fields,	
such	as	MRI	and	drug	delivery.	Therefore,	
the	 techniques	 for	 building	 a	 strong,	
but	 biocompatible	 surface	 protection	
layer	 are	 highly	 desirable.	 In	 addition,	
building	 smart	 structures	 based	 on	
magnetic	 C/S	 nanoparticles	 will	 exhibit	
many	 new	 properties	 that	 will	 surely	
result	 in	 new	 applications	with	 improved	
performance.
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Here	 we	 focus	 on	 the	 recently	
developed mechanoelastic model and 
discuss	 its	 possibilities	 to	 characterize	
various phenomena in spin crossover 
molecular	 magnets,	 such	 as	 thermal	
hysteresis,	 photoexcitation	 or	 relaxation	
in dark1,2,	 together	 with	 the	 cluster	
evolution3.	 The	 mechanoelastic	 model	
is	 based	 on	 the	 realistic	 idea	 that	 the	
difference	of	molecular	volumes	in	the	low	
spin	(LS)	and	high	spin	(HS)	states	is	at	the	
origin	 of	 elastic	 interactions,	 inducing	 a	
shift of the molecules in the system during 
the	transition	and	a	distortion	of	the	whole	
system	(Figure		1).

The	molecules	linked	by	springs	and	
arranged at the vertices of a triangular 
tiling,	 in	 2D	 or	 3D	 lattices	 of	 various	

shapes3.	The	switching	of	molecules	during	
the	spin	transition	 is	decided	by	way	of	a	
Monte Carlo standard procedure.

The	influence	of	external	parameters,	
such	 as	 temperature	 sweeping	 rate	 and	
pressure,	or	intrinsic	features	of	the	system,	
such	as	the	spring	constant,	on	hysteresis	
and	 relaxation	 curves	 are	 discussed.	 The	
particular case of nanoparticles is treated 
by	 considering	 them	 embedded	 in	 a	
polymer environment2,	while	a	dynamical	
model	is	used	for	obtaining	the	elastic	step	
during femtosecond photoexcitation4. 
In	 addition,	 we	 discuss	 the	 process	 of	
formation of clusters and their evolution 
during	the	thermal	transition	and	we	show	
that,	 in	 both	 2D	 and	 3D	models,	 clusters	
of molecules in the same spin state tend 
to	grow	 from	corners,	as	 in	experimental	
data5	(Figure		2).	

This	 work	 was	 supported	 by	
CNCS-UEFISCDI	 Romania	 PN-II-RU-
TE-2014-4-0987.

1 Enachescu, C, Stoleriu, L., Hauser, A. (2009), Phys. Rev. Lett., 102, 257204
2 Stoleriu, L., Stancu, A., Enachescu, C. (2011), Phys. Rev. B, 84, 134102
3 Enachescu, C., Miyashita, S., Varret, F., Rikvold, P. (2015) Phys. Rev. B, 91, 104102
4 Bertoni, R., Lorenc, M., Cailleau, H. Boillot, M.L. Enachescu, C. Collet, E. (2016) Nature 

Materials, in press.
5 Chong, C., Varret, F., Boukheddaden, K. (2010), Phys. Rev. B 81, 014104.

Figure  1. The hexagonal network of springs. 
connected particles. When a small LS molecule 
switches to HS (big circle), all the other molecules 
change their positions. The hexagon becomes then 
distorted.

Figure 2. Thermal hysteresis simulated using 
the mechanoelastic model, and snapshots of the 
system on both hysteresis branches (black HS 
molecules, gray –LS-molecules).
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The	study	of	the	natural	metabolites	
consisting	 of	 the	 fragments	 with	 various	
donor-acceptor	 properties	 is	 the	
developing field of medical chemistry 
now.	 One	 example	 is	 lappaconitine,	
biologically	 active	 alkaloid	 that	 possesses	
antiarrhytmic and hypotensive activity.

Lappaconitine consists of a donor 
fragment	-	the	anthranilic	acid	residue	(AA)	
and	 an	 acceptor	 fragment	 -	 a	 diterpene.	
The	 photoinduced	 transformation	 of	
lappaconitine	 was	 earlier	 investigated	
by	 chemically	 induced	 dynamic	 nuclear	
polarization	(CIDNP).	It	was	demonstrated	
that lappaconitine undergoes rapid 
degradation under the light irradiation 
through	 the	 formation	of	 short-lived	 free	
radicals moiety. Since active paramagnetic 
intermediates	 are	 known	 to	 be	 the	main	
source	 of	 drugs	 phototoxicity,	 it	 could	
be	 assumed	 that	 the	 increase	 in	 the	
photostability	of	lappaconitine	derivatives	
may	 reduce	 side	 effects.	 Herewith	 the	
CIDNP	analysis	of	lappaconitine	photolysis	
indicates that the photodegradation occurs 
from	the	triplet	state.	The	hypothesis	has	
been	 proposed	 that	 the	 photostability	 of	
these compounds depended directly on 
the amount of a triplet state. Only in this 
state	 the	chemical	 reaction,	which	begins	
with	 intramolecular	 electron	 transfer	 (ET)	
from the nitrogen of a diterpene fragment 
to	 the	antranilic	 residue	with	subsequent	
proton transfer and cleavage of the 

ester	 bond,	 is	 possible.	 Since	 anthranilic	
fragment is a chromophore in these 
molecules	 as	well	 as	 a	 potential	 electron	
acceptor	 in	 red-ox	 processes,	 it	 can	 be	
expected	 that	 substituents	 will	 have	 a	
significant impact on the efficiency of the 
intramolecular	ET.

To	 test	 the	 hypothesis	 about	 the	
connection	 between	 the	 effectiveness	
of	 photodecomposition,	 defining	
phototoxicity,	 and	 the	 compounds	
structure,	 we	 have	 investigated	 a	 series	
of	 substituted	 lappaconitine	by	NMR,	 the	
CIDNP1 and photochemistry methods.

The	 analysis	 of	 H1	 NMR	 data	 and	
CIDNP	effects	allows	us	to	make	following	
conclusion related to the influence of 
substitutes	 on	 the	 photostability	 of	
lappaconitine	 derivatives.	 All	 systems	
under study demonstrated the decreasing 
of photodecomposition rate versus 
lappaconitine.	It	can	be	suggested	that	the	
introduction	 of	 substitutes	 into	 aromatic	
rings,	which	leads	to	increase	nonradiation	
deactivation	 of	 the	 singlet	 excited	 states,	
decreases also the yield of reactive triplet 
state.	 This	 supposition	 was	 verified	
by	 methods	 of	 photochemistry	 also.	
Therefore,	 the	 insertion	 of	 substitutes	 in	
lappaconitine	molecule	might	be	 the	way	
to	improve	their	photostability.

This	 work	 was	 supported	 by	 RFBR	
№16-33-00412.

1 Sсhlotgauer A., Klimentiev V., Kornievskaya V., et al. (2015), Applied Magnetic Resonance, 
46, 559-573.
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One of crucial factors determining 
magnetic	 hysteresis	 of	 submicron	 size	
particles is the type of their domain state. 
Among	 the	single-domain	 (SD)	and	multi-
domain	 (MD)	 states	 the	 intermediate	
between	 SD	 and	 MD,	 so	 called	 pseudo-
single-domain	(PSD)	state	is	distinguished.	
These	 domain	 states	 are	 conventionally	
elucidated in terms of Day plots1,2.

In	 this	 report	 the	 domain	 state	 of	
magnetite detected in sediments of Lake 
Shira	 (Khakassia,	 Russia)	 was	 examined	
by	 means	 of	 analysis	 of	 magnetization	
curve	 M(H)	 measurements.	 The	 aim	 was	
to	confirm	(or	to	disconfirm)	the	bacterial	
origin of magnetite in sediments of Lake 
Shira	 obtained	 from	 previous	 study3. 
In	 3	 the	 non-monotonic	 dependence	
of magnetite content on the depth of 
sediments	was	found	to	correlate	with	the	
lake	level	indicating	that	the	most	probable	
source of magnetite is magnetosomes of 
magnetotactic	halolimnetic	bacteria.

The	 samples	were	 cut	 from	 several	
parts	of	bottom	sediment	cores	(obtained	
in	 2011	 and	 2013)	 corresponded	 to	
different	 depths	 (in	 mm)	 of	 sediments.	
Magnetic	measurements	were	performed	
by	using	vibration	sample	magnetometer.	
A	set	of	minor	hysteresis	loops	with	step	by	
step increase of the maximal applied field 
Hmax	 (up	 to	Hmax	 corresponding	 to	 the	
major	 loop)	were	recorded.	The	values	of	
remanence	MR,	 saturation	magnetization	
MS,	 coercivity	 HC,	 and	 HCR	 (HCR	

corresponds	 to	 the	Hmax	 value	 at	which	
the	remanence	is	0.5	of	the	MR	magnitude	
for	the	major	loop)	were	determined	from	
these	 data.	 According	 to 1	 the	 SD,	 PSD,	
and	MD	states	correspond	to	areas	shown	
in	 the	Figure	1.	As	 can	be	seen	 from	 this	
figure	the	experimental	data	obtained	on	
samples from various depths are located in 
the	PSD	region.	This	indicates	respectively	
small	 size	 of	 magnetite	 particles	 (<	 100	
nm)2	 and	 reveals	 their	 bacterial	 origin.	
Thus,	 biogenic	 magnetite	 buried	 in	 the	
bottom	sediments	can	indicate	the	climatic	
changes in the Shira lake level in the Late 
Holocene.

The	 work	 was	 supported	 by	
Russian	 Foundation	 for	 Basic	 Research	
and	 Krasnoyarsk	 Regional	 Scientific	
Foundation,	Grant	No.	15-45-04272.

Figure 1. The Day plots for the studied 
samples.
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Molecular design of aptamer structure  
by computer simulations
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Aptamers	 are	 small	 single-stranded	
DNA	 or	 RNA	 molecules,	 that	 capable	 of	
binding	to	different	molecules	with	a	high	
affinity	 and	 specificity.	 In	 most	 cases,	
they	 consist	 of	 15-30	 nucleotides	 and	
has	a	stable	spatial	pattern	 that	provides	
selective	 binding	 with	 specific	 proteins.	
At	 present,	 the	 study	 of	 aptamers	 paid	
much	 attention.	 They	 are	 regarded	 as	
promising	 replacements	 antibodies	 in	
therapy and as high affinity reagents in 
biotechnology.	 Aptamers	 are	 obtained	
in vitro	 by	 directed	 selection	 from	
combinatorial	 oligonucleotide	 libraries.	
(1018	 oligonucleotides)	 using	 SELEX	
method.

In	 this	 work	 molecular	 design	
of	 aptamers	 was	 carried	 out	 using	
quantum	 chemical	methods	on	 the	basis	
of	 experiment	 data	 Small-Angle	 X-Ray	
Scattering	 (SAXS).	 The	 calculations	 were	
performed	 by	 the	 molecular	 mechanics	
(MM)	 and	quantum	mechanics	 (QM)	with	
the	 force	 field	 BIO	 +	 (CHARMM	 basis).	
On the first step molecular design of the 
aptamers	 was	 carried	 out	 according	 to	
complementarities	principle.	The	resulting	

geometry	of	 the	molecule	was	 compared	
to	 the	 volume	 of	 the	 structure	 obtained	
from	SAXS	data.	On	the	second	step	QM/
MM	 calculations	 by	 GAMESS	 suit	 were	
performed.

We	 obtained	 that	 Guanine	 (G)	
quadruplexes	 are	 composed	 of	 two	
stacked	 layers	 of	 G-quartets,	 connected	
by	three	lateral	type	loops.	Each	G-quartet	
is	 connected	 by	 eight	 hydrogen	 bonds.	
These	 quartets	 are	 characterized	 by	 high	
planarity.	 It	 is	 because	 the	 heterocyclic	
bases	 outside	 the	 G-quartet	 make	 pi-
stacking	 interactions	 with	 the	 bases	 of	
quartets,	 thereby	 limiting	 their	 deviation	
from	the	plane.	In	general,	we	can	say	that	
computer simulation gives similar results 
with	 experiment,	 so	 this	 is	 a	 promising	
direction for the design of aptamers.

We	 acknowledge	 the	 grant	 by	
the	 Ministry	 of	 Education	 and	 Science	
(Agreement	 No.14.607.21.0104	
(RFMEFI60714X0104))	 for	 the	 financial	
support	of	this	work.
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Small	angle	X-ray	scattering	(SAXS)	is	
increasingly popular method in application 
of	 biomolecules	 structure	 investigations.	
Most	progress	has	been	reached	by	Dmitry	
Svergun’s	group	from	European	Molecular	
Biology	 Laboratory,	 Hamburg,	 Germany.	
Group	has	developed	the	special	software	
package	 ATSAS	 for	 processing	 SAXS	
results	 of	 measurements,	 based	 on	 the	
biomolecules	 structure	 modeling	 theory	
using	the	SAXS	data1.

This	 work	 shows	 aptamer	 RE31	
measuring	results,	which	obtained	on	DIKSI	
station	 in	 the	 National	 Research	 Center	
«Kurchatov	 Institute».	 Also	 the	 aptamer	
structure	model	 is	 presented,	 which	 was	
processed	in	DAMMIN	program.

PBS	 solutions	 with	 RE31	 aptamer	
(5 ′ -GTGACGTAGGTTGGTGTGGTTGG
GGCGTCAC-3′)	 were	 prepared.	 RE31	

is	 the	 DNA	 fragment	 consisting	 
of	31	nucleotides,	mixed	into	G-quadruplex	
module	 in	 the	 presence	 of	 K+	 ions2. 
Solutions	 with	 concentrations	 66,	 33,	 16	 
and	 6,2	 mM/ml	 were	 provided	 by	 V.A.	
Spiridonova	from	A.N.	Belozersky	Institute	
of	 Physico-Chemical	 Biology,	 MSU.	
Dependency	 diagrams	 of	 X-ray	 intensity	
on	 the	 scattering	 angle	 (Figure	 1)	 were	
plotted.

Figure 1. Dependency diagrams of X-ray 
intensity on the scattering angle with different 
concentrations.

Figure 2. 3D model of the aptamer structure 
obtained in DAMMIN program based on SAXS 
data.

P12.3



560

August 15-19, 2016  
Krasnoyarsk, Russia

We	 found,	 that	 6.2	 mM/ml	
concentration is the most sufficient for the 
processing.

Aptamer	structure	model	was	obtained	
by	Guinier	analysis	in	GNOM	program	and	
Monte-Carlo	 method	 –	 iterational	 model	
matching and simulated annealing3 – in 
DAMMIN	program	(Figure	2).

We	have	 compared	 aptamer	model	
from	 SAXS	 with	 crystallographic	 method	
and	 confirmed,	 that	 SAXS	 can	provide	us	
the	information	about	the	size	and	native	

shape	of	aptamers	in	solution.	However	SAXS	
method	doesn’t	require	the	crystal	growing	
and high concentrations for measuring.

The	 work	 was	 supported	 by	
Ministry of education and science of 
Russia	 (Agreement	 No.14.607.21.0104	
(RFMEFI60714X0104)).

1 Feigin L.A., Svergun D.I. Structure analysis by small-angle X-ray and neutron scattering 
(1987).

2 Krauss I. R. et al. Different duplex/quadruplex junctions determine the properties of anti-
thrombin aptamers with mixed folding (2015). Nucleic acids research, С. gkv1384.

3 Svergun D. I. Restoring low resolution structure of biological macromolecules from solution 
scattering using simulated annealing. (1999). Biophys J, 2879-2886.
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Recently,	in	the	field	of	molecular	cell	
surgery of malignant tumors is increasingly 
common	 term	 theranostics,	 it	 combined	
diagnosis	and	therapy.	For	these	purposes	
it	 is	 widely	 used	 bionanoconjugates	
consisting of magnetic nanoparticles and 
DNA	 aptamers.	 For	 the	 development	 of	
targeted drugs a vital role plays research 
of	properties	used	bionanoconjugates

This	 work	 is	 devoted	 to	 the	 study	
of	magnetic,	 optical	 and	magneto-optical	
properties	 of	 such	 bionanoconjugates	
consisting of 3d metals nanoparticles 
mean	 diameter	 is	 50	 nm	 coating	 of	 gold	
or	 PEG	 and	 immobilized	 DNA	 Aptamers	
for	 Ehrlich	 ascites	 carcinoma	 cell.	 The	
magnetic	 core	 bionanoconjugates	
provides required magnetic properties for 
the	provision	of	physical	exposure	to	a	low	
frequency	 alternating	magnetic	 field,	 and	
the	polarization	spectroscopy	allows	their	
use for the diagnosis of cancer. 

Natural circular dichroism is a method 
which	allows	 to	 investigate	 the	change	 in	
conformation	 bionanoconjugates	when	 it	
connecting to cancer cells. 

Magnetic circular dichroism is 
a	 method	 which	 allows	 to	 investigate	
the change of magnetic properties 
bionanoconjugates	 as	 the	 alternative	
direct magnetic measurements. 

Thus,	 the	 simple	 technologies	 for	
obtaining	 bionanoconjugates	 and	 their	
modification	with	the	DNA	Aptamers	open	
a	 new	 direction	 in	 the	 interdisciplinary	
research	aimed	at	developing	biologically	
functional	 hybrid	 nanodevices	 based	 on	
metals,	 magnetic	 materials,	 and	 DNA	
aptamers,	 which	 interact	 with	 molecular	
and cellular targets in a targeted 
manner,	 and	 respective	 instruments	 and	
methods.

The	 work	 was	 supported	 by	 the	
Ministry	 of	 Education	 and	 Science	
(Agreement	 No.14.607.21.0104	
(RFMEFI60714X0104)).
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Magnetic beads increase the detection limit  
of aptamer-based electrochemical sensor
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IH-SAB	 4C-8C	 magnetic	 beads	 are	
specific	to	larger	molecular	weight	proteins	
and	 have	 low	 affinity	 to	 intermediate	
molecular	 weight	 proteins.	 It	 has	 been	
shown	 the	 beads	 increase	 the	 detection	
limit	 of	 aptamer-based	 electrochemical	
sensor for lung cancer related proteins 
detection.	IH-SAB	4C-8C	bound	to	proteins	
and promote reduction of the active 
surface of the electrode for admission of 
redox marker ions resulting in a current 
decrease.  

Protein targets specific to aptamer 
LC-18	were	harvested	from	blood	plasma	
obtained	 from	 lung	 cancer	 (LC)	 patients.	
More	 specifically,	 the	 samples	 were	 pre-
incubated	 with	 masking	 DNA	 to	 prevent	
non-specific	 binding	 prior	 to	 incubation	
with	 5’-biotinylated	 aptamer	 conjugated	
with	 streptavidin	 coated	 MagneSphere	
Paramagnetic	Particles.	Thereafter,	protein	
targets	that	bound	with	the	MagneSpheres	
particles	 were	 pulled	 onto	 the	 wall	 of	
the	 tube,	 the	 liquid	 was	 discarded	 as	 it	
contained	among	other	things,	non-bound	
proteins,	and	then	a	solution	of	urea	was	
added to the MagneSpheres to dissociate 

the	 proteins	 from	 the	 aptamers.	 Finally,	
collected	 blood	 plasma	 proteins	 from	 LC	
patients	 were	 washed	 with	 Dulbecco’s	
phosphate-buffered	 saline	 (DPBS)	 and	
concentrated	by	30	kDa	cut-off	filters,	and	
the	concentration	was	measured	with	the	
NanoDrop

The	 detection	 limit	 of	 lung	
cancer	 purified	 proteins	 obtained	 
with	 LC-18	 based	 aptasensor	 is	 
0.23×10-2	 ng/µl.	 Adding	 IH-SAB	 4C-
8C	 increased	 the	 detection	 limit	 by	
102	 times	 in	 the	 linear	 range	 between 
	0.23×10-1	ng/µl	to	0.23×10-4	ng/µl.	

This	work	was	supported	by	Ministry	
of	 Education	 and	 Science	 of	 Russian	
Federation	 Federal	 Target	 Program	 #	
14.604.21.0105	(RFMEFI60414X0105).
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Magnetomechanical cell disruption 
using	 nano	 and	 microsized	 structures	 is	
a	 promising	 biomedical	 technology	 using	
for noninvasive elimination of diseased 
cells.	 It	 applies	 alternating	magnetic	 field	
for ferromagnetic microdiscs making 
them	oscillate		and	causing	cell	membrane	
disruption	 with	 following	 cell	 death	 by	
apoptosis.	 In	 this	work,	we	 functionalized	
the	magnetic	microdiscs	 (Au-Ni-Au	μMDs)	
with	cell	binding	DNA	aptamers	and	guided	
the	 microdiscs	 to	 recognize	 cancerous	
cells	in	a	mouse	tumor	in	vivo.	The	μMDs	
were	produced	by	stamp	nanolithography.	
Quality	 and	 dimensions	 of	 μMDs	 were	
characterized	 with	 electron	 microscopy	
(EM),	 atomic	 force	 microscopy	 (AFM)	
and	 magnetic	 probe	 force	 microscopy	
(MPFM).	 The	 μMDs	 show	 valuable	
properties	 such	 as	 high	magnetization	of	
saturation,	absence	of	residual	magnetism	
due	 to	 spin	 vortex	 formation,	 intrinsic	
spin	 resonance	 at	 low	 frequencies,	 and	
capability	 of	 modifying	 with	 chemical	
ligands.	Alternative	magnetic	field	of	small	
amplitude	causes	oscillation	of	μMDs	and	
magneto-mechanical	 perturbation	 of	 cell	
membrane	 and	 following	 cell	 death	 by	
apoptosis.	 Specificity	 of	 μMDs	 to	 cancer	
cells	 was	 tuned	 by	 attaching	 aptamer	
clones	AS-9	and	AS-14	to	the	gold	surface	
on	 the	 disks.	 To	 confirm	 the	 antitumor	
effect	of	 aptamer-modified	μMDs	 in	 vivo.	
Seven days later tumor transplantation 
in	 mice,	 aptamer-modified	 μMDs	 were	
injected	 intratumorally.	 Only	 10	 minutes	

of	the	treatment	with	a	100Hz	alternating	
magnetic	 field	 was	 enough	 to	 eliminate	
individual cancer cells from a malignant 
tumor	leaving	non-cancer	cells	intact.	Our	
results demonstrate a good perspective 
of	 using	 of	 aptamer-modified	 magnetic	
microdiscs	 for	 non-invasive	microsurgery	
for tumors at a single cell level. 

This	 work	 was	 supported	 by	 the	
Russian	 Scientific	 Fund	 (grant	 #14-15-
00805).

Figure 1. (A) Electron microscopy of ascites cells 
AS-9 modified μMDs (B) μMDs functionalized 
by DNA aptamers orients along the magnetic 
field vector (H) resulting in forces (F) which 
mechanically damage cell membrane. (C) AFM 
and MFM images (from left to right) of a single 
μMDs in constant magnetic field of 0.5 T parallel 
to the disc’s plane.
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