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2PL-A-1
CHIRAL SPINTRONICS
Parkin S.S.P
Max Planck Institute of Microstructure Physics, Halle (Saale), Germany
stuart.parkin@mphalle.mpg.de
Spintronics is a field of r es a®@novahmatehats withh ar n

exotic properties and devices especially those for storing digital data that is the lifeblood of many of
the most valuable companies today. Spintronics has already had two major technological successes
with the invention and apphtion of spirvalve magnetic field sensors that allowed for more than a
thousanefold increase in the storage capacity of magnetic disk drives that store ~70% of all digital
data today. Just recently, after almost ay2&r exploration and development peki a high
performance nonvolatile Magnetic Random Access Memory, that uses magnetic tunnel junction
memory elements, became commercially available. A novel spintronics mstoogge technology,
Magnetic Racetrack Memory is on track to become the thijdrreaccess of spintronics. Racetrack
Memory is a novel, nomolatile memory in which data is encoded in mobile chiral domain walls that

are moved at high speeds by current induced-aytiit torques to and thro along synthetic
antiferromagnetic racetrack€hiral domain walls are just one member of an-exganding family

of nanascopic chiral spin textures that are of great interest from both a fundamental as well as a
technological perspective. A zoology of complex spin textures have been discovereémh@@anti
skyrmions, elliptical Bloch skyrmions, twdi me nsi on al N®e | Sskyrmion:c
skyrmions. Finally, I will discuss some of our recent work in superconducting spintronics that could
lead to a very low energgonsuming cryogenic racaeck memory that is needed for advanced
guantum computing systems.
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ULTRAFAST OPTO-MAGNONICS
IN THE CENTER AND AT THE EDGE OF THE BRILLOUIN ZONE
Kalashnikova A.M.
loffe Institute, St. Petersburg, Russia
kalashnikova@mail.ioffe.ru

Magnonics studies generation, propagation, control, and detection of spin waves, as well as the
corresponding media and structures for efficient spin wave transducers, waveguides etc. Magnon
wavelengths range from tens of migsoto nanometers, while their frequencies range from ¢pga
terahertz, and their propagation can proceed without accompanying Joule losses. Therefore,
magnonics is considered as a promising direction for development of a component base for fast,
miniature and energgfficient information processing deviddg. However, magnonics faces several
challenges, including fundamental ones. Among them are the problem of generating waves with large
wave vectors and frequencies, the problem of controlling thepagation, and the problem of
compatibility of magnonic elements with components of electronics or photonics.

In this talk, we show how femtosecond laser pulses can facilitate development of magnonics by
tackling some of these challenges. We present a twirfview of femtomagnetic phenomena [2]
leading to the generation of spin waves, discuss limitations for their frequencies and wavevectors [3],
and show how features of the interaction of short laser pulses with magnetic materials can be used to
control he properties of spin waves [4].

Specifically, we consider las@rduced generation of magnetostatic waves in anisotropic magnetic
metals [35] - spin waves near the centre of the Brillouin zone, which are already used in magnonics
as information carriersWe also suggest implementation of a tuneable source of magnetostatic
packets [6] and of waves with unidirectional propagation [7].

We also consider the laseiduced excitation of coherent twoagnon modes characterized with
highest possiblevavevectors and frequencies at the edge of the Brillouin zone. We analyse how such
excitation is related to the ultrafast control of the exchange interaction [8,9]. We show in particular
that such spin dynamics, although not manifested as macroscopictiragme dynamics, can be
detected optically. This raises an interesting question on the possibility of using such spin excitations
at the edge of the Brillouin zone for ultrafast information processing.

Author is extremely grateful to the members of Eieeroics Physics Laboratory at loffe Institute for
fruitful collaboration. Support by RFBR grant No.-22-12065 is acknowledged.

[1] A. Barman et al.J. Phys.: Condens. Matte33 (2021) 413001.
[2] N. E. Khokhlov et al.Tech. Phys. Lef{t67 (2022) 235.

[3] N. E. Khokhlov et al.Phys. Rev. Appl12(2019) 044044.

[4] la. A. Filatov et al. Appl. Phys. Letf120(2022) 112404.

[5] L. A. Shelukhin et al.Phys. Rev. Appl14(2020) 034061.

[6] N. E. Khokhlov et al.J. Magn. Magn. Mater534(2021) 168018.
[7] P. I. Gerevenkov et alPhys. Rev. Appl19 (2023) 024062.

[8] A. E. Fedianin et alPhys, Rev Appl107(2023) 144430.

[9] F. Formisano et al., arXiv:2303.06996.
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SPIN-TO-CHARGE CONVERSION IN Ag/Bi BILAYER REVISITED
Jin X.
Fudan university, Shanghai, China
xfiin@fudan.edu.cn

The spinto-charge conversion of the Ag/Bi interface is studied in a deviediioh a spin current
can be injected from either side selectively. The charge voltages generated by the two
counterpropagating spin currents show opposite signs, that is consistent with the inverse spin Hall
effect rather than the well accepted inverse hRa&ldestein effect in the Ag/Bi bilayer.
Femtosecond laser is further employed to generate thecspientinduced terahertz signal in a
Ag/Bi bilayer, which shows no evidence for the inverse Raglibastein effect, either. This work
provides a cleacut method to identify the spito-charge mechanism in a Rashba electronic state and
delivers new understanding for the relevant gpansport phenomena.

10
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CHIRAL MAGNETS WITH DZYALOSHINSKII -MORIYA INTERACTION
Laliena \/, Campo?J.
! Department of Applied Mathematics, University of Zaragoza, Zaragoza, Spain
2 Aragon Nanoscience and Materials Institute (GSIiGiversity of Zaragoza) and Condensed
Matter Physics Department, University of Zaragoza, Zaragoza, Spain
Javier.Campo@ocsic.es

Chiral magnets are very promising building blocks to design new spintronic devices since they can
host magnetic textures protected by topology that can be controlled by magnetic fields or electric
currents, which made of them excellent candidates for ageeeration of a smart and more efficient
spintronics. On the other hand, besides the applications to spintronics, chiral magnets are interesting
from a fundamental point of view because the chiral symmetry, and its breaking and restoration, are
ubiquitous phenomena appearing virtually in any domain of science, from particle physics to
astrophysics, and including chemistry, biology, and geology.

The DzyaloshinskiMoriya (DM) interaction, present in nerentrosymmetric magnetic materials,
often originatescanted or helimagnetic structures depending on the DM vector (~Dij) and the
dimensionality of the interactions. In helical monoaxial magnets, for which the strong magnetic
anisotropies fix the helical axis along an unique crystallographic axis, seagaketit structures
(chiral soliton lattices, helical, conical) can appear depending on the orientation of the applied
magnetic field respect to the helical axis. In cubic DM magnets also skyrmionics phases have been
found.

Here we will summarize severadsults obtained by our research group concerning the phase
diagram of the monoaxial chiral helimagnet as a function of temperature T and magnetic field with
components perpendicular (Hx) and parallel (Hz) to the chiral axis. Also, the stability oftiméosky
textures and the role of the thermal fluctuations in cubic helimagnets has been theoretically
investigated by our group-phased smischihotw dxhiagt
metastable, state at low temperatures. We also predicteal that e w spthaatsee o()A,B di f f e
the typical hexagonal skyrmionic phase, might emerge in the low temperature region of the phase
diagram.

This talk also will show that chiral solitons in monoaxial helimagnets can be stabilized with external
magneticfields. Once created, the soliton moves steadily in response to a polarized electric current,
provided the induced spimansfer torque has a dissipative (nonadiabatic) component. We show that
using spinpolarized currents chiral solitons in the chiraliten lattice can be pushed against each
other and it is possible to annihilate the solitonsloyiene in a controlled way.

Finally, we will talk about our recent results concerning magnonics. It is a subject of much interest
in recent years since it aspromising field that could transform the design of devices for information
technology by replacing electric currents by spin waves as information carriers. Focusing on the
isolated solitons of monoaxial helimagnets, it is shown that the spin waveseatdteflected and
transmitted) by the soliton suffer a lateral displacement analogous to theHBoosc hen ef f e
optics.

[1] V. Laliena, J. Campoy. KousakaPhys. Rev. B5 (2017) 224410.
[2] V. Laliena, J. Campd?hys. Rev. B96 (2017) 134420.

[3] V. Laliena, G. Albalate, J. CampBhys. Rev. P38 (2018) 224407.
[4] V. Laliena, S. Bustingorry, J. Camp8g¢i. Rep.10(2020) 20430.
[5] V. Laliena, J. Campdidv. Electron. Mater8(3) (2021) 2100782.
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MAGNETIZATION DYNAMICS IN Co/IrMn AND Co/FeMn STRUCTURES
Dzhun I.G, Chechenin N*&
1 SINPLomonosov Moscow State Universityloscow, Russia
2 Faculty of Physicd,omonosov Moscow State Universityloscow, Rusa
nchechenin@yandex.ru

Exchangebiased ferromagnet (F)/antiferromagnet (AF) structures are of great interest due to their
application in spintronic devices such as spin diodes based on the giant magnetic resistance effect. In
the past few years, due the discovery of the spin Hall effect in metallic AFs and spin transfer in
some AFs, studies of the dynamics of magnetization iddyer F/AF structures have again aroused
interest. Hear, the temperature dependence of the ferromagnetic resonanddthlirzewsl the
resonance field in twdayer Co/FeMn and Co/IrMn structures with an exchange bias have been
studied. We present the results of studying the dynamics of magnetization by the ferromagnetic
resonance (FMR) method in these binary structures Than rfeatures of the dynamics of
magnetization in F/AF samples at low temperatures are a decrease in the resonance field and a
broadening of the FMR line, which characterizes the damping coefficient of spin precession.

It is shown that the free-Rayer is haracterized by a slight decrease in the resonance field by 25 Oe
as the temperature decreases from 300 K to 115 K. At room temperature, the Co/IrMn and Co/FeMn
samples are characterized by higher resonance fields than the free layer. As the temperedisesde
a sharp decrease in the resonance field is observed in the Co/IrMn sample, which is characterized by
an insignificant anisotropy along and perpendicular to the easy magnetisation axis (EMA) of the
sample. In the Co/FeMn sample, a sharply anisar@mperature dependence of the resonant field
is observed: in the direction along the field applied during the deposition of the sample, an
insignificant decrease in the resonant field is observed with decreasing temperature, while in the
antiparallel diection, a significant increase in the resonant field is observed.

It was observed that at room temperature, the width of the FMR line for the Co/IrMn and Co/FeMn
samples is greater than for the free F layer, which may be a manifestatiegative rotational
anisotropy [1]. With decreasing temperature, broadening of the FMR line is observed both for the
free F layer and for the F/AF structures. In contrast to the shift of the resonant field, the broadening
is isotropic over the entire temmagure range studied, except for a temperature of 115 K, at which an
anisotropy of the FMR linewidth is observed for the free Co layer and the Co/FeMn sample, which
is explained in terms of the tamagnon scattering mechanism on structural defects of thgeF
and small domains of the AF layer at the interface between the layers [2], the influence of which
becomes more significant at low temperatures due to a decrease in surface anisotropy [3].

The temperature dependence of the magnetization dynamius fsée layer is described in terms
of the slow relaxation process [4], while the additional contribution to the broadening of the FMR
line and the shift of the resonant field for F/AF structures with decreasing temperature is caused by a
combination of mehanisms for the inclusion of small grains and the mosaic structure of the AF
structure.

[ 1] R. L-SuafRnd alleAppl.dkys123(2018) 043901.

[ 2] R. A. Gal | a4SubezP. LBnddras). Appl.Bhyss1@W(2016) 223904.
[B8] M. Déaz de J Magh .wMagsn. Mattei316 (RP007) e46Pe465.

[4] V. L. Safonov and H. N. Bertrand, Appl. Phys 94 (2003) 529538.
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DEVELOPMENT OF AMORPHOUS MICROWIRWS WITH GRADED

MAGNETIC ANISOTROPY
Zhukov A23% Corteeon P2 Blanco J.#.Ipatov M2 Zhukova V2
! Dept.Polym. Adv. Mater., Univ. Basque Country, UPV/EHU, San Sebastian, Spain
2 Dept. Appl. Phys., EIG, Univ. Basque Country, UPV/EHU, San Sebastian, Spain
3 EHU Quantum Center, University of Basque Country, UPV/EHU, Spain
4|KERBASQUE, Basqué&oundation for Science, Bilbao, Spain
arkadi.joukov@ehu.es

Soft magnetic materials are demanded for numerous applicati@s\lagnetic softness is main
interest for such applications, however the combination of mechanical properties (ductility, high
tensile strength, elastic moduli, hardness...), corrosion resistance and size reduction are other
important characteristics for indial applications [2]Studies of magnetic wires have attracted great
interest owing to outstanding magnetic properties, like the giant magnetoimpedance (GMI) or the
magnetic bistability and related single domain wall (DW) propagation. These propeakegham
quite attractive for a number of technological applications [A2jmportant advantage of the glass
coated magnetic microwires prepared using the Taylibovsky technology is that the wire diameter
can be significantly reduced (an order odgnitude). Another advantages of such microwires are
better corrosion resistance and mechanical properties. Therefore, such microwires are suitable for
emerging applications including biomedicine, raestructive control of external stimuli (stress,
tempeature) in smart composites, magnetic memories and logics, magnetic and magnetoelastic
sensors or electronic surveillance [2,3].

Recently we observed that, the hysteresis loopschenicrowires are substantially affected by the
stressannealing conditiongtemperature or stress). In €ch microwires even conventional
annealing at different temperatures produce similar modification of the hysteresis loops [2].
Therefore, we proposed simple method to prepare -glzaed microwires with graded magnetic
anisotropy by annealing at variable temperature P2gviously, graded magnetic anisotropy was
obtained by rather sophisticated method involving modification of the chemical composition during
the sample preparation [4]. Magnetic materials with a graded etiaganisotropy presenting
controllable spatial distribution of the magnetic anisotropy can show unusual magnetic properties,
like controllable nucleation or pinning of domain walls [2,5].

We have studied the magnetic properties and domain wall dynami€erioh and Cerich
microwires subjected to streagnealing. For the wires stremsnealled at variable temperatures we
obtained a graded magnetic behavior with local hysteresis loops shapes and properties (coercivity,
remanent magnetization) changifdgray the sample length. In the samples subjected to local-stress
annealing we created an artificial source of DW injection allowing the manipulation of the DW
dynamics. The observed strasduced anisotropy could be related to the internal stressesti@taxa
after annealing and thsetreteepbagrobeacaompt es st
internal stresses

[1] K. Mohri et.al,IEEE Trans.Magn Mag-26 (1990) 17891781.

[2] A. Zhukov et.al.J. Phys. DAppl. Phys. 55 (2022)253003

[3] M.H. Phan, H.X. Pendrogr. Mater. Sci.53(2008)323420.

[4] C.L. Zha et.al.]J. Appl. Phys. Lett97 (2010) 182504.

[5] R. Skomski, T.A. George, D.J. Sellmyér,Appl. Phys103(2008) 07F531.
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MAGNETIZATION PROCESSES AND MAGNETOIMPEDANCE IN LOW -

CURIE TEMPERATURE MICROWIRES
Panina L.\*2 AlamJ?, Yudanov N.ANemirovich'MMorchenko A, TKostishin V.G
! NationalUniversity of Science and TechnologyISISo, Moscow, Russia
2lmmanuel Kant Baltic Federal University, Kaliningrad, Rassi
drlpanina@gmail.com

Amorphous ferromagnetic microwires have gained significant attentidhdimmpotential in sensor
development. This paper explores the utilization of microwires with low Curie temper&iz#48- (

70 3 ) as temperature sensors and investigates two fundamental effects:rbargeneration of
higher frequacy harmonics of the voltage pulse induced duringmagnetization and
magnetoimpedance (Ml)

In many sensing applications, temperature stability is crucial, necessitating the use of materials with
high Curie temperatures. However, for ambient temperaneasurements, Iof.materials are
desired. Microwires composed of amorphous Cb&sed alloys with higher additions of Cr or Ni
exhibit reducedr. values, which can be further modified through annealing treatments.TNear
magnetic properties such as saturation magnetization, magnetostriction, and anisotropy undergo
significant variations, leading to modifications in magnetization reversal and Misapproached

This study focuses on microwires with two comnifioss: Co7.4F&Bi2.26Si228\iaz 08 and
C0sa.8d-63.9B10.5Si12CroMo0o.0s, Which possesdifferent easy anisotropy. The microwires of the first
composition exhibiaxial easyanisotropy due to positive magnetostrictiBnchanisotropy is crucial
for achieving fast renagnetizationyhich occurseven neaf’.. The voltage signal generated during
re-magnetization contains higher harmonics of the excitation frequemcly, theeir amplitudes
decrease significantly & is approached. Utilizing loek techniques, higfrequency signals can
be detected with excellent sensitivity, enabling the development of miniature and wireless sensing
elements.The axial anisotopy also facilitates temperatudependent MI, although observing a
monotonic drop in impedance with increasing temperature towRrdsquires relatively high
frequencies in the range of hundreds of megahlertontrast, microwires of the s@wd composition
possess negativmagnetostrictionand circumferential easy anisotropy. In this case, achieving
substantial changes in impedance with temperature necess#iaigs dc bias field, as the transverse
permeability is small at zeffeelds for any temperature

Precise control over the compositional adjustmerft. afithin a narrow range is challenging but
can be achieved through annealing, leading to microscopic atoraicarggements. Typicallyl,.
variations are less than 10%, but in absolute values, they can be withk dégrees, which is
sufficient b meet specific requirements for tbensideredemperature range

Overall, this research demonstrates the potential ofTiawicrowires as temperature sensors by
analyzing higher harmonics generation and magnetoimped&ac®.. Thestudy provides insights
into the unique magnetic properties of different microwire compositions and their suitability for
specific sensing applications

Supportbyc Pr i or ity 202822@43)( proj ect K6
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MAGNETIC STATES IN QUASI-TWO-DIMENSIONAL Fe/Ti(S,Se}

INTERCALATION SYSTEMS
Baranov N.V2 Selezneva N,\Bherokalova E.M.
1 M.N. Mikheev Institute of Metal Physics UB of RA%ekaterinburg Russia
2 Ural Federal Universityy ekaterinburg Russia
baranov@imp.uran.ru

In transition metalT) dichalcogenide3X. (X = chalcogen) with a layered crystal structure of the
NiAs-type, the metal layers are sandwiched betweeriliell layers of chalcogerlThe weak van
der Waalstype (vdW) bonds between th@ Ti X hexagonal packed thayers K = chalcogen]T =
transition netal of IV-VI groups) in dichalcogeniddsX; makes it possible to exfoliate such structures
and obtain grapheri&e two-dimensional systems, but also allows intercalation of other atoms or
molecules into the soalled vdW gap betweeXi Ti X sandwiches, thaigenerating a wide class of
new materials with unique physical properties which have the potential for practical applitations
the case of intercalation with dchnsition metal (M) atoms having magnetic moments, structures
with alternating layers of ngaetic and nommagnetic atoms can be obtained. The magnetic properties
of the MxTX. intercalated compounds are controlled by combination of reduced dimensionality,
ordering effects, magnetocrystalline anisotropy, and exchange interactions of differentTiyee
MxTX. compounds demonstrate a rich variety of magnetic stspasglass, clusteglass magnetic
states and thredimensional longange magnetic orderings of various types are observed depending
on the kind and concentration of intercalatédtons, and on the type of tieX matrix. Thus, spin
cluster glass state, antiferromagnetic (AFM) and ferrimagnetic orderings are found to exist in the
FeTiS: system at various Fe concentrations [1].

Comprehensive studies by usingray and neutrondiffraction, the measurements of the
magnetization in steady and pulsed magnetic fields and magnetoresistance have been performed for
the titanium dichalcogenides ;HéSziySg intercalated with iron in order to reveal how the changes
in the Fe content anéplacement of sulfur by selenium affect the magnetic state of these compounds.
Sulfur-rich FeTiSzySe compounds with the Fe concentratior?s0.25, except for compounds with
x = 0.33, behave at low temperatures as antiferromagnets (AFMs), exhibitifjspransitions to
a metastable ferromagnetic (FM) state. ThesE8S, compound exhibits the magnetization and
magnetoresistance behaviors typical of cluster glass due to the formation of a triangular network of
Fe atoms located betweeRrTES tri-layers and frustrations of exchange interactions of different
signs. An increase in the selenium content in antiferromagnetic (AF) compou@isSzgSe leads
to the change from the spilip to spinflop type transitions and a near tenfold increaseerctitical
transition field is ascribed to decrease in the energy of the magnetocrystalline anisotropy owing to
the crystal lattice expansion caused by substitution. The formation of a metastabiedfieled FM
state FexsTiS; and FesTiSz;ySe compoums f < 0.5) is accompanied by a large remnant
magnetoresistance; and the irreversibility of the AFM transition in these compounds is confirmed
by neutron diffraction measurements [2]. Along with the Ising character of Fe ions, magnetoelastic
interactions can be responsible for the formation of the metastableitfigleted highcoercive FM
state in FgTiSzySe.

This work was supported by tiRissian Science Foundation (Grant Nel3200158).

[1] N.V. Baranovet al.,Phys. Rev. BL00(2019)024430.
[2] N.V. Seleznevat al.,Phys. Rev Material§ (2023) 014401.
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INTRINSIC MAGNETIC TOPOLOGICAL INSULATORS OF THE M nBi:Tes

FAMILY
Otrokov M.M?
1Centro de F2sicaP@)DondstisSamni SledbastCBM, Spa
2 [KERBASQUE, Basque Foundation for Science, Bilbao, Spain
mikhail.otrokov@gmail.com

Magnetic topological insulators (MTIs) are narrow gap semiconductor materiat®thline non
trivial band topology and magnetic order. ThHayst a number of exotighenomena havingotential
applications. Previously, MTIs were only created by means of doping nonmagneticchilasBi:-
xShx)2Tez with Cr or V atoms, however such an apach leads to strongly inhomogeneous magnetic
and electronic properties of these materials, restricting the observation of important effects to very
low temperatures. Recentlg, stoichiometriccompound MnBiTes was theoretically predicted and
then expementally confirmed to be the first intrinsic antiferromagnetic TI (AFMT]1

Thediscoveryof MnBi>Tes opens a new field that focuses on intrinsically magnetic stoichiometric
compounds: several MnBHies-derived MTIs were synthesized right away [5,6lcls as
(MnBi2Tey) rBizTes), MnBi2 1 SbTes, (MNSkhTes) N{SkyTez), Mn2(Bi,SbyTes, and MnBSe,, that
will also be discussed in the talk. As a result, MiiBi has been predicted tme a platform for
realizing highorder topological insulator and superconductor states, Weyl semimetal phase,
skyrmions, quantized magnetoeletric coupling, and Majorana fermibmeover,MnBi.Tes-based
systemsare predicted and/or observed to show 1ffedent types of Hall effect, some of them are
fundamentally new, such as the layer Hall effect [l{]. MnBi.Tes/hBN van der Waals
heterostructures stack oh MnBi2Tes films with C = 1 intercalated by hBN monolayers gives rise
to a high Chern number stacharacterized b = n chiral ed@ modes [8], this numbdreingas
large as allowed bghe van der Waals heterostructures growth technology

Concerning current challenges of this field, we will discuss in detail the issue of the Dirac point gap
in the MnBi>Tes topological surface state that caused a lot of controvéxdyg][ While the early
experimental measurements reported on large Dirac point gapsgreement with ab initio
calculationsa number ofurther studies claimed to observe a gapless dispersion of the ViaBi
Dirac cone. A number of possible theoretical explanations of this unexpected behavior have been put
forward which we will discuss in the context of the available experimental data.

[1] M.M. Otrokov et al. Nature 576(2019)416.

[2] M.M. Otrokov et al, Phys. Rev. Lett122(2019)107202.
[3] Y. Deng et al.Science367(2020)895.

[4] C. Liu et al, Nature Mater, 19 (2020) 522

[5] I.I. Klimovskikh et al, npj Quantum Mater5 (2020) 54
[6] H. Deng et al.Nature Phys.17 (2021) 36

[7] A. Gao et al.Naturg 595(2021) 521

[8] M. Bosnar et a).npj 2D Mater. Appl 7 (2023) 33

[9] Y. Hao et al, Phys.Rev. X9(2019)041038.

[10] M. Garnica et a).npj QuanturmMater., 7 (2022) 7.
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DISORDER IN MAGNETIC TOPOLOGICAL INSULATORS
ErnstA.'?
1 Johannes Kepler University, Linz, Austria
2 Max Planck Institute of microstructure physics, Halle, Germany
Arthur.Ernst@jku.at

It is a well known fact that a magnetic field can break the time reversal symmetry and therewith
can destroy a topologically protected surface state in topological tmsulaelowever, the interplay
between magnetism and topological order can yield a number of intergétergpmena such as the
guantum anomalous Hall effect, a topological magedtotric effect, and quantised Keor Faraday
rotation. This motivates rearcher for a search of new magnetic topological insulators and for an

intensive study on their electronic and magnetic properties. my t al k, I 61 1 gi Ve
first-principles investigations on this class of materials focusing on the impdistorder effects. In
the first part, I 61 | present a method and appg

several examples of magnetic topological insulators, studied in our group within the last three years.
First of a bpolopgical iasulatorsddopedc witls magnetic impurities, which can imply
various magnetic order imese materials. A special attention will be devoted to the exchange
interaction between magnetic impurities and to the impact of elestemmon interaction othe

el ectronic structure in some doped topol ogica
or impurities without magnetic moments can induce magnetism in topological insulators and discuss
the main features of magnetic interactions in thestesys.
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TEMPERATURE -RESOLVED SPIN-PUMPING IN MnBi 2TedNiFe
HETEROSTRUCTURES
Pakhomov A5 Yurlov V.\}, Skirdkov P.N, Chernov A,1Zvezdin K.X.
'ANew Spintronic MosoewRussihogi eso LLC,
2 Moscow Institute of Physics and TechnoloBwlgoprudny, Russia
3 ProkhorovGeneralPhysicsinstituteRAS, Moscow,Russia
a.pakhomov@nst.tech

Strongspin-orbit coupling makes topological insulators (Tig)bevery attractive and promising
material for use in future spintronic devices. One of such materials is the recently discovered
topological insulator MnBiTes, which demonstratesantiferromagnetic properties at low
temperatures.

In this work, weperformed cryogenic FMR experimentstudy the heterostructuresomposed by
theMnBi>Tes and thin film ofpermalloy. The permalloy thickness was 20 nm and 1Canaithe TI
thicknesswas10 nm, which corresponds to 7 SL (septuple layer). The Gilbertidgnopnstant of
thesesamples was studied at different temperatures. Anomalous behavior of the damping parameter
was investigated. At temperatures about 70 ¥, . ,
anomalous peak was observadd associated with oouf .
magnetization reorientation and amplified with oo
effective spinpumping from NiFe to Thand effective "™[ *°
Gilbert damping constant is 3 times higher than i .t .
pristine NiFe films [1]. In addition, the voltage of the ool s’
inverse spin Hall effecfiSHE) was measured for the oosf—
same sampfeat the same temperatures, butat | ..
frequency of 6 GHz. Anomalous behavior has bee =™ TN
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detected. The Gilbert damping parameter has Zf
maximum value at ~70K while the ISHE voltage has Z:|
minimum at the same temperature, and at ~140 Kt .| .-,
Gilbert damping has a minimum and the voltage has 0
maximum. Such behavior was observed in botl. femperatize. &
heterostructures. We associate such behavior witigurel. Temperature dependence of
anomalous Nernst effect, which adds another voltagelfd1E voltage and Gilbert dampir
the measured ISHE voltage. constant for

MnBi2Tes(10 nm)/NiFe(20 nm)
Support b y22-12RMBG7 is ~ gratefully and MnBiTes(10 nm)/NiFe(10 nm).
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[1] Y. Zhao, Q. Song, S.H. Yang et &gi. Rep.6 (2016)22890.
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NONLINEAR OPTICAL PROPERTIES OF MAGNETIC NANOFLUIDS
Figueiredo Neto A.M.
University of S«o Paul o, I nstitute of
afigueiredo@if.usp.br

Magnetic colloids are an interesting class of materiailsviestigate nonlinear optical properties of
nanoparticles. The external magnetic field can be employed to orient single particles and impose the
formation of different types of aggregates, from linear chains to bundles. In these conditions, the
electric field (e.g., from light) can be oriented parallelly and perpendicularly to the external magnetic
field, to investigate anisotropies on the nonlinear response of the particles alone or in clusters. One of
these parameters is the fiumter hyperpolarizabilt (b+), which is present in the energy (U) of a
dipole (PNin the presence of an external electric fielg(B=Uo-P Ei-U;EiEj-brijk EiE;Ex. Assuming,
now, an ensemble of dipoles in the magnetic colloid, the-tiridr electricsusceptibility ¢®) is
present in the expression of the electric polarizationsIE+26PEE+XZ®)|EF. The firstorder
hyperpolarizabilityb of magnetite nanoparticles in colloidal dispersion was measured in the presence
and absence of an external matic field of magnitude H = 800 G. For that, the (linear) attenuation
spectrum was measured, and the nonlinear properties were obtained through tHealkigieh
scattering technique. The attenuation spectrum is the same, regardless of the exteriial freltne
indicating that large aggregates of nanoparticles were not formed on our system. Tdreldirst
hyperpolarizability, on the other hand, increased when the incidentbeasr polarization was
parallel to the magnetic field, and decreased wherdirections were orthogonal. This is due to the
alignment of the crystallographic planes of the material when nanoparticles rotate, in order to align
their individual magnetic momentum with respect to the external field. For the parallel case,
b =9.8(2) 1%cmP/esu, while for the perpendicular configuratiobge= 8 . 1 (“Zfchrledu0
Defining the x axis of the particle reference frame parallel to thé1 crystallographic direction,

which corresponds to the direction of easy magnetizabigrsbrxxx, andbr= corresponds to an
average fronbuyyy, andbuzzz. The Real and Imaginary partsa® of magnetite nanoparticles were
also measured by using, now, thé&Zan technique. The nonlinear index of refraction and absorption
are of the order ofl 4 T 4cO?W and 1.5 cm/GW, respectively. An anisotropy was also observed
in thec® measurements, as observed in the measuremelis of

Support by FAPESP, CNPq, CAPES, INCbmplex Fluids.
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DYNAMIC SUSCEPTIBILITY AND MAGNETIC HYPERTHERMIA IN A
SYSTEM OF INTERACTING FERROPARTICLES
Zubared.Yu

Ural Federal Universityyekaterinburg Russia
A.J.Zubarev@urfu.ru

We present results of theoretical study of effect of magnetic interparticle interaction on dynamic
magnetic  susceptibility and magnetic hyperthermia in systems of -<slogiain
ferromagnetic particles, immobilized in a host medium. These systems can niedebels,
biological tissues with embedded particles, solidified ferrofluids and other similar materials.

Two kinds of the materials are consideiiedhe systems with homogeneous (jke) spatial
distribution of the particles and the ones with thepsast heterogeneous internal structures (dimers,
consisting of two particles). It is supposed that the energy of the internal magnetic anisotropy of the
particles is significantly more than the thermal energy of the sysiémns.is typical, for instant,ofr
the magnetite particles with diameter about and more th&8dm, which can provide significant
response of the system on an alternating magnetic field.

Analysis is based on the solution of the FokR&nck equation for the distribution function
(dengty of probability) of a given orientation of magnetic moments of the interacting ferroparticles.
For the systems with their géike spatial distribution, this equation has been solved in the frames of
the weltknown pair approximation. For the bothcah& r ed systems the equa
been obtained in the frames of mathematically rigorous Kramers method; any intuitive or heuristic
hypothesis have not been used. As a result, simple linear differential equations for the statistically
mean (measable) magnetic moment of the particle have been obtained. Note that these equations
differ from the phenomenological Debye equations, very often used for the analysis of the relaxation
phenomena.

Our results show that increase of the applied magnetic {iddamplitude) decreases the
characteristic time of the Neel remagnetization of the particles. If the field amplitude is small (the
Langevin parameter of the particle interaction with the field is less than one), magnetic interparticle
interaction increses the time of relaxation. For the homogeneous spatial distribution of the magnetite
particles with the diameter 18 nm, this increase is about-20 per cent. For the clusters of the
particles this increase can achievé @rders of magnitude. This mesathat clustered particles will
be excluded from the dynamic response of the systems on the fields oscillating with the period,
comparable with the time of relaxation of the single particleln the opposite case of the strong
external field, this irdraction decreases this relaxation time (about a few tens of per cent for the noted
particles with volume concentration about several per cent). Thus, effect of the inter particle
interaction on the rate of the remagnetization is determined by the ajpgllieaimplitude.

The equilibrium mean magnetic moment of the particle increases due to the interparticle interaction
both for the clustered and homogeneously distributed partiefésct of these factors on the intensity
of the heat production under thecillating magnetic field (magnetic hyperthermia) is discussed.
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INERTIAL FERROFLUID SENSORS:
PHYSICAL AND ENGINEERING ASPECTS
Ivanov A.SSomov S,Aoskov M.A
Il nst iGQantei mdous Medi a Mechanics UB RAS,
l esnichiy@ cmm.ru

Il nertial sensors (1 S) are used in a wide vari
seismographs, vibrationsmeetenrnsdafeegeltrd etchéa.n A sk
of MEMS and capacitive sensors, but their proct
the accuracy is about the same. However, ther
the ferrofluid (Ftfratsesnsonme mhi € had\eaotiashgee o0V
hi gher (by one order of magnitude) sensitivit
of the sensor: the inertial mass (per manent
doetsnexhibit dry friction that wusually coarse
of such devicesthse thaghéeétophooéesbpsdal highestt i cl
field intensity (natudurheal iardtumdv ommadaldl. e Thi cc
the measuring circuit of such sensors is base
negative feedbatcki mppovéi ehse doesation. A | ot
poposed [2] since the first patents were regi:
We propose a new des
inertial seme) orwi (t she et hl
i ngui shing engi nee
first, t he FF ti nfiolulr ts
whol e volume of -itthei s e
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The work was supported by Russ2iahl®C) .ence Fou

[ 1] BrRa.il,eva,gn Maghl 1 Maskr82.78

[ 2] L. Qi,9ens2ax#aAd1L4) 9.

[ 3] A. S. l vanov, M. A. Koskov, RF patent no. 2
[ 4] M. A. Kos kVWevs,t nA,KS .2 @GEAHN. R2\6,
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PVDF-BASED COMPOSITES FOR BIOMEDICAL APPLICATIONS:
COMBINING THE INCREASE D MAGNETOELECTRIC EFFECT AND

BIOCOMPATIBILITY
Omelyanchik"A Antipova V.. Sobole KKolesnikoval \Alekhina Yi).Makarova 1,.Rodionov?y.
Ershov P Levada ERodionova'V.
! Immanuel Kant Baltic Federal University, Kaliningrad, Russia
2 Department of Chemistry and Industi@themistry (DCIC), University of Genova, Genova, Italy
3 Lomonosov Moscow State University, Moscow, Russia
4 Institute of Structure of MatteENR, Rome, Italy
> Amirkhanov Institute of Physics of Dagestan Federal Research Center, Russian Academy of
Sciences, Makhachkala, Russia
vvrodionova@kantiana.ru

Magnetoelectric (ME) effect is concluded in the mutual control of magnetic and electrical properties
of a singe material or composite. The polymeric ME composites are promising classasecoifals
for different applications in biomedicine to due to their mechanical flexibility, ease of fabrication,
and biocompatibility. This work is devoted to th& Bype compases consisted of PVDF or PVDF
TrFE piezopolymersvith included magnetic nanoparticles (MNPSs) [1, 2]. The ME coupling in such
materials is due to the stress induced in the piezopolymeric matrix by the rotation and/or
magnetostatic attraction of the MNPsewha magnetic field is applied. The ME effect in composites
based on the PVDFrFE was highebecaus® f t h e hi g h ephasgconeest.oleelMdllest r i c
were produced by the sgkl autocombustion method which allows producing large amount of
material wth the high magnetic anisotropy and saturation magnetisatioch can be tuned by
chemical composition. In this way, two systems of spinel ferrites MNPs with compositions of
CoFeO4 (CFO) and Zn25Co. 79704 (ZCFO) were synthesized. The effective mdgnanisotropy
constant of CFO MNPs (1.61106 erg/cm3) was hi
while a value of the saturation magnetisation of ~74 emu/gsligigtly higher in ZCFO MNPs. The
resonance field of ME effect was tuned by changimgntlagnetic anisotropy constant. Further steps
to increase the ME effect were tAlignmentof MNPs by polymerisation under magnetic field and
the inclusion of théerroelectricBaTiOs (BTO) particles Alignmentof magnetic particles allowed
increasing ME #ect trough modulating of the magnetostatic dipolar interactions. The inclusion of
BTO patrticles increased the electric polarization of the polymer and lead to a further increase of ME
effect. The highest ME -10®lavhsffdudi thealigneds@rple with 1 8 .
5wt.% of BTO particles and 1&t.% of CFO MNPs. The resulting samples were then tested to be
used as scaffolds to remotely control the electrical microenvironment of the cells and thus control
their fate. Experiments on stem celilitures have shown the possibility of using such materials as a
bioactive surface for differentiation and enhancement of stem cell proliferation.

The work was supported by the Russian Science Foundation N@-3Z1032.

[1] A. Omelyanchik et alNanonaterials, 11(2021) 1154.
[2] K. Sobolev et al.Polymers 14(22)(2022) 4807.
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INFLUENCE OF FIELD AMPLITUDE AND DIPOLAR INTERACTIONS
ON THE DYNAMIC RESPONSE OF IMMOBILIZED MAGNETIC
NANOPARTICLES
Elfimova E.AAmbarov A.\VZvereV.S.

Ural Federal UniversityyekaterinburgRussia
Ekaterina.Elfimova@urfu.ru

The dynamic magnetic properties of an ensemble of interacting immobilized magnetic
nanoparticles with aligned easy axes irapplied ac magnetic field are considered. The nanoparticles
are distributed randomly within an implicit solid matrix, but the easy axes of the particles are aligned
parallelor perpendiculato the ac magnetic field (Fige 1). The system models soft, magically
sensitive composites synthesized from liquid dispersions of the magnetic nanoparticles in a strong

static magnetic field, foll owed by the carri
nanoparticles lose translational degrees of freedibey react to an ac magnetic field via N'eel
rotation, when the particleb6s magneti c moment

Based on a numerical solution of the FokkRéanck equation for the r o b a densltyi of the
magnetic momat orientation, the dynamic magnetization, frequedegendent susceptibility, and
relaxation times of the particleds magnetic
magnetic response is formed under the influence of competing interastimwhsas dipolelipole,
field-dipole, and dipoleeasy axis interactions. The contribution of each interaction to the magnetic
nanoparticlebés dynamic response is analyzed.
predicting the properties of spfhagnetically sensitive composites, which are increasingly used in
high-tech industrial and biomedical technologies.
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Figure 1. Sketch of the sample considered here: a frozen configuration of magnetic nano
positions and easy axis orientations. The dashed black arrows show the easy axis dir
while the solid red arrows represent the magnetic moment orientafithre ac magnetic fiel
H is directed &) parallel or (b) perpendicular to the easy magnetization axes.

Support by the Ministry of Science and Higher Education of the Russian Federation (Ural Federal
University project within the Priority 203rogram) is acknowledged.
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DYNAMICS OF COMPOSITE MAGNETIC FLUID SYSTEMS UNDER THE
INFLUENCE OF A MAGNETIC FIELD
Ryapol® . ,iSokold¥. | Kaluzhnay@A.,Sh el &Edeshov a
Southwest State University, Kursk, Russia
r-piter@yandex.ru

We propose a new technique for creating active bubbles and drops with a nonmagnetic core and a
coating formed by a magnetic fluid [1, 2]. The hydrodynamics of these systems is considered in
various channels under the influence of an inhomogeneous mafieletidViagnetic fluids are a
colloidal solution of magnetic nanoparticles coated with a surfactant, dispersed in a carrier fluid.

The process of formation of active bubbles and drops consists in the introduction ehagnoetic
phase into the magnetia®e, which is held by the inhomogeneous magnetic field of a combined source
that combines a ring magnet and an electromagnet. We have investigated various regimes leading to
various active bubbles and drops, and the influence of the magnetic field ozehspsed and
acceleration of active droplets formed has also been investigated. It is shown that active bubbles
change their trajectory under the action of a constant magnetic field, and also decay under the action
of a pulsed one. This provides a new haeasm for controlling drops and bubbles using a magnetic
field. Unlike the flow focusing method, which is one of the main methods in drip microfluidics, non
magnetic drops and bubbles detach from a levitatingmagnetic volume rather than from a
capillary. In this case, the levitating gas cavity acts as a receiver, making it possible to stabilize the
size of the detached bubbles and increase the range of adjustment, in contrast to the data of [3], in
which the detachment of bubbles in a magnetic flumioed in a uniform magnetic field.

This creates the prerequisites for the development of liquid multilayer capsules controlled by a
magnetic field, which can be concentrated in a certain place and destroyed under impulse action. The
results obtained caretapplied to create drdpased microfluidics systems in which a namform
magnetic field can be used to focus drop and bubble flows in a ferrofluid.

Samples with different physical parameters are considered, and the dependence of the
magnetoviscous effecs studied. It was shown that the microstructure of the sample and the presence
of large magnetic particles have the greatest effect on the dynamics of a magnetic fluid subjected to
vibrationatshear and magnetigscous effects. The results can be usedevelop a method for rapid
testing of magnetic fluid samples and to develop acceleration and vibration sensors using magnetic
fluids.

The microfluidic part of research was supported by the Russian Science Foundation grant No. 22
22-003113 https://rsafu/project/2222-00311/, the magnetoviscous effect has been researched
within the part of the implementation of the Russian Federation State task (N@@BB02035).

[1] E. Sokolovet al.,Fluids, 8(2) (2023.

[2]. P.A.Ryapolov,E.A. Sokolov,E.B. Pognikov, J. Magn. Magn. Matter594 (2022 169067.
[3]. H. Yamasaki et alJ. Magn. Magn. Matte501 (2020 166446.

27



SISM - 2023
20T-A-10

DEFORMATION OF A MAGNETIC FLUID DROPLET
WITH AN IMMERSED MAGNETIZABLE BODY

UNDER UNIFORM MAGNETIC FIELDS
Sogomonyah?!, VinogradoyaS? Sharova O'A.Pelevina D!A.Naletova V.A.
! Faculty of Mechanics and Mathematitsmonosovwloscow StatéJniversity, Moscow, Russia
2 Institute of Mechanicd,omonosowoscow State University, Moscow, Russia
alexandra.vinogradova@imec.msu.ru

The potential of magnetic fluiMF) droplets to be used as miniature reconfigurable soft robots
and actuators for a range of biomedical, microfluidic, aneblab-chip applications has be&ndely
explored e.g.[1-2]. Such robos, capable of controlled movement, can also engulf/transport or
push/manipulate particles. Since position and shape contMFadroplets by the magnetic field
gradient, direction, anthagnitude has been well studied, we focus on combined shape control of a
droplet and position control of an immerdsatly by uniform fields.

The effect ohuniformapplied magnetic field on the deformatioradfiF droplet with an immersed
magnetizable &l is investigated numerically and
compared with experimental data.dropletis placed
on a horizontal planend aball takes its equilibrium
position in the dropleat a certainlevitation height
above the planainder a uniform tilted field (see
Figurel). Spherical shape of the body is chosen fo
ease of calculating due to a known expression for t
magnetic field near the surface of the ball being
magnetized in a uniform applied field, but bodies o
other shapearealso considered in the experiment. In
the noninductive approximation, an analytic
expressions obtained for the force exerted MF on
the body. We develop 8D model to predict the
deformation of the droplet under uniform fields of
different directions and magnitudéghe levitation of
a bdl in a dropletis demonstrateéxperimentally and
theoretically It is shown thatheball levitation height
increases with an increase MF volume magnitude
andtilt angle of the applied fieldt is found that there
are minimum and maximum volunseof MF, and a
minimum field magnitude required for body levitation.
Given these results, we conclude tinetdroplet shape
and theball positioncould be controlled by tuning the
tilt angle and magnitude of the field.

Figurel. Experimental and calculate:
profiles of the MF droplet with an
immersed magnetizable ball under tl

Support by RSF  Grant 20-71-10002P is  icorm field of different directions.

acknowledged.

[1] R. Ahmedetal., Soft Robotics3 (2021)687-698.
[2] L. Yang etal., IEEE/ASME Transactions on Mechatronidg2023) 111.
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AB INITIO INVETIGATION THE PROPERTIES OF MN »-BASED

HEUSLER ALLOYS UNDER EXTERNAL PRESSURE
Buchelnikov V,[3okolovskiy ., Zagrebin M.ABaigutlin D.R.
Chelyabinsk State University, Chelyabinsk, Russia
buche@csu.ru

Half-metallic ferre and ferrimagnetic alloys are the most interesting class of materials, since in
them one spin direction has a metallic behaviour, while the other avessh semiconductor
character. In this regard, electrons with one kind of spin participate in the electron transport properties
and exhibit 100% spin polarization at the Fermi level. This suggests the possibility of creating such
an electronic device, inhich not only the charge, but also the electron spin can play an important
role in signal transmission and, thus, it is free from ohmic dissipa&imong the expected benefits
of spintronics technologies are nwaolatile data storage with high density ahmv power
consumption, fast data transfer, as well as devices based on tunnelling and giant magnetoresistance
[1]. In recent years, MrAbased Heusler alloys are especially attractive due to their interesting half
metallic properties and potentagbplications in the fields of spintronics and spin caloritronics. They
can be used as spin injectors for magnetic rardocess memory and the sypiansfer torque devices
[2]. The interest to Mabased Heusler family is caused by the presence of two Matsoes aligned
ferrimagnetically with the resulting small total magnetization and high Curie temperature. As a result,
the reducing of stray flux and energy compensation can be achieved.

In this work he structural, magnetic, and electronic propertieMe.YSn (Y = Sc, Ti, and V)
Heusler alloys under applied hydrostatic pressure are studied by tharifigples calculationsin
VASP program package J[&nd the GGA PBE exchange correlation approximatioraifd] Monte
Carlo simulationsWe find thatasin case of the SCAN exchange correlation functional [&y8]
magnetic reference states with low and high magnetic moment at the low and high crystal lattice
volume, respectively, can coexist together due to the almost equal energy under applied gressure o
3.4,-2.9 and-3.25 GPa for Mg5cSn, MaTiSn, and MaVSn, correspondingly. The positive/negative
pressure correspond to the uniform lattice contraction/expansion. We show that for all compounds,
the low magnetic state (LMS) is characterized by the alrhaltmetallic behaviour, and it is
maintained against hydrostatic pressure. However, the electronic structure of the high magnetic state
(HMS) takes on a metallic character. For HMS, the magnetic exchange parameters and Curie
temperatures are found to fefficiently larger values as compared to those of LMS.

To identify stable phases at given pressures, the phase diagrams are constructed.

The pressurinduced switching mechanism between almosthmatallic and metallic states with
different magnetizatiois proposed.

This work was supported by thussian Science Foundation and the Government of Chelyabinsk
Region, granNo. 22-12-20032

[1] S.Bhatti et al. Materials Today20 (2017)530.

[2] V.V. Marchenkowet al.,Phys. Metals Metallogr119(2018) 1321.
[3] H. Ebertet al, Rep. Progr. Phys103(2021) 0564414

[4] J.P. Perdewet al, Phys.Rev. Lett.77 (1996) 3865.

[5] V. Buchelnikov efal., Phys.Rev. B59 (1999)1758

[6] J. Suret al, Phys. Rev. Lett115(2015)036402.
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UNDERSTANDING HEUSLER ALLOYS FOR MAGNETOCALORIC

APPLICATIONS USING DIFFRACTION TECHNIQUES
Ari-Gur P, Madiligama.?AKoledov ¥ Shavrov.V
1 western Michigan University, Kalamazoo, MI, USA
2Penn State University DuBois, DuBois, USA
3Kotelnikov IRE RAS, Moscow, Russia
pnina.arigur@wmich.edu

Heusler alloysmay demonstrate uniqueombinations ofproperties such asferromagnetism
(sometimes even when the alloy is made of-m@gnetic elements), antiferromagnetism, and
superconductivity. Theiproperties atically depend on theicrystalline structurg chemical order,
structural phase transformations, and crystallographic texture. A combination of diffraction
techniques is essential for the understanding of their properties and behavior. A major camtobut
the giant magnetocaloric effect is the entropy change during the structural phase transformation from
austenite (typically cubic2;) to a lower symmetry martensite. Its magnitude depends on the structure
and the modulation of theartensite. Heusler alloys studied for the magnetocaloric effect are-of non
stoichiometric composition. The site occupancy determines the chemical order and hence, the
exchange interaction between atoms and, as a result, the magnetic nature of thehphammital
order is studied by a combination ofray and neutron diffraction because the sensitivity of each
technique to different atoms is different.

0.2606 nm, Mn(Ni)-Mn(Mn) ‘ b

Regular In-sites (4b)

50% Mn & ~50% In

o

Regular Mn-sites (4a)

Regular Ni-sites (8c)

10% Mn and ~90%

|
4

0.4255 nm, Mn(Mn)-Mn(Mn)

100% Mn
Mun(In)-Mn(Mn), -~ 0.3009 Nm

Figure 1. Austenitic L2(a= 0.6018nm) of NusMnaaln12 (314K, 4 T). Site occupancies of the v
(green), In (black), and Ni (silver) and the interatomic distances between different crystallo
sites are shown.

Neutron diffraction confirrad the antiferromagnetic phase Heusler alloyNiss dVinaslni2 1. The
crystallographic phase (monoclinitM & 5M martensit¢ is best determined by synchrotron
diffraction, then neutron diffraction reveals an extra peak, (115 magnetic in this case).

Crystallographic texture often results from the processing route usethke the device. In
magnetic materials it affects the direction of the magnetization easy axis in the sample. That will play
an important role in the magnetocaloric effect. Both synchrotron and neutron diffraction techniques
are efficient tools for analyzg the texture and the resulting magnetic anisotropy.

Support byseveralNSF grants,the Department of Energy, Office of Science (Advanced Photon
Source) under Contract DAC02-06CH1137and Los Alamos National Laboratorypperated by
Triad National Secuty, LLC, for the National Nuclear Security Administration of the U.S.
Department of Energy under contract number 89233218NCA0@0dcknowledged.

31


mailto:pnina.ari-gur@wmich.edu

SISM - 2023
20T-B-6

COLLAPSE OF THE INVERSE MAGNETOCALORIC EFFECT IN
HEUSLER ALLOYS IN CYCLIC MAGNETIC FIELDS
Gamzatdv.G., BatdaloA.B., AlievA.M.
Amirkhanov Institute of Physics, DFRC, RAS, Makhachkala, Russia
gamzatov_adler@mail.ru

Despite the fact that the process of creating ssibite magnetic refrigerators is entering the
practical plane, the technology of magnetic cooling has faced many problems that require further
scientific research. It is known that the prgfms of magnetic refrigerating machines created to date
operate at relatively low frequenciesi 20 Hz) [1]. Therefore, the traditional requirements for
magnetocaloric materials (large magnetocaloric effect (MCE), convenient operating temperatures and
high cooling power) are insufficient conditions for identifying suitable materials for magnetic cooling
technology [24]. To them should be added such properties as the independence of the above
parameters from the frequency of change of the magnetic fieldelaas temporal and mechanical
stability under longterm cyclic exposure to a magnetic field.

This paper presents the results of direct measurenignig 0f the MCE in Heusler alloys in cyclic
magnetic fields of 1.2 T (at frequencies 2% Hz) andlL.8 T (at frequencies f=0.2 Hz). It has been
shown that the value of the inverse MCE in Heusler alloys in cyclic magnetic fields depends on a
number of parameters, such as the number of on/off cycles of the magnetic field (frequency of the
cyclic magnetidield), and the rate of temperature scannirigt2In a cyclic magnetic field of 1.8 T
with a frequency of 0.2 Hz, the value of the inverse MCE in theMMisoSni3 alloy depends on the
temperature scan rate. The higher the scanning rate, the higheluthefvihe inverse effect [2, 3].

In cyclic magnetic fields of 1.2 T, as the frequency increases from 1 to 30 Hz in a field of 1.2 T, the
value ofDuag for the Nis7MnsoSmiz sample near d decreases from 0.78 K to 0.35 K, i.e., more than

2 times. Near the agnetostructural phase transition at Hz, the inverse MCE almost does not
appear and does not depend on the temperature scanning rate, i.e. the reverse MCE collapses in cyclic
magnetic fields [4].

The observed effect is explained by irreversible phasesition, induced by a magnetic field, from
a lon-symmetry martensitic phase to a higgmmetry austenitic phase. Moreover, it is observed only
within the temperature hysteresis loop of the magnetostrugtbese transition. Such materials,
despite the@nsiderable MCE values under a single application of the magnetic field, are unpromising
due to a strong change in the magnetocaloric properties in cyclic magnetic fields.

The study was supported by the Russian Science Foundation grant N2-0Q810
(https//rscf.ru/enproject22-19-00610J.

[1] B. Yu et al.,International Journal of Refrigeratiqr33(2010)1029.
[2] A.G. Gamzatov et alAppl. Phys. Lett113(2018)172406.

[3] A.G. Gamzatov et alJ. Mater. Sci 56 (2021) 15397.

[4] A.G. Gamzatov et aldJ. Mater. Sci 58 (2023) 8503
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MAGNETIC PROPERTIES OF Fes(Al, Ga) ALLOYS: AB INITIO STUDY
Matyunina M.VZagrebid.A., SokolovskiyV., Buchelnikov V.D.
Chelyabinsk State University, Chelyabinsk, Russia
miczag@mail.ru

Intermetallic Febased phases have attracted a lot of attention owing to their unusual mechanical,
electrical and magnetic propertigd. Fe-Al alloys are welknown materials that exhiba good
oxidation and sulfidation resistance, excellent resistance to abrasive wear and erosion, high strength,
relatively low density and high magnetic permeabiliy The FeGa alloys are successful
magnetostrictive materials, which demonstrated twkpea of s at ur at i emnandma g n e
make it possible to consider these materials as an alternative tonhggietostriction rarearth
magnetg1,2]. After the discovery of giant magnetostriction inrGa alloys in the early 2000s other
Febased athys particular FAl have been investigated in more detail. Compared with pure Fe, the
tetragonal noadfthese aloyd incieasds fivefold as-the Al confghtNevertheless,

t h eo1 vaues for FeAl are smaller compared to the-Ba systemThe magnetic properties and
phase diagram of Hg&aAl) [1, 2] alloys have been studied by many investigators, however despite
20 years of efforts, the reasons for the formation of giant magnetostriction, for exampleGan Fe
alloys, remain nofully understood and explainelt this work, magnetic properties are studied using
various approaches and exchawgerelation functionals in the framework of the density functional
theory.

To perform ab initio calculations, the projected
augmented waveand KorringaKohn-Rostoke(KKR)
methods implemented in the VA$8 and SPRKKR [4] |
codes were employedrFor the exchangeorrelation 15-
functional, the generalized gradient approximation
(GGA) in the scheme of Perdew, Burke, and g
Ernzerhof[5] and metaGGA SCAN [6] were applied. =
Magnetic exchange constadfswere calculated with the
help of two approaches. The first is based on the KKF ©
Greenos function me t -KKRd , , , , , SPR
code, and the second one ' ' distance (d/a) + Greet
method with the loal rigid spin rotation treated as a
perturpation. To do this, _ the maximallycalised Figurel. Magnetic exchange
Wann!er functions were firstly calculated _by the.onstants of RGa in LL phase as
Wannier90 code[7]. As you can see from Fgel ¢nqhion of distance, obtained vi
obtained results for E@a in LL phasein good iftarent methods.
agreement with eaabther.

This work was supported by the Ministry of Science and Higher Education of the Russian Federation
within the framework of the State Assignment under coniMac0750149323-00.

[1] I.S. Golovin et al.Phys. Metals Metallogr121(2020) 851893
[2] A.M. Balagurov and.&. Golovin, Phys:Usp, 64 (2021)702
[3] G. Kresse and D. Jouberhys. Rev. B59(1999)1758

[4] H. Ebertet al, Rep. Progr. Phys74(2011) 096501.

[5] J.P. Perdewet al, Phys. Rev. Lett77(1996)3865.

[6] J. Suret al, Phys. Rev. Lett115(2015)036402.

[7] G. Pizzi et al.,). Phys. Condens. Mat{e32 (2020)165902.
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THE METAMAGNETIC PHASE TRANSITION EVOLUTION IN FeRh

SYSTEM
Komlev A'SMakarirR.A, Seleznev M.8ashchenkav& !, llinaT.S? ChirkovA.M.3, KulesN.A.*,
Volego&.S?, Zverev V2 Kiselev D.A.Perov N.S.
! Lomonosov Moscow State Universityloscow, Russia
2 National University of Sciee and Tec hn pMoscow Rusi| Si So
3 TU Darmstadt, Institute for Materials ScienBarmstadt, Germany
4 Ural Federal Universityy ekaterinburg Russia
komlev.as1l6@physics.msu.ru

Materials with firstorder magnetostructural phase transitioeshibit complex transition
mechanisms due to the interdependence of magnetic, structural, and electronic properties.
Understanding the driving forces behind these transitions can be challenging. However, the
correlation between physical properties in such matelggds to anomalous effects like giant
magnetocaloric effect, colossal magnetoresistance, and giant magnetostriction. These effects have
practical applications in refrigeration, spintronics, energy harvesting, medicine, and information
recording[1,2]. Theorigin of these effects remains unresolved, hindering their full exploraiton.
the moment, it is necessary to study in detail the various features of therdestmagnetic phase
transitions in order to step by step draw up a complete picture.

The binay FeRh alloy, witha nearequiatomic stoichiometric composition, serves as a fascinating
model for analyzing firsbrder magnetic phase transitions. This alloy undergoes an
antiferromagnetiderromagnetic phase transition around room temperature, mangtagubic
symmetry in its crystal lattice throughout the transition. FeRh alloys have demonstrated exceptional
values for various effects, facilitating experimental results and accurate interpretation. Notably, the
long-term magnetization relaxation ned&etphase transition temperature has attracted significant
attention [2], highlighting its importance in understanding the system.

This study focuses on investigating the phase transition evolution from the antiferromagnetic to the
ferromagnetic state in ¢hFeRh alloy.The djects of study include alloys with varying volume
content of the paramagnetic gamma phase and thin films, which experience different mechanical
stresses that significantly influence the growth of the magnetic phase durimngrisigon [3]. The
research reveals distinct stages of ferromagnetic phase nucleation and growth: (1) primary nucleation,
(I1) surface nucleation and growth, (lll) growth and merging of ferromagnetic clusters, and (IV)
pinning of the antiferromagnetic p@near the localization of the gamma phase. Additionally, the
study differentiates between the surface and bulk growth stages of the ferromagnetic phase within the
bulk sample. The reliability of the findings is supported by consistent results fromioniatat
magnetometry, Kerr and magnetic force microscopy. However, further investigation is required to
explore the detailed mechanisms of the phase transition and the dynamics of ferromagnetic phase
nucleation for alloys with different compositions.

The auhors acknowledge support from Russian Ministry of Science and Eolugaant No. 075
1520211353 Komlev A.S. thanks the BASIS Foundation for scholarship support.

[1] F. Albertini et al. Energy Procedial42(2017)1288 1293.

[2] A.S. Komlevet al.,JALCOM, 874(2021)159924.
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ELECTRONIC STRUCTURE AND MAGNETIC PROPERTIES OF

FeCrosTiosX (X = Al, Ga) HEUSLER ALLOYS
Murtazin A.A, Inerbaev T¥Bogach AYAbuova A.Seredina M:AChatterjee, Rhovaylo V.V
! NationalUniversity of Science and TenologyfiMISISo, Moscow, Russia
2 L.N. Gumilyov Eurasian National University, Astana, Kazakhstan
3Prokhorov General Physics Institute, Russian Academy of Sciences, Moscow, Russia
#4Indian Institute of Technology Delhi, Ne@elhi, India
khovaylo@misis.ru

Half-metallic materials are predicted to exhibit a high (reaching 100%) spamizadion at the
Fermi level Among the variety of such materiaghibiting the hakmetallic behaviois the family
of Heusler alloys with general formulaeXZ (X, Y are transitionmetals, Z is an-p element) The
use of such materials in spintronic devices makes it possibleremase the recording density and, at
the same time, to reduce the size of deviéemong such materials, compensafedrimagnets
represent a new class of materials, perspective for the applications in the field of spintronics

Theoretical calculations sggst that it is possible to obtain thalf-metallic materials based on
X2YZ Heusler alloys which obey the Slateauling rule: namely, when the total magnetic moment
Mt is related to the number of valence electrinsM: = Nv T 24. This approach implies that the
Heusler compounds witRy = 24 shoulchave zero magnetic moment

Considering Febased Heusler alloys, this rule is vafiokr FeVAI, which is a welknown
thermoelectic materials [1]. In order to extend this approach for another representatives ef the Fe
based Heusler alloys, we performed theoretical and experimental steeCafsTiosX (X = Al, Ga)
alloys, which satisfy th&ly = 24 condition.

Results of the firsprinciples calculations have shown that, indeed, the electronic structure of the
FeCrsliosX (X = Al, Ga) Heusler alloys resembles the electronic structure of a gapless
seniconductor with zero magnetic moment. Experimdpntatudied magnetic properties of these
alloys confirmed the absence of a lenragpnge magnetic ordering down to 4.2 K, which issgharp
contrast withthe well-defined ferromagnetism of the parefeCrX compounds, whose Curie
temperaturdc exceeds 300 K [2However adeviationof the inverse magnetic susceptibility curve
of the studied=exCrosTiosX alloys from the CuridVeiss law suggests that shoahge magnetic
correlations make a significant cabtrtion to magnetic properties of these compounds. Hence, it can
be concluded that the degree of the IsBperstructural ordering can strongly modify magnetic
properties of th&eCro.sTiosX Heusler alloys

Support byRussian Science Foundati@grant No. 2-42-0003§ is acknowledged.

[1] I. Galanakis]n Heusler Alloys: Properties, Growth, Applicatio(®pringer, 2016)
[2] R.Y. Umetsuet al, Jalcom,528(2012) 3439.
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SEARCH FOR THE NEW APPROACHES TO NEW GENERATION OF
CRYOGENIC AND SUPERCONDUCTING TECHNOLOGY BASED ON

PHASE TRANSITIONS IN MAGNETIC FIELDS
Shavrov V.&Bychkov 1.3/ Koledov V.Y Kamantsev A.Rarpukhin D.A Kolesov KA.
Kos hki d Buretsoy & E&min D.A.Mashirov A.Y Petrov A.OProkunin A.Y,
Suslov D.A.Taskaev S?/Utarbekova M2V
! Kotelnikov IRE RAS, Moscow, Russia
2 Chelyabinsk State University, Chelyabinsk, Russia
shavrov@cplire.ru

Nowadays, the research on the magnetocaloric effect (MCE) has gained wide acceptance around
the world due tots potential application as solglate magnetic materials for highly efficient cooling
at room temperature. Recently, the authors of the report proposed a new concept for the study and
application of magnetocaloric materials, which involves the creatidnstudy of advanced solid
state magnetic cooling systems for maintaining f&ffltiency superconducting sources of a strong
magnetic field. It is proposed to study in strong magnetic fields, in a wide temperature range, magnetic
and magnetostructural pg& transitions and magnetocaloric properties of new materials based on
alloys based on 3d and 4f metals and permanent superconducting magnets basettorpbigiure
superconductors. Based on new knowledge about the properties of these materialg masjraetic
fields, magnetic cooling cycles should be experimentally reproduced and studied, and strong
magnetic fields and superconductivity should be maintained by cryogenicstaikd magnetic
cooling technology using the studied functional materidie. fiew principles of magnetic solid state
cooling are also very promising for creating low temperatures and strong magnetic fields for
microelectronics, medicine, energy, magnetic transport, and many other areas.

This report will review the current resulté the search for a solutions to the problem of efficient
conversion of thermal energy into other forms using theafled solidstate caloric materials, in
which strong effects of temperature and entropy changes in external fields are obskIized:
electrocaloric elastocaloric and others, in order to achieve an extremely high level of the coefficient
of conversion of thermal energy into other forms and vice versa. In partitidaew experimental
methods for studying magnetocaloric cooling processssong magnetic fields up to 10 T and new
solid-state elements and refrigerator systems in the cryogenic temperature range will be presented.

The main scientific and enginésy problems along this path will lalkscussed: the relatively low
magnetiefield-inducedtemperature changeven of the best solistatemagnetocalorianaterials,
which leads to the use of mulitage systems, the limitations of the maximum frequency of-solid
state refrigeration cycles associated with the maximum achievablegaalpacity, the design of a
variable superconducting strong magnetic sourcespdtioe efficiencyheat exchange systems at
cryogenic temperatures etc.

This work wassupported by the Russian Science Foundation, grant Nt9-20745P.
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THE JAHN -TELLER EFFECT

IN CASE OF HEAVY TRANSITION METAL IONS
Streltsov S*VIemnikdv.!, Kuged.1?, Khomskb.| .32
1 M.N. Mikheev Institute of Metal Physics UB of RA%ekaterinburg Russia
2 Institute forTheoreticaland Applied Electrodynamickjoscow, Russia
3 University of Cologne, Cologne, Germany
streltsov.s@gmail.com

The JahnTeller effectis one of the most fundamental phenomena important not only for physics
but also for chemistry and material science. $gj\the JahiTeller problem and taking into account
strong electron correlations we show that quantum entanglement of the spin and orbital degrees of
freedom via spirorbit coupling strongly affects this effect. Depending on the numhbeetdctrons,
it may quench (electronic configurationt®g, t*q, andt>g, partially suppress'zg, or, in contrast,
induce 32¢) JahnTeller distortions. Moreover, in certain situations, interplay between theTlzlen
effect and spirorbit coupling promotes formation of tliMexican hab energy surface facilitating
various quantum phenomenadJlL We will also discuss Jakheller physics in various different
classes of material including, but not restricting to 1D chienstructures, double and quadrupolar
perovskites etc. [3,4]

Support by Russian Science Foundatiorl2®0159 is acknowledged.
[1] S.V. Streltsov,D.l. Khomskii, Phys. Rev. X10(2020)031043
[2] S.V. Streltsowet al, Physical Review BL05(2022)205142

[3] G.S. Thakur et alAngewandte Chemiép (2021) 16500.
[4] S.V. Streltsownpublished.

38



SISM - 2023
21T-C-5

OVERHAUSER EFFECT AND SOLID EFFECT IN AS AND P DOPED

SILICON IN STRONG MAGNETIC FIELDS AND LOW TEMPERATURES
GrabaW.A., Lifshits M.BAverkiev N.S.
loffe Institute, StPetersburg, Russia
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Dynamic nuclearspin polarization (DNP) of single impurities occurs in crystals under EPR
conditions. Depending on the type of excited transitions, the Overhauser effect and the solid effect
are distinguished. The excitation of allowed transitions with electron spiradiipnuclear spin
conservation leads into the Overhauser effect. While pumping transitions with a simultaneous change
in the projectios of the spins of the nucleus and electron {flgp transitions) giveshesolid effect.

The emergence of a nonequililom, but stationary, polarization of nuclei is possible due to the
presence of a superfine interaction between the spin of the impurity nucleus and the spin of the charge
carrier localized on it. A significant difference in the times of the charge cgpielattice relaxation

and the flipflop transition is also require@he hyperfine interaction is leading to the splitting of the
EPR lines in a magnetic fieléVithout considering fligflop transitions, states with different spin
projections of nuclei ina magnetic field areccupiedequally, since the dependence of their
occupatioron the external magnetic fietday beneglected due to the small value of the nuclear Bohr
magneton. In the presence of fflpp transitions, the Boltzmann factor determiti@soccupatiorof

states with different projections of the electron and nuclear spins. In an external alternating field under
stationary conditions, theccupationof states with various nuclear spin projections chargel,
consequentlychangeshe equilbrium occupatiorof nuclear sublevels.

A feature of the considered DNP effect is the magnitude of the exiemahgnetic field and
temperature. Under standard EPR conditions, magnetic fields and temperature ensure that the various
spin sublevels ad charge carrier areoughlyequally occupiedand then the magnitude of the nuclear
polarizationis small, and a high pump intensig/neededo reachit. In recent experimentd.,2] on
silicon crystals doped with P and As a largalue of nuclear polarizatin was observecdat
temperatures below 1KWe have analyzel the results of these experiments afwdind the
characteristic relaxation times. It is shown that the time of a stationary nuclear polarization
establishment is determined by theflipp transition time, but at low temperaturésese timesliffer
by two orders of magnitude. Considering the difference in the times ofedpioe relaxation and
flop transitions, the equations of nuclear dynamics for these impurities are compileéyveated
that the main mechanism of flifop transitions is the modulation of the electrefagtor by acoustic
phonons. The reason for sgattice relaxations the deformation interaction of a localized electron
with longitudinal and transverse acoustic phonons. These conclusions are made Hasadabysis
of the temperature and field dependences of the EPR sifpratifferent lines and excitation
conditions.

The work was supported by the Russian Science Foundgatigject 2212-00139.
[1] W. Knap et al. Terahertz enhancement of dynamic nuclear polarization in semiconductors, in:

RJUSETeraTech2021.
[2] J . étalr Appliedéagnetic Resonanct8 (2017) 473483.
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MAGNETIC SUSCEPTIBILITY AND SHORT -RANGE ORDER

IN METALS ABOVE THE CURIE TEMPERATURE: A DSFT STUDY
MelnikoM.B.%, Gulenkd.S.!, Reser Bl
! Lomonosov Moscow State Universityloscow, Russia
2M.N. Mikheev Institute of Metal Physics UB of RASBekaterinburg Russia
melnikov@cs.msu.ru

Experiment in ferromagnetic metals shows that near the Curie {h@ntverse paramagnetic
susceptibilitys(T) deviates from the linear Cuti#/eiss law [1]. In models witlocalizedspins this
deviationis explainedy the cluster formation above the Curie temperatigrén metals, most of the
first-principles calculations produce almost no deviation of the inverse susceptibiiityhe Curié
Weiss law.

We present results in thlynamic spin-puctuation theory (DSFT) [2which takes int@account
both quantum nature and nonlocal character of spin fluctuatiégs.1 and 2)We show that the
susceptibility and correlation radius haa@owerlaw behavior at temperatures up toiIL15 Tc,
which gives an estimate for the region of critiGahperatures in metal$he critical exponents for
Fe, Coand Niobtained in the DSFgive an appreciable improvement compai@the predictions

T T O.?l
6 Fe, DSFT
— s Ni, gigT 0.6
\g T
4 ~ 0.5
_tﬂ E-:L
o 3 &
2 O 0.4
2
|
x .
1 0.3
0 0.2 . . . . .
1 1.1 1.2 1.3 1.4 1.5 1.6 1 1.1 1.2 1.3 1.4 1.5 1.6
T/ T T/,

Figurel. Inverse paramagnet!c susceptibili Figure2. Correlation functiorC(r1, T) for
¢(T) of Fe and Ni calculated in the DSFT  the nearesheighbor atoms in Fe, Co an
Ni as a function of reduced temperature.

of the GinzburgLandau theoryand are in reasonable agreement with experinj@htAs for the
DSFT correlatiorfunctionC(r,T), nearTc it is close tdhe OrnsteinZernikefunction and can be used
to describesmallangle critical neutronscattering At higher temperature<;(r,T) gives a good
description of the spin correlatisat interatomic distanceand allows ugo estimatethe magnetic
shortrange order iretals abovelc [4,5].

Theresearchvas carried out within the state assignment of Ministry of Science and Higher Education
ofthe Russiar e d e r at i &lectrofot hNERRO2100D03Y).

[1] U. K°bler, J. Magn. Magn. Matte53(2018) 1729.

[2] N.B. Melnikov, B.l. ReserDyn. Spin Flwct. Theory of MetMagn (Berlin: Springer, 2018
[3] N.B. Melnikov,A.S. Gulenko B.l. ReserJETR, 136(2023) 2630.

[4] N.B. Melnikov, B.l. Reser). Magn. Magn. Matter397(2016) 347351.

[5] N.B. Melnikov, G.V. Paradezhenko, B.l. ResérMagn.Magn. Matter 525(2021) 167559
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MAGNETIC PROPERTIES OF BROADENED LANDAU LEVELS AT THE

SADDLE POINT ENERGY OF TWO-DIMENSIONAL LATTICE
Nikolaev A.V}, ZhuravleM.Y €
1 SINPLomonosov Moscow State Universityloscow, Russia
2 St. Petersburg State University, St. Petersburg, Russia
nikolaev@srd.sinp.msu.ru

Studying the magnetic characteristics of the two dimensional (2D) léfticegonal, graphene
like [1,2] and the square on8]) by solving numerically the exact system of discrete equations, which
fully describes the broadening of Landau levels, we have found that the energy spectrum of the
Landau level at the energy of theldie point(which is also known as a Van Hove pgiskprincipally
continuous, so that even in a very small magnetic field this Landau level is always broadened in a
miniband. In contrast to that, at other energies in a weak magnetic the spectrum ofleaeldas
discrete. At the energy of the saddle point of the Brillouin zone the corresponding density of states
0 (O Ois formally infinite (O Y +D) .

We then consider the 2D square latti8k {ised as a prototype electron system in which theiFer
level lies exactly at the Van Hove peak. According to the electron band treatment this could lead to a
formally divergent paramagnetic susceptibility and an infinite electron contribution to the specific
heat at zero temperature. Our accurate analye®s that both values remain finite. Taking into
account the electron spin polarization and the obtained numerical solution, we reproduce the
temperature dependence of the induced magnetic moment proportional to the magnetic susceptibility,
and the electmo contribution to the specific heat. Both plots demonstrate unusual dependencies
refl ecti n-i k b e o finlikeistaubturd ohthed andau minibands in the neighborhood
of the Fermi energy. At low temperaturesallantitiesdisplay oscillatoy behavior. We also prove
rigorously that the fully occupied electron band has no contribution to the diamagnetic susceptibility
and specific heat [1,2].

[1] A.V. Nikolaev,Phys Rev B, 104(2021)035419

[2] A.V. Nikolaev,Phys Rev B, 105(2022)039902.
[3] A.V. Nikolaev, M.Ye. ZhuravlevJMMM, 560 (2022) 169674
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EFFECTIVE SPIN FILTERING IN CORRELATED SEMICONDUCTOR
NANOSTRUCTURES
Mantsevich V!NMaslova NiSFrolov D.5Rozhansky I2VAverkiev N5S.
! Lomonosov Moscow State University, Moscow, Russia
2 |offe Institute, StPetersburg, Russia
vmantsev@gmail.com

Nowadays spipolarized electron transport in semiconductor nanostructures attracts great attention
[1,2]. Among the major problems of general interest is the possibility of spin injection and spin
filtering. The rapidly growingesearch field of spin electronics or spintronics covers various spin
dependent phenomena of both fundamental and practical importance. The most important and
promising application of spin selectivity is the possibility to construct small size and densesain
memory with high speed and low power consumption. Two possible technologies for that are
magnetic memory [3] and spin memory [4].

Here we come up with a new theoretical concept of an electrically controllable siacfieon spin
filter (polarizata) based on the exchange interaction in the system of interacting quantum dots or
impurity atoms. The sign of the spin polarization of the current flowing through the device can be
effectively controlled in two ways (i) by changing the applied bias ahdyiituning the tunnel
coupling via an external gate.

The minimal realization involves three bound state

levels coupled to the contact leads. One of these levels |

occupied by a singlelectron with a certain spin and the

two-electron occupation is prohibited by a strongsde o
Couloumb repulsion. An exchange interaction is presen <_L )

in the system and is considered between the occupie Er =, EFeV
energy level and one of the levels involved in tpans JIH -

transport. Interestingly, while the spin polarization of this. )
state is fixed, the sign of the singhectron current spin Figure 1. Scheme of the consider
polarization flowing between the contacts through twdystem. T is the tunneling trans
consistent bound state levels can be switched. amplitude between single electr

The proposed system allows tline the ration between€nergy levels; ) is the onsite
the tunneling amplitude T and exchange energy J. It cgRulomb repulsion; J is the exchan
be realized experimentally by means of the gate voltajéeraction between electrons localiz
(see Figre 1), so one can control the spin dependeft the energy levels 1 and 3.
tunneling and switch it from spin up to spin down by
changing tle coupling between the energy levels. It means that the considered system allows to realize
an effective spin filtering. Moreover, tunneling currents flowing in the tunnneling contact leads
become spipolarized.

Support by Russian Science Foundatior2#2-00139.

[1] D.D. Awschalom, D. Loss, N. SamarthSemiconductor Spintronics and Quantum
Computationin:Nanoscience and Technol@grlin: Springer, 2002).

[2] I. Zutic, J. Fabian, S. Das Sarniev. Mod. Phys76 (2004) 323.

[3] W. J. Gallagher, S. . Parkin|BM J. Res. Dev50(2006) 5.

[4] Y. Huai, AAPPS Bull, 18 (2008) 33.
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A TOY MODEL OF INDIRECT EXCHANGE INTERACTION IN
DILUTED MAGNETIC SEMICONDUCTORS BEING IN INSULATING

PHASE
Kokurin .A? Averkie.S.?
! loffe Institute, SainPetersburg, Russia
2 Mordovia State University, SarandRussia
ivan.a.kokurin@gmail.com

At present, the question of the nature of the exchange interaction in dilute magnetic semiconductors
(DMS) seems to be resolved. InGBInkAs with x about a few percent, it is generally accepted that
the indirect exchange is mediated by free holes in the spirit of the RKKY rfigdilowever,now,

DMS being at the insulatingide of the metahsulator transition qoncentration of the magnetic
constitient about 10*-10?° cm®) are of great interestn this case, weak ferromagnetism (Curie
temperatures of the order of Kelvin) is mediated by holes localized at acceptors and is associated with
a weak overlap of hole wave functionsSuch DMS are of intest at the creation of ferromaghet
superconductor hybrid structures [2], and the low temperature is not so critical, since it is also
necessary for the transition to the superconducting state.

As in any problem of magnetism, we begin by considering tihevisa interaction of magnetic
momentsFor this purpose, a simplified model of two interacting magnetic centers is considered: one
or two electrons are bound by the field of two paramagnetic ions (the magnetic asabthes
molecular hydrogen ion fiand the hydrogen molecule)dFor simplicity, we consider the case of
donors near the edge of a simple band with a scalar effective magsranaagnetic ion with a
minimum spin of 1/2.

Both spectral problems can be solved analyticdllye set of envejmes for the ground and first
excited states of nonmagnetic complexesddd DX, obtained by analogy with the molecular orbital
method [3], is used as the initial bastarther, the pair exchange interactiofrH(ri-R;)sS of each
carrier (i=1 or i=12) with the magnetic shell of each center (j=A,B) is taken into acctuibioth
cases, problems 16116 can be diagonalized tak
3 or 4 particles) projection onto the intercenter axis.

Depending orthe sign of the oneenter exchange constant, different spin structures of the ground
state of the B and B° magnetic complexes are possibiléie dependences of the energy levels of
the complexes on the intercenter distaRthave been studied’hese depndences demonstrate
significantly different behavior for £ and B° magnetic complexe8ased on these dependences,
estimates of the effective indirect exchange constants (Curie temperatures) and their dependence on
the concentration of the magnetic campnt are obtained for both casdsvertheless, the presence
of compensation in real samples [1] implies the simultaneous presence of both types of alignment (as
in D2* and ). This means that in order to find the Curie temperature, it is necessalyeoas
many-bodyproblem in the spirit of the Heisenberg model, taking into account the implementation of
both types of twecenter alignment and with the appropriate averaging over possible configurations.

It should be also noted, that multicenter impudbmplexes can manifest themselves in the optical
properties of semiconductors [4].

Support from the Russian ScemFoundation (Grant No. 22-00139)is acknowledged.
[1] T. Dietl and H.Ohno,Rev. Mod. Phys86 (2014)187.
[2] J.Linder and JV.A. RobinsonNat. Phys.11 (2015)307.

[3] I.N. Levine,Quantum chemistryth ed (Prentice Hall, New Jersey, 1991).
[4] ILA. Kokurin, N.S. Averkiev, Phys. Rev. BL07(2023 125208
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EQUIVALENT MODEL OF A FERRIMAGNET FOR MICROMAGNETIC

SIMULATION
Bazrov M.AAntonov V.ANamsaraev Zh,Zletushev M,Blgnev A.Y Samardak A, Stebliy M.E.
Far Eastern Federal University, Vladivostok, Russia
stebliyme@gmail.com

Ferrimagnetic media are promising candidates

stability and -edfduceeénagt iodn clutrzljht One of th
mi cromaghationsi whi ch all ows, on the one hand
simulations to analyze processes at the micr
possi bl e processes. Thi s approach hlaas esdh oavm
ferromagnets, but in the case of ferrimagnets
This work proposes an equivalent model that

software packages for ferromasgntested hley ap®@m)
simulation results with various experiment al
Usi ng MuoMatxware [ 3], three experiments typic.

dependence of the metshie t mntiguanlagaen ¢ grdattn @atni @n
of the resulting magnetization on temperature
magnetic hysteresis Ioop()FM A”-DW- mmu(oonds. I n
case, to simulate the chaﬁ k antrati
saturation magneti zaitesn - ,L,[—%J LJMLL ers vV a
interdependent| vy, whi ch v :—I E FTF to def
standard dependence of t Vi ¥ % xl magnet.i

M3
passing through the compe

Thehird experi ment shows o 0 FIM on of 1
hysteresis |l oop in high "0REnaI fi
magnetizati on i n t he sult & tches t
oppodgiitectaona resul t, a lchgIIQUIal 1 oop IS

observed in the central quu?ei éche?ngtlc fedleSentdiBroftn d € n ¢

further increase in thepjindelsdraked Nnfo Heodnf &t 1 ¢ s
in a stationary state: ?em@algrﬁb!lc%bdﬁalce with a | a

moment is aligned along the field, with a sma
in the opposite direction due to theaet aatceet:
val ue, the external field becomes | arger than
collinear ordering iIs violated in the systen
magneti c moment b e gailmosn gt a hreo tf a ted dsanyoEdntehrhgyd e p o
ferrimagnet makes it possible to qualitativel

This wewulppways ¢edhe Russian Ministry of Science
FZNBODDP12) .

[1] G. Sala, P. Gambardelladv. Mater. Interface® (2022) 2201622.

[2] K. Cai, Z. Zhu, H. YangNat. Electr, 3(37)(2020).
[B]AiThe design and WAIPAdvancesd(2014)107d38. mu ma x 3
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SUBSTRATE INFLUENCE ON TERAHERTZ GENERATION IN FeCo
THIN FILMS
BezvikonnMy*, Buryakov A.Avdeev'PTiercelin §Mishina E, Preobrazhensky V.
! Department of Nanoelectronics, MIRBARussian Technological Universityloscow, Russia
2Univ. Lille, CNRS, Centrale Lille, Univ. Polytechnique HawtesFrance, UMR 85201EMN,
France
3 Prokhorov General Physics Institute of RAS, Moscow, Russia
bezvikonnyj@mirea.ru

In ourstudy[1], we explored THz generation using a series of FeCo films with varying thicknesses
and substrates. We determined a sigarficinfluence of the substrate type on the emitted THz
radiation.Notably, we observed a significant increase in THz amplitude when utilizing a Si substrate.
This relationshipcan be attributed to the pronounced disparity in refractive indexes betwegn glas
and Si substrates within the THz region.

Additionally, the twetemperature model of ultrafast demagnetization was utilized to study the
system's oubf-equilibrium spin dynamic$his part was vital for validating the assumption about the
linear relatioship between THz amplitude and electspin system relaxation time, as posited in
work [2].

However, duringhis researchwe have discovered a ndinear dependency in the thin samples (5
nm and 10 nm) on Si substrates, specifically within the low optical fluence region. This observation
can be elucidated by positing the presence of two distinct mechanidiHz generation withirthin
structure. Under certain conditions, one of these mechanisms prevails over the other, which provides
a plausible explanation for thionlinear dependencyt-or possible explanation to this phenomena
we need to study mechanisnfgyeneration and their parameters.

In order to gain a comprehensive understanding of the underlying mechanisms involved in THz
generation, it is imperative to delve deeply into the generation afferquilibrium spin states and
their subsequent transfoation into spin currentsThrough the use of temperature models that
account for ultrafast demagnetization, we can gain critical insights into these processes, thereby
fostering the development of highly efficient spintronic emitters.

The study wassupported by a grant from t h®1088,ssi atl
https://rscf.ru/en/project/219-10353/.

[1] A. Buryakovet al, Nanomaterials13(2023) 1710.
[2] R. Rouzegaet al, Phys. Rev. BL06(2022) 144427.
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DYNAMICS OF MAGNETIC VORTICES IN A SPIN -TRANSFER

NANOOSCILLATOR
Filippova V.V,AntonoG.1}, Zvezdin K.Z2AEkomasov E!G.
1 Ufa University of Science and Technologydrmer Bashkir state universjtyUfa, Russia
2 GeneraPhysics Institute A.M. Prokhorov RAS, Moscow, Russia
EkomasovE@gmail.com

The structure and dynamics of magnetization in a vortextspisfer nanooscillator (STNO),
which is a thredayer spinvalve magnetic nanopillar, is studied during the passage of-pslainzed
current and the presence of an external magnetic field&ihg micromagnetic simulation in
nanopillar with a small diameter, we studied the dynamic change in the vortices structure, the
formation of the Gstructure vortex state and edge vortices, the trajectory of movement and the time
it takes to reach diffent dynamic modes [2]. The time needed for the vortices to reach different
dynamic modes was found. The possibility of the dynamic generation of radial edge vortices without
the presence of a Dzyaloshinsky field or an external inhomogeneous magnetis $ietdvn. We
demonstrate that a vortex in a thick magnetic layer can be a generator of spin waves in a thin magnetic
layer with an adjustable oscillation frequen€ie effect of the thickness of a nonmagnetic layer on
the coupled dynamics of two magnaetartices in a spin torque natwscillator has been studi¢gi.
The thick permalloy magnetic layer has a thickness of 15 nm, the middimagmetic layer has a
thickness in the first case of 12.5 and in the second 15 nm, and the thin permalloy maggretiad
a thickness of 4 nm. Numerical calculation of the dynamics of magnetostatically coupled vortices was
carried out using the software package SpinPM for micromagnetic modeling. The features of the
vortex motion dynamic are studied for different kmesses of the nonmagnetic interlayer. It is shown
that in all cases of thickness of the nonmagnetic interlayer, three regimes of vortex dynamics are
observed: the oscillations of magnetic vortices damped over time, the mode of stationary coupled
oscilatons of magnetic vortices, and regi me, when
that increasing in the thickness of the nonmagnetic layer leads to decreasing in the values of the first,
second, and third critical currents.

For a STNO of largdiameter, the effect of a large spin polarized current on the coupled dynamics
of vortices in spirtransfer nanooscillators 400 nm in diameter has been studied. The effect of the
appearance of new regions of stationary regimes of coupled oscillatiorsaofl ARvortices has
been discovered. A diagram of dependences of the frequency of stationary coupled oscillations of
magnetic vortices on the spin of the polarized current has been constructed. The found effect can be
used to increase the operating freqcies of spisiransfer nanooscillators of large diameters.

Support byassignment of Russian Federatifmr the implementation of Scientific Research by
laboratories (#0793-2021-193/5 30.09.2021i acknowledged.

[1] K.A. Zvezdin, E.G. EkomasoRhys. Metals Metallogr123(2022) 201.

[2] S.V. Stepano\et al, IMMM, 562 (2022) 169758
[3] V.V. Mukhamadeevat al, Letters on Materialsl2 (4) (2022) 327331.
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MICROWAVE SPIN-PUMPING FROM AN ANTIFERROMAGNET FEBO3
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1 Kotelnikov IRE RAS, Moscow, Russia
2National Research UniversityMPEI , Moscow, Russia
3V.l1. Vernadsky Crimean Federal University, Simferopol, Russia
4Moscow Institute of Physics and Technology, Dolgoprudny, Moscow Region, Russia

S>Saratov State Univsity, Russia

davidgabrielyan1997 @gmail.com

Recently, magnetic resonandadriven spinpumping has been considered to be an excellent
experimental technique for detecting spin currents in magm&inagnet heterostructures. Firstly
demonstrated for ferromagnetic metals, this measurement technique has been extended to magnetic
insulators and alloys [1]. More recently, with the extensive progress offiti@ighency microwave
technologies and great interest in antiferromagnets (AFMbYesahertz spupumping has been
demonstrated for different materials, such agef2], MnF[3], and NiO [4]. In contrast, ways to
generate spHpumping voltage from noncollinear AFMs have not been widely considered yet.

In this paper, we explorexperimentally spippumping in noncollinear AFM iron borate FeB®
[5] with a strong DzyaloshinskiMoriya interaction
(DMI) induced canting and capped with a heavy met ., T
platinum layer.The induced inversspin Hall effect N
voltageis caused by the convera of the spin current
into a charge current in the platinum layer, which has z
high spinorbit interaction. Figure 1 shows the results ¢ £ I\ J
the measured ISHE voltage normalized by the actual I’} mf T i \ w’v
power acting on the sample, taking into account tli -
influence of irregularities in the amplitudEgequency '
characteristics of the microwave path. Ou e b
measurements show the presence of a resotigpee Magnets fied, e
ISHE voltage signal, similar to those measured earlier Figurel. ISHE Voltage normalized
on hematite [6,7], but with an order of magnitude by the actual RF power at variou
smaller speital linewidth. frequencies: 8, 14 and 20 GHz.
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Experimental measurements were done by supporting the Russian Science Foundation giant No.
7910396 and theprocessing of measurement results was supportethdyRussian Science
Foundation grant No. 239-00016.

[1] V. Baltz etal., Rev. Mod. Phys90 (2018)015005

[2] J. Li et al, Naturg 578(2020)70.

[3] P. Vaidya et al.Science368(2020) 160.

[4] P. Stremoukhov et glarXiv:2211.00353v12022)

[5] E. A. MashkovichPhys. Rev. Le{t123(2019)157202.
[6] I. Boventer et a).Phys. Rev. Leti26(2021) 187201.
[7] H. Wang et al.Phys.Rev. Lett127(2021) 117202.
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ELECTRIC -FIELD CONTROLLED SPINTRONIC TH zEMITTER
BASED ON A TWO-DIMENSIONAL SEMICONDUCTOR
Gorbatova AlBuryakov A.KMAvdeev P.¥Yu.ebedeva E:5apozhnikblV.?3 PashenkirY. 2,
Mishina E.D.
! MIREA - Russian Technological University, Moscow, Russia
2 Institute for Physics of Microstructures RAS, Nizhny Novgorod, Russia
3 Lobachevsky State University, Nizhny Novgorod, Russia
gorbatova.anastasiya@mail.ru

Semiconductor spintronieepresents a novel branchspintronicsdevoted to the development of
hybrid devices that combine semicondudiased transistor logic and magnetic recording in a single
architecture, and could perform several basic operatiolmsic, such as logic, communication,
storage andecording [1]. Efficient injection of spins from ferromagmet into semicondctors
constitutes a significant step towardlse realizationof semiconductor spintronic[2] and
optospintronic[3] devices

Among optospintronic applications, the most promising is the development of THz spintronic
emitters [4]. Excitation aerromagnetic/nonmagnetic materfaletal or semiconductor) interface by
ultrashort lasepulses leads to the generatmlHz radiation[4,5]. In the case of a semiconductor,
the charge current is formed only by highergy spirpolarized electrons with an energy sufficient
to overcome the bandap energy [5]. Moreover, the application of an electric field to a
ferromagneat/semiconductor heterostructure can be used
to reduce the Schotlkbarrier and effectively modulate the — Sapphire substrate — <
spin current and THz radiation. A similar approach wa WSe, =
first demonstrated ifi6] in geometry with a planar electric . 1002
field. o, ”[

This manuscriptintroducesa study of the emission %
characteristics of THz radiation in the Co/WSe *
heterostructureOur results confirm the presence of spir £ %
current injection into a layer of an atomically thin
semiconductor. We also demonstrate possibility of
electricfield controlled amplitude modulation of THz
signal The observed effect exceeds 10fwaddition, our ®5 40 50 20 10 0 10 20 30 40 0
results are of high value for the development of spintron.. Electric ield, Viem
THz generators based on heterostructures consistingFigfure 1. Electric fielecontrolled
materials with spiforbit interaction of Rdsba type, such modulation of the THz amplitude |
as twodimensional semiconductor transition metdhe Co/WSestructure
dichalcogenides (Ma$SWSe, etc.).

88|

Integral THz Amplitude, arb.un
*

The study was supported by the Russian Science Foundation grantN0@849andthe Ministry
of Science and Education of RF (Projsict.07515-2022 1131).

[1]D. D. Awschal omNatPdys3\ROO7H53. FIl att ®
[2] D. Bercioux and P. LucignanBeports Prog. Phy§.8(2015)106001.

[3] V.I. Safarovet al.,Phys. Rev. Letfi28(2022)057701.

[4] T.S. Seifert Dictoral thesis, FU Berlin2017).

[5] L. Cheng et aJ.Nat. Phys15(2019) 347.

[6] M. Chenet al.,Adv. Opt. Mater(2018) 1801608.
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VOLTAGE -CONTROLLED TOPOLOGICAL TRANSITIONS OF SPIN

WAVES IN MAGNONIC CRYSTAL/PZT STRUCTURE
Grachev A.AGorlacM.A 2, Beginin E.NSadovnikov AlV.
! Saratov State University, Saraj@ussia
2 ITMO University, Saint Petersburg, Russia
Stigl33@gmail.com

Systems based on semiconductor transistors are commonly used to generate, transmit, and proces:
information signals. However, they have limitations that can be overcome by magnonics, adew tren
in condensed matter physics based on the effects of electron spin transfer rather than charge transfer.
This opens up new possibilities for the application of spin waves (SW) as elements of microwave and
terahertz information processing, transmissiom, storage devices [1,2]. Monocrystals and single
crystal films of yttrium iron garnet (YIG) are known to have very low attenuation constants and have
long been used for experimental studies of spave phenomena and the fabrication of spave
magnonic @vices [3,4]. Arrays of YIG microstructures can be used to build magnetworks for
signal processing. In these networks, information is distributed through SW waveguides, and logical
operations are based on the principles of-sgane interference.

To develop more efficient magnonic devices, it is important to be able to control the transmission
of spin waves by both electric and magnetic fields [5]. Synthetic multiferroic structures with two
dimensional deformations in the form of mechanically couphednetostrictive and piezoelectric
layers are of particular interest for magnon straintronics [5,6].

This work will investigate the regularities of
changes in the spin wae&citation spectrum in planar e
magnonic crystals under the influence of elasti, o) P XQ
deformations. Experimental and numerical method
will be used to determine the mechanisms controllin GGG
the electric field of the spatial and transmissior
properties of dipole $p waves in a single magnonic
crystal with a piezoelectric layer. y

The study will experimentally and numerically
demonstrate the possibility of tuning the frequency
band in the spectrum of spin waves due to distributddgurel. Scheme of magnonic crystal
elastic deformations occurring at théerface between Wwith piezoelectric layer
a magnoit crystal and a piezolayer.

Vv

c

This workwas supported by a grant from the Russian Science Foundation (Project19e3Q@327).

[1] A. Barman et aJ.Journal of Physics: Condensed Maitd8(41) (2021)413001.
[2] A.V. Chumak et aJ.IEEE Transactions on Magnetics8(6) (2022)1-72.

[3] T. Goto et al.Physical Review Applied1(1) (2019)014033.

[3] H. Qin, S. van DijkenApplied Physics Lettey41620) (2020)202403.

[4] A.A. GrachevA.V. Sadovnikov S A. Nikitov, Nanomaterials12(9) (2022)1520.
[5] A.A. Grachev et al Applied Physics Letterd 1826) (2021)262405.
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SPIN CURRENT AT THE INTERFACE OF L ayS03dVIN n3; EPITAXIAL

FILM AND T bCoFeCo NANOSTRUCTURE

Klimov A2 Volkov B, Gabrielyan'DTiercelin.f Kalyabin.B Safin A Nikitov $°

Kot el dni kov I nst it uEletronidcRAR Mastow,Rusgia neer i ng

2 Russian University of TechnologyMIREA, Moscow, Russia
3JEMN (CNRS UMR 8520), PRES Uniille Nord de France, France
“National Research University AMPEI o0,
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Structures in which spin current generation is observed usually consist of two layers: a
ferromagnetic (or ferrodielectric) in which ferromagnetic resonance (FMR) is excited and a non
magnetiometalwith strong spirorbit interaction. The spin current istdcted using the inverse spin
Hall effect (ISHE) in the nomagnetic metal by converting it into a conduction current [1,2].
However, not only nomagnetic metals can be used as ISHE spin current detectors. In a number of
papers, it has been shown thabyd such as permalloy ¥Fes as well as metals Fe, Co, Ni are also
capable of converting spin current to a charge curref}.[3

Previously, we have presented the results of experimental studies of magnetoresistance (GMR) and
ferromagnetic resonance (RJlin uniaxial (EA) layered nanostructure ThEeCo/La.7S1o.sMnO3
[6]. The magnetic interaction between ol83MNOz and (ThCoFeCo) indicated an
antiferromagnetic nature. In the ThffeCo/YsFeO12 structure [7], the energy oéxchange
interaction betwen the layers has been determined, and the spin current flowing through their
boundary has been recorded at the FMR frequency 9.0 GHz.

This report presents the results of measurements of the FMR spectrum and spin current
characteristics in the Th@EeCo/La.7Sr.sMnOs heterostructure on an NGO substrate in the
frequencyrange up to 20 GHz. Using the magnetuical Kerr effect (MOKE), the direction of the
hard magnetization axis (HA) along which the bias magnetic field was applied in subsequent high
frequerty measurements was determined. The FMR was excited using a microstrip transmission line.
The sample was placed on top of the line and pressed onto contact pads located on either side of the
microstrip line [7]. A voltage proportional to the spin curreaswaken from the two contact pads.

The measured voltage is the sum of two components: the first appears due to the detection of an
FMR signal from the sample at the contacts, and the second is due to the inverse spin Hall effect,
which converts the spirucrent into an electric current. To separate thesectwtributions voltage
measurements were made at two oppositely directed external magnetic fields. Details of the
measurement method and prospects for the use of the-A®&Co nanostructure in spintios
elements will be presented.

This work was supported by the Russian Science Foundation grag79-00016.

[1] M.I. Dyakonov. V.l. PerelPhys. Lett. A35(1971) 4509.

[2] E. Saitoh, M. Ueda, H. Miyajima, G. Tataksppl. Phys. Letf.88(2016)182509.
[3] B.F. Miao S.Y. Huang, D. Qu, C.L. ChigRhys. Rev. Lett111(2013) 066602.
[4] P. Hyde et al.Phys.Rev. B89(2014) 180404(R).

[5] F. Yang, P.C. Hammel. Phys. D51 (2018) 253001.

[6] A.S. Grishin et al.J. El. Mater, 47(2018) 15951600.

[7] T. A. Shaikhulov et a).Physics of the Solid Sta? (2020) 16581658.
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MAGNETIC AND STRUCTURAL PROPERTIES OF Pd(111)/Co/Pd AND

Pd(100)/Co/Pd THIN FILMS
Kuznetsova M.Aurpak A.A.Kozlov A.G.
Far Eastern Federal Universilyladivostok, Russia
kuznetcova.mal@dvfu.ru

The main purpose of this study is to compare the magnetic characteristics of Pd/CoHyénree
films grown on Si(111) and Si(106)onccrystal silicon substrates of diffent orientations. The study
may be relevant due to the occurrence of gpt interaction in the systerwith two heavy

metal/ferromagnet interfaces. Such systems are characterized by the presence of interface effects, for

example, the Dzyaloshinskiloriya effect, a strong SOT effect, etc. arah beusedfor themagnetic
recording devices.

The source of the perpendicular magnetic anisotropy in the Pd(111)/Co(111)/Pd(111) system grown

on the Si(111) substrate is theessat the interface caused by tinésmatch between the Pd and Co
lattices and electronic effects at the interfacesliitfhis study theepitaxy offollow layers grown on

a Si(100) substrateras study. Thénigh-speed electron diffractiowas usedWe observed that the
perpendicular magte anisotropy isgrow with the roughness of the Pd(100) layer on
Cu(10ML)/Si(100) The roughness was observed dyscanning tunneling microscop@revious
studies have shown three main steps in the growth process of palladium on a buffeuléges:
alloying (strains relaxation), layday-layer and 3D island strains growgj. But we aexpectthat the
growth processewill be different for7x7 and2x1 surfaces.

The samples wemgrownin ultra-high vacuunsystem byOmicron Nanotechnology (vacuum value
isaboutl0i 8 Torr). The samples havevariable thickness of the palladium seed layer and a constant
thickness ofttobalt andop palladiumlayers. Thehicknesses wereontrolled bya quartz thickness
monitor. Themagnetic properties of thiims were measurely thevibrating samplenagnetometer
in two directions of the magnetic field@he dependences of the magnetic characteristics on the
thickness of the ferromagnetic layer in order to determine the contributtbe &ffective magnetic
anisotropy (surface and volume).

This work was supported by the Russian Ministry of Science and Higher Education (State Task No.
FZNS-20230012)

[1] A.V. Davydenko et alPhysical Review B5(6)(2015)064430.
[2] A.V. Davydenko et al Applied Surface Sciencg84(2016)406-412.
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DEVELOPMENT AND TESTING OF A MAGNETIC TUNNEL JUNCTION

COMPACT MODEL IN VERILOG -ATO USE IN CAD SYSTEM
Lobkova M.B) Skirdko¥.N.,*?, Zvezdin K.A?
INew Spintronic Technologiesloscow,Russia
2 Prokhorov General Physics InstituteRAS, Moscow, Russia
m.shkanakina@nst.tech

The rapidindustrialdevelopment o§pintronic devices based on magnetic tunnel junctions (MTJ)
dictates the need to crediehavioralsimulationmodel, that makes it possible ¢o-design hybrid
spintronicelectroniccircuits. In this work, we present a compact model of magnetic tunnetigunc
in Verilog-A language, whiclallows to simulate various spintronic devices such as -Béfsors [1],
MRAM (STT-MRAM) [2], nanogenerators and spiorque diodes [3]. Compatibility of the compact
model withcomputeraided desigiCAD) systems andcalalility to various technological nodesl|
allow circuit designers to combine and analyze the operationowfplementarymetatoxide-
semiconducto(CMOS) transistors with spintronics cells.

In the simple case magnetic tunnel junction consists of two fegwoetia layers, separated by an
isolator. The bottom ferromagnetic
layer has a fixed magnetization and is
usually referred as a polarizer, and the gomeny: " %™
top ferromagnetic layer with variable tab Hx| Hy| Hz|
magnetization is called a free layer. The anisotropy constants:
compact model (Figre 1) of suwch RIS
device simulates the magnetization Magnetostaticfield of SAF:

Hms.

single module in Verilog-A

dynamics as a function of the external 0 !
field, device anisotropy, magnetostatic pp rap.

field, spintransfertorque (STT) and . “
thermal induced fieldsThe developed  expvpz

model is based onthe macrospin — mx | my| mzl
approximation [4] of the stochstic TomperirE

LandauLipschitzGilbert-Slonczewski in, out — electrical ports

equation and allows to convert the
magnetization dynamics properties of Figurel. MTJ modeling framework.
MTJ to electrical characteristics using
the tunnel magnetoresistance (TMR) module.

To verify the modelseveraltests were developed apdrfamed in simulation platform Cadence
Virtuoso, corresponding to the main operating modes of MTJ: switching, generaah,
rectification.

This work was supported by Russian Science Foundation (grart 20®432).
[1] J.Lenz A. EdelsteinJEEE Sens. J.6 (2006) 631649.
[2] S. I. Kiselevet al.,Nature 425(2003) 380.

[3] A. Tulapurkaret al, Nature 438(2005)339.
[4] J. C. Slonczewski. Magn. Magn. Mater159(1996) L1.
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EVOLUTION OF THE SKYRMION LATTICEINM  nGe-BASED

COMPOUNDS UNDER HIGH PRESSURE
Skanchenko D:DAltynbaev E M3 Heinemann*MMartin N, Grigoriev*S.svyashenkd A
INRC ¢ Kur c h a t-BNPI, Gatchirta,i SPetetstrigy, Russia
2 nstitute for High Pressure Physics, Troitsk, Moscow, Russia
3 SaintPetersburg State University, Saint Petersburg, Russia
4 HelmholtzZentrumGeesthachiGeesthachtGermany
S LaboratoireLeon Brillouin, CEASaclay Gif-sur-Yvette Cedex, France
skanchenko_do@pnpi.nrcki.ru

We have grown Mn; ke«Ge compounds with= 0.1 and 0.3 using high pressure synthesisIié.
appearance of the skyrmion lattice (SkX) in MAsed compounds with feplacement of Mn
atoms was observathder external magnetic field within teéde field range at temperaturéar
belowTc [2]. The increase of the field range of its preseneet®mpanied bthe linear increase of
the DMI in Mm, xFexGewith increase of Fe concentratio&%]. The temperature range of the
presence of the SkX is most likely connected to the intrinsic instability of the magnetic structure
found for MnGe andFe-doped compound$].

Here wereporton the evolution of the magnetic system of the:Mfe.Ge compounds with x = 0.1
and 0.3 under external magnetic fieldd gashydrostatic pressure up to 1.0 GRa.the result the
(H-T) phase diagram has been pldtter each compound

With pressure increase all of the critical fieldsreases at low temperatures for both compounds,
while theorderingtemperature decreases. The temperature and field ranges of the existence of the
SkX decreases with pressure inceedd/e believe that these facts are connected to the stabilization
of the magnetic structure of Mn@mased compounds under pressure. This process is opposite to the
Fereplacement of Mn atoms despite the fact that the lattice constant continues to decrease.

Support bythe Russian Scientific Foundation (Grant 2812-000089.

[1] A. V. Tsvyashchenka]. LessCommon Mef99L9 (1984).
[2] E. Altynbaev et al.Physical Review BL01(2020)100404.
[3] T. Koretsune et alSci. Rep.5(2015)13302.

[4] J. Gayles et alRPhys. Rev. Lett115(2015)036602.

[5] T. Kikuchi et al.,Phys. Rev. Le{t116(2016)247201.

[6] E. Altynbaev et al.Physical Review B4 (2016 17.

[7] D. Skanchenko et alJallcom 865(2021) 158606
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BROADBAND RECTIFICATION EFFECT IN  SPIN-TORQUE DIODES
Skirdkov P/ KichirG.Al, Zvezdin KA
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2 Prokhorov General Physics InstituteRAS, Moscow, Russia
petr.skirdkov@gmail.com

Spintorque diodes (STDs), formed by magnetic tunnel junctid$J) consisting of a free
ferromagnetic layer and @nned ferromagnetic layer separated by a dielectrninglbarrier, after
numerous design improvements already surpasging semiconductor technology in several key
paramé@bhersectification i n ST(ELmagnetzalion®scithtioes t o
(and corresponding resistanchanges) assed by the spiransfer torque effect undemdio
frequency (RF) current injectiorin this casea directcurrent (DC) voltage across the structure
interfaceappearsThis phenomenon was fitgtobserved by Tulapurkar et §l]. Although the RF
detecton sensitivity in this first worK1] (about 1.4nV/mW) wasmore than three orders lower than
that in thecase of semiconductor Schottky diode detect@sent workslemonstraté more than
competitive performanceith sensitivity more than 4500 mV/mW [2)ithout DC biasand more
than200000 mV/mW with DC bias [3].

All above mentioned STDs operate in the resonant randean effectively rectify input RF current
only near theesonant frequency of one to several gigahertz oRdeently, anewtypedfr oad b an d
rectification regime has bedhneoreticallyreported 4]. The rectified voltage was observed in a very
wide frequency range and did not have a resonant character. A necessary condition for this is a
significant outof-plane(OOP) component of the magnetizatiarhichhas been originally proposed
to be created using perpendicular magnetic field HiagHowever, recent findings have shotirat
it is possible to create an OOP magnetization compoaedttherefore to achieverdadband
rectification using interfacial PMA %,6,7]. Up today, through free layer proper interface PMA
engineering, the maximum bandwidth of the broadband 87Dt e wds ireponted to be up to 3
GHz [7]. Although the mentioned results on broadband tieatibn are very promising from the
applied point of view, the required fine tuning of the perpendicular magnetic anisotropy increases the
technical complexity of their implementation.

In thiswork we report a new type of nalesonant broadband RF rectification mechanis®Tibs
with in-plane magnetization of the free layad no external oubf-plane magnetic fieldJsing spin
torque FMR (STFMR) method we show that spiarque driven response aklhis a RF rectification
over a very wide frequency range reaching the reboedking 6 GHz2\We compare the experimental
resultswith micromagneticalculations and theoretical analysis to explain the results and reveal the
roleof turned inplane magnetifield and free layer inhomogeneo@ur work paves the way towards
improved energy efficiency of wireless microwave energy harvesting applications.

Financial support by the Russian Science Foundation, Project N@-Q®432 is acknowledged

[1] A.A. Tulapurkar et a).Nature 438(2005)339 342

[2] A. Buzdakoy P.N. Skirdkoy, K.A. Zvezdin Phys. Rev. Appl15 (2021)054047
[3] L. Zhanget al, Appl. Phys. Letf113(2018)102401

[4] O. Prokopenket al, J. Appl. Phys.111(2012 123904

[5] B. Fang et al.Phys.Rev. Appl.11(2019)014022

[6] M. Tarequzzamaset al, Appl. Phys. Letf.112(2018)252401

[7] L. Zhanget al, ACS Appl. Mater. Interface$1 (2019 29382
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EXCHANGE BIASIN Pd/Co/CoO FILMS WITH DIFFERENT Co
OXIDATION TIMES AND THE NUMBER OF REPETITIONS OF

[Pd/Co/CoO] » BILAYERS

Tarasov E.%, Turpak A.A', Tkachenkd\.?, Kozlov A.G.
! Laboratoryof spin-orbitronics Far Easteriiederaluniversity, Vladivostok,Russia
2 Institute of Chemistry FEB RAS/ladivostok,Russia

tarasov.ev@dvfu.ru

The article presents the results of studying the exchange bias in ultrathin epitaxial Pd/Co/Co0O films

with perpendicular magnetic anisotropy as a function of the
oxidation time of the cobalt layer and the number ¢
repetitions of [Pd/Co/CoQ] bilayers. Studies of the
magnetic properties, carried out using the Vibratiol
Magnetometer system for measuring physical propertie
showed an increase in the exchange bias with an increas:
the oxidation timg(Figure 18). It was also found that the
dependence of the exchange bias on the number
repetitions of bilayers is complékigure 1b).

Exchange bias is one of the phenomena associated w
the exchange anisotropy that occurs at the interface betwe
ferromagnetic (FM)/antiferromagnetic (AFM) megds[1].

The samples were obtained by molecular beam epitaxy
an Omicron ultrahigh vacuum complex. The epitaxial layel
were grown on single crystal Si(111) substrate at &
operating pressure of 10 Torr.

Figure 1a shows that with an increasethe oxidation
time, the temperature at which the exchange bias effe
manifests itself increases, which is associated with ¢
increase in the thickness of the cobalt oxide lajer. a
sample oxidized for 5 minutes, the exchange bias begins
appear at 10K, and for a sample oxidized for 1 minute, the
biasappears at 25K.
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The possibility of the existence of an exchange biqsigure 1. Dependences of the
perpendicular to the film plane during Pd/Co/CoO epitaxéxchange bias on temperature: a)

structures with varying degrees of Co and [Pd/Co/GoO}ifferent

oxidation

times, Db)

oxidation, which are laracterized by perpendicular the,gndom repetition of [Pd/Co/CoR)]
magnetic anisotropy is shown. It was found that thSiIayers.

exchange bias depends on the oxidation parameters and on
the number of bilayers.

The authors thank the Russian Ministry of Science and Higher Education for state sdipport
scientific research conducted under the supervision of leading scientists in Russian institutions of
higher education, scientific foundations, and state research center5XQ021-607).
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MUTUALLY SYNCHRONIZED SPIN HALL NANO -OSCILLATORS BYA
COMMON CURRENT
Tsyrulnikova L'A.Safin A.R?
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2 Moscow Power Engineering Institute, Moscow, Russia
mila.tsyrulnikova@gmail.com

Recently, considerable attention has been paid to the design of spintronicseéiadors (SO),
which are used to implement the hardwiarplementation of neuromorphic network computing. The
connection of many CO# (= 100..1000) allows you to set the output powebhymes and reduce
the width of the spectral line inversely proportionabtfil]. An important task in building a network
is their synchronization, which can be achieved thrauggnetedipolar couplingcoupling through
the radiation opropagating spin waves a common currergoupling[2].

The purpose of this work is to quantify the impact of various communication mectzaon CO
synchronization. The model studied in the work is two ferromagnetic nanopillars connected by a
common layer of platinum, through which a constant electric current is p&sgece 1).

In this work, on the basis of the
Hamiltonian formalism 7], a theoretical
model is constructed that describes the z} y

X

1"

o L

. L i Mi/
dynamics of magnetization in a system of M\ /
bound COs (Figre 1) and allows one to /

guantitatively calculate the range of Jo \
parameters atwhich synchronization
occurs.

Dependence of the coefficients of
connection by the common current,
magnetedipolar coupling and coupling
through the radiation gbropagating spin
waves on the distance between the
oscillatorswasreceived

The common current  coupling
coefficient, unlike other types of
couplings does not depend ahe distance between the oscillators and increases with increasing
current passing through the platinum layer

Figure 1. Tvo spin Hall naneoscillatorscoupled by
a spin current. Two ferromagnef\ ) are located
on a layer of heavy metalplatinum (Pt). J is the

electric current flowing through the platinum laye
M1 - magnetization vectorSHE- spin Hall effect,

ISHE - inverse spin Hall eéct.

Support by RSF 27910396 is acknowledged.

[1] M. Zahedinejad et glNat. Nanotechnol.15 (2020)47i 52.
[2] A. Slavin V. Tiberkevich IEEE Tran on Magn, 45(2009)1875- 1918.
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MAGNETOTRANSPORT AND ELECTRICAL PROPERTIES OF COBALT
MONOCRYSTAL AT LOW TEMPERATURES
Kuvandikov G ,KJsarov U.T
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This papepresentshe results of studies of the magnetotransport and electrical properties of cobalt
single crystals at low temperatures in strong magnetic fields in order to elucidate the topological
features of the Fermi surface.

For this purpose, potentiometric setupswassembled [1[The magnetic field was created by a
superconducting solenoid. The measurements were carried out for various orientations of the
magnetic field relative to the hexagonal axi s
between thalirection of the magnetic field and the hexagonal axis of the cry3tad).obtained
experimental results are explained on the basis of theoretical works on galvanomagnetic phenomena
in metals [2], the band structure of cobalt3g and the electrical séstance of ferromagnetic metals.

Experi ment al resul t s plpd, the electhical resistance curve i® Ardng  wt
magnetic fields increases according to quadratic law, which indicates the existence of open sections
inplanesparallelto he C axi s, in the case of (G= 30A, the
with increasingH in high fields. The results obtained confirm the theoretical conclusions on the Fermi
surface of cobalt.

On the basis of experimental studies of electrical resistance, the following were estimated: current
carriers atemperature§ < 50 K are scattered on impurities and defects, at temperatures T > 50 K
on phonons. Baber scattering is highly dependent oartisetropy of the Fermi surface.

[1] O.K. Kuvandikov, U.T. Usaro\$cientific Bulletin of SamS(2023).

[2] I.M. Lifshitz, M.Ya. Azbel, M.l. Kaganoy Electronic Theory of Metal@vioscow, 197]1
[3] E.l. Kondorsky Zone theory of magnetisfiloscowState University, 1976

[4] S. Wakon, I. Yamashita. phys. Soc. Japa@8(1970)1151.

[5] F. Batallam, J. Rosenmalaroc. Intern. Conf. Low. Temp. phy$okyo, 1971).
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SPIN-POLARIZED CONDUCTANCE IN MAGNETIC TUNNEL

JUNCTION WITH MULTI FERROIC BiFeO3
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Utilization of the multiferroic (MF) material such as BiFg@ith antiferromagnetic properties as a
functional barrier for a magnetic tunnel junction (MTJ) is challenging problem. It assumes a new
degree of the device functionality, which is not available in conventional MTJs. From one hand,
switching of the ferrdectric (FE) polarization changes the potential barrier geometry and related
conductanceleading to the tunnelling electresistance effect; from other hand, latter one coexists
with tunnelling magnetoesistance [1]. At the same time, FE switching is ohenergy effective
(low power) event, and device reliability is good enough for applications [2].

In present work, tunneling transport modetleveloped for the MF MTJ (MFTJ), consisting two
ferromagnetic electrodes (FMs), which are separated by a few nm thick Bbeeter. The
complexity of the model includes approximation of free electrons in the framework of the ballistic
spinresolved point contact model and noncollinear orientation of magnetizations infeite
FMs. The expression for the potential barigedefined, using the spitlependent ThomaBermi
screening approximation [1,3], which includes also the magnitude and orientation of the

magnetizations [4].
Calculation of the components of the spiarized
conductances is executedss integration by

transmission coefficients, accounting the applied @ 6-5;
voltage, the rotation of the quantization axis and the = ¢.0:

conservation | aw of the g
the Fermi level. The voltage dependence of the§
conductance is considered without and with screenin¢ 2 5-0

effect, modifying the barrier on theBAM interfaces -§ 4.55

for example 0°% "@°% "@%and"®° " ©
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[2] J.T.Heron, D.G.Schlom, RRameshAppl. Phys. Reyl (2014) 021303.
[3] A. Useinov, M.Chshiev, AManchon,Phys. Rev. B91(2015) 064412.
[4] N.Kh. Useinov, A.PChuklanovet al, Phys. of the Solid Staté2 (2020) 1706.
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APPEARANCE OF UNIDIRECTIONAL ANISOTROPY IN THE
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! Kotelnikov IRE RAS, Moscow,Russia
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3 National Research University MPEI, Moscow, Russia
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The epitaxial heterostructures of mixealence manganites open up possibilities to create devices
based on magnetic phenomena and compeimerface interactionsOne of the intecial
phenomena is the appearance of aolditl unidirectional anisotropytd occurrence is explained by
the exchange interaction between ferromagnetic (FM)
and antiferromagnetic (AFM) spins at the interface. - : -
Film SrMnG: (SMO) belongs to the La SKMnOs 1"\ N
families. SMO polymorphs have the -Gpe / f\
antiferromagnetic insulator propertiwgh a Neel (T) oo /‘\ / \ 7“-\ / ]
temperaturethatvaries from 260 to 278K J1Figure J’ \/ \ J \\.f’l
1 confirmsthe antiferromagnetic staté the SMOat
the room temperaturdn AFM/FM heterostructure L s
instead of uniaxial anisotropy (two equivalent easy

configurations in opposite directions) magnetization ifrigure1. Angular dependence of th
AFM/FM systems has only the one easy directionesonance field of

often referred to as unidirectionahisotropy. The grMnOy/Lag SsMnOs heterostructure
antisymmetric peaki the angular dependence of themagenta squares), at= 300 K.
resonant field indicate the appearance of unidirectional

anisotropy inheterostructure, which iexplained by

the appearance of an exchange int&gwacat the AFM/FM interface [2].

Oe

Hres

Work was supportelly the Russian Sciendeoundatiorgrant No. 2179-10396
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APPEARANCE OF THE INTERFACIAL PERPENDICULAR MAGNETIC

ANISOTROPY IN La 056 MnOs FILM -BASED HETEROSTRUCTURES
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8 National Research University MPHlloscow, Russia
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Perovskite manganites show a wide range of various interesting physical phenomena, including
colossal magnetoresistance, high Curie temperature, phase separation,jrdacthetionbetween
electronsMagnetic thin films are interesting due to their potential use in information technology and
spintronicsFor such applications, among many different properties, the most important are those that
determine the magnetization reversal process and the
stabilty of the magnetic configurationExtensive a) prms o s e
studies of the ferromagnet (FM)/heavy metal (HM)
show that HM layers at FM/HM interfaces induce
strong perpendicular magnetic anisotrofij. These
effectscan alsobe induced using antiferromagnetics
(AFM) [2]. This possibility can be used to stabilize
skyrmions at room temperature without external
magnetic fields [3]. The&xchange biasffect caused
by FM coupling with AFM may be especially
important for domain wall pinning, which is necessary
for stabilizing adl optimizing domain wall movement. Figurel. MFM images of a) 30nm
Figure 1 shows Lap7SrsMnOs film-based Lag/SrsMnOs films on NdGaQ(110)
heterostructuresn which interfacial perpendicular substrates, b) SrMrg.ao 7Sto.sMnOs, C)
anisotropy appeared due to additiof@ers of an SrirOs/LapSrhsMnOs  without an
antiferromagnet (SrMng) and a material with a heavy external field.
metal(SrirQ).

Work was supported by the Russian Science Foundation grar@3\Ne2-00016
[1] V.V. Demidov, T.A. Shaikhulov]. Magn. Magn. Matey566(2023) 170299.

[2] F. Li et al.,Sci Rep, 5 (2015) 16187.
[3] Y. Guang et aJ Nat. Commun11(2020) 16.
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ORTHOGONAL MAGNETIC STRUCTURES OF Fe sOe:

REPRESENTATION ANALYSIS AND DFT CALCULATIONS
Zhandun V.Kazak N.V
Kirensky Institute of PhysicskF e d e r a | Research Cent eoSBRAgasnoy
Krasnoyarsk, Russia
jve@iph.krasn.ru

Iron oxides areattracting a lot of attention due to their complex structymalperties and
fundamental aspects from the point of view of the natural sciences and industrial applications [1,2].
In the last decade, studies at high temperatures and high pressures have revealed the existence of ne\
binary iron oxides with unusual sthiometry, such as E®s [3] and FeOe [4]. The discovery of new
classes of systems motivated the study of their physical properties and potential for innovative
applications [2]. While structural information and some properties of the new oxides attanmosp
pressure are available, information on their electronic and magnetic properties under extreme
pressurgemperature conditions is very limited. Knowledge of these properties is important for both
solid state physics and the earth sciences. We
have apped a combination of irreducible
representation analysis and densitgctional
theory plusHubbard U (DFT + U) calculations
to analyzethe ground magnetic state of §&&
at ambient pressur@igure 1). For the parent
space grouemcm(#63), the total energies of s —— WS-
the different spin configurations involving iron . \ /4
ions at all symmetry neaquivalent sites have ﬁ e
been calculated.hespin structures witk= (0, ¢ .# A
0, 0) propagation vectors can tealized The -
ground state  magnetic configuration
correspondgo orthogonal structurewith Fe  Figure 1. The crystal structure of 50 The
spins in the 1D chains directed along rexis symmetry distinct iron sites are highlighted

andspins in the slabaligned along the axis.
The evolution ofmagnetic moments under highpurple (Fel), yellow (Fe2), and blue (Fe3)

pressure wastudiedand asite-dependent spin
state crossover was found

Thisresearchs funded by the Russian Foundation for Basic Research (project-88:-122033).

[1] C. Delacotteet al, Solid State Chen247(2017) 1319.

[2] S. V.Ovsyannikowet al, Nat. Commun 9 (2018)4142.

[3] B. Lavinaet al, Proc.Natl.Acad.Sci. U.S.AL08(2011)17281 5.
[4] B. Laving Y. Meng,Sci. Ady, 1 (2015) e140026321400260.

62



SISM - 2023
2P0O-L1-19

LINEAR MAGNETORESISTANCE IN (Bi 1.xEux).Se TOPOLOGICAL
INSULATOR
Aronzon B.A Mekhiy#.B!, Oveshnikov L}NDavydov A'BPrudkoglyad V:A.
Rodionov Y4.Kugel KX, Selivanov Yu.G.
1 P.N. Lebedev Physical Institute, RAS, Moscow, Russian
2 Institute for Theoretical and Applied Electrodynamics, RAS, Moscow, Russia
aronzon@mail.ru

We investigatedhe change in the properties 2D topological insulatorBii1.xEu)>Sez doped by
Eu at concentrations x =10.21. It follows from the symmetry that the magnetoresistghiée =
100 R&KB) Rw«0))/R«0), whereR« is the electrical resistanc& an even function of the
magnetic fieldB. However, inhigh magnetic fields, a linear dependence of the magnetoresistance
(LMR) can be observedhe LMR turns out to be especially pronounced at-temperaturgin
sampleswith magnetic impurities such as Euaahigh Eu contenin our samples, the dopants are
concentrated within platelike Eurich inclusions.

We want to emphasize that in all materiatsler study, the characteristiagnetic fieldange(from
Bmaxt0 Bmin), Wwhere the LMR manifests itse#fhifts toward higher fields with an increase itBax
it is thefield, up to which LMR still exist, andBnmin it is thefield, up to whichtheweak localization
still exists). Note thatin the caseof Bmax, it increase®nly up to 15 TIf the number of nclusions
exceeds some threshold value, this leads to the formation of a partially amorphous structure due to an
overlap of inclusions. In this case, the LMR begins to disappeaBandecreasesAs far asthe
LMI/?Z)sIopeis concernedf more or lessemindsthe temperature dependencet@dephasing length
(TTl )

General LMR theories can be divided into two main graums$assical and quantum. Classical
models (ParishLittlewood) [1] basically assume that the LMR arises due to the mixing of the Hall
contribution when the current wraps around islands with low mobility and partially flows
perpendicular to the direction did electric field. Quantum models suggest that LMR can occur in
the ultraquantum limit (i.en a high magnetic field when only one Landau level is occupied) (the
Abrikosov model) 2]. In recent years, additional considerations have been made about the
phenomenon of LMR in topological systems. It has been suggested that due to the absence of gaps in
the spectrum of topological materials, relatively low disorder can cause the formation of pools of
electrons and holes, which act as islands with low mobilityhe ParishLittlewood model. On the
other hand, it was assumed] [that the Abrikosov model remains applicable even below the
ultraquanaim limit in topological systems

It is difficult for us to choose one of the two proposed models, but it seemghatubey both
correctly describe the situation and both have the right to exist depending on the paramiisrs.
work, we present a certain discussion of these issoiesnote that the Abrikosov model has more
chances, especially when taking into@aut two features that we have discovered recently.

The work was supported by the Russian Science Foundation, Grant Nb2-0P254
(https://rscf.ru/en/project/212-00254).

[1] M. M. Parish and P. B. LittlewoodNature 426(2003) 162.

[2] A. A. Abrikosov,Phys. Rev. B58(1988) 2788.
[3] Ya. |. Rodionowet al, Phys.Rev. B107(2023)155120.
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ELASTICITY OF THE CHIRAL SOLITON LATTICE IN CrysNbS;
TereshcheAkA ., Ovchinnikév.S*? SinitsyN|.E .}, BostrehG.!
1 Ural Federal Universityy ekaterinburg Russia
2 M.N. Mikheevinstituteof Metal Physic4JB of RAS, YekaterinburgRussia
alexey.tereshchenko@urfu.ru

The study of the magnetic propertiesrainaaxial chiral helimagnets, in which the helical magnetic
order is due to the antisymmetric Dzyaloshiridlioriya exchange interaction, is one of the
promising areas of modern magnetismview of potential application in spintronics, these systems
are attactive due to easilgontrol of their magnetic order by externafluences For example, by
applying an external magnetic field perpendicular to the helicoidalthesnagnetichiral soliton
lattice (CSL) is formed[1]. The period ofthe magnetic struire increasewith a growth of the
external magnetic field. A recent study has proven the existerntte GfSL at room temperature,
which brings the use of such a magnetic structure in real spintronic devices mucf2¢loser

Tensile or compressivelastic strains applied to the CSLcan alsodeform this spatially
inhomogeneous magnetic structwkeneverthe singleion magnetoelastic interactioa relevant
Deformations bthe CSL in thelayered chromium dichalcogeni@#sNbS have been analyzed by
usandit was proven that théouble sineGordon(dSG) modetlescribes well the deformed CSL [3].
This model predictthe existence of twdifferentphasesthe phase in which magnetizationostly
retains along the magnetic field, nd the packed structurephase, where magnetization is
predominantly directed at an angle to the magnetic field. Comparisbatb&orywith experimental
data obtained by the Lorentz microscagydences thathe firstcase does take place @risNbS
sanples subjected hignsile stress.

Previously, i wasdemonstratedhat distortiors of the skyrmion latticein cubic helimagnetsay
be described in terms of the theory of elastiply wheneveHooke's law isvalid for deformations
of the magnetic structurén our work, we realize this idea for the soliton lattice arising in the
helimagnets of hexagonal symmetry.

More specifically we considemweak distortions of th€SL as solutions dhedSGmodel at given
magnetic field. Thedastic deformations lead tmcrease of a period of the deformed magnetic
configuration that makes possible to introduce the effective elastic deformationugnsdrich is
directly proportional tahe realelastic strainsin addition, adifference beween the eneggof the
deformed CSL and that of naleformed CSL turns out to lp@adratic in g This suggeststdooke's
law regime for small deformations and allows us to calculate the correspaidsiigity constant
cs3. Remarkably, thielasticity @nstant decreases monotonicalith increasing of the magnetic
field. These resultdemonstrateelevance of elasticity theory to describe deformations of magnetic
soliton lattice by external forces.

This work was supported by the Russian Science Foiond&rant No. 2213-00158).
[1] Y. Togawaet al.,Phys. RewLet, 108(2012) 107202
[2] R. Brearton et alAdvanced Physics Reseay¢h023) 2200116

[3] G.W. Patersomet al.,Phys. RevB., 101(2020) 184424
[4] S.P. Kanget al.,Journal ofApplied Physicsl21(2017) 203902
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NONLINEAR FREQUENCY SHIFT OF THE MAGNETIZATION
PRECESSIONIN THIN MAGNETIC FILMS UNDER THE ACTION OF
SPIN-POLARIZED CURRENT IN THE PRESENCE OF AN EXTERNAL

MAGNETIC FIELD
Matveev A.ASafilA.R*?2 NikitovS.A!3
Kot el dni kov Institute of Radioengineering
2 Moscow Power Engineering Institute, Moscow, Russia
3 Moscow Institute of Physics and Technology, Dolgopruuyssia
maa.box@yandex.ru

The study of the nonlinear dynamics of magnetic films is of scientific interest since they can be
implemented in spintronics devicesfrom spintransfer nanoscillators to norvolatile memory
devicesand magnetic logic elements]. It has been shown that the dynamics of a homogeneously
magnetized film can be successfully described within the framework of the Hamiltonian formalism
[2]. This formalism allows taeduce the Landalifshitz-Gilbert (LLG) equationwith additional
spirntransfer torqueto a nonlinear differential equatidior complex amplitudeny Form of this
equationis typical for seloscillating systems

- U b o d o @
Here] <5 ] 0 s is the frequency of the

magnetization precessiam; is the

eigenfrequencyy s is the damping, that arises v w— Calculatad

from the Gilbert term in LLGo L% isthepumping ® Simuisted

due to the sphpolarized currentThe change in the
frequencywith an increase in the amplitude of the —,
precession of magnetization is determined by the T so
coefficient 0. In this work, we usemicromagnetic
simulations in MUMAX [3] and numerical
calculationsto determine the critical owutf-plane 10 20 30 40 50
angle’O ofthea atwhich0 1t The results for Hy MA/m

permalloy argresentedn Figurel. We show that this Figurel. The dependence of the critic
angle decreases with increasirgf the external angle of the external magnetic field c
magneticfield modulus and cannot surpassertain  the modulus of this fieldO for
minimum angle 'O . For example, the derived permalloy( Q" . Red circles show

ded

expression for this minimum angle for permalloy hashe results obtained usin
the form micromagnetic simulations and a sol
‘0 Ol HHE i ovt ) black line indicates the numerice

solution of the equatiod 1L
Supportoy RSF 2179-10396 is acknowledged.
[1] Q. Shao et allEEE TMAG 57(7)(2021)1-39.

[2] A. Slavin and V. TiberkevicHEEE TMAG 44(7)(2008)19161927.
[3] A. Vansteenkiste et alAlIP Advances4 (2014)107133.
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FINITE -ELEMENT -BASED MICROMAGNETIC MODEL OF THE
EFFECT OF NONLINEAR GIANT MAGNETOIMPEDANCE IN AN

AMORPHOUS FERROMAGNETIC SHELL WITH A DIELECTRIC SPACER
Demin G.DFediaA.D., Djuzhev N.A.
National Research University of Electronic TechnoldgyHT), Moscow, Russi
gddemin@gmail.com

At present, the actual direction of spintronics is devoted to the development of highly sensitive and
compact magnetoresistive sensors capable of detectindavitraagnetic fields. The main attention
in this area is paid to the design of tunnel magnsisiree (TMR) sensors based on magnetic tunnel
junctions (MTJ), which have a high magnetoresistance (MR) ratio (from 150% to 604%), good
sensitivity (about 10%/Oe), a suitable measurement range of magnetic fields (from hundreds of pT to
several nT) and thability to scale down up to 10 nm. However, the technology of MTJ fabrication
is quite complex (high uniformity and quality of layers with thicknesses of a few nm is required) and
uses materials based on expensive transition metals (such as Ir, Riniéhthave a limited supply
and greatly increase the final cost of devices. Anisotropic magnetoresistive (AMR) sensors, which
are simpler in design, inexpensive and widely used in the industry, do not have similar characteristics
T the MR ratio does not eged 34%, and the minimum detected fields do not go beyond a few nT.
In contrast to theabove TMR and AMR sensors,
sensors based on the Hamear giant magneto 18
impedance (GMI) effect, demonstrating a noticeabl 12
change in the complex resistance of amorghotz !
ferromagnetic (FM) structures in an alternating =
magnetic field (up to 700% and higher) and sensitivit >8 6h
at the level of several hundred %/Oe, combine ease |
fabrication (inexpensive materials and simple desigr ‘ : ‘ ‘
and a wide operating range (from 0.1 pTOtd mT), 0 20 40 60 80 100
which makes it possible to measure weak magnetic tns)
fields. One of the promising types of GMI Sensor g 61 The output signal of the thin
based on a thifilm structure with a qllelectnc SPacer i GMI sensor at field of 5 Oe anc
separating the metal conductor with an altemat'ngfrequency of 10 MHz.
current (AC) from the FM shell surroumdg it [1].
Unlike GMI multilayers without a spacer, it has no effect of eddy currents on the output signal at high
frequencies and is more technologically advancedttierintegration into CMOS technology.
However, when designing such a GMI sensor,iihjgortant to take into account the features of field
induced spin dynamics arisifiggm thefilm roughness, as well as those associated with the shape of
the FM shell and thenagnetic fielddistribution, which requirea complexapproach tsimulatethe
output signal. In this work, we propose a model of a GMI sensor based on micromagnetic simulation
of the spin dynamics in an arbitrashaped FM shell with a dielectric spacer in a-naiform AC
magnetic field. The results show the predomoeof the second harmonid the output signal
(Figurel). The signal amplitude vari&é®m 0.01 to17.36 mV when the fieldvaries from Qo 5 Oe
(at a frequency of 10 MHz). Thapproach can be used to predict the impact datbrécation process
on the geometry angberformance of the GMI sensdrhe work is supported bihe RFMinistry of
Science and Higher educatiord@-15-2021-1350).

micromagn,
= = = macrospin

[1] T. Morikawa et al.JEEE TransMagn, 32 (199%) 49654967.
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FIRST-PRINCIPLES STUDY OF THE SPIN-TRANSFER-TORQUE

EFFECT IN COTB -MGO-COTB FERRIMAGNETIC TUNNEL JUNCTIONS
DemirG.D, Djuzhev N.A.
National Research University of Electronic TechnoldgyHT), Moscow, Russia
gddemin@gmail.com

The MgObased magnetic tueh junctions (MTJs), which demonstrate a high value of
magnetoresistance and excellent scalability, have found a wide range of practical apptifaions
highly sensitive magnetoresistive sensors, microwave detectors twolatite magnetoresistive
menory (STT-MRAM) devices [1]. An important role in the energy consumption and performance
of such spintronic devices is played by the choice of the material of the magnetic electrodes, which
determines the spin polarization, the spracession time, and theagnetic anisotropy constants.

Soft magnetic materials (Co, CoFe, CoFeB) have a low switching speed (at the level of several ns),
which limits the use of MTJs based on them for uiltease scaling of SFIMRAM cells or creating

a new element base for THage spintronic devices. In turn, compensated ferrimagnets, which have

a strong exchange coupling between oppositely polarized magnetic moments of sublattices, low
Gilbert damping parameter (<%0 and high magnetic anisotropy, provide ultrafast magnetic
dynamics [2]. In particular, alloys of reaarth (RE)
and transition metal (TM) elements, in which there i
an exchange interaction between thamtl felectrons
of RE and TM atoms, exhibit suitable ferrimagnetic
properties. The compensation point of lsadloys, at
which the magnetization is equal to zero, can b , - ;
controlled by changing their component compositiol L SLRL IR
(the ratio of the atomic fractions of the RE and TM) _ srx

T | ) T i
# CoTb-MgO-CoTb

which is promising for the highpeed nanoelectronics ‘
based on ferrimagnetic tunnel juieets (FMTJ) and
for the development of the future generation of STT
MRAM. It was found in [3] that FMTJs with CoTb
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alloy as the electrode material have a number
advantagesi high thermal stability, picosecond :
switching time, and energy efficiency 25 @mhigher MgO-CoTb FMTJ and calcglated n
than MgObased MTJs. However, the features ofspinplane component Of.STT acting on
transfer torque (STT) effect in such FMTJs are sti’lr0 su_blattlce. The thickness of the Mg
poorly studied, which plays a key role in the spi ayer is equal to about 5 monolayers.
dynamics of the free CoTb layer.

In this work, using the density functional thed®FT) and the nonequilibrium Green's function
(NEGF) method, we perform firgirinciples calculation of the STT in the CoTMgO-CoTb MTJ
(Figure 1). It was shown that the spatial oscillation eplane STT in a free CoTb layer is resistant
to changes inhie thickness of the layers and the bias voltage. For a-tlyipeigO barrier, the STT
can even exceed values obtained in thd/ig©-Fe MTJ.

?lfigure 1. The crystal structure of CoTl

The work is supported lthe RFMinistry of Science and Higher educatio®{®15-2021-1350.
[1] Z. Guo, JYin et al, Proceedings of the IEER09(2021) 1398

[2] D.-H. Kim, T. Okuno, S.K. Kim et alPhys.Rev. Lett.122(2019 127203
[3] S. Smidstrup et glJ. Phys.: Condens. Matte32 (2020 015901
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INFLUENCE OF SYNTHESIS CONDITIONS ON MICROWAVE
PROPERTIES OF FINE IRON POWDERS OBTAINED VIA ULTRASONIC

SPRAY-PYROLYSIS
Artemova A.YMaklakos.S Shiryaev A,@sipov A.YKomarov |.\RPetrov D.ARozanov K,N.
Lagarkov A.N.
Institute of Applied and Theoretical Electrodynamics RAS, Moscow, Russia
avometras@gmail.com

For metal ferromagnetic powdergwinsighsinto the complex relationships between microwave
properties and chemicabndition i.e., chemical purity, opens new possibilities for the production
and design of materials for electromagnetic compatibility solutibhs.ultrasonic sprapyrolysis
technique allows for the solid particles in an unreserved range of chemical compositions to be
produced from liquid solutions. Principally, atomized aerosol particles solidify under high
temperature with diffusion and crystallization of dissolved metal solisar the surface. The
characteristics of the final product depend on synthesis parameters. The ability to produce complex
structures such as hollow [1], that are of special interest for microwave applications, or
nanostructuredhicrospheresarethe advatages of the techniquBostannealing of the agrepared
metal oxide irahydrogen atmosphere allemetal particles tbeproducel. Annealing in a Hz flow
at temperatures lowghan600A ¢2] makes it possible to finely control the reduction degreg, i
composition, of the final product.

The nanostructuredphericaliron particles were synthesized bytwo-stage pocess involving
ultrasonic spraypyrolysis from aqueous solutioRe(NQ;)s (10 and 20 wt%) at 1000AC an d
reduction inHz at 3501 500AC t e mp e r §} The dependence Eetween the microwave
permeabilityof theferromagnetigron powdersandsynthesis conditions, includindp-annealing and
concentration ofhesolution, was investigated.

Increa inthe reduction temperature frorB@to 500A @roducedron powders with the chemical
pur i t y-Feophasaplo®5%)which was established usingriy diffraction and simultaneous
thermal analysis. The reduction temperature did not change the shape and size of the(fiaaticles
avaage sizes were 0.5 and @.7mproportionallyto solution concentration), governing microwave
permeability and permittivity. Bugporous, mesh structure, consisting of iron grains was formed due
to lossesof weight and volume irdecomposition ofU-Fe crstalizes from initial iron oxide.
Noticeably thatreduction at 40@C allows a smooth surfaseith distinct porous particles to obtain.

The further increase caused partial destruction of particles.

Measurements of microwave propertiésomposites with graffin matrixshowed the dependence
of permeabilityonthe chemical purity of iron. An increase in the chemical purity increased the value
of the Acher's parameter, which is the quantitative characteristic of the dynamic magnetic
performance of a material. Also, an increase in the chemical purity of ir@agsed the amplitude of
both the real and imaginary parts of the permeability and shifted magnetic loss peaks to lower
frequencies. Among other samples, powders obtained 8400 d e monstr at ed hi gh
low porosity, high Acher's parameter, dngh magnetic losses at around@Bz frequency range.

The results obtained enhance understanding of the relationship béteebemical condition of
iron andthedynamic magnetic properties of irdiased composite materials.

This research was funded the Russian Science Foundation (RSF), grant numb&g-20138

[1] A. Artemova et al.Sensors22(8)(2022) 3086.
[2] A. Artemova et al.Magnetism3(2) (2023) 90101.
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PERMANENT MAGNET UNDULATORS FOR SYNCHROTRON

RADIATION FACILITY
Kilmetova I.\Kulevoy T.\Skachkov V,&ergeeva O.S.
Nati onal Resear clhnsQGentturtee , AOK uMocshcaotwo,v Ru s
irina.kilmetova@yandex.ru

The fourthgeneration synchrotron radiation source is considered to create at National Research
Centren Kur chat ov I nstit ut e-gendraligh SR ®urde AvithareXy freee ( a
electron &ser) is a mukuser interdisciplinary system of megascience class for many research and
applications in physics, chemistry, crystallography, materials science, biology, and medicine. Sources
of this type are also in demand in imaging tasks, for speopgsand the development of
nanodiagnostics methods with resolution on atomic level.

The accelerator facility under development exceeds the currently existing electron storage rings in
its characteristics. It assumes an extremely low horizontal beam erittérn75 pnioad at energy
of 6 GeV.With the bunch length of 3.4 mm, it will provide the smallest size of SR source with spatial
coherence and high brightness whereas divergencdisodr a d .

Several dozens of research stations and laboratories willdregad in the experimental area of the
SILA sourceThe basic types of foreseen for experimental stations sources will be permanent magnet
undulatorswith period length of 2i745 mm.Some stations requiie-vacuumundulators with small
period of 1418 mmas well as wigglers with high magnetic field and special short bending magnets.
The main parameters of the basic type of permanent magnet undulators are specified in Table 1.

Table 1. SILA source: main characteristics e2Wundulator.

Material | Structure period Period Structure Max magnetig Radiation
type length, mm number length, mm | field, T energy, keV
Nd-Fe-B 27 59 1593 0.556 6.386

Possible designs of permanent magnet undulator structure with variable field are disthissed
Nd-FeB alloy was chosen as the material, which has a significantly higher residual magnetization
comparedto the SmCo alloy and is capable of providing increased codyciimong the most
effective designdyesidehybrid dipole magnetit is preferble to useboththe sectoandrod typeof
implicit multipole, as well as QSM [2] techniquEdurel).

Each of these systems has advantages and disadvantag
sector design requires a lot of magnetization orientat
relative to the magnetic elemefatices, while the rod desig
uses elements with unique geometdn the other hand, th
former ones are easier mounting and precise adjustment o
position, while the latter ones require a holder in the form
key pair and, in addition, have a sliyhlower fill factor. Due
to the significant discreteness of the magnetization distribt
in the longitudinal direction, in addition to the fundamer
field harmonic, high order harmonics are also appeared ii Figure 1. Structw with QSM dipole
Fourier expansion.

The paper presents the spectra of the longitudiakl distributionin the regulapart of various
undulatorstructure.

[1] M.V. Kovalchuket al.,J. Cryst, 67 (2022)676-683
[2] V.S SkachkoyNIM A, 500(2003 43-54.
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AMORPHIZATION OF THIN SUPERMALLQY FILMS N  izFeiiMos WITH
OXYGEN DURING MAGNETRON SPUTTERING
Maklakov S'SNaboko A.§ Maklakov S_.A Bobrovskii S,YPolozov M, Zezyulina P!AOsipov
A.V.%, Ryzhikov |.A.Rozanov K!NFilimonov D?FPokholok K.&/Lagarkov A.N.
Linstitute of Applied and Theoretical Electrodynamics RAS, Moscow, Russia
2 .omonosov Moscow State University, Moscow, Russia
squirrel49&) gmail.com

Soft ferromagnetic materials, including thin films, ceteell structures, and fine ferromagnetic
powders of different structure, recently showed high potential in electromagnetic interference
applications in microwave range-@l. Further fundamental stig on structurg@roperty relationship
between dynamic magnetic performance and structure of thin ferromagnetic filbhfigteinterest.

Reactive sputtering of permalloy typically reduces crystallite size in films, if the concentration of
reactive gass low. This advances magnetic properties: decreases coercivity and increases good in
plane magnetic anisotropy. But oxygen is rarely applied for this purpose. Here, peculiar deposition
conditions, including the geometry of the vacuum deposition systenaegel polymer substrate,
allowed for the deposition of supermalloy with unusually high admixture of oxygen. Evolution of
both static and dynamic magnetic properties with an increase in oxygen concentration proved to be
dealt with the balance between graime, surface structure, disordering of atomic structure and
internal stresses. The critical concentration when supermalloy shows indications of oxidation is 5%
of Oo. Coercivity, resistivity, roughness and ferromagnetic resonance frequency are the ggaramet
that are most sensitive to oxidatipf).

More specifically, eactive sputter deposition of Mrei7Mos with unusually high admixture of
oxygen to a large polymer substrate resulted in the amorphization of the film. Grain size, surface
structure, defects concentration and stressegmarotonically changed with oxygen concentration.
(Here and aftefx%0Qy}i - samples notationj - internal stress in a volume of a supermalloy fifin;

- mean surface roughned®;- resistivity; He T coercivity.) This produced three types of strongly
anisotropic filmshigh H.- highR-h i g h 02}),(oy B.Wd@ Ri | ow 0 2}@fd12%Q})
andhigh H. - high R-1 ow 0 2}). First%&xes of oxidation were detected only at 5 vol% of
oxygen admixture. This increasétt and R and decrease&. This also caused a blueshift in
ferromagnetic resonance freaquey and suppressed magnetoelastic effect. An interesting extension
could be an attempt to turn easy axis or eliminatplam magnetic anisotropy within the studied
films.

This research was funded by the Russian Science Foundation (RSF), grant nufrs60238

[1] A.V. Artemova et al Sensors22 (2022 3086.

[2] A.V. Dolmatov et al. Sensors14 (2021) 4624.

[3] V.I. Polozov et al.Phys. Status Solidi,017(2020 2000452.

[4] V.I. Polozov et al.Phys. Rev. B101(2020) 214310

[5] V.I. Polozov et al.IOP Conf. Ser. Mater. Sci. En@48(2020 012073.
[6] A.V. Kosevich (Artemova) et glCoatings 10 (2020 995.

[7] S.S. Maklakov et alJallcom 763(2018) 558.
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ADDITIVE MANUFACTURING OF R -Fe-B TYPE PERMANENT
MAGNETS
Maltseva VUrzhumtsev, Andreev,3.olegov A.
Ural Federal Universityyekaterinburg Russia
viktoria.maltseva@urfu.ru

Hard magnetic materials and permanent magnetdenirom them are widely used in modern
technical devices and in electronic devices that surround us eveBettayse of the desire to reduce
the size of devices in general, there is a need to significantly optimize permanent magnets and
magneticsystems. Technologies that have been developed over the years for obtaining magnets are
not always able to maintain the same magnetic characteristics when the magnets are reduced in size,
or the magnets cannot be configured as required when the magneisiaterized. One option for
creating magnets of complex shapes without losing their magnetic hysteresis characteristics is the use
of additive manufacturing technologigk]. The aim of this work is to establish the relationship
between the magnetic hgsésis properties of samples of sinlglger permanent magnets of tNe-
Fe-B system and the conditions of their synthesis by selective laser sintering.

Magnetic hysteresis properties were measured on printed-tygiesamples. Samples are look
like squares and have a linear dimension about 10x10 mm and width less than 1 mm. A mechanical
mixture of two powders was used for 3printing: MQRB (manufactured by Magnequench Int.)
and a eutectic alloy of Pr(Ng@j{Cuo 2sCo,75)25 in proportion 80% 20% wt. The alloys were milled
in alcohol in a ball mill. A powder Thepartctei on
size was determined by sieving through several sieves after drying the obtained powder. Process of
3D-printing was made with us@rlas Creator RA. For the printing process, a brass platform is inserted
into the build chamber, on which powder is evenly distributed in a 1 mm indentation. The brass
provides sufficient heat dissipation for sintering the samples, but prevents thepfwseger from
sticking to the platform. Process of gbinting was made with use Orlas Creator RA. During the
printing process, parameters such as the number of laser passes over thepvedser powerR,
W), hatchf, Om), | asgmmbeamespbedm(directiod €bh) d
were varied to achieve improved hysteresis properties. All magnetic hysteresis properties were
measured T = 300 K by a PPMS DynaCool T9. The possibility of obtaining the coercivity of 19.5
kOe on singldayer magnets without the use of heavy +@aeth metals was shown.

The report will present the results in more detail and suggest ways to carry out further research

Supportbyg r ant RBH0104is acknowledged.

[1] A.S. Volegov et al.ActaMaterialia., 188 (2020 733-739.
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The transition metal dichalcogenides (TMDCs) and their intercalates have been the subject of
increasingly ative study in the fields of physics, chemistand materials sciencelue to their
intriguing physical and chemical properties and potential applicatioparticular, the incorporation
of 3d transitiormetal atoms into TMDC structure results in treset of various magnetic states and
properties which can be tuned by the intercalant concentration, the choice of intercalated atoms, and
the host latticel-or example,lte magnetic properties of the ferromagnetic compougbasewith x
~ 0.25 are foundb substantially depend on the sample preparation procedure and heat treatments as
well as on the small changes in the Fe contdntin particular, the value of the Curie temperature
Tc in compounds with 0.28 x < 0.29 varies from 70 K to 160 K.

Theaim of the present work is to synthesize thesEaSe samples by using two types of methods
and different heat treatments and cooling procedures, determine the features in the crystal structure
and magnetic propertieShree polycrystalline samples ofdz6TaSe were prepared by solighase
reactions at 700 AC usdmplg syrthesized thy pessge methodrwithu t e s
subsequent cooling by removing the ampoule from the furnace to agai@fle (twestage method
with slow cooling in the furace after it was turned off) ands@mple (twestage method with
guenching of the ampoule with the sample in ice waldre. X-ray certification was carried out by
using a Bruker D8 Advance diffractometer. The magnetization was measured by using a SQUID
magnetometer at temperatures from 2 K to 350 K and in magnetic fields up to 70 kOe.

According to the Xray diffraction measurementthe crystal structure ddll three samplesvas
identified as thénexagonal structure (space graf/mmagq. It was found that the differentethods
and heat treatments do not have a strong influence on the crystal structure and lattice parameters of
the main phase in the samplé&se Fe.sTaSe samples show wide hysesis loops with coercive
field up to 65 kOe at 2 K, which is characteristic dictates anisotropic ferromagheteemperature
dependence of the magnetization measured on ttsaiBfle in an applied magnetic figil= 1kOe
and FC/ZFC regimes have reveaiegdronounced anomaly of the magnetizatiomat 6 0 K, whi
can be associated with the Curie temperaiféerent heat treatmentdramaticallyaffect the peak
position and the value of the critical magnetic temperature is determined to be 38 K arfidr3BeK
SGsample and the @ample, respectivelA substantially reduced value @t for the quenched
samplecompared with the slowooled sample can be attributed to the difference in the distribution
of Fe atoms over the lattice. Supposedly, this diffee is due to the partial mixing of tantalum and
iron atoms in the €@ample, which leads to the placement of iron atoms both in the tantalum layer
and between S€&a-Se trilayers, where the Fe atoms, according to previous sti#}jdmje different
spinstates

The research funding from the Ministry of Science and Higher Education of the Russian Federation
(Ural Federal University Program of Development within the Pric2@$0 Program) is gratefully
acknowledged.

[1] Y.J. Choi et al.Europhysics Letters86 (2009) 37012.
[ 2] M. Ei bPhys.Rey.tBZA5(E77)163114,
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The advent of 3D printing technology has revolutionized the field of personalized medicine,
allowing for the production of customized medical devices such as implants and scaffolds [1,2]. By
incorporating functional inclusions, suchraagnetic micreand nanopatrticles, additional properties
can be added to these materials. The magnetic properties of such materials, in particular, can be
exploited for drug trigger release or hyperthermic theragl}.[B this study, we prepared compaesit
magnetic filaments for 3D printing with tunable magnetic properties using a thermoplastic polylactic
acid (PLA) polymer and magnetic ferrite particles of varying size and chemical compod&tion [
Specifically, we utilized cobalt ferrite Cof4

nanopaitles, a mixture of CoR©®s and zine D
substituted cobalt ferrite ZACo.Fe0s d
nanoparticles (<20 nm), and barium hexaferritc
——= 1l ts

BaFe:0omi croparticles (< ., S
indicate that the filament sample containing £
wt% barium hexaferrite micropartes exhibits

the maximum coercivity fielthc= 1. 6 N
while the minimumHc was found for a filament
with a mixture of cobalt and ziicobalt spinel
¢) 5CFO/ZCFO/PLA d) 5BaFO/PLA 1cm

ferrites. Furthermore, we demonstrated the abilit —

of the FDM 3D printing process to produce parts

with simple (ring) and complex geometric shapegigure 1. Pictures of objects printed with a ¢
(honeycomb structures) using the magnetigrinter from the pure and composite RL/
composite filament. These findings offerpased filament: a) pure PLA
promising implications for the development ofp) 5CFO/PLA, ¢) 5CFO/ZCFO/PLA ant

personalized magnetic medical devices withy) 5BaFO/PLA composites. Reprinted fro
tailored magnetic properties. ref.[5].

This workwassupported by the Russian Science Foundation under gr&it 730032

[1] G. Giammona ané.C.EmanuelaMolecules23(4) (2018) 980.

[2] A. Gregoret al, Journal of biological engineerind.1(1) (2017) :21.
[3] J. Tang et al.Extreme Mechanics Lette6 (2021) 101305.

[4] A. Makridis et al, Phys. D: Appl. Phys56 (2023)285002

[5] A. Amirov et al, Processesl((11) (2022) 2412.
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Ferrites include two classes of materialsiagnetically hard and magnetically soft, which gives
them awide range of magnetic properties and applications. Their primary field of application is in
microwave devicesphase shifters, antenna systems, circulators. Their promising application include
masking of flying objects, anechoic chambers and in medicine ewhey can be used for targeted
drug delivery and as contrast agents in MRI [1]. It is known that by directionally doping of a material
with atoms of other chemical elements, it is possible to change the magnetic properties of the material
quite significatly changing it from a magnetically hard state to a magnetically soft state and vice
versa [2]. Of particular interest are those materials whose magnetic properties can be tuned to specific
requirements using a double or more degree of substitution. @hmadl possibility of using a small
step in the doping concentration allows the magnetic properties of the material to be adjusted
smoothly, thereby increasing its functionality [3,4].

In this work, spinel ferrites with a triple degree of substitutiorel#een studied. The samples were
devided into three series, in each of which the concentration of Co was fixed, and the concentrations
of the other two elements Ni/Zn varied within certain limits: o@mo oxNixFeOs,

Can.2ZNno exNixFe0as, Ca.aZno 6xNixFeOa.

The samples are powders obtained by splidse synthesis by colleagues from the South Ural State
University in the Crystal Growth Laboratory. Based on the data obtained as a result of element
analysis (Jeol JSM 7001F, INCA-iMax 80 electron microscope can be concluded that the given
and actual formulas are in a good agreement. The surface morphology of the samples is a set of
microcrystallites characteristic of the cubic system. The samples phase compositions were studied on
a powder diffractometer Baku Optima IV. All the observed peaks correspond exactly to the JCPDS
74-2397 related to ferrite with space group Fd3m.

Measurements of hysteresis loops were carried out on a LakeShore 7407 series vibration sample
magnetometer (VSM) at different tempenas: 100, 300 and 420 K. From them the main magnetic
parameters were obtainédsaturation magnetization @gMand coercive force ({1 Also, for each
series, the dependence of magnetization on the temperature M(T) was measured in the general
temperatureange from 100 to 1000 K, from which the Curie temperaturgsx@re obtained. The
concentration dependences of the main magnetic parameteen@v) for a series of samples
Co.1Zno.9xNixFeO4 are shown in Figures 1 and 2.

The behaviour of Ms(x) is shown in Figure 1. Irrespective of the measurement temperature, it has
a general form: increases, reaches a maximum and decreases. This can be explained by the
distribution of the cations along tefiedral and octahedral spinel positions. It is known th&tidns
prefer to occupy tetrahedral positions (A), while#Nand C3" ions tend to occupy octahedral
positions (B). According to these preferences and the mechanism of distribution of caficarsdin
B positions, the magnetic moment of the sublattice A increases, and that of the sublattice B decreases.
Then, in accordance with the Neel model, there is an increase(x) i Figure 1. The further
decrease of Ml X ) candét be e x pllPaobablg dnothey moNet should be used t
explain the M(x) dependence. As the measurement temperature decrease for a fixed concentration,
the Ms value increases, which can be explained by a decrease in thermal fluctuations.
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Figure 1. Concentrain dependence ¢ Figure 2. Concentration dependence
saturation magnetization, 16kOe coercive force, 16kOe.

The general growth trend of the() dependencies, shown in Figure 2, can be explained by an
increase in magnetic anisotropy.

For random samps, four for each series, Curie temperatures were obtained. They increase with
increasing concentration of dopedNiThis can be explained by the increasing exchange interlattice
AB-interaction.

[1] Z. Shi et al, IMMM, 498(2020)166222.

[2] M. Kurian, S. ThankacharQpenCeram, 8 (2021)100179
[3] D.A. Vinnik et al, Ceram. Int, 48 (2022 1812418133

[4] D.P. Sherstuk et alGeram.Int., 47 (2021) 1216312169.
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New alloys based on the -salled FINEMET class of materials were created by changing the
composition in order to acquire excellent soft magnetic properties, requested by different
applications. The addition of Cr and as a consequence Fe reduction ledinorease in the
temperature of crystallization and corrosion resistance of the ribboria fh]s work the results of
the influence of load annealing on the structure and magnetic properties ¢3r5®i13 sBoNbzCuy
ribbons are presentetihe ribbonsvere obtained by rapid quenching from the melt and then annealed
at a temperature of 52 0-ANJantl onder tBe Idadofi ¥58 MP& {(FMh o u t
SA). Two ribbons of different widtlt, 0.88 mm (FM1 and FM4) and 0.60 mm (FM2 and FM3) were
produced in each series (FMN and FMSA). According to XRD data, the ribbons had a
nanocrystalline structure and the size of crystallite is of the order of 15 nm. AFM data showed that
for the samples FM\N the average surface roughnelRs,is about 20 nm, and the deviation of the
surface profilePZ, is about 100 nm and for F8A - R.°® 10 nm andZ ° 20 nm. During magnetic
measurements the external magnetic fieldwas applied in the plane of the ribbons. The holder
rotated around itsxai s fr om O t o 3 6A0t OdHawas parakelrtetinedong sele o f
of the ribbon.The volume magnetic characteristics obtained by the vibration magnetometer (VSM)
(Figure 1a, 1b) indicate the effect of load annealing: the hysteresis logpsbemore sloped as a
result of the induction of transverse magnetic anisotropy; the valtsanidHs increases and values
of Ms decrease. Reducing the width of the ribbon leads to a decrease in the vdWieanof an
increase in the values ¢fc. Themagnet i c fi el d behavior of the
oscillating dependendés ( d ) urél1b)icanfirms the presence of uniaxial magnetic anisotropy.

1.0 o

600f —=— FM1 - FM1 g i fEM1- fp= 0.88 mn [FM3-fy= 0.6 m
40| HE= 011 08 s00f, Pzt }EE Fhg a=0 a=0
] t 05|
a0l M2 . b *%lHc= 6.10e Hc=8.90e
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: t 1 z 00
= ° ——FM3 ;| S 1 |2%%Fc=370e £ "He=18.10e
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Figurel. Hysteresis loops measufed byVSM(a)lled d) dependence (b); hy
DS images, for FM1fi§ and FM3 (d) measured by MOKE.

The surface hysteresis loops and simultaneous visualization of the changes of domain structure (DS)
were measured using a magnettical Kerr magnetometer (MK by means of the meridional

Kerr effect (Figure 1c, 1d). The surface hysteresis loops have a more complex shape and the
magneti zation reversal at -suffac® Galies dfe marease witha t wo
decrease in the width of the riblsgrand are also an order of magnitude greater than the volume
values. The angular dependence of the magnetization is analysed.

Hs, Oe

[1] G.V. Kurlyandskayaet al, J. of Alloys and Compounds66(2013) 3136.
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Magnetic biodetection is a hot topicretent decadd4]. The importanaimin this area is detection
of magnetic particles in polymer matrix using a
sensitive element. At the first stages, it is optimal to
choose polymer matrix that both norteracting with 200 gre2222230,

L . . PLLL Aa
the sensitive element and easyhemdle in a physical nnat 8
laboratory. These qualities are satisfied by solid
composites based on epoxy regh $ensing elements
based on thgiant magnetoimpedance effe&Nil)
effect stand out due to the extremely high dependenc
of the impedance of the cduactor through which the
alternating current flows, when an external magnetic :
field is applied [1]. The influence of the -10 -5 0
interdependence of the shape parameters of bot H (Oe)
composites with microparticles and amorphous
ribbons will be studied in this work. Figurel.  Field dependence o

Composites based on epoxy resin and commerci@hagnetoimpedance ratio of the tot
microparticlesAlfa Aesarwere studied, the sample impedance at frequency 37 MHEEM
had the shape of a cylinder witrd@meterof 5 mm images of the surface of epox
and a height of 4 mm. For this experiment samille  composites with mass concentrations
epoxy composite with 0% concentration (cont®) FeOx microparticles of 30 wbs in the
with a concentration of 30%C) were selectedA  inset.
sample based on the J&0s7Cr3Si1sB12 alloy (A) after
thermomechanical treatment at 250 MPa, 1 hour, that is, at the parameters at which the GMI effect
of up to 250% was previously obtaing@]. A sample with geometric parameters &f @.81 0 240
mmj was st udi erbbonwas fixed tocarmpaistopuise using silver glue and then
attachedon a measuring complex based on an Agilent impedance analymeiGMI ration was
calcul ated as {Z(H)iZEmax)ZHMAS, iie@ Htwk =30 Oe.A cylindrical
sample was placed in the centertloé ribbon andabove it. As can be seen, the influence of the
composite i 42 %, bl the large& todtribation is observed in the field regiagh8of
Oe, without a significant shift in the position of the maximum of the field dependqErgee 1).

Based on this, we can conclude timfiuenceof theepoxycompositeon an amorphous ribbon of this
length falls mainlthe transverse component of stray fields (along the short side@iMhelemeni.

Comparative analysis afbbonsof different kengths, as well as mathematical modeling of the
system "amorphousbbon+ epoxycomposite withmicroparticles” will be presented in the report.

'3

This work was supported by the Grant of the Presiditite Russian Federatitdk -2080.2022.1.2.
[1] H.T. Huangetal., SPIN 09(02)(2019)1940002

[2]G. Yu. MetlalgRhyskvety Metallogrl,23(11)(2022 10751083
[3] A.A. PasynkovaA.V. Timofeeva V.A. Lukshing SPIN (2022) online ready.
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Rareearth permanent magnets (PM) are the main part of devices for electrical energy conversion.
The efficiency of such devices as electric motors and generators is mainly limited by the maximum
energy of the PMised in them. For further development of BMdundamental understanding of the
processes of changing their magnetic state in the process of magnetization and demagnetization is
necessary.

The most common PM grades were chosen for the study: N35, N48 and N48SH based on the
Nd-FeisB phase and Sm(Cég, Zr, Cuszbased on the SiEoi7 phase, provided by PGPZrogress
Ltd. Their microstructure was studied by SEM and EDX analysis on a Tescan Mira3 LMU
microscope. Magnetic measurements were carried out on measuring complexes MPMS XL 7 and
DynaCool in tle fields up to 7 and 9 Tesla, respectively. Magnetization cuigie} and d.(H),
reversible magnetic susceptibility curnebl) anda(H), reversible magnetization contribution curves
(G7 G)(H) from the thermal demagnetized state, as well as partial hysteresis loops and angular
dependences of coercivity:(d) on the angle of the demagnetizing field application to the magnet
texture axis were obtained and analyzed.

The study of the microstruceiof PM showed that in N35 the presence of ckidsed phases both
in the grain volume and grain boundary phase is observed, in N48 their presence in the boundaries
was noted, in NA8SH no phases in connection with oxygen were fouth(lbo, Fe, Zr, Cy}sthe
traces of oxides are slightly present as local inclusions in the structure of sintered particles.

Magnetic analysis techniques show that magnetization from the thdammegnetized state
proceeds more easily, in the samples with the least preseoxid®phases. The reversible magnetic
susceptibility curves for N35 and N48 exhibit a response from the unfixed domain walls during
demagnetization, which is practically not observed in N48SH. The analysis of the angular
dependences of the coercive fost®mws that the curves for N35 and N48 within the magnetostatic
interactions approximation correspond to the pinning model [1].

In the Sm(Co, Fe, Zr, Cu)nagnets, a response from the unbound domain walls in the thermo
magnetized state was found, which @& nbserved in the samples demagnetized by the field. The
magnetization andlemagnetization processes in the Sm(Co, Fe, Zr; EMs were found to be
gualitatively similar to those in the Nee-B N48SH grade and indirectly indicate the predominance
of nucleationtype mechanisms.

The results show that within the same class of permanent magnets, depending on their
microstructure, both the nucleation mechanism and the pinning mechanism can prevail. It is shown
that the superposition of the remagnetization raagms leads to a violation of the monotonicity on
the partial hysteresis |ps.

The paper analyzes the results based on magnetometric techniques that can be used to determine
the role of the nucleation and pinning mechanism in the remagnetization psoctaseide range
of PM samples.

This work was financi al-Fr31018dupported by RSF gr

[1] A.N. Urzhumtse\et al, Phys.Metals Metallogr, 123(2022) 10541060.
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Thework presents the results of calculations of the electrical resistivibe Hall effect coefficient
R, and the may)p eftcrystakire iarsdtamorpheus teansition metal alloys with
unoccupied ebtates. In this case, we use the expressions we obtained earlier in the franjgjairk
the generalized-d model of the singlsite of the coherent potential approximation &¢Hn which
the partial contributions to the kinetic effects of tharsd dstatesthe hybridization contributions of
both intraband and interband current carriers.

It is shown that the hybridization contributions are significant for explaining the valyendfR,
the change in the sign of the Hall coefficient R with a changeeindhcentration composition of the
alloy.

Using the examples of model calculations with seliptic form of the density of states and
calculations with a realistic form of the density of states for PdAg, PdAu, and AuAg alloys, it was
found that the contsution of d states to the conductivity dominates at the position of the Fermi level
near the edge of the d peak; under certain conditions, the contribution associated with hybridization
is not small and can lead to significant change in the sign of Rrfegrative to positive with change
in the concentrations of one of the alloy componéemte significant deviation from the Nordheim
law is determined for the concentration dependenge fof highly resistive alloys depending on
strong scattering and hydrzation. It is shown that when the Fermi level lies inside thart, the
smearing of the effective density of states by the elegthmmon interaction leads to a temperature
independenf, and when the Fermi level is located near the maximum dengitgtates, thep(T)
can decrease with increasing temperature, which is consistent with Muiji's rule of thumb about the
correlation between the temperature coefficient of resistance (TCR) and the density of states. In
contrast tq , the Hall coefficient ha opposite temperature dependences and can be determined by
analogy with the Muigi criterion on the correlation between the TCR and the temperature dependence
of the Hall coefficient.

In the case of amorphous alloys, the sirgite Green's function of the alloy is first calculated in
the CFA taking into account the cffiagonal disorder, in which the jump integral of thé siodel
takes a continuous series of values corresponding to the pair distribution function of the atoms of the
amorphous alloyThe electronic structure of the amorphous alloy determined in this way is then used
to calculate the kinetic effects based on the Kubo formula using a procedure similar to that developed
in the CPA for crystalline alloys. It is shown thamorphization leads to significant changes in the
electronic structure and transport phenomena. The calculated concentration and temperature
dependences gf and R for CuZr, CuTi, NiZr, and FeZr amorphous alloys are in good agreement
with the available gxerimental data.

The results of calculations of the magnetoresistance of disordered alloys within the framework of
the PKP are also present@the analysis of the resulting general expression shows that, in the limiting
case of weak scattering, the traei®e magnetoresistance vanishes in accordance with the classical
theory, and taking into account the first nonvanishing corrections for the spreading of the Fermi
surface leads to a deviation from the classical expreshia.also shown that as the deaing
intensity increases, the magnetoresistance increases in proportion to the spreading of the Fermi
surface.

[1] D.H. ImamnazaroyA.B. GranovskyMoscow UniPhys Bull., 75(3)(2020) 230236
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Amongthe many different types of magnetic ordering, amifi@agnets make up numerous class
that includes more than thousand elements, compounds and alloys. In recent years, dozens of oxide
compounds have been added to them.

The purpose of this work is higlemperature studies of the magnetic properties ef<E&B1s
alloys in amorphous and liquid states, synthesis and analysis of research objects. Study of the
influence of the concentration of chromium atoms in the studied objects on magnetic phase
transitions. The magnetic susceptibilities of alloys of the f&&xB1s system in the amorphous and
liquid states were measured on higmperature setup using the Faraday differential method [1].

The temperature dependence of the paramagnetic susceptibility of alloys afstiterBas system
in the amorphous andjluid states is described by the Ceviiss formula:

0° Y
oQyY —

With an increase in the concentration of chromium in amorphogis@igB1s alloys, a shift in
t e mp e rnaowards éow @mperatures is observed; at a concentration of eimoR&s«Cr«Bis,
a ferromagneaintiferromagnet transition is observed. When extrapolating the temperature
d e p e nd e)nthesasymitatic Curie temperaturesof alloys of the FexCrkBissystem in the
liquid state were found. At the meltimpgint, the susceptibility noticeably increases, after which the
l i near dep éeaghe mlfiled. c

The value of— for the liquid phase changes towards negative values, the constant C also changes,
it becomes somewhat smaller than for the gaitidse.
u O b | Raranieters of magnetic properties of the samples

Amorphous Liquid
Alloy state state
— S| —K|w, 21 ° —, K | —, g, 21 ,
1. 4FEBis 440 - 3,42 4,3 - -1910 7.27 5.36
2 . 7FigBis 400 - 2,48 3,5 - -1200 5.07 4.45
3. 7FiPis 350 - 2,78 3,8 - -880 4.32 4.11
4 . 70dFigB1s - 300 2,54 3,7 - -1138 4.27 4.08
For | i gnanddhe energy of@xclthnge interaction decreases with an increase in temperature.

The reduction in the energy of exchange interaction is understandable, if only because with an
increase in temperature the distance between atoms increases and, théefotegtal of the
overlapping of dunctions decreases. Since the alloys of the &=l 15 are antiferromagris, they

are in the area of the negative values of the exchange integral. For the investigat€ud.B-e
amorphous systems, #€rsB1s, FesCrioB1s, FesCri2B1s alloys behave like ferromagnets, while
FeoCrisBis alloys behave like an antiferromagnet. In the liquid state, these alloys are
antiferromagnets.

[1] O.K.Kuvandikov.Magnetic and kinetic properties of condensed alloys and compoasdsd bn
transition and rare earth metal§TashkentFan 2009
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MAGNETIC PROPERTIES AND HALL EFFECT OF COMPENSATED

FERRIMAGNET MN 14COq.73Vo.7Al
Seredina M!ABogadh.V.?, Gorshenkov M,\Karpenkov D.Y4iKolesnikov E:ATaskaev S?V.
Khovaylo V.V.
! NationalUniversity of Science and Technology1SISo, Moscow, Russia
2 GPIRAS, Moscow, Russia
3 Lomonosov Moscow State Universityloscow, Russia
4 CSU, Chelyabinsk, Russia
nmseredina@gmail.com

Compensatederrimagnetsof Heusler alloys with a high Curie temperature have attracted
considerable interest recently due to the prospects in applications of spintrosieceecompensated
ferrimagnetsfor example, in a tetragondn2 P 7Ga[1], the emergencef the topological Hall
effect has been observétere we report on the similar
features which wefound in a compensatedubic
ferrimagnetMn; sCa.7sVo.75Al in the form of melt 390 K ' '

spun ribbons ] ]
Ribbons were synthesizedby melt spinning .
technique. Preliminarily the ingot was prepared by a ] ]
arc melting method in argon atmosphere. XRL )
analysis revealed that ribbons were singhase ]
(space group 43m) with lattice parametea = 0.5823 ] ]

nm. The results of transmission electron microscop'g 1395 K

showed the presence of antiphase domains in tl 5 A

samplesReal composition of samples determined by G |

energy dispersive Xay spectroscopy was found to be ~Z {396 K

Mn1.5:C00.76V 0.69Al 1,04 Magnetic and o ]
galvanomagneticproperties were measured in a jf/

temperature rangé.217 600K and in magnetic field 1398 K i
up to80kOe

The experimentallydeterminedCurie temperature
wasTc = 495K, while the compensatiotemperature
was Tcomp 389 16 the samples, the dominant role 1400 K 1
of hole conductivity was observed in temperatur .
ranged.2i 420K. Near the compesation pointweak -10000 0 10000
magnetic fields, the Hall resistivity curves H (Oe)
demostrated an additional contribution, similar to the
topological Hall effet (Figure 1). The normal Hall
coefficient, carrier concentration and Hall mobility
were on the order af02-10° cm®/C, 10°%-10?* cm®
and10! cn?/(Viseq, respectively

Figurel. Magnetic field dependencies ¢
Hall resistivity forMn1sC0o.7sV0.75Al at
different  temperatures near tr
compensation point.

This work was supported by Russian Science Foundation (gra@tM@-000335.

[1] W.-Y. Choi, W. Yoo, M.-H. Jung NPG Asia Materials13 (2021 79.
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NON -COLLINEAR PHASE IN RARE EARTH FERRITE GARNET FILMS

AT THE COMPENSATION POINT
Suslol.A.%, Vetoshkd.V. !, Mashirov A.V,. Taskaev S3Polulyakh SANBerzhansky V2N
ShavrovV.G.
Kot el &RERASpMosow, Russia
2V.1. Vernadsky Crimean Federal University, Simferopol, Russia
3 Chelyabinsk State University, Chelyabin&ussia
sda 53@mail.ru

The experimental discovery of the suppression effect of theoldinear phase in strong magnetic
fields near the compensation point in ferrimagnetic structures has been made. The observations were
carried out using the magnetptical method by creating lateral temperature gradient in the plane
of the epitaxial films of ferrite garnets. The nRoollinear phase arises in the vicinity of the
compensation point in magnetic fields exceeding some critical value Hcl. As the magnetic field is
increased, the ggon of existence of the nerollinear phase expands to the value of the magnetic
field Hc2 and disappears at the critical field Hc3. The effect of the occurrence and suppression of the
nontcollinear phase is demonstrated on samples of two types of é@amtet films witht  wamd three
magnetic sublattices. Phase diagrams of magnetic states in the vicinity of the critical point are
constructed, and it is shown that the region of existence of theallimear phase in a twsublattice
magnet is smaller #n in a threesublattice one.

The research was carried out with the support of the Russian Science Foundation, proje@2No. 22
00754 httpsi/rscf.ru/project22-22-00754.
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HIGH COERCIVITY AND EXCHANGE BIAS EFFECT IN Fe .CrSe
Selezneva N*\MKomaro%aA !, MozgovylhN?, Sherokaloka\l.}, Volegov A'SBaranov N.V2
1 Ural Federal Universityy ekaterinburg Russia
2 M.N. Mikheevinstituteof Metal Physic4JB of RAS, YekaterinburgRussia
N.V.Selezneva@urfu.ru

Among other transition metal chalcogenides, theSBecompound is considered as a promising
platform for creating rarearthfree permanent magnets [1, Zhe FeSe composition lies in an
intermediate position in the series of transition metd) ¢halcogenidedM;ii.X (X = chalcogen)
betweerMX with the NiAs structure ani Xz with the Cdj structure. Due to the ordering of vacancies
and the monoclinic crystal structure, the$@ compound has a high magnetocrystalline anisotropy,
which is associated with the spambital interaction and the influence of the crystal electric field. The
substitution of chromium for iron in E€CrSe leads to significant changes in the magnetic and
transport propertiesS]. Data on the magnetic behavior obEESe are scarce.

This work aims to study how the replacement of one third of the iron atoms in the ferrimagnet
FesSe by chromium atoms affects the crystal structure and magnetic behavidemjplerature and
in magnetic fields. Taking into account that the distribution of iron and chromium atoms in and
between cation layers can affect the exchange interaction and the formation of the resulting
magnetization in FE£rSe, attention is paid to theffect of heat treatment and cooling conditions on
the structure and magnetic hysteresis in this compound at different temperatures. The results obtained,
we hope, will help to better understand the mechanisms responsible for the formation of theemagneti
properties of layered chalcogenide materials and find ways to control these properties.

A polycrystalline assynthesized E€rSe sample (ASsample) and a sample after subsequent
additional heat treatment and quenchings@ple) were studied in the pees work by means of-x
ray diffraction and magnetization measurements. The crystal structure of i was refined
in the monoclinic syngony using three models. It was found that theaAfple of FECrSe below
the Neel temperaturen ~ 300 K exhilits the behavior characteristic of a ferrimagnet with a
compensation poinicomp~ 140 K, and has a large magnetic hysteresis (hysteresis loepitidifup
to 15 kOe) and a significant exchange bias effegt (i to 6.6 kOe at 2 K).The temperature change
in the halfwidth of the hysteresis loop is quite complex; it can be described as a superposition of
exponential decay dic with increasing temperature and a nonmonotonic temperature dependence of
Hc with two peaks at temperatures below and ablevg, The exchange bias effect in.EeSe is
ascribed to the inhomogeneity of the magnetic state of this compound arising from the
inhomogeneous distribution of chromium atoms replacing iron atoms in icatayers and the
possible coexistence of regions with different atomic orderings. Meanwhile, our data on the effect of
additional annealing and quenching confirm the importance of the distribution of chromium and iron
atoms and vacancies in the formatmfithe properties of F€rSe and the exchange bias. The Q
sample obtained by an additional heat treatment and subsequent rapid cooling cE#mpAsSwas
found to exhibit an increased by 13% magnetic ordering temperature, no compensation for sublattice
magnetizations, and a significant decrease in the exchange bias.

This work was supported by the Russian Science Foundation (Grant18.024.58).
[1] D. Li et al.,J. Magn.Magn.Mat 469(2019) 535-544.

[2] Z. Shacet al.,Nanoscale Advance (2020 43414349
[3] G. J. Snyder et alPhys.Rev B., 62 (2000)10185.
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MOLECULAR DYNAMICS SIMULATIONS OF MAGNETIC ELASTOMERS
FILLED WITH ANISOTROPIC SHAPED PARTICLES
Aleksandrov 1!ADobroserdova A.Bantorovich 5.S.
1 Ural Federal Universityy ekaterinburg Russia
2 University of Vienna, Vienna, Austria
alla.dobroserdova@urfu.ru

Magnetic elastomers are systems consisting of magnetizable particles embeddedrragmetic
elastomematrix. They have a wide range of applications, from technical applications to medicine.
Magnetic elastomers are used in the design of magnetically controlled adaptive damping devices,
stiffness tunable mounts, vibrational absorbers, force sensors diethaniuscles, soft actuators and
micromanipulators [1]. The basis of their practical application lies in the fact that the mechanical and
rheological behaviour of such materials, their shape and physical properties can be controlled using
an applied extmal magnetic field. It is important to note that, in contrast to natural soft magnetic
materials, in the case of magnetic elastomers, rather weak fields can be used, which is an undoubted
advantage of such systems.

In thiswork, we focus on the study ofagnetic elastomers using molecular dynamics simulations.
We model magnetic elastomers filled with magnetic particles with shape anisotropy. To model such
complex particles, we create a special shape that resembles flakes. To do this, the magnetic particle
must be surrounded by nomagnetic particles, which will move and rotate together with the magnetic
one. We also plan to complicate the modeling of such a particle by giving dipole moments not only
to the central particle, but also to several others. Tihugl] be possible to simulate particles with a
distributed dipole moment. After that, it is necessary to simulate an elastic matrix, which will contain
magnetic particles with shape anisotropy. To do this, we use four harmonic springs to limit
translatonal and rotational motion. The base of such a particle can be considered an ellipse. Two
harmonic springs will hold the extreme Roragnetic particles located on the major axis of the ellipse,
the rest the extreme nomagnetic particles on the minor axi

Further, it is interesting to compare the magnetic energies of two systemshevphint and
distributeddipoles. There is an assumption that in such systems distributed shpitlleontribute to
a decrease in magnetic energy.

RSF19-12-00209is acknowledged.
[1] G. Filipcsei In Oligomersi Polymer CompositesMolecular Imprinting(Berlin, 2007.
[2] P.A. Sanchez et alSoft Matter 14 (2018) 21702183.

[3] Extensible Simulation Package for Research on Soft matter systemimde of access
http://espressomd.org.
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MATHEMATICAL MODEL OF MAGNETICALLY ACTIVE ELASTOMER

DEFORMATION
Ignato&.A.*, Stolbo®.V 2, RodionovavV .
immanuel Kant Baltic Federalniversity, Kaliningrad, Russia
2 |nstitute of Continuum Mechanics, Ural Branch of BR&S, Perm, Russia
artem.ignatov98@gmail.com

I n the | ast few years, there has been an inc
with magnetianclusions [1]. Numerical methods are used to study the quantitative properties of such
materials 2]. This work is devoted to the calculation of deformations in an external field of a
structured magnetically active elastomer with magnetically hard inclsish a 2D formulation by
the finite element method using the FEnICS package.

In this work, deformations of a representative volume of a composite were studied. In the initial
state of the composite, the particles (FFgl) were located at the nodes of ay 4 rectangular grid
with square cells and had a 0c h edcakyeneiphboasimngd 6 o
particles in a Avertical 6 or Ahorizontal o row

1.3e+00

i

1
08
06
04

I 02
0.0e+00

Figure 1. Deformation of an elastic matrix with hard magnetic particles.

Displocement Magnitude

The NeeHooke potential 3] was used to describe the hyperelastic matrix material. In modeling,
the shape of the particles was assumed to be an ideal circle, and the particles themeselves
considered to be singldomain. Also, during the simulation, the possibility of destruction of the
matrix-particle boundary was excluded, i.e. full adhesion of particles and matrix was assumed.

As a result, the deformations of the material were caedldepending on the initial orientation of
the magnetization of the particles and the magnitude of their magnetic moments.

The project was supported by the Ministry of Science and Higher Education of the Feskaeation
(agreement nd75-02-2023934)

[1] A. Allue et al.,Comp.Part A: Appl. Sci. and Mari20(2019) 1220.
[2] G. Sossolet al.,Materials and Designl81(2019) 108074.
[3] A.l. Lurie, Theory of elasticityNaukg 1970Q.
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SIMULATION OF FIELD -CONTROLLED MASS TRANSPORT IN
MAGNETIC NANOENSEMBLES
Kuznetsov AlAZvereV.S.?, Kantorovich 5.S.
! University of Vienna, Vienna, Austria
2 Ural Federal Universityy ekaterinburg Russia
andrey.kuznetsov@univie.ac.at

Magnetophoresis is a motion of magnetic particles under the action of a nonuniform (gradient)
magnetic field. This phenomenon is the basis for many applications of magnetic nanoparticles
(MNPs) in biotechnology and medicine (including targeted drug dglieerd magnetic cell
separation). Quite often, theoretical treatment of magnetophoretictraasport in ferrofluids is
highly idealized MNP dispersion is considered as an ideal gas ofimenacting dipoles. Even the
nontlinear magnetization behaviowne of the key hallmark of superparamagnetism, is sometimes
neglected.

In this contribution, we propose a new transport equation for an ensemble of interacting MNPs. It
is derived within the LFE theory by Elfimova et al. [1]. The equation accurately tateaccount
steric, dipolar and hydrodynamic interparticle interactions and does not impose any restrictions on
values of the field gradient. To test the new equation, we consider the problem of a MNP
redistribution in the vicinity of a curremarrying cylindrical conductor. Particle concentration
profiles and relaxation times are determined in wide ranges of current values, dipolar coupling
constants and net particle volume fractions. Theoretical results are critically compared with the results
of Langevin dynamics simulations and predictions of other transport equations available in the
literature [2].

In addition, we briefly discuss several alternatives to a traditional magnetophoretic transport. This
includes the motion otatalytic nanoswimmerwith embedded magnetic nanoparticle in a static
magnetic field [3] and the sefropulsion of asymmetric magnetic particles in a rotating magnetic
field [4].

[1] E.A. Elfimova, A.O. Ivanov, P.J. CamPRE 88(2013) 042310.

[2] A.F. Pshenichnikov, E.A. Elinova, A.O. IvanovJCP, 134(2011) 184508
[3] M. Kaiser et al.JML, 304(2020) 112688.

[4] K. I. Morozovet al, PRFluids 2 (2017 0442Q
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MORPHOLOGICAL SIGNATURE IN MAGNETIC AND HYDRODYNAMIC

RESPONSE OF A MAGNETIC NANOGELS' SUSPENSION
Novikau I.5and Kantorovich*3.S.
1 University of Vienna, Vienna, Austria
2 Ural Federal Universityy ekaterinburg Russia
ivan.novikau@univie.ac.qtvanadiuz.github.io

Hydrogels are soft materials that have attracted solid interest over the last six decades and are widely
used inchemical, biomedical, and even civil engineering applications. Today, at the forefront of the
gels' realm, stand out nanogels, often additionally functionalized, for instance, by magnetic
nanoparticles so-called magnetic nanogels (MNGSs).

Understanding th dynamics and internal structure of MNGs is crucial for their applications, for
example, in targeted drug delivery. Based on the experimentally obtained dynamic magnetic
susceptibility () of the syst erR],Hchwasfwtherd ev e
used in molecular dynamics (MD) simulations in conjunction with the LaBalezmann (LB)
scheme in order to describe how the MNG internal structure manifests itself in magnetic and
rheological properties on the suspension scale.

We studyind et ai | how ¢ is affected by the distrib
di stribution from the center to the peripher)
MNGs concentrationsize and way of magnetic nanoparticles couplingolgrper matrix Finally,
we analye viscoelastigroperties in the case of mixed response, when an external magnetic field and
a hydrodynamic shear flow are simultaneously applied to the suspension of MNGs.

Figurel. MNG under sheaflow and velocity modulus ofperturbed hydrodynamic fielc
around the gel

[1] S.Witt et al, Soft Matter 18 (2022) 10891099.
[2] I. Novikau et al. Journal of Molecular Liquids346(2022)118056
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LEVITATION OF A SPHERICAL MAGNET IN A MAGNETIC FLUID

DROP ON A HORIZONTAL PLANE
Pelevina D./ASharov@.A., Turkov V.A, Naletova V.A.
Lomonosov Moscow State University, Moscow, Russia
pelevina.daria@gmail.com

It is known thatmagnetizabléodies and magnets can levitate in vessels mégneticfluid (MF)
[1]. In this paper, a heavy spherical magnet lewmitatlue to magnetic forces emMF drop on a
horizontal plane is investigated theoretically and experimentally.

Two casesireconsidered: withowtn appliednagnetic field and with applied vertical uniform field
(Fig 1). In the experiments, the height dietmagnet levitatioms measured depending on the MF
volume In the first case (withouhagnetidield), in contrast toZ, 3] where the magnetic momeoit
the magnets perpendicular to the bottom, here witainthatthe magnet in theMF or i ent s
magnetic moment horizontally, parallel to the plane. In the secondes&sea smalnagnetic field
orients the magnetic moment vertically, along the direction of the field.

Theoretically, we determine tHdF A 40F
shapecalculate the force acting on the ~—g—}
magnet and find the height of the R
magnet levitation In theory, the :

experimentally measured nonlinear g)
dependence of the MF magnetization
on the magnetic field is taken into
account.

In both cases, the magnet levitates
high enough (at a distancearly eqauls
to a magnetradius from thehorizontal -
plane). This is very different from the Figure 1. Magnet levitation in a MF drop on a horizon
case of a magnetizable spherical bodylane (side view various MF volumeg: a) without
it levitates high enough in an appliedapplied field, b) in vertical uniform magnetic field
vertical field {], and it does not levitate KA/m.
in a horizontal field5].

The levitation height increases with an increase in the MF volbatiein theory and in experiment.
It is shown that the theoretical solution proposed here describes the experiment better than the theory
with constant magnetic permeability proposed previoj4shj.

The research was supported by the RSF grant (pfégec@071-10002P).

[1] R. E. Rosensweidyature 210(1966)613 614.

[2] S. Kvitantsev, V.A. Naletova, V.A. Turko¥luid Dyn, 37(3) (2002)361- 368
[3] D. Pelevineet al, EPJ Web Conf185(2018)09008

[4] D.A. Pelevineet al.,J. Magn.Magn. Mater, 494 (2020 165751

[5] O.A. Sharoveet al.,JETP, 136(1) (2023)14-23.
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THEORETICAL STUDY OF THE PROPERTIES OF POLYDISPERSE
MAGNETOPOLYMER COMPOSITES WITH AN ANISOTROPIC
ORIENTATIONAL STRUCTURE OF THE MAGNETIC FILLER

Radushnov PSolovyoiaYu, Elfimova E.A.
Ural Federal Universityyekaterinburg Russia
Dmitry.Radushnov@urfu.ru

The work is devoted to a theoretical study of the effect of the polydispersity on the magnetic
properties of an ensemble of immobilized ferroparticles, taking into account the interparticle dipolar
interactions anarientationalanisotropy. The model is bad on the following assumptions. Before
the polymerization of a liquid medium, magnetic nanoparticles moved freely due to Brownian
motion; therefore, the magnetic moments and easy magnetization axes could change their orientation
along with the rotationfahe particle body. Under the influence of @m external magnetic field of
polymerization k” which is directed parallel to th@; axis and interparticle interactions, the
ferroparticles are ordered into a certain orientational streicafter which the system polymerizes.

The further reaction of the polymerized composite with immobilized magnetic nanoparticles to a
magnetic fieldh which h ||hP is superparamagnetic in
nature, the change in tlmgientation of the magnetic 40
moment occurs inside the nanoparticle body accordir

to the Neel mechanism due to the deviation of th- 30f

magnetic moments from the magnetic anisotropy axz

of the particles. ~ 20 — BD theory
An analytical expression for theagnetization ofa = _ | Do |

polymerized ferrocomposite was obtained using x  hP =40 kA/m

virial expansion up to the first order in the x  hP=80kA/m |

concentration of fractions of dipole particles and thi 0 55 50 75 100

intensity of dipoledipole interactions. The influence h, kKA/m

of various fractions on the stucal and magnetic
properties of the system is analyzed. An independepigurel. @ Comparison of the
computer simulation by the Monte Carlo (MC) methodnagnetization of the ferrocomposite at
was carried out in the broad range of systerferrofluid with the same dispers
parameters. The results obtained by the MC metheg$mposition ¢ = 0.125 and v, =0.8.
are turned out in good agreement witile theoretical Splid lines show theoretical results
results symbols indicate MC simulation date
Figure 1 shows the magnetization of theThe unfilled dots show the results
ferrocomposite and ferrofluidn both samples the simulation of ferrofluid magnetizatior
volume concentration of the magnetic filler ispefore polymerization, and the cross

@ = 0.125_To assess the effect of polydispersity orshow MC data for the ferrocomposits
the magnetization of the samplesbidisperse(BD) Different colors correspona tdifferent

system with a fraction of small particles=0.8 is Vvalues of theh”.

shown. In weak fields, the ferrocomposite magnetizes

better than the ferrofluid because the orientation texture formed in the ferrocomposite contributes to
its magnetization. Ak = h” the magnetization of the composite ane fiarrofluid are the same. At

> k", the magnetization of the ferrocomposite is less than that of the ferrofluid.

Support by Russian Science Foundation (Project NA.2230039) is acknowledged
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LINEAR AND CUBIC MAGNETIC SUSCEPTIBILITY OF
CONCENTRATED FERROFLUID IN AC FIELD OF ARBITRARY
AMPLITUDE
Rusanov M,.Elfimov&.A., Zverev V.S.
Ural Federal UniversityyekaterinburgRussia
rusanoff.mixail@yandex.ru

In this work we study the magnetic responsdeofofluid to an AC magnetic field of arbitrary
amplitude.In the AC magnetic fieldOA | 1006 with anamplitude‘Oanda frequency aferrofluid
is magnetized and its dynamic gmetization 0 can be written as a series of periodic functions:

0 o 0 ATQ 00 OEQW &

whereois time. The coefficientd) $andd H&epend on the AC field amplitude and determinéGhe

th harmonic of the susceptibility:, .5 QEEF 0 2ro” ZED W In this work we study
Iinear..p and cubic..; susceptibilitytheoretically Analytic expressions fo.r.p and.., are known for
several limiting caseg-or example in the case of small amplitudestbe AC field in the single
particle approximatiorthe Inear susceptibilityis describé by the classical Debye theqryhe
analytica formula for the third harmoniis proposed in [1}the impact of the AC field amplitude on
the linear and cubic susceptibility ihe single-particle approximatioms studied in [2]the dipole
dipole interaction in the lineausceptibilityof ferrofluid in the weak AC fields considered in3.

The focus of our study is to investigate how the amplitude of the AC field and interparticle
interactions impact thdynamical propertiegn - and..,. For that the ferrofluidis modeledasan
ensembleof interacting moving particledt is assumed that the relaxation of particle magnetic
momentccurs only according thie Brownian mechanisrithe linear and cubic susceptibilitiase
determinedusingthe numerical solution of thieokkerPlanck equatioNumerical solution allowed
usto obtain..p and.., for variousvalues of field amplitude, particle concentration and intensity of
dipole-dipole interactionsBased on the numerical results, simple approximate formulasbfamd

.. areobtainedusingthe least squares methdte results for the linear susceptilyiltan be found

in [4].

Support by Russian Science Foundation (Project NA.2230039) is acknowledged.
[1] Y.L. Raikher,V.l. StepanoyAdvances in Chemical Physjd29 (2004 88-90.
[2] T. Yoshida K. Enpuku,Japanese Journal of Applied Physid8 (2009)127002

[3] A.O. Ivanov, VS. Zverev, S.S. KantorovicBoft Matter 12 (2016) 35073513.
[4] M.S. Rusanov, E.A. Elfimova, V.S. ZvergRhysical Review FL04(2021) 044604
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ORIENTATION TEXTURING OF SMALL MULTI -CORE PARTICLE
Solovyova A.Y3okolsk$.A, Elfimova E.Alvanov A.O.
Ural Federal Universityyekaterinburg Russia
Anna.Soloveva@urfu.ru

The differentspatialarrangement of the corenoparticles inside the muttore particle (MCP)
leads to the peculiarities of its response to an applegghetic field. The prediction of these features
is extremely important for the development of the methods of magnetic resonance imaging, magnetic
particle imaging, cell tracking and cell cultivation. In the case of a small number of
superparamagnetic petes (SPPs) in the MCP, the continuous medium approximation is not
applicable because it is impossible to apply statistical methods to small ensembles of particles.
Therefore, the problem of direct analysis of the sisedlle MCP structure arises. We stutie
influence of thespatialarrangement of SPPs on the features of the magnetization of small MCPs. We
focus on the analysis of the properties of the MCPs containing 7 and 8 SPPs, which are located
randomly or at the nodes of a simple cubic latticé,iashown in Figre1. For all MCPs an external
magnetic field is applied along laboratory Oz axis.

By means of the Monte Carlo computer simulations we investigate the orientation probability

- - -

3D 3C

3A 3B )
X &~ R X 4— —~ X 4— >

2B

(a) C7 (b) C8 (¢) R7

Figurel. The internal structure of the MCPs under study. (a) Structure C7; the SPP, matke
is placed at the center of the MCP; other&BPs are positioned as the nearest neighbors in a «
lattice. (b) Structure C8; eight SPPs are immobilized at the vertices of the cube, the center ¢
coincides with the center of the spherical MCP. (c) Structure R7 represents the ri
displacemat of seven SPPs inside the spherical MCP.

density for the SPP magnetic moments, and we discovered the different orientation behavior for the
SPPs located in vanus parts of the MCP C7 and C8. We suggest the rough classification, namely,
the 'tip’, the ‘internal’ and the 'surface’ SPPs, according their reaction to the field. The simulated
orientation probability densities for ten independent realization of steuRi demonstrate that each
classification type of SPPs can be identified for each random MCP configuration.

Support by the Ministry of Science and Higher Education of the Russian Federation (Ural Federal
University project within the Priority 203rogram) is acknowledged.
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DYNAMICAL PROPERTIES OF AN ENSEMBLE OF CORRELATING
ELLIPSOID -SHAPED MAGNETIC NANOPARTICLES IN A LIQUID

CARRIER
Zverev ¥ Pyanzing.', Novak E, Kantorovich S.
1 Ural Federal Universityy ekaterinburg Russia
2 University of Vienna, Vienna, Austria
vladimir.zverev@urfu.ru

Magnetic fluids typically consist of magnetic nanoparticles that are spherical in shape. However,
various other particle shapes, including flyends, spheroids, plates, and their aggregation clusters,
have also been investigated for their usefulness in various modern technological applications. It
should be noted that the magnetic nanoparticles produced during the synthesis of magnetie fluids a
not completely spherical. In addition, magnetic particles can form aggregates in chain. In both cases,
ellipsoidal shape can be used as an approximation of geometrical form. Ellipsoidal magnetic
nanoparticles are useful by itself and can lead to an@oetmagnetic behavior, which m can be used
in various applications.

The focus of our study is to investigate dynamical properties of an ensemble of ellipsoidal magnetic
nanoparticles in a liquid carrier when an alternating magnetic field is applied|d2aare modelled
as elongated ellipsoids with different orientations of the magnetic moment inside each particle,
namel vy, along and perpendicular to the main
diffusing due to Brownian motion or additiohaself-propelling. It is assumed that the relaxation of
the magnetic moments of ferroparticles occurs only through Brownian mechanism. In case of simple
diffusion the rotational motion of the magnetic moment of a random ferroparticle is determined from
the solution of the corresponding Fok#&lianck equation. Interparticle dipedipole interactions are
considered at the level of the modified first order mean field theory by means of an additional term
to the energy of the system [1]. The data obtainad fromputer simulation shows a good agreement
with theoretical results for moderately concentrated ferrofluids.

The work was supported by RSF72-10033.

[1] A.O. Ivanov, V.S. Zverev, S.S. Kantorovichoft Matter 12(15)(2016) 35073513
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STAR-SHAPED Au@FeO4s NANOPARTICLES FOR BIOMEDICAL

APPLICATIONS
Pshenichnikov SNEotorzhinA.V.*, Anikin A.Al, Belyaev V¥KAIlbino M:3 Panina L.\,
RodionoVaV.?, Sangregdti®® Levada K.V.
1 REC SMBA Immanuel Kant Baltic Federal University, Kaliningrad, Russia.
2l nstitute of Chemistry of Organometallic C
SDepartment of Chemistry 6Ugo Schiffo & I NSTM
4 NationalUniversity of Science and Technolof@iylISISo, Moscow, Russia
spshnikov@gmail.com

Application of nanosized hybrid materigdsovideswide opportunites for development of novel
biomedical techniques. Possibility of combining several characteristics in the same nanostructure,
e.g. high magnetic susceptibilitymagnetieplasmoniceffects, biocompatibility and controllable
cytotoxicity, provide paths maifacturing

multifunctional instruments for theranostics. In current A - - - —
research we propose tasshaped Au@Fe304 CHr A % o |
nanoparticles (GN) as a prospective instrument for ul o |

[ ]

i

]
I ! 1

antitumor photothermal therapy (PTT). GN were
synthetized and characterized according to prdsoco
described in the previous publication [1]. GN are
Au@Fe04 core@shelstructures withighly uniform
starlike morphology. GN possesscombined
plasmonic and magnetic properti€aN applicability

for PTT was evaluated using laser heating setup, based
on ThorLabs L808P500MM laser diode at60wW M om0 ww w0 o
output optical powerand 85 nm wavelength. Time (s)
Suspensions of GN with different concentrations g 100

showed overheating of experimental solutions in e
comparison with distilled water (Fige 1A). 75

Cytotoxicity of GN was evaluated using WSTassay.
Human hepatocarcinoma cells (Huh7) were cultivated
according t o t he manufact us ¢ ( otocol s.
induced cytotoxic effects in Huh7 cells at 1, 5, 10

kg/ml (Figure1B) and 50, 10&g/ml (data not shown) 1 s 1w

On the next step cell morphology was analyzed using GN treatment concentration, pg/m|

he Cell QE v2 MLF int.d\galysist ed pl atform

showed overstressed rousdaped Huh7 cells after 24 Figure 1. GN inhibit Huh7 cell viability

h treatment with GN at concentration 18@/ml. In A 7 heating of experimental solution

further experiments suspensions at concentrati®n under laser irradiation, B viability of

kg/ml of GN (and lower) will be used to evaluate thenepatocarcinoma cells after 24

PTT efficiency against tumor cells imn vitro treatment with GN.

conditions.

Tempergure FC)

50

Viability, %

This research was funded by RSF, grant numbef220158.

[1] B. Muzziet al, ACS Applied Materials and Interfagest (2022) 29087
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SLOW RELAXATION OF THE MAGNETIZATION OF A FERROFLUID

WITH INTERLAL STRUCTURES
Chirikov D.N.Zubarev A.Yu.
Ural Federal UniversityrFU), Yekaterinburg, Russia
d.n.chirikov@urfu.ru

The first theories of ferrofluids kinetics mfagnetization deal with extremely dilute media, in which
any interactions of particles can be neglected. Magnetic interparticle interaction was considered in
[17 3] under the assumption of the homogeneous spatial disposition of the particles. The physical
mechanism of the magnetization relaxation in these works is explained by the finite time of the
particles reorientation after the applied field alternation. The estimated characteristic relaxation time
for the typical ferrofluids was about $0 10* sec.

As is known, particles in ferrofluids can form chains and other heterogeneous aggregates. The
appearance of such structures significantly changes the physical, including magnetic, properties of
the fluids. However, the time of formation and destructiothe$e structures is much longer than the
time of the particles reorientation. Therefore, this mechanism can lead to much lower relaxation
phenomena than the reorientation effects.

We propose a model of kinetics of the chains evolution in ferrofluids, lbaseffect of this process
on their macroscopic magnetization. We consider a ferrofluid consisting of identicakimado
ferromagnetic particles combined into the chain aggregates. To simplify the calculations as much as
possible, we neglect other pdss types of aggregates (for example, drops). A mathematical model
is proposed for the evolution of an ensemble of the chains after the field alternation. The model is
based on the Smoluchowski kinetic equations for the distribution fungtiomner the mmbern of
the particles in the chain. Their "chaihain" association, as well as the thermal disintegration, is
considered. The dependencegafon timet after the magnetic field change has been determined.
Using the determined functiagp(t) and the rsults for the average magnetization of the chain with a
given numbemn of the particles, we have considered kinetics of the magnetization relaxation after
stepwise increase and decrease of the applied field. Calculations have shown that the characteristic
relaxation time can be on the order ®8Zeconds, which is several orders of magnitude more than
the relaxation time corresponding to the particles reorientation. Therefore, the evolution of ensemble
of the internal aggregates in ferrofluids must lead touch slower relaxation of its magnetization,
than that provided by the particle reorientation.

[1] D.V. Berkov, L.Yu.Iskakova, A.YuZubarev,Phys. Rev. E79(2009) 021407.

[2] A.O. Ivanov, O.B KuznetsovaPhys. Rev. 64 (2001) 041405.

[3] E.A. Elfimova, L.Yu.Iskakova, A.YuSolovyova, A.YuZubarev,Phys. Rev. E00 (2021)
004600.
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CLUSTER STRUCTURE OF (FeCoZrx(MgF2)i0ex NANOCOMPOSITES BY
GISAXS
Baulin R.A, Pripechenkov 1,anshina E.AAndreeva M!ASitnikow.V. 2
! Lomonosov Moscow State University, Moscow, Russia
2\VVoronezh State Technical Universityoronezh Russia
baulin.roman@physics.msu.ru

Magnetic nanocomposite€NC) of metatdielectric type have a number of unique physical
properties that are prosing for their use in spintronicRecently, in composites with oxygéree
matrices (with Fe or EeCao alloy distributed in the MgF dielectric matrix) a giant
magnetoresistance was found at room temperdtjrélhe phase structural transition of ColFeZ
nanocrystals in MgFmatrix from aHCP to aBCC structure ak = 38 at.% on the glass substrates
has been observed, this feature was supported be the spectral dependencd2loFbKEhe glass
ceramic substrate this transition is shifted to the fargacentrations.

— 14%

20%
—— 25%
—— 30%
— 35%

1024

b)

v, deg

a)
Figurel. (a) Typical experimental GISAXS pattern (for one of the samples with xa%). (b)
Hori zont al cross sect i on°for samples with AlifeBent-pGoEZrt e r n ¢
concentration x. The obtained cluster separations are pointed for each curve.

Investigations ofFeCoZrx(MgF2)100x NC have been performed by GISAXS (Grazing Incidence
Small Angle Xray Scattering) method [3, 4] at Kurchatov Synchrotronyf&d). Theobserved
wings confirm the exsistance BECoZrnano clusters having short order, which separation depend
on the FeCoZ concentrationsThe larger separation means the enlargement of their size. It is
surprizing that not so essential change of cluster sizes leads to radical change of shape of TKE spectra
[2]. For the glaszeramic substrate GISAXS patterns (FeCoZrx(MgR)ioox Show more
complicated behavior.

The authors are grateful to M. M. Borisov and
Moscow, Russia) for help with the experiment.

[1] N. Kobayashiet al.,J. Appl. Phys.90(2001)4159 4162.

[2] E. A. Ganshinat al, Nanomaterials11 (2021) 1666.

[3] D.-M. Smilgies,J Polym Sci 60 (2021) 1 19.

[4] R.A. Baulinet al, Materials Science & Engineering, B91 (2023 1163.
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EXCHANGE -COUPLED SULFUR AND MANGANESE COMPLEXES IN
SILICON
Askarov § Sharipov'BMavlyand\v.?, Saliye\gh', Ibragimo&a
! Tashkent State Technical Universifiashkem, Uzbekistan
2 Semiconductor Physics and Microelectronics Research Instifiteo Ulugkbek NUU, Tashkent,
Uzbekistan
microelectronics74@mail.ru

It is known that in the process of heat treatment of silicon crytalsweradiffusional dopedwith
sulfur andone of the elements of the tratisin group, in a certain temperature range, there is an
intense interaction between these centers, accompanied by electrical neutralization of both impurity
centers.

In order to find out how such complexes appear in the course of such an interaction, thie prese
work is devoted to the study of the spectra of EPR of silicon samples successively doped with sulfur
and manganese (Si<S,Mn>). For comparison, the EPR spectra of reference Si<S> and Si<Mn>
crystals were also studied.

A study of the EPR spectra in refeoe Si<S> samples showed that they exhibit a single isotropic
line with parameters g = 2.064N0.002 and oHpp
In reference Si<Mn> samples, the spectra of@quivalent exchangeoupled Mn+ Mn+ pairs wee
observed.

In Si<S,Mn> samples, the spectra of the-®enter were absent, in addition, in these samples in
the weak fields, an EPR spectrum was observed, consisting of several lines, the position and intensity
of which varied from sample to sample. histcase, the center of gravity of the lowest field part of
the spectrum remained unchanged at 190 G. The results of study of the temperature dependence of
the four most intense lines of the spectrum had a maximum at 16 K, in addition, with an increase in
temperature ~ 80 K, the lines would shift to the region of stronger fields.

All these facts indicate that the spectrum observed in weak fields differs from the spectra of non
equivalent exchangeoupled Mn+- Mn+ pairs observed in reference Si <Mn> samplesan be
assumed that the observed center is due to excltangdéed complex based on these atoms, that is,
there is an exchange between manganese at oms

The absence of a hyperfine structure in the mostintéeneed s and t heir rel ati:
= 10120 G) indicates that the magnetic electrons are on manganese atoms. At the end, it is indicated
that the coupling between the centers of sulfur substitution centers and interstitial centers of
manganese is aaed out through free dshell.
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DISCRETE MAGNETIC BREATHERS IN MONOAXIAL CHIRAL
HELIMAGNET
Bostrem I 3vchinnikov A,Sinitsyn VI.E Ekomasov E?G.
1 Ural Federal Universityy ekaterinburg Russia
2Bashkir State University, Ufa, Russia
Irina.Bostrem@urfu.ru

Nonlinear excitations of lattice systems localized in space and periodically varying in time, so
called discrete breathers (DB), are known in atomic chains for a long time. About 20 years ago, the
possibility of the existence of discrete breathers wagétieally predicted in Heisenberg spin chains
in the phase of forced ferromagnetism [1]. In the present work, DB excitations in a spin chain with
the additional DzyaloshinskMoriya (DM) exchange interaction are studied.

The Hamiltonian of the system hth® form

O L Y 0 Y o Y Y (O §

The first term is the Heisenberg exchange interaction, the second is related to theomsingle
magnetic anisotropyhe thirdtermis the antisymmetric DzyaloshinskMoriya interaction. The last
term corresponds to the Zeeman interaction of the local magnetic moments with the external magnetic
field H directed along the z axis. The state of forced ferromagnetism is considered, when the magnetic
field magnitude exceeds some calivalue.

It is found that discrete breathers of four different types can appear, depending on the value and
sign of the exchange integral and single anisotropy [2]. In addition, we show that the DM
interactionintroduces quantitative and qualitatigikanges into parameters of the breather solutions
[3].

The results of the theoretical analysis were applied to the monahiial helimagnet CrNgSs.

Given the known value of the singlen anisotropy constant for the compound, the discrete breather
exct ati ons of c¢darkeée type can arise wwatelband hei r
close to its bottom edge. The linear stability of these breather modes was verified by means of the
Floquet analysisThese results may pave a path to designtspiic resonators on thmse of chiral
helimagnetg2].

This work was supportday theUral Federal University Program of Development within the Priority
2030 Program

[1] S.V. Rakhmanovat al.,Phys. RevB., 57 (1998)R14012.

[2] I.G. Bostremet al.,Phys. RevB., 104(2021)214420
[3] I.G. Bostremet al.,AlP Advances 11 (2021) 015208.
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DISCRETE BREATHERS IN LINEAR CHAIN OF MAGNETIC
NANOPARTICLES
Kuzmi.A.! Ekomasdv.G.! Bychkdw .}, Shavrax.G.?
1 Chelyabinsk State University, Chelyabinsk, Russia
2 Ufa University of Science and Technology, Ufa, Russia
3 Kotelnikov IRE RAS, Moscow, Russia
bychkov@csu.ru

The work is devoted to the study of the possibility and conditions for the existence of discrete
breathers in a chain of magnetic nanoparticles coupled by a -dijpalie interaction. Each particle
is an ellipsoid witha, b, andc semiaxes. It is assumdtht the size of the particles and the temperature
regime make it possible to consider the
particles as singldomain particles with a

Bpems [ns]:9.798979897989799

uniform distribution of magnetization. The "
simulation of the dynamics of magnetization

in such a chain of nanopatrticles svearried 2
out within the framework of the numerical

. - - . 26

solution of the Landalifshitz equation, Ll 2 2 FRTER
considering the dissipative term in the %0 1

H 0.75 250 4
Hilbert form. 200 ]

In this chain of magnetic nanopatrticles, the °» 150 1
existence of solitary periodic solutions oss =
(discrete breathers) a8 found, which are —_——
especially pronounced in chains of particles Time [ns] Frequency [GHz)

My(t) 22-28 FFT My

witha=b>>c(i.e., close in shape to disks). o
In this case, magnetizatiascillationsoccur 005

300 A

in the xy plane, while thecomponent of the , 2004

magnetization vector remains unchangd. 100

When disgation is considered, the

magnetization vector relaxes to the ground *¢ 3 3 3 & s 3 & 5 3§ 1
state withM, = 0, and the discrete breather Matt 228 T

0.1150
300 4

has a finite lifetime. For realistic dissipation
parameters, the lifetime of a discrete breathe . ...,
substantially exceeds the oscillation period oo
Figure 1 shows an example of modeling a o
discrete breather in chains of 50 Ni ***
nanoparticles with dimensiorss= b = 100 L A T P benesi@d |
nm, ¢ = 10 nm and a distance between
particles| = 500 nm in the absence of Figurel. Discrete breather into chains of 50 I
dissipation. During the simulation, the initial nanoparticles. The time dependences of
deviation of the 25th particle walkl, = components of the total magnetization of partic
0.85Ml, and the magnetizations of all otherwith numbers from 22 to 28 and their Fouri
particles were directed along the x axis. transforms are presented.

200 A

100 1

Support byRussian Science Foundation {2200355)is acknowledged.
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MAGNETISM OF LUDWIGITES Mn 1.1£0:8B0s and Mn1.3£0:.6BOs
Eremina R.M, Popov D.Y¥ Batulin R.&.CherosovAW¥, Moshkina E.M.

1 zavoisky Physicallechnical Institute, Federal Research Center
66Kazan Scientific Center of RASO660,
2 Kazan (Volga Region) Federal University, Kazan, Russia
3 Kirensky Institute oPhysics FederaResearciCenter KSC SB RAS, Krasnoyarsk, Russia
REremina@yandex.ru

Oxyborates with ludwigiteype structuregstructural formula MM 6 BsO wher e M and N
the metallic ions with valence 2+ and 3+ respectively) bears extremely unusual magnetic properties,
including, but not limited to random magnetic ions distribution, mixed valence, strong electronic
correlations and uncommon charge ordering. These properties are caused by zigzag walls in their
crystal structure formed by metal ions of different valence. Agroteason is presence of four
nonequivalent positions that can be occupied by up to twelve magnetic ions per unit cell. Those
positions form two sublatticessB3 and 42-4. Former is filled by metallic ions with two valent
electrons; latter is filled bynetallic ions with three valent electrons. Most of the ludwigites have
either orthorhombic crystal structure with Pbam space group or monoclinic structure with P21/c space
group. Metallic ions in ludwigite structures are caged in an octahedral structixeosf/gen ions.

These structures form the aforementioned zigzag \lls

In this work we present the results of the analysisnafjnetic propertiedn-Co heterovalent
ludwigitesMn1.17C01.88B0s and Mn 39C01.61BOs.

Ludwigitesmonocrystals Mn17Co1.838B0s and Mn.3€C01.6:1BOs has been grown using flux method.

Mn and Co ions ratio in crystals was established via XRF analysisi®m sBOs has space group
Pbam witha=9.25; , b =12.4]; and ¢ = 3.0 . Mn13C01.6:BOs has spce group Pbam with a =
9.27i ,b=12.45 and c = 3.05 . Hysteresis loops were approximated by two ferromagnetic and
one paramagnetic contributions in MiCo1.88B0s and Mn.3fC01.6:BOs. In Mn..17C0o1.8BOs an
exchange bias washserved, coercive forces dflers = -0.217T andHo2 = 0.145T at X, and areHo:

= 0.256T andHo2 = 0.177T at 10K, for left and right part of the loop, respectively. Ferromagnetic
contribution in hysteresis loop for MeCo06BOs almost 100 times higherthan for
Mn117C0188B0s, though Co ion concentration has been increased slightly. Magnetic, AC
magnetization and specific heat measuremehisw spiRglass transitions afpn=42.3K for
Mn117C0188B0s and ferrimagnetic transition afph=60.8K for Mn3sC01.6:BOs. The effective
magnetic moments per unit cell am#=8.061w% for Mn117CosBOs and m« = 9.03w for

Mn1 38Co161BOs obtained through the experiment and agree with theoretical calculatiofiso@o
taking 0.38 of 3+ position for Mn7Co1.88B0s and completely fill 3+ position for MrzdCor.61BOs.

The peaks in specific heat at T = 7K, 12K and 17K for both compounds are due to Schottky anomaly
or presence of lomdimensional system.

This research was supported by the Russian Science Foundation (ProjeeT NO0Q37)

[1] L. Bezmaternyklet al, Solid State Phenomer283(2015)133136.
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MAGNETIC HYSTERESIS IN PERMALLOY BASED 1 D
MAGNETOPLASMONIC CRYSTAL
Gritsenko Ch,Mitrofanol., Kolesnikova. \,.@urzin D.V, Belyaev V,lRodionova V.V.
Immanuel Kant Baltic Federal Unikgaty, Kaliningrad. Russia
KByrka@kantiana.ru

To date, one of the current research tasks is to create a digital twin of a magnetoplasmonic crystal
based on permalloy thin films. Such systems have found wide application in the production of
magnetic field sensors used in such areas as medicine (ncagretiiographs, magnetic
encephalographs, tests of various prostheses and implants [1]), space research (satellite production
[2]), and in the field of security (entroscopes and metal detectors [3]).

Implementatiorof digital twins will make it possibleotpredict such magnetic characteristics and
properties as coercive forceemanentmagnetization, andnagnetization reversahechanisms
depending on the thickness of the thin film and the geometric parameters of the crystal. This will
make it possible tolmose optimal parameters for its use in specific applications, bypassing expensive
and timeconsuming laboratory experiments [4].

In this work, a threglimensional model giermalloy based 1D magnetoplasmonic crysiti the
diffraction latticeof a peria of 740 nm antheheight of 20 nm was constructed using COMSOL
Multiphysics softwareUsing thelile§ Atherton modemodel, magnetic hysteresis was modédted
various NiFe film thickness in the range 6668 nm. Hysteresis properties were studieddetails,
and were compared with experimental datze results will be used to further determine the optimal
parameters of the magnetic field sensor based on a magnetoplasmonic crystal.

Theprojectwas supported by the Ministry of Science and Higherdaton of the Russian Federation
(agreement no. 0762-2023934)

[1] D. Murzin et al, Sensors20(6) (2020 1569

[2] S.Wei et al.,.Sensors21(4)(2021) 150Q

[3] D. Eleftherakis Sensors20(3) (2020) 737.

[4] S.R Kalidindi et al, Frontiers in Materials 9 (2022) 48.
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HELIMAGNETIC AND CRYSTALLOGRAPHIC GROWTH TEXTURES OF
DYSPROSI UM NANOL A¥, BlRAND BoFABUFFER LAYERS
Naumowa.l. *?, Krinitsina T.P Zavornitsyn RS MilyaeM.A.*?, Devyaterikou.?, Rusalina.S2,

Paviova.Y. !, ProglyasfoV ., UstinoV.V .*?2
1 M.N. Mikheev Institute of Metal Physid$B RAS, Yekaterinburg Russia
2 Ural Federal UniversityYekaterinburg Russia
Krinitsina@imp.uran.ru

Dysprosiumnanolayers of various thicknesses are made by magnetron sputteringGar{Rl
Ssubstrates, as wel iTa HisandiGaiFalngThebcarfelbtiorr betvesry ther s €
crystallographigrowthtexture and the peculiarities of the temperature dependence of the electrical
resistance of polycrystalline dysprosium films was investigaXeday diffraction measurements
show that when Dy is sputterelirectly on AbOs (R), a twecomponenigrowth texture<100> +
<002>is formed in the rare earth metal nanolayer<100>component, the hexagonal axiss
parallel to the film planeand in the<002>it is perpendicular to the film plan€he perfectia of the
two-component texture increaseghen Dy issputteredo n  ti Taduffdér layer(Figure 1a). The
reason is thamicrostructures of AlDs and Dy are P~
mat ched i Ta r bofferg tayer.Bbn the ool 5
antiferromagnetic state, the texture components
become phses with different orientation of the
magnetic helicoid axisc. Measurements of
electrical resistancen temperature dependencies
have shown that the formation  of
antiferromagnetic ordering occurs at different
temperatured: and T» (Figure 1b) in thephases o]
<100> and<002> The T: and T» values were
evaluated from the position of the local minimaum b
on the &R/dT(T) [1]. e rd

When theNb buffer layer is use&101>, <100> N .f
and <002 phases are formed in the dysprosium
layer at the initial stage o$puttering.When the
layer thikness increases to 40 nm, the <902 il N 10.02
phase becomes predominant, and the texture is / T:'I" ]T
onecomponent. However, the mean deviation 50 100 150 200 250 800
angle of the hexagonal axisfrom the film plane e
normal is almost twice that of the dysprosiu
layerssputterecb n t o -Ta buéfer layer.
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mFigure 1.a) XRD patterns fofa/Dy(tpy)/Ta;

: b) resistance and resistanderivative vs
The use of AIO3 (R) substrate withb -Ta buffer
layers leads to the formation ofspyrosiumlayer, temperaturéor Ta/Dy(80nm)/Ta.
in which, there are crystallites with a magnetic
helicoid axis perpendicular to the film plane, even
at a small thickness {80 nm).
Support bythe Russian Science Foundation prop22-00220is acknowledged.

[1] L.I. Naumoveet al, Current Applied Physicsl9 (2019 1252 1258
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SPIN GLASS PHASE TRANSITIONS IN LaSrCoizFe1204
Mazitova D'} Batulin R.&.Yatsyk I.\?, Chupakhina F,IDeeva Yu.#ALevchenko S.V.
1 Skolkovolnstitute of Science and Technolgd@oscow, Russia
2 Kazan (Volga Region) Federal University, Kazan, Russia

3 ZavoiskyPhysicaiTechnical Institute, Kazan, Russia
4 Instituteof Solid State Chemistryekaterinburg Russia
Dina.mazitova@skoltech.ru

RuddlesderPopper (RP) oxides have shown great potential as catalysts for the oxygen evolution
reaction (OER), which is a challenging process in fuel cells and ‘amethatteries. These oxides
follow a general formula of ArBnOsn+1, Where A epresents an alkali or alkali earth element, B
represents a transition metal, and n denotes the number of perovskite Dayets. the delicate
balance between the crystadld-splitting parameter, the esite Coulomb repulsigp and the energy
of chargetransfer between transition metal and oxygermake RP material quite sensitive to
temperature, external pressure, or internal pressure throuZk °
chemical substitutionPerovskite cobaltites, in particular, are of
great interest, where €bions can exist irthree spin states: a Oc
nonmagnetic lowspin state (LS), an intermediate spin state (IS) so
and a higkspin state (HS).

We started our investigation with DFT calculations. We
constructed 56atoms supercells with various distributions of La
and Sr and Fe and Cd he most favorable orderings were mostly
ferromagnetic except for the case when the layer complete
consists of iron. We found out that the spin state of cobalt deper 1
not only on the distribution of transition metals but also on th
distribution in Asite. Since no supercell order was observed-in X
ray spectroscopy, all thes_e structures are presented in a crystal,l_z}agr e1. Crystal structure of
complex magnetic behavior was expected. L :

g aSrCapFe 04 It s

We measured the temperature dependences of specific heat, %

: . : ved to be the most
electronic paramagnetic resonarfE®R),AC and DCmagnetic

e R : . energetically favorable one
susceptibility and magnetizatioim two modes, zerfield cooling,

. . : i e The number of FR®-Co

and field cooling. We identifiedt least twghase transitiongirst, : : o . .

. . . : bridges is maximized in this
broadenin temperatureange 25200K associated with spin glass structure
ordering and at T=10K associated with trensition ofspin state '
of Co. Both transitions are consistent with EPR mesuarments. According to the imagenary part of AC
susceptibility one can identified another broaden phaseticanat 200300K temperature range, but
according to the real part the transition starts at 250K.

This work was supported by the Russian Science Foundation under granti3e0@419.
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COMPARATIVE STUDY OF FeNi/Cu -BASED MAGNETOIMPEDANCE
LAYERED ELEMENTS WITH DIFFERENT GEOMETRY OF THE UPPER

MULTILAYER
Melnikov G.YuSvaloi.V .}, Buznikov N.A Lepalovskij V.N Kurlyandskaya G.V.
1 Ural Federal UniversityYekaterinburg Russia
2 Scientific and Research Institute of Natural Gases and Gas Techndl@geprom VNIIGAZ,
Razvilka, Moscow Region, Russia
grisha2207@list.ru

Recently, the periodic partly profiled multilayer film elements exhibiting magnetoimpedance (Ml)
effect have been proposed and theoretically studied [1]. This new type of multilayered film structures
may have special advantages for the detection of stemnetic fields, including evaluation of the
magnetic fields of magnetizable labels in magnetic biosensors [2]. In this work, we have designed,
prepared and comparatively analyzed the structure, magnetic properties, magnetic domains and Ml
effect of rectanglar [FeNi(100nm)/Cu(3nm)]s/Cu(500nm)/ [Cu(3nm)/FeNi(100nm)]s elements
of three types. The bottom layers were 4poofiled classic multilayers, and the top layers were the
nonprofiled (N-P), micrastripes profiled (MSt) or micresquare profiled (MSq) multilayered
structures.

The multilayered elements were obtained by
magnetron sputtering (the system background presst 100 ym M-St M-Sq
was 1 107 mbar and the working Ar pressure 1 vl
3.81 10* mbar) with a shape of stripes having theg|f
length of 1cm and the width of 0.Bom. An external “
magnetic field of 25@e was applied in plane of the
element perpendicular to the long side to create tt
transverse induced magnetic anisotropy. The pattern
structures (MSt and MSq) were obtained by sputtering
through masks. For Mt structures, the stripe length
was equal to the width of the element i, the stripe i ¥
width was about 0.6hm and the transition area betweer 20e H— 40e,H—
the stripes was about Oxdim. The sqare size for MSq
structureswas 70m and t he di st arnFtgwelbpagas efenagneliqdomaire s
was 300 m. for magnetic field H applied along th

For M-St structure, the magnetization processes alorgort (a,c) and long (b,d) sides of tt
the short and long sides begin in the gaps betweé&lement: left column, Mst; right
micro-stripes, which corresponds to the whitecolumn, MSq. EMA is the easy
(Figurela) and blackFigurelb) areasrespectively. magnetization axis direction.

Complicated magnetic domain patterns could be seen in

Figureld for M-Sq structure. The magnetization process along the short side begins in the center of
the element and delayed at the edges with magnetic domain wallsctexhrto the squares
(Figurelc).

Experimental data on the MI effect are compared with results obthjnel@ctrodynamic model
solution of the linearized Landalifshitz equation and equation for the equilibrium magnetization
angles.

Support by RussiancSi e nc e F o un d a290092b) i agkncaviedged. 2 3
[1] N.A. Buznikov, G.V. Kurlyandskaya&hys. MetMetallogr., 1228) (2021) 75%760.
[2] G.Yu. Melnikov et alSensor®1(11) (2021) 3621.
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CRYSTAL STRUCTURE AND EXCHANGE BIAS IN POLYCRYSTALLINE
FILMS WITH ANTIFERROMAGNETIC Cr -Mn

Moskalev MXFeshchenko A.Kravtsov EZA. Kudyukov EVLepalovskij VANV as d k o Vs ki vy

! Institute ofNaturalSciences and Mathematics, UrF{Ekaterinburg Russia
2 M.N. Mikheev hstitute of Metal Physic$)B RAS, Yekaterinburg Russia
3 Institute ofFundamental Educatio/rFU, Yekaterinburg Russia

mikhail.moskalev@urfu.ru

Due to the growing demand for spintronic devices that actively ugxémange bias effect to pin
the magnetization of the ferromagnetic layeryehes gproblem of finding and developing nemnedia,
characterized by a high temperature stability of the effect, based on antiferromagnetic materials that
do not include rare anprecious metal§l]. From this point of view, of particular intereste the
antiferromagnetic GMn alloys, in its bulk form capable of exhibiting the antiferromagnetic order up

to around 700 K [2].
In this paper we study the formation of the
antiferromagnetic CkMn alloys with bodycentered

. . o 30
cubic crystal structure, and their capability to act as a

pinning layer for the exchange bias effect in
magnetrorsputtered polycrystalline films. By means
of X-ray diffractometry, executed in different
geometries, w@erform a thorough analysis of Ta/Cr
Mn/Ta films, which results in the construction of a

H_ (Oe)
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4

roomtemperature phase diagram of-I@n. These
results combined with magnetic measurements of
films with adjacent antiferromagnetic -Gfn and

ferromagnetic FeNigo layers allow us to establish the ~

Qe)

conditions for the observation of the exchange biast 201

effect and the composition range in which it is present
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(Figure 1). We find that he maximum blocking
temperaturel, of samplescan be as high as 540 K.
Employing a speclezed measurement protocol, we
establish the median blocking temperaturés><and
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Mn concentration (at.%)

results of our study suggest that-K@n can be H_ gnd

exchange bias fieldex on the

considered a viable option in applied filmmanganese concentration in theNam.

heterostructures with exchangias.

This work was financially supported by the Russian Science Foundation, project-Rib0824.

[1] A. Hirohata et al.J. Phys. D: Appl. Phys50(2017)443001
[2] S. Maki, K. AdachiJ. Phys. Soc. Jap46(1979)1131:1137.

107

\



SISM - 2023
2P0O-L4-11

NONTHERMAL PHOTOINDUCED REDUCTION OF THE COERCIVITY

IN THIN EPITAXIAL FILMS OF THE L1 +~PHASE FEPT AND F ePtosRho.16
Petro.V.*, Nikitin S.1%, Tagirov.R>? Kamzii.S2, Yusupov R.V.
1Kazan Federal University, Kazan, Russia
2 zavoisky Physicallechnical InstituteKazan, Russia
3loffe Institute, St-Petersburg, Russia
flypetrov@yandex.ru

The timeresolvedmagneteoptical Kerr effect in epitaxial thin films of the FePt compound and the
FePt.saRhy 16 s0lid solution with perpendicular magnetic anisotropyh@aMgO (001) substrates was
studied. The evolution of hysteresis loopsfast (100 fsi 1 ns) andslow (17 20 ms) time scales
after the excitationwith a femtosecond light pulse was stud{€ure1). The effect of londived
nonthermalmagnetic softeningvas discovered. The value of the coercive field is restored on a time
scale of milliseconsl A hypothesigelatingthe observed phenomenon to the excitation of-kgh
acoustic resonances in the substrate/film system and strong magnetoelastic interaction in FePt and
FePb.sRh 16 films is proposed.

Comparisorof the hysteresis loops under ultrashautse laser excitatiowith the data of static
magnetometryndicates the nonthermal nature of the decrease in coercivity, since the temperature is
restored after approximately 2 ns from the pump pulse.

The process of magnetization reversal of a contiauin film with perpendicular magnetic
anisotropy includes two necessary stages, namely, the nucleation of domains with the opposite
direction of magnetization and their growth due to the domain wall motion. Since both nucleation
and the motion of domaimalls are of an activatioorigin, we suggediat a hypersonic waveduced
by a femtosecondaser pulse increases the energy of the magnetic subsysteaminverse
magnetostrictionThe latterpromotesdomain nucleation and facilitates the overcoming of potential
barriers by domain wallarising from theinning on defects.
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Figurel. Magnetization reversal curves of thin FePt (a) anddea®o 16 (b) epitaxial films in terms
of the Kerr rotation agie at T = 300K, pump pulse repetition rate kHz, and pump densit
6.4mJ/cm2. The colors and line types of the hysteresis curves correspond to different times
legend).

Support bythe Kazan Federal University Strategic Academic Leadershipd&mo@@RIORITY-2030)
is acknowledged.

[1] N.S. Akulov, Z.1. Alizade, K.P. Belov, Doklady Akademii Nauk SSS#% (1949) 815.
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MAGNETIZATION , TRANSPORT AND ESR PROPERTIES OF SsMnNbO ¢
DOUBLE PEROVSKITES
Popov D.V BatulirR.G?, Yatsyk |.\%, Eremina R.M.
1 Zavoisky Physicallechnical Institute, Federal Research Center
006Kazan Scientific Center of RASO06O06,
2 Kazan (Volga Region) Federal University, 6@, Russia
kazancity.dvpopoff@yandex.ru

Perovskites are oxides with formula AB@vhere A is alkaline earth metal ion, B is transition metal
ion. Perovskites have octahedral oxygen framework built around B ions. Those frameworks surround
Aions in hexgonal (cubic) formatiofil]. Double perovskites are the type of perovskites, that consist
of two aforementioned formulas at once. Their major differelocle perovskited.B6 B@s fiom
complex single perovskites is an ordering in the arrangemerni of B n wns,BB@oa  i@6ocan
beform chainsor plane

The aim of this work is investigation of magnetransport and ESproperties oS5»MnNbGs double
perovskite. To achieve this, AC and DC
magnetization dependersce  from
temperature and external magnetic field P —
were measurd, using PPMS device in —f——ﬂ//,___, [50K]
Kazan Federal Universityrhe SsMnNbGOs
compound exhibits four phase transitions: at
T =425, 38.9, 12.7 and 6.7K. In addition,
specific heat measuremendsid isotherm

magnetizéion at T =5, 15, 30, 4@&and 42K

were made on @vinNbGs, using the same \/\/——///
device. ESR spectrawere also measured \J/\\/;

using a Bruker spectrometer.The
measurements ~ were  performed  at 0 200 400 600 800 1000 1200 1400 1600
temperature range from0 to 340K. The B (mT)

four different ESR lines were observed in

this material. The unusual behavior for one

ESR line was observed f@nMNNDGs at g 61 ESR spectra of SMNNbOs at temperature
Hesd 500 Oe an d-42Késeep ieagggaﬁkgg@POK?g < O P
Figure 1). The behaviors of ESR line were

discussed.

dc"/dH (arb. units)

36K

This research was supported by R&(Project No. 2242-02014)

[1] A. Bhalla, R.Guo, R.Roy, Materials Research Innovatior(2000) 326.
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COULOMB TWO-CENTER INTEGRALS AND THEIR COMBINATIONS

IN CRYSTAL FIELD THEORY FOR RARE EARTH COMPOUNDS
Popov D.V Eremina R.M.Likerov R.E.ShafikovA.E.?
1 Zavoisky Physicallechnical Institute, Federal Research Center
66Kazan Scientific Center of RASO6 0,
2 Kazan (Volga Region) Federal Warsity, Kazan, Russia
REremina@yandex.ru

Oxide crystals doped with ragarth ions have good prospects to be used as base for various
devices, in particular for quantum memory. In order to build such devices, the properties of such
materials must bewdied. Among all possible properties, the crystal field configuration and magnetic
configuration of the impurity centres are important ones.

The problem of the spatial distribution of electrons in the condensed matter theory has been known
for very long peiod of time. There are still no simple analytical equations to calculate the contribution
of this distribution to the crystal field. Finding these equations will make it possible to establish the
energy level schemes and wave functions of variouseatie ions in crystals. On the obtained wave
functions it will be possible to calculate the crystal field parameters. Both crystal field parameters
and experimental data on magnetic properties of the crystals obtained, for example, by electron spin
resonancenethod, will speed up the creation of a microscopic theory of magnetoelectric coupling.

The first work on this topic was done by Kleiner back in 1834Using a simplified model of two
centres with hydrogetike wave functions, Kleiner found that the spatial distribution of 2s, 2p
electrons of oxygen ions significantly reduces the electrostatic field on the 3d electrons of the
chromium ion. In subsequent works, in connection with the angempssibility of using computer
technology, this problem was solved numerically. A successful attempt, which has become quite
widely known, to obtain at least partially analytic expressions was made by Garcia and[Bhuche

The calculations were basem the bipolar expansion of the Coulomb interaction of electrons
belonging to different centres. As a result, they got the equations for the spatial distribution
contribution to the crystal field parameters. These equations have form of the integralpameer
dimensions. A modern version of the analytical equations was presented in the paper by[Rjlamov

As in Kleineros paper, the initial point of
di stribution of o0x yngGaussianypenosbifals.dheeadial elextros funestiorist t e
of 3d- shell are written in the Gaussttype orbitals as well. Such simplification allows removing
triple two-centered integrals and changing them into single integrals. Corresponding analytical
equaionsfor 3d ionsare shown irff3].

We obtain analytical equations, which correspond to the effect of spatial distribution of oxygen ion
2s and 2p electrons on the crystal fiefdr 4f ions and using for calculation crystedld parameters
in Y2SiGs:Nd; SeSiOs:Nd.

Thework carried out was carried out with the support of the Basis Foundation-N¢-39-1.
[1] W. H. Kleiner,J. Chem.Phys20 (1952 1784.

[2] D. Garcia, M. FaucheRhys. Rev. B30(1984) 1703.
[3] V.V. Iglamov, M.V. EreminPhys. Solid Stat&9 (2007) 221.
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MAGNETORESISTANCE OF CoFe NANOWIRES AND NANOCOILS
Rogachev K,Samardak.Yu.!, Sobirov MYi.Namsaraev.Zh %, Jeol.S 2, Jeorif)®, Samardak A’S.
Ognev AV, KimY K3
! Laboratory of thin film technologie§ar Easterfrederal University, Vladivostok, Russia
2 Institute of Engineering Research, Korea University, Seoul, Republic of Korea
3 Department of Materials Science and Engineering, Korea University, Seoul, Korea
samardak.aiu@dvfu.ru

Onedimensional nanostructuresich as nanotubes and nanowires afrea high attentiorfor
modern material science and for applicatMith the development of ordimensional nanostructure
synthesis techniques, a facile method was developed to prepare-$igdipatl nanostructures
(nanocoils).The complex magnetic configuration of nanocoils, caused by hieéaal shape, is of
great interestor investigation otheir properties and applications. One area of interest is the use of
such nanostructures as elements of spintrariosaynetic field sensordn our work, we studied the
resistance of nanocoils and nanowires in an external magnetic field.

Nanaoils and nanowiregere synthesized by electrodeposition in a porous alumina template
a pore diameter of 200 nm for nanocoils [1] and 65 nm for nanowires. For the synthesis of both
structures, aplectrolytecontainingcobalt sulfate (CoS(D 7.@) andiron sulfate (FeSa 7.6)was
used. To obtairnelicatshapednanostructures, thelectrolytewas modified with vanadium oxide
sulfate (VOSQL: kD) and ascorbic acid §8g0s).

Surface morphology was studied by scannin
electron microscopy (SEM, TheoS&cientific SCIOS |
2). Nanowires and nanocoils were also simulated in
MuMax® micromagnetic package based on thef
experimentally measured data.

Investigation of the resistance of a singl
nanastructuran an external magnetic field was carried
out by the fouprobe method using laigh-precision
multimeter (Keithley B61). For this, nanostructures
were etched outf anAAO templateand placed on a
Si substrat_e. After that coppeortact pads were Figure 1. CoFe nanowire in gap betwee
(_:reateo! using electron beam I|thogrfapljy (EBI__) angh | contacts
lift -off lithography. The external nyaetic field varied
from -5000 Oe to 5000 Oe.

The micromagneticonfiguration simulatedin different external magnetic fields oriented along
and perpendicular to the long awsas used to calculatiependence on magnetic field

As a result, we found that nanocoils could have different mechanisms of magnetoresistivity,
depending on theicompressed of stretched state, while nanowires show classical anisotropic
magnetoresistanceThe results obtained will be used to study the ddpece of the
magnetoresistance on the stretching of the nandedhis case, the nanowire is considai@tethe
maximum stretched nanospring.

This work was supported by the Russian Ministry of Science and Higher Education (State Task No.
FZNS-20230012).

[1] D. Y. Namet al, Nanoscale10(2018)2040520413
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THE SYNTHESIS AND MAGNETIC NATURE OF MANGANESE -

SUBSTITUTED COBALT FERRITE NANOPARTICLES
Salnikov ¥?, Omelyanciik!, Rodionova'V.
! Immanuel Kant Baltic Federal Universjtgaliningrad Russia
2 Dagestan State UniversjtylakhachkalaRussia
russiatvotzach@gmail.com

Nanasized spinel ferrites have gained significant attention as promising materials due to their
unigue physical properties and potential applications in various fields such as information storage,
magnetic hyperthermiayarious biomedical applications[1,2]. The diverse chemical and
morphostructuraproperties offer the opportunity to control the magnetization and coercivity of
magnetic nanopticles (MNPs)[3]. Spinel structure of ferrites determindset properties in
particular,the magnetic propertidd], which are most dependent tre type of metallic cations and
the nature of their interactiohe study of such materials also involves investigating size effects,
which can lead to cimges in their magnetic properties due to differences in the crystalline structure
compared to bulkSo,the distribution of cations in the spinel sublattices of MNPs depends on their
sizes and synthesis methods, the magnetic properties are influenceddpanameters.

In this study, we investigated the magnetic propertiddmiCouxFeOs (where x = 0.15, 0.25,

0.35, 0.45) MNPs synthesized via the-gel selfcombustion method followed by annealing.
Vibrating sample magnetometry revealed that the sample with a manganese content of x = 0.35
exhibited the highest saturation magnetizatids)(value of approximately 70 emu/g. Annealing at
500AC 1l ed to an i ncr e tosegample) forche sampld with xt=y0.25 fora r t i
25 nm to 39 nmled to a decreasof lattice constantAn n e al i ng ehigherdenPeda@iresa n d
resultal in the formation of hematitevhich is confirmed by Xay phase analysis daturthermore

we observe@ decrease iNls, for instancefor a samplavith x = 0.25Ms changed from 72 emu/g at

500A @o 66 and 50 emu/g at 680&nd 70@ (respectively.

Thus we have developed a strategy for synthesiningpinel ferrite nanoparticlds increase the
saturation magnetizatidoy controlling the structural properties of theNPsthat can be used, for
example, as a component of nanocomposite materials.

This work was financially supported by the Russian Science Foundation (grant-K2.32032).
We would also like to acknowledge the Center for Gifted Children (Kaliningrad, Russia
providing the opportunity to conductpay diffraction measurements.

[1] D. Peddis et aJ Frontiers of Nanoscien¢é (2014 129 188.
[2] Z. Li, Y. Zhang,N. Feng Expert Opin. Drug Deliy16(3)(2019)219 237.
[3] H.L. Andersen et alNanoscale10(31)(2018 14902 14914.
[4] M. Sanna Angotzi et alJ. PhysChem. C.125(37)(2021) 20626 20638.
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SIMULATION OF THE MAGNETIZATION SWITCHING IN Fe/Au

BARCODE NANOWIRES
Samardak A.YWeon Y.SKozlov A.6.Ognev A.Y.JeongEKim G.W, Ko M.J, Samardak A'S.

Kim Y.K.
! Laboratory of thin film technologies, Far Eastern Federal University, Vladivostok, Russia
2Center for Hydr ogkSTl:SakKoreLe |l | Researc

3 Department of Materials Science aBdgineering, Korea University, Seoul, Korea
samardak.aiu@dvfu.ru

One of the most important properties of the memory is the writing speed, déictes the
efficiency of future memory device. Magnetic nanowires can achieve speeds of switching up to
nanoseconds due to strong shape anisotropy [1] which makes them promising structures for
application as memory cells. Barcode nanowires are the further, moreffocisnt developmendf
this idea, but their speed and processes occurred due switching are still not studied. In this work we
report of the investigation on switching of Fe/Au barcode nanowire arrays by using a micromagnetic
model, precisely tunelly data achieved by the eeqimental studies.

Fe/Au barcode nanowires arrays with different lengths of segments, were achieved by the single
bath electrodepositiomethod into the porous alumina
template. Their morphology was studied by scanning
electron microscopy, magnetic properties were
investigated by magnetic force microscopy, vibrating
sample magnetometry and FOR@thod. In the end,
micromagnetic model was BiLin mumax3 simulation
package.

To make sure that micromagnetic model descripts the
real samples precisely, the array of 12 nanowires with
200300 nm di ameter and 2 Om e simul af
with periodic boundary conditions. For each samplgjgure1. Simulated micromagnetic
with different lengths of Fe and Au segments, &onfiguration in the center o

hysteresis loop was simulated and compared directise(200)Au(200) nanowire after 0.2 ns |

to experimentally achieved hysteresis loops. Straypplication of external magnetic field
fields were simulated in different external fields and

compared to magnetic force microscopy images. In the end tlumlgegment length was changed

from sample to sample, and almost the exact overlay of simulated on experimental data was achieved.
To simulate the process of switching, array of barcode nanowires was saturated along the long axis,

and then negative extal fieldwith induction of 0.1 T was applied. The simulation revealed, that in

the beginning of the switching, in the center of Fe segments skyrmidiki@nmicromagnetic

structure Figurel) exists for 0.3L ns, then evolutes into skyrmion, which exfstsanother 20 ns,

and then decay into vortex. In some segments of the samples, skyrmions tend to exist for a much

longer time, up to microseconds. Simulation of the array in the room temperature still represents the

same structures, yet distorted byrthal fluctuations, which decreases their lifetime. Switching of

nanowires takes about 2 ns.

This work was supported by the Russian Ministry of Science and Higher Education (State Task No.
FZNS-20230012).

[1] A.S. Samardaletal., J. All. Com, 732(2018)683-693
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UHV TECHNOLOGICAL SYSTEM FOR SYNTHESIS AND IN SITU
INVESTIGATION OF NANOSTRUCTURES BY SPECTRAL MAGNETO -
OPTICAL ELLIPSOMETRY IN A WIDE TEMPERATURE RANGE
Shevtsov D'\Lyaschen8aA?, Varnakov S.N, Ovchinnikov $S3aMaximova OA.
1 Kirensky Institute of Physics SB RAS, Krasnoyarsk, Russia
2 Siberian Federal UniversitiKrasnoyarsk, Russia
sdv@iph.krasn.ru

In recent decades specatention has been paid to the methods of synthesis and investigation of
nanoscale structures such as "ferromagnetic metal/semiconductor”, where such elements as Ni, Mn,
Co, Fe can be used as metal and Si, Ge can be used as semiconductor layeestXaotive
diagnostics and control of nanosystems directly in the process of their creation offers great
opportunities for research; this enables the synthesis ——— 14
nanomaterials with controllable composition and desire -
characteristics, structure and propertiestbe atomic
and subatomic level.

Reflectance spectral magnetoellipsometry, a-no
destructive in situ method of surface analysis, makes t ’T
possible 1,2]. This polarizing optical method makes it
possible to obtain quantitative information about tr
strudure and morphology of the surface of the samp
under study, to find out its spect@btical and magneto
optical parameters directly in the process of structu
formation, and to perform magnesptical analysis of e
thin films by placing a ferromagneticample in an

external magnetic fieldThe developed wvhinstallation ; ‘ —%
in Figure 1 for obtaining thin films and multilayer Figurel. A block diagram of the UHV
materials from various elements is described, in which technological system

the combined use of in situ magnetoellipsometric meth@y vacuum chamber; (2) rod with the sam|
of analysis and system$ specimen temperature settingholder; (3) sample; (4) electromagnet; (
in a wide range with the application of an externglagnetic circuit, (6) slide gate; (7) loc
magnetic field of a given value to it is implementad], ﬂ‘;:ggﬁib(rﬁytfrht (Sfll’;rc]%kf? )J[ﬂﬁﬂf’p(ﬁ%’ ("lnog
The Fe/SiO2/Si(10p structure was used tOpgliows translator; (13) vacuum bellows thre
demonstrate the possibilities of the createdecomplex, degreeof-freedom manipulator; (14) flowype
i.e. to syntlesize ferromagnetic nanostructures on theyaporatarheater;  (15) analyzer; (1€
substrate surface within situ nondestructive molecular source; (17) polarizer; (18) nitrog
ellipsometric control and to carry oirt situ studies of SUPPlY system; (19magnetiedischarge pump
. . . (20) computer; (21) magnet powsupply; (22)
the obtained nanostructure by magrellgpsometry in fiow_type heater powesupply; (23) sample
the temperature range 8005 K in a single heater powesupply; (24) evaporator powe
technologial cycle. supply; (25) evaporator,(26) evaporator pow

supply

The study was supported by the Russian Science
Foundation No. 2112-00226,http://rscf.ru/project/2412-00226/

[1] O.A. Maximova,JMMM, 440(2017)196-198.

[2] O.A. Maximova JMMM, 440(2017)153 156.

[3] D. V. ShevtsoyInstruments ané&xperimental Technique€0 (2017 759 763.

[4] D. V. Shevtsov]OP Conference Series: Materials Science And Enginegli(2016) 155.
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KYRMIONS AND SKYRMION LATTICES IN EPITAXIAL [Pd/Co/CoQ] n
MULTILAYERS
Shatilov V.30gne&.V., Samardak A,&ozlov A.G.
Laboratory of SpirOrbitronics, Institute of High Technologies and Advanced Materials, Far
Eastern Federal University, Vladivostdkiissia
shatilovvs@dvfu.ru

In this work, we demonstrate the ability to create a skyrmion lattice using magnetic force
microscopy methods. The slicing of labyrinthine domains into individual skyrmions, which size
depends on the period of the domain structure, is shown.wéepgesent a mechanismrealizea
stable skyrmion lattice at room temperature in epitaxial [Pd/Co/Colilayers. The magnetic
structure of the samples provides valuable knowledge for development of a new type of magnetic
memory and neuromorphic dees.

Thin magnetic superlattices are very interesting and promising structures that are widely used to
create spintronic devices. In particular, multilayer structures with the antisymmetric exchange
presented by the interfacial DzyaloshinsMbriya interation (-DMI) are very promising for the
next generation of magnetic memory and logics. TBMIi appears in the magnetic systems with
broken inversion symmetry and, in combination with perpendicular magnetic anisotropy (PMA),
makes it possible to stabiz s pi n textures such as skyrmions,
walls, etc. In thin magnetic films at room temperature, skyrmions can be observed in a form
ofnanosized circular vortices, a kind of magnetic solitons. These spin textures areest ifte
spintronics, since they can move under the action of an electric current and, in the future, be used in
information storage and processing devices [1]. Magnetic skyrmions can be considered as
topologically stable quasiparticles possessing physlaaacteristics needed to realize the skyrmion
racetrack memoryA.V. Ognev et al. [2] have recently showed the cryptographic potential of
skyrmion (topological) nanolithography with direct writing (without a mask), where each skyrmion
acts as a pixel ithe final topological image invisible in optical range.

The inversion symmetry of interfaces can be broken using controlled oxidation. Oxidation can be
used as a tool to control the magnetic characteristics of one of the interfaces. The use of epitaxial
structures makes it possible to significantly increase of-bili energy. In our study we show that
thin magnetic films with an oxidized [Pd/Co/CoO/Pd]n multilayers can be a host of skyrmions and
skyrmion lattices. Due to the symmetry breaking at th€®@hd Co/Pd interfaces, the interfacial
Dzyaloshinski#Moriya interaction appears and contributes to the generation of stable skyrmions in
such structures.

The weltknown method of slicing the labyrinth domains into individual skyrmions is to use of the
stray field of a magnetic force microscopy (MFM) probe. The application of the MFM probe for
chiral texture nucleation is described in works4R

Epitaxial [Pd/Co/CoQ]n superlattices were grown on the single crystal Si(111) substrates by the
molecular bem epitaxy technique. The samples were grown in an ultrahigh vacuum chamber
(Omi cron Nanotecnol og-10eTor}. Sif@lil)x substiateseners preparedby a
chemical cleaning before loading into the chamber. The samples were degassed byhealiregt

for 13 hours and at a temperature of 600AC, a
temperature of 1200AC by short pul se3/suface cl e a
reconstruction. After annealing, a layer of Ci2 1 thick) was sputtered

ferromagnetic layer (Co) was oxidized for 3 minutes in a dry oxygen atmosphere in the separated
chamber which equipped with a gas flow system. The structure of a single film is presented as the
Pd(2m®()1/0C )/ CoO til ayer. The deposition of eac
the reflective higkenergy electron diffraction pattern. Preservation of the crystalline order with the
increasing number of trilayers was observed. The cover layet of P Shick) was sputtered to
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Normalized magnetization, M/M,

prevent subsequent oxidation of the film.

The magnetic parameters of the samples were
studied using a vibratingsample magnetometer  ,,/—n:2 L |
(LakeShore VSM 7410). The study of the domain I
structure was carried out using a magragttical Kerr 08— n=10
microscope (MOKE, Evico Magnetics) and a § ’ [
magnetic force microscope (MFM, Ntegra Aura) ‘ »" '
allowing the manipulation of the magnetic struetu 051 /
by high coercivity magnetic probes.

The resulting magnetic hysteresis loops demonstrate
the presence of perpendicular magnetic anisotropy ™* Magnetc fild, H(Oe) o
(Figure l). The curvature of the loops at values of the ) _
applied magnetic field (H) close to saturatioffigurel. Hysteresis loops measured in|
indicates te manifestation of the dipoldipole OUtof-plane external magnetic field f
interaction  between magnetic layers. Thig§@mples with 7 and 10 repetitions of
magnetostatic interaction contributes to the formatidRd/Co/CoQ] trilayer.
of the labyrinth ordering of domain walls.

Magnetic force microscopy images were recorded
using magnetic probes. To nucleate a skyrmion lattice,
a twopass method was used, when each snanvas
passed twice by the MFM probe. On the first pass in the
tapping mode, the surface morphology was scanned.
Then the probe is lifted to a certain distance, and a
second pass was done along the scanned profile keeping
some distance from the sampleface. In the end, the
MFM tip scanning parameters were set to be able to
slice the domain structure into separate segments
transforming to skyrmions followed by skyrmion lattice
. ordering (Figire2.).

Figure 2. Formation skyrmion lattice In this work, we showed the ability of the skyrmion

(bottom row) from théabyrinth structure lattice nucleation in the epitaxial [Pd/Co/CoO]n

(top row) of [Pd/Co/CoO/Pd]n sample superlattices by the MFM probe. The partial oxidation

where n = 7 (left column) and n = 1 of the Co layer broke the structural inversion symmetry

(right column). of the system promoting the existence of the interfacial
Dzyaloshinski#Moriya interaction. The copetitive contributions of theDMI, PMA and interlayer
dipole-dipole interaction create conditions favorable for the origin of chiral domains. We
demonstrated that of the twaass scan by the MFM probe led to the complete formation of the
skyrmion lattice The size and density of skyrmions depended on the periodicity of the labyrinth
domain structure and on the distance between two adjacent scanning lines. These results can be uset
to create a novel type of magnetic memory based on skyrmions, which lawll significantly
improve the speed of reading/writing of information.

The authors thank the Russian Ministry of Science and Higher Education for state support of scientific
research (State Assignment No. FZR(R30012).

[1] A. Fert A et al. Nature RevMater. 2 (2017)17031.

[2] A.V. Ognev et al. ACS Nanp14(11) (2020)14960 14970.

[3] F. Ajejas et al., preprintarXiv:2212.08920, 2022.

[4] A.G. Temiryazewet al.,Physics of the Solid Sta®&0 (2018)2200 2206.
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NUMERICAL SIMULATION OF THE BREATHERS SOLUTIONS IN

LAYERED CHROMIUM DICHALCOGENIDE
Sinitsyn VI.E Ovchinnikov A, Bostrem Li{GEkomasov E*G.
1 Ural Federal Universityy ekaterinburg Russia
2Bashkir State University, Ufa, Russia

vladimir.sinitsyn@urfu.ru

Nonlinear excitations of lattice systems localized in space and periodically varying in time are
called discretéreathergDBs). Similarly to the ordinary linear excitations in the form of propagating
plane waves, DB modes are universal type excitations
requiring the nonlinearity and discreteness of th
model describing the physical medium for thei f;ml e The resalie
existence.In most cases, discrete systems admit a i of the numerical calculation
adequate description in the continuous mediur i
approximation, and the use of the continuous
approximation tens out to be a rather effective tool in 995 i
searching for andtudying the properties of the DB = qfsseeeeseceee A oo
modes As an alternativepproach, the method of the 0 5 1015 20 80
anticontinuous limitsuggested byAubry is widely
known [1]. The analysis performedusing the
continuous appramation and numerical calculations
haveshown [2] that in the reaprototypeof our model
the layered chromium dichalcogeniderosNbS,,
darktype DB modes arise with a neaffyromagnetic
ordering of local moments$iere, we revisit the problem usingettheory of anticontinuous limit for
spin systems [3].

We consider the spin Hamiltonian of the atimensionakhainused to describe properties of a
monoaxial chiral helimagnet,

O LYY 0 Y o Y Y o Y

Figure 1. Singlesite periodic breather ir
thechain consisting of N = 31 sites at
= 0.001. The sit&5 isexcited The open
boundary conditions are used, and t
ratio D/2J = 0.16 is taken

The first term describes the Heisenberg exchange interackiom second term is related to the
singleionmagneticani sotr opy of t he heahsdyternpdoraespents ta thep e
Dzyaloshinskii Moriya antisymmetric exchange interaction with tleetor D = [ directed along
the zaxis. The last term corresponds to the Zeeman interaction ofnmsaknts with the external
magnetic fieldH directed along the z axi$o apply theA u b rmeihad and get a numerical solution
for the whole discrete apisystem, the iteration process starts withgingle site breathersolution
relevantforC=0¢ = J/ A,) b= H/ 2AS

Yt oop T TQ

We show that forthe values ob  and aan d r mhcaresponding this equatidhe
algorithmleadsto stablebreather solutions up C=0.006 Figure1 shows an example of the breather
solution obtained by the Aubryés met hod.

This work was supported by the Russian Science Foundation (Grant{18-024.58).
[1] J. L. Mait@ n  a Awulry, ISonlinearity, 9 (1996)1501 1528

[2] I. G. Bostrenet al, Phys. Rev. BL04(2021) 214420
[3] I. G. Bostremnet al., Theoretical and Mathematical Physi@i4(2)(2023)250-264.
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SHAPE-DRIVEN MAGNETIC PROPERTIES
OF JELLYFISH -LIKE Ni NANOWIRES
Samardak.Yu., Sobirov M.DgneM.A., Leiko G.A Samardak A,$gnev A.V.
Laboratory of thin film technolags, Far Eastern Federal University, Vladivostok, Russia
samardak.aiu@dvfu.ru

The ability to control the matter on the atorsgaleis one of the main goals of nanotechnology.
From magnetic point of view manipulation of the shape of-dimeensional ferromagnetic
nanostructures is especialijmportant since the geometrical parameters mostly define magnetic
behavior of the nanostructureDifferently shaped ondimensional nanostructures, such as
nanosprings [1], barcode?][ and interconnected nanowire8] [were already presented and
investigated, showing new unique magnetic effects, resulting in new possible implementations. In
this work our group presents new type of esienensional nanostructurésso called jellyfishlike
nanowires (JFNW) and investigates their magnetic properties experimentally and by micromagnetic
simulations.

Bi-layered porous alumina matrices with large difference of diameters of pores in corresponding
layers were prepared by anodization of aluminum plate in mild potentiastginse. The voltage of
the second anodization was varied from sample tGggm '
sample to achieve different diameters of pores in the
top layer of the matrix. After the preparation, bilayered
alumina template was used as template in the proces
of electrodepositin of Ni from Watts solution. In the
end, arrays of Ni JFNW were obtained (Higl).

Analysis of scanning electron microscopy images
showed that theesulting structures had two parizart
with bigger diameter (soalled¢chead) and part with
narrow dameter (secalled cleg®). The diameter of
the chea@® was set to be the same from sample to
sample, while the variation of the voltage due the. ) ) _ _
second anodization allowed to control the diametdrigurel. SEM image of single jellyfish
and number of thelegs® growing from singlghead. ke Ni nanowire, etched out of alumin

Magnetic properties of the array of JFNwstemplate.
embedded in alumina template were investigated using
vibrating sample magnetometry and showed hysteresis loops with low remanence and coercive force.
Easy axis of magnetization was aligned along the long axismawiees. Analysis of First Order
Reversal Curves diagrams revealed strong magnetostatic interactions in the array. Micromagnetic
simulation showed that in remnant staieeacd of JFNWs was in the vortex micromagnetic
configuration, while;legse werein single-domain state.

This work was supported by the Russian Ministry of Science and Higher Education (State Task No.
FZNS-20230012).

[1] D.Y. Nam etal., Nanoscale10(2018)2040520413

[2] A.Y. Samardalet al, Small 18(47) (2022 2203555
[3] J. Martin et al. Nat. Comunn,5 (2014 513Q
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EXPRERIMENTAL AND THEORETICAL STUDY OF THE CATION AND

MAGNETIC ORDERING IN N ixCo3xB20s¢
Sofronova Bavlovsi., Chernysh®dy Moshking., VelikanoD.
L.V. Kirensky Institute of Physics, Krasnoyarsk Scientific Center, Siberian BRA&h
Krasnoyarsk, Russia
ssn@iph.krasn.ru

We investigate the electronic structuseructural andnagnetic properties of NLxxB20s (X = 0,

1, 2, 3)using density functional theory calculation including spihit coupling.The distribution of
3d-metal ions on crystallographmositionsin NiCo.B20s and Ni2CoB;Os were studiedThe spin
exchange interactions between the Ni(Co) ions were evaluated.

NixCos.xB2Os crystals belong to the Pnmn 4E¥) space group (kotoite structure) [1,2]. The unit
cell involves two formula units. Magnetic atoms are Ni (Co) occupying mepequivalent
crystallographic positions 2a and 4f. Thus, there are six magnetic atoms in the unit celtBbg Ni
and CaB20gs crystals are collinear with the easy magnetization axis directed abodig)for NgB20s
and alongb axis for CaB20Og[3]. In CxB20s, Iin
contrast to NiB2Oe, there is strong anisotropy of
magnetization both above and below the temperatu
of the magneticphase transitionThe temperature wozo ] 2\ : EEE:”Z;
dependences of magnetization of the shuylestal
sample foNiCo2B>0s were measured by applying the
magnetic field along a, b, caxes on the SQUID

0,025

FC(H|lc)
+ ZFC(H|la)
+ ZFC(H|[b)
+  ZFC(Hllc)

o

2

=
1

Magnetization(emu/g)

magnetometer in a field of 50 Oe (Fig)e The easy : 0.0104.1{-' H=50 Oe
magnetization asi is directed alongb axis The J
magnetization curvae®corded in the zerbeld (ZFC) ooos1/
regime have two features.
The calculations of energies otompounds B S S A A

Temperature(K)

Ni2CoBOe in different cation ordered states showec
that Ni and Co iongre not randomly distributedi
ions prefer to occupygrystallographic position 4In  Figurel. Temperature dependences
agreement with experimerthe anisotropy in NB2Os  magnetization of the singlerystal
is weak with a magnetization easy axis directed alorngiCo.B.0s when the magnetic field o
c axis. The calculated spin exchange interactions aB® Oe is applied alon@, b, ¢ axes,
similar for both crystals. There is the competitionecorded in the zerbield (ZFC) and
between the antiferromagnetic and ferromagnetield-cooling (FC) regimes

exchange in both crystals.

The research was funded Ryssian Science FoundatiandKrasnoyarsk Regnal Fund of Scienge
project”  212-20012(https://rscf.ru/en/project/282-20012).

[1] R.E. Newnham et glZ. Krist, 121(1965) 418.

[2] R.E. Newnham et alRhys. Status.Solidi6 (1966) K17.
[3] L.N. Bezmaternykh et alRhys.Status Solidi B249(8)(2012) 16281633.
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PARAMAGNETIC AND FERROMAGNETIC CENTERS OF MANGANESE
IN SILICON
Askarov § Sharipov'BMavlyanovASaliyeva Sishukurova'DMavionov ‘A.
! Tashkent State Technical Universifiashkent, Republic of Uzbekistan
2 Semiconductor Physics and Microelectronics Research Institute, Mirzo Ulugkbek NUU, Tashkent,
Uzbekistan
bashirulla@mail.ru

Paramagnetic centers of a number of trmsnetals in silicon were investigated bydwig and
Woodbury theresultsof which were reflected in tiverespective researcin the case of silicon doped
with manganese (SMn>), the authors had recorded the EPR spectra corresponding to isolated
impurity interstitial centers with various charge staté®’(3d’), Mn*(3c®), Mn**(3cP) and Mn(3cf),
as well as to a number of doracceptor pairs of manganese with both shallod deep acceptor
substitution centers.

Unfortunately, as it was revealed later, the concentration of electroactive manganese centers,
determined byhesilicon compensation method with different concentrations of small acceptor boron
impurities, significatly exceeded the total concentrations of deep manganese centers.

To find out in what state the main part of manganese responsible for the compensation of the
material happens to be, this work is devoted to a more thorough study of EPR spectra of giédon do
with manganese with various degrees of compensation.

As is shown by the results of studies in overcompensate&i<Mn> samples with a resistivity
O 220hn®cm at 3.8 K, a spectrum was observed consisting of six ultrathin lines, due to interaction
of d - electrons with their own core MN(I = 5 /2). The measured parameters of the spectrum had the
values g = 2.362 N 0. 00 3hadastreng tenfpératude déperien)and G .
completely disappeared at T=8 K.

The spectrum parameters corresponded to neutral centers of manganese interddreiadd’).

As_ >5L24gcm have increased, this cent epectravefs i 0
ionized Mrf(3c®) and Mri*(3cP) centers were observed only in newly prepared Si<Mn> samples. In
times of longterm storage of these samples at room temperature, the spectra of ionized manganese
centers tended to disappear, and instead of themglrresistance 15i<S> samples, as well as in
compensated-§i<S> samples, the spectra were observed that would correspond teadogjotor

pairs Mri*- 1 )*, as well as to clusters of four centers of manganesearitircalation.

Moreover, in all overcopensated Sik,Mn> samples with>5 12hbcm at | ow t empe
4 K) in virtually absent outer magnetic field, the spectrum consisting of a large number of lines, the
position and intensity of which changed from sample to sample likely appeared.

We prepared Si<B,Mn> samples, in which the spectrum in zero fields had -aeselived ultrafine
structure. The intensity of the lines and the value of the resonant fields of the spectrum changed
strongly with temperature. The spectrum had a maximum intensity=at.6 K, and the center of
gravity of the spectrum at a given temperature was practically in zero fields, and part of the spectrum
was in the region of negative fields. As the temperature decreased, the intensity of the lines of the
spectrum decreasednd the center of gravity shifted towards positive fields, and at T = 3.2 K the
spectrum was completely registered at positive fields. At this temperature, in the direction of the
magnetic field along the <111> axis, the spectrum consisted of four filméuse lines, each of which
consisted of 11 hyperfine structure lines with A = 37 G.

With an increase in temperature from 4.6 K, the intensity of the spectrum lines also decreased, and
the center of gravity shifted towards negative fields and alreadyat.9 K was in the direction of
negative fieldsThis spectrum is associated with the formation of exchaogeled pairs of Mh-

Mn* of a ferromagnetic nature. It is this center that is responsible for the compensation of the material.
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MAGNETIZATION CURVESOF 2D IRON NANOWIRES ARRAY
ZagorskD.L.!, Semenov $,\Komogortsev’SDbludenko |.lyBalaev D.APanina L.V.
lIFSRC ACrystall ogor aRpMBgcova RussiaPh ot oni ¢ s
2Kirensky Institute of Physics, Federal Research Center KSC SB RAS, Krasnoyarsk, Russia
3 Moscow Steel and Alloys Institute, MoscoRissia
dzagorskiy@gmail.com

Two-dimensional aays of ferromagnetic Nanowires (NWsprmally oriented inside nen
magnetic film matrix is a promising composite material that combines high magnetization, coercive
force, and perpendicular magnetic anisotropy. The properties of suchsitesfare determined both
by the indvidual behavior of single NVnd by their collective behavior due to the dipdigole
interaction. Usig the example of iron NWs, ordered in a PEfembrane, we study the
magnetization curves of such a tgdonensionahkrray. These data are analyzed on the basis of ideas
about magnetization reversal processes in such composites, the effects of misorientation within the
ensemble, and interaction effects. Quantitative information to evaluate these effects has been
extraced using a range of measurement protocols, from the simplest measurement of major hysteresis
loop at different field orientations to Henkel plots, as well as first order magnetization reversal curve
(FORC) measurements and analysis.

Ensemblesfd~e NWsobtained by electrodeposition intiee pores of track etchadembaneswvere
studied. A feature of the obtained composites is a fairly perfect orientation efirggein the
ensemble perpendicular to the membrane surface, but the random distributioiN@fsloxer the
area of the membran Three types of samples (with NW" diamet@® nm and the length0 O m
were studiedThe samples differed from each athe the surface density of the NVésid thé
orientation strictly perpendicular to the filmurface and distributed in small angle interval -

15 grad).

The experimental values of the coercive forcamiliedfield deviating from the NWaxis by no
more than 45 degrees are in good agreement with the results of micromagnetic simulation for a
samples.This means that the intetaan in an ensemble of NWloes not affect the average
magnetization reversdield of an individual NWin the array near its demagnetized state, but is
determined solely by the magnetization reversal field of an ioha@ filament. The two main
mechanisms of magnetization and remagnetization are rotation and switching processes. An analysis
of rotation processes based on the StdMehlfarth model makes it possible to quantify the effect of
misorientation in an ensenebof wires. The interaction was estimated by measuring the average
effective demagnetizing field of the array and is in excellent agreement with the calculations
the effective medium model. Random positioning\§¥ in the ensemble leads to inhomaoggy of
the demagnetizing field, information about which is provided by FORC analysis. So, in the
experiment it is observed that both the amplitude of the inhomogeneity and the average value of the
demagnetizing field correlate with the density ofwhees in the ensemble.

This work was supported by RSF GrantZ200983
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SPIN POLARIZED EFFECTS IN SILICON NANOTUBES
Mukhtarom.P.
Institute of Nuclear physics, Tashkent, Uzbekistan
amukhtarov@gmail.com

Spintronics has gained considerable attention in recent years as an alternative to conventional
electronics, as it promises lepower consumption, higepeed operation, and nweolatile memory
capabilities. Silicon, being the dominant material in the sendactor industry, holds particular
interest for spintronics research. Silicon nanotubes, with their confined geometries, can exhibit
different electronic and magnetic properties compared to bulk silicon. Understanding spin
polarization in these nanotubesuld open up possibilities for spbased devices with enhanced
functionality and performance. The requestness of this research stems from the ongoing pursuit of
new materials and device architectures for 4y@Bed technologies. If silicon nanotubes ban
effectively manipulated to achieve and control spin polarization, they may serve as building blocks
for future spintronic devices, such as spin transistors oflEsad memory elements.

Theoretical investigations using computational methods, suchnagyd&inctional theory (DFT),
have been conducted to explore the sf@pendent properties of silicon nanotubes. These studies aim
to understand the electronic structure, spin polarization, and magnetic properties of different types of
silicon nanotubedNe used DFT witltGGA functionals, HF and hybrid functionals.

In this report, we will try to answer the question why an ¢bypg silicon nanotube is a conductor,
while an (n,nmtype SiNT has a semiconductor nature. We found that @ype silicon nanatbes,
which have a chiral structure, conduct electrons in a spiral around the axis of the nanotube, and this
type of conduction creates a magnetic field inside the tube, which is easily detected in acid solutions.

Using computer simulations, we found tlfai m)}type silicon nanotubes can be spolarized
under certain conditions. The dependence of spin polarization on the degree of delocalization of
valence electrons on the surface of silicon nanotubes was also studied using the generalized Weiberg
Mayerindex [1].

[1] A.P. Mukhtarov, S.KMukhtarova, S.A. Usmanova, Phys: Conf.Serl (2022) 012003
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STRUCTURE AND STABEL STATE OF MAGNETIC VORTEX -LIKE

INHOMOGENETIES IN MODULATED ULTRATHIN MAGNETIC FILMS
Vakhito\R.M, SolonetsRyV., Akhmetova. A., Filippov M.A.
UUST, Ufa, Russia
mikhail.filippov.99@mail.ru

Magnetic skyrmions are topologically protected voilikg magnetic inhomogeneities. Skyrmions
were first discovered in chiral magnets, in which they are stabilized by the bulk Dzyaloshinskii
Moriya interaction (DM). Later, skyrmions were observed in multilayer ultrathin films in which
interfacial DMI is already preseil].

At the same time, there are methods for obtaining stable single skyrmions even in the absence of
DMI in materials. One of such possible opisois considered in [2]. It observed the nucleation of a
stable skyrmion on a columnar defect of the 0
With the help of micromagnetic modeling on films with a defect, stable states of-®foeh
skyrmions were obtained [3].

The aim of this work is to find stable states of Niggle vortexlike inhomogeneities using the
OOMMF open access software package [4] with an additional module [5]. A disktefsize with
a columnar defect in the center is considered. It is believed that the material parameters on the disk
and the defect are identical, except tloge anisotropy
constant Ku: Kex0 - on the defect, Ku>0 - in the rest
of the disk. The preser of interfacial DMI (isotropic)
in the disk is also taken into account.

Based on the simulation results, it turned out that
vortexlike structures in the absence of any external
fields are stable with the following material
parameters: disk diameter 60@, disk thickness 5 nm,
defect diameter 60 nm, Ka 3 1“1 (outside the
defect), Ku=-0 . 59Jm at t he defdct)
Alm, =2 . 5F10m, F=JMnl With these :
parameters, a skyrmionium’(kyrmion) was found,
in which the magnetization e ver s al 0 C Figurel. dotained 6sQfle state c
(Figure 1). Yellow shows the diremn of gkyrmionium
magnetization along the-axis, purple- against the
axis

The authorsare thankful for the support of the State assignment of the Russian Federation for the
implementation of scientific research by laboratories (Order@YI856 of 09/20/2021).

[1] K.EverschofSitteet al, J. Appl.Phys, 124(2019) 240901.

[2] D. Navasetal., APL Mat 7 (2019) 081114.

[3] R.M. Vakhitov et al, Symmetry14(3) (2022 612.

[4] M.J Donahe, D.G. PortertOOMMF User 6s Gui@0R2) Version 2.0bcC
[5] D.A Tatarskiy JIMMM, 509 (2022 166899.
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ELECTRONIC STRUCTURE AND HYPERFINE INTERACTIONS

IN CrrNbSe: (x ¢ 0.5)BY DFT AND NMR STUDIES
Ogloblichev \A\Zayats P.ABaranov N.Y PiskunoYu.V?!, Sadykav.S?, Nosovhl.M.?, Sherokalova
E.M?2, Selezne\va/.?
MikheevInstitute of Metal Physics of Ural Branch Rfissian Academy of Scienges
YekaterinburgRussian Federation
2Ural Federal UniversityyekaterinburgRussian Federation
ogloblichev@imp.uran.ru

The transition metal dichalcogenides2I(X = transition metal, X = chalcogen) are among the most
studied twedimensional electronic systems due to their intriguing physical and chemical properties
and potential application$he distribution of charge and spin density is the key to understatiain
mechanisms responsible for the change in the structural, magnetic, and transport properties of
compounds upon intercalation.

In this work, the magnetically ordered phase of polycrystalline chalcogenide sameS€(x
=0.33, 0.5) in a zero extal magnetic field at a temperature T = 4.2 K is studied by nuclear magnetic
resonance (NMR) methods on chromiutiCf) and niobium $Nb) nuclei. Ab initio calculations of
the electronic structure were carried out to theoretically estimate the paraohéberdiMR spectra,
the quadrupole interaction, emerging hyperfine fields, and to interpret the NMR data.

The>3Cr NMR spectra in the composition of Gf\NbSe can be decomposed into two quadrupole
split NMR lines corresponding to two different nonequéveillpositions of chromium ionghefirst
line can be related to the ordering of chromium atoms in the crystal structure with space group
P&/mmc, when the ordering of Cr atoms leads to the formati@B%a8 superstructures. The second
line can beelated to the ordering of chromium atoms in the crystal structure with space ge@p P6
where the ordering of Cr atoms llreteecanpdasitonaefhe f
CrosNbSe, which corresponds to the greater intercalation adroiwm atoms, one line is observed,
which corresponds only to ions in the structure with space groi32P6

The local magnetic field on the nucleus, created by hyperfine interaction with the nearest
environment,determinesthe NMR frequency of chromiurand niobium In our case, the main
contribution to the local field on the nuclei will be made by their own unpaired 3d electrons. From
the analysis of the local field on tiéCr nuclei, the average value of the magnetic moment of
chromium was determingdavr © 2.218), which is less than the theoretical value fot"Qm= 3 )
and closer for Ct(m= 2ng) [1]. The presence of a local magnetic field of 160 kOe on Nb nuclei has
been experimentally showhhe decrease in the average value of the magnetic moment of chromium
and the presence of a local field on the nuclei of niobium can be explained by the high degree of
hybridization of the g and g orbitals of the chromium 3dlectrons with the 4dand5s orbitals of
niobium. The high hybridization of the chromium and niobium orbitals is confirmed by the calculated
data from first principlesSuch a transfer of electron density from chromium ions to niobium ions
most likely alsooccurs in CssNbS compmunds.According to NMR data of°Cr nuclei, this
compound also exhibits an NMR signal in the range ©628VIHz with average values of the local
field valuesof 207.7(2) kOe and a magnetic moment of chronmf 2. 1.

Thiswork was supported by tieussian Science Foundation (project na12200220).

[1] P. Agzamova, V. OgloblicheWppl. Magn.Reason54 (2023) 439,
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HYDRODYNAMIC SPINTRONICS AND CURRENT VORTEX
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In metals with disorder, the electron transport is described as diffusive. On the other hand, in those
with electronelectron interaction being the dominant source of scattering, the motiorletthens
resembles the flow of classical liquids with sheigicosity, namely, the hydrodynamic fluids. The
recent progress of naftechnology has made it possible to extend the study on such hydrodynamic
electron fluids in nanalevices and low dimensional materials. In such fluids, the angular momentum
of the flud vorticity, i.e., current vortex, and electron spins couple each other due to the angular
momentum conservation, i.e., the sporticity coupling [1]. Combining the NovierStokes and the
spin diffusion equations in the presence of the -gpiticity cougding, we examine a variety of
spintronic phenomena {2]. We present that metals with nasucture provide unique spintronic
devices due to the local hydrodynamic nature. The hydrodynamic phenomena of electron fluids open
a door to "Hydrodynamic spintras".

[1] M.Matsuo, E.Saitoh and S.Maekavipin Curren{Oxford University Press, 2017).
[2] J. Fujimotoet al, Phys.Rev. B103(2021)L220404.

[3] F. Langeet al, Phys.Rev. Lett.126(2021)157202

[4] J. Fujimotoet al, APL Materials 9(6) (2021)060904060904.

[5] G. Okanoet al.,Phys. Rev. Le{t122(2019)217701.
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TUNEABLE MAGNETIC PHASE TRANSITIONS IN RARE -EARTH

INTERMETALLIC COMPOUNDS WITH ThMn Sk STRUCTURE
Mushnikov N.VGerasimov E.G.
M.N. Mikheev Institute of Metal Physics, Yekaterinburg, Russia
mushnikov@imp.uran.ru

In the RMn2Si> compoundgqR is a rareearthmeta) magnetic moments of theln atoms form
ferromagnetic layers oriented perpendicular to thaxis of tetragonalThMn,Si>-type lattice
Relatively weak interlayeexchangeinteraction can be negative or positive. The compounds
demonstrate an unusual variation of the interlayerNinordering from antiferromagnetic (AF) to
ferromagnetic (FM) when thdistance between Mn ions in the layer increasemperature of the
AF to FM magnetic phase transition depends on the composition and is strongly influenced by
magnetic field and pressure

We studiedmagnetic magnetovolume, thermaind magnetotranspogtropertiesof quasiternary
intermetallic compoundsLaixRkMn2Si, (R= Sm Gd, Th, Dy). In thesesystems substitutionof
different R atomsallows us to changegradually the interatomic distances interlayer exchange
interactions and contributions Bfand Mn magnetic subsystems to the magnetic anisotropy of the
compounds. Usinginglecrystalline samples, we found thaetMin sublatticeis characterizedy
unusuallyhigh magretic anisotropy Field-induced magnetic transitions were studied in high pulsed
magnetic fields. ForlLaixSmMn2Si;, large linear and volume magnetostrictions and positive
magnetoresistance were observed at the -freldced transition.The values of the adiabatic
temperature change and the isothermal magnetic entropy change were determined by direct and
indirect methods. Mvasestablished that the magnetocaloric effect has a different sign duringthe AF
FM and ferromagneparamagnet trasitions

For theLaixGdMn2Si: and LaixThxMn2Si. compoundsn the lowtemperature regiomegative
Mn-Mn interlayer exchange interactions ahd easyaxis type magnetocrystalline anisotropy of the
manganesesublattice leads to the appearance of an unexpected magsetictures. For the
compounds with Gdhe resulting magnetic moment is orienpsapendicular to the direction of the
easyc-axis of the Mrsublattice For the Thcontaining compounds, competition of tanegative Th
Mn andMn-Mn interlayerexchange interactions asttong uniaxial magnetic anisotropf/both Tb
and Mn sublattices leatb formation of a frustrated magnetic state of Th ions, wipidvents
magnetic ordering in the Tb sublattice.

The originof the magnetic phase transitionRvInzSi. intermetallics was explored within the ab
initio DFT-based approach. The calculated exchange interaction parameters indicate that the
antiferromagnetimnterlayer ordeingis stabilized by a dominanegativeinteraction via SiSi dimer,
which forms the bonding molecular orbital acting as a mediator in thedMsuperexchange
mechanism.

The obtained results show a significant role of theMmand MnR exchange interactions and
magnetic anisotropy in formation of magnetic structures and realization of magnetic phase transitions
in layered intermetallic compounds

Support byRussian Science Foundatiproject No. 3-12-00265 is acknowledged.
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FERRONS VS OFERRONSS
NikitovS.Al23
Kot el o6ni kov Institute of Radioengi nec
RAS, Moscow, Russia
2Moscow Institute oPhysics and Techologfpolgoprudny, Moscow Region, Russia
3 Chernyshevsky National State University, Saratov, Russia
nikitov@cplire.ru

A series of papers was recently published concerning new interesting and important effects in
ferroelectrics. This research concerns the ex
which is called by the autohadrhse oafut[hlo]r 6ass dfeffeirn
are, in fact, polaphononsrelating to anharmonic oscillations in the ferroelectric medium. On the
other hand, by definition polarorssequasiparticles that are formed in polarizable materials (e.g.,
ferroelectrcs) due to the coupling of excess electrons or holes with acoustic vibratisnsh a way
i f e r arepolar@honons in ferroelectrics. The authors of a recent paper appeareurribeof
Magnetism and Magnetic Materiaéssen introduced a new terfnf er r oni ¢ s o0, rel a
research field. Theoretical and experimental results on physics of these objects in ferroelectrics are
quite interesting and exciting.

However, diring the decade from 1967 to 1978 the vkelbwn Russian scientist EduardNlagaev
published a series of papers devoted tgtbblemof existence of microregions séli-trapped states
of charge carriers in magnetic semiconductors. Essentially, such a region is a bound complex of
conduction electrons and a ferromagnetic phas¢erLNagaev considered a number of possible
situations: ferromagnetic regions in antiferromagnets and vice versa, influence of magnetoelastic
effects on stability of these states, etc. Originally, these states were called magnetic polarons,
however,latehe cal |l ed it a new quasiparticle of com
only by Prof. Nagaev, but was also widely adopted by scientists who studied magnetic
semiconductors and other materials, such as solid helium, spin glasses, singetismetg. The
review of Nagaevodés results on this subject wa
Materials and his textbook later translated in Englgh [

I will discusstheappearanceonfusion between previously published and recenitbjiphed results
and their formulations concerning ferrons

This work wassupported by the Russian Science Foundation grant NtO-006071 .

[1] G.E.W. Bauer et al.Phys.Rev. Lett.126(2021) 187603.
[2] E.L. Nagaev,). Magn. Magn. Matey10(1992)39-60.
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FULL QUANTUM THEORY FOR MAGNON TRANSPORT IN TWO -
SUBLATTICE MAGNETIC INSULATORS AND MAGNON JUNCTIONS
Zhang 1, Han X.F:#3
1 Beijing National Laboratory for Condensed Matter Phyditstjtute of Physics, University of
Chinese Academy of Sciences, Chinese Academy of Sciences, Beijing, China
2 Center of Materials Science and Optoelectronics Engineering, University of Chinese Academy of
Sciences, Beijing, China
3Songshan LakMlaterials Laboratory, Dongguan, Guangdong, China
xfhan@iphy.ac.cn

Magnon, as elementary excitation in magnetic systems, is a potential candidate to replace electron
as information arrier. Due to the absence of Joule heat during magnon transport, researches on
magnortransporhave gained considerable interest over the past decade. Here, we propose a Green's
function formalism to compute the magnon bulk and interface current ifidsathagnetic insulators
(FIMIs) and antiferromagnetic insulators (AFMIs). We investigated the spatial distribution and
temperature dependence of magnon current in FIMIs and AFMIs that resulted from a temperature
and spin chemical potential step, andgna currents in sublattices demonstrate a linear dependence
on temperature. Additionally, in AFMIs, magnon currents in the two sublattices cancel each other
out. Subsequently, we conducted numerical simulations of the magnon junction effect using the
Green'dunction formalism. This study demonstrates the potential for investigating magnon transport
in specific magnonic devices using a full quantum theory.

(a) 1.0

f?: 05 —p

- =

Jix10
58S
J 2 (x10% eV)
=3 =1 —_
o o (&3
Jm (X107 &V)
1 | ]
T
J i (x10*eV)
LoLdd
K
3

—_—

2
C

a b

. -
O

C/

—— sum

—

0 30 &0 90 02 04 06 08 10 : : 02 04 06 08 10

ite 1 AT/T, 00 60 %
site i AFMI site i AT Tepg
© 55 @40 ©s @ 7
e ~EL M\M —6 °
o a = 3.0 Sy > — 8
v 45 — 8 9 25 ° (C] p——
2 40 S5, o T |T 4 '
e sum | 7= S 3 S
x 35 Z1s = o ~
T30 ¥ELO o — 5 ~ 2
53 I~ 0 T2 ~ &
25 oh ~ i —— sum |1~ 1
! —— 0
20 1 . . .
o 0 6 2% 0 moT 200(K)300 400 ; m & 5 0106 200 300 400
site i AFMI site Tena

Figure 1. Spatial distribution and temperatur Figure 2. Spatial distribution and temperatur
dependence of magnon currents excited by dependence of magnon currents excited by
SSE (ap) and SHE (c, d) in AFMI. SSE (a, b) and SHE (c, d) in FIMI.

130


mailto:xfhan@iphy.ac.cn

SISM - 2023
3IR-A-3

DIRECT OBSERVATION OF MAGNON BEC IN YIG FILM BY FARADAY

ROTATION
Bunkov Yu.M Belotelov V1. Knyazev G2, Kuzmichev A:NPetrov P&
Savochkin .Y Vetoshko P.M
! Russian Quantum Center, Skolkovo, Moscow, Russia
2 Lomonosowoscow State University, Moscow, Russia
Kot el BRERASAW0scow, Russia
y.bunkov@rqc.ru

BoseEinstein condensation occurs at an appropriate density of bosonic particles, depending on
their mass and temperature. We were able to experimentally observe the transition from the spin wave
regime to the magnon Bog&anstein conderes] state (MBEC) with an increase in the magnon density
by microwave pumping. We used an optical setup based on the Faraday rotation effect to record the
spatial distribution of the magnon density and phase.

We used the sampl e of fdhellgpse withlaxes 45 by b mmnA strip e f
line 0.2 mm wide excited magnons near one of the ends of the sample. The external magnetic field
was directed out of plan of the film. We have investigated the propagation of magnons outside the
region of exciation. At a low amplitude of resonant microwave excitation, we observed the formation
of spin waves, the parameters of which are in good agreement with calculations based on the Landau
Lifshitz-Gilbert (LLG) equations for the experimental conditions. Atriical density of excited
magnons, its properties changed dramatically. Instead of a pattern of spin waves, a coherent
precession was observed even far from the region of excitation. This pattern clearly corresponds to
Bose condensation of magnons [1]e\derformed a spatial Fourier analysis of the signal outside the
excitation region as a function of the excitation energy and found a sharp transition from a wide
spectrum in the spin wave mode to a narrow line in the BEC mode. The critical magnonfdensity
the transition corresponds to a 3A deviation
the prediction [2].

The Bose condensation of magnons studied by us is formed from magnons with k = 0. It has the
same basic properties as the magnon BE@ntiferromagnetic superfluid 3He discovered in 1984
[3-5]. In both cases, it has direct analogies with the atomic Bose condensate. Another type of magnon
BEC occurs in in plane magnetized YIG film [6]. In this case, it is formed by traveling magnbns wit
nonzero momentum k. As a result, this type of magnon BEC can be considered in analogy with photon
BEC in media.

This work was supported by the Russian Science Foundation (project1200322)

[1] P. E. Petrov et alQptics Express31(2023) 83353341.

[2] Yu. M. Bunkov and V. L. SafonoJ. Magn. Magn. Mat452(2018) 30 34.
[3] A.S.Borovik-Romanov et alJETP Letters40(1984) 10331037.

[4] Yu. M. Bunkov,J. Low Temp. Phys138(2005) 753758.

[5] Yu.M. Bunkov and G.E. VolovikPhys.Rev. Lett.98 (2007) 265302.

[6] A. A. Serga et alNat. Commun 5 (2014) 34523458.
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SCATTERING OF SPIN WAVES BY ONE-DIMENSIONAL SOLITONS
Laliena \}, Campc?J.
! Department of Applied Mathematics and IUMA, University of Zaragoza, Zaragoza, Spain
2l nstitute of Nanoscience and Materials o
laliena@unizar.es

It is shown, by solving the scattering problem, that spin waves reflectedtiansmitted through
one dimensional solitons, like domain walls or the chiral solitons of monoaxial helimagnets, suffer a
| at er al di spl acement w h oldaachen efieq that is induced bynthel ar
reflection at interfaces [1]. Theattering is schematically represented inuFedl. The displacement
is due to the dependence of the phase shift on the wave vector and can be obtained by a stationary
phase analysis of the incident and scattered waves. It is a fraction of the wavdlahdtin,the
transmitted wave can be greatly enhanced by using an array of well separated solitons, in a range of
frequencies where the reflection coefficient is small enough and the lateral shift large enough.

The scattering of spin waves by a Bloch damaall in a simple anisotropic ferromagnet will also
be discussed. It is known that this domain wall is transparent to spin waves, but this theoretical result
is obtained by approximating its effect by an effective anisotropy. We show that the reflection
coefficient does not vanish if the dipolar interaction is taken into account properly. We compute the
contribution of the dipolar interaction to the scattering parameters (reflection and transmission
coefficients and phase shifts) perturbatively, using sdtodied wave Born approximation, after
splitting the contribution of the dipolar interaction to the spin wave operator into a part that can be
treated exactly and another part given by a localized operator suitable for a perturbative analysis [2].
It turnsout that the reflection coefficient vanishesly at normal incidence, and that the scattered
waves suffer a lateral displacement. The displacement of the transmitted wave at normal incidence
does not vanish, and has the direction of the magnetizatitwe afomain to which the spin wave is
transmitted. Given that the reflection coefficient vanish at normal incidence, this displacement is
particularly interesting since it can be greatly enhanced by sending the spin wave through an array of
well separateda@main walls.

The lateral shift of the scattered waves predicted here might be very useful in magnonics to control
and manipulate the spin waves. Contrarily to the @Gé8sn c hen ef f ect recent|
magnetic systems, which takes place at intesf@edween different magnetic systems [3], the effects
predicted here takes place at the soliton position, what it is interesting from the point of view of
applications, since solitons can be created at different places and moved across the material.

z

Figure 1. Schematic view of scattering.

[1] V. Laliena, J. Campdidv. Electron. Mater 8(3) (2021)2100782.
[2] V. Laliena, A. Athanasopoulos, J. Camihys.Rev. B 105(2022)214429.
[3] J. Stigloheret al, Phys.Rev. Lett.121(2018)137201.
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PULSED LASER NANOFABRICATION FOR ULTRAFAST MAGNETO -
ACOUSTICS
Temnov V.V.

LSI UMR CNRS 7642, Ecole Polytechnique, IP Paris, France
vasily.temnov@cnrs.fr

Freestanding ferromagnetic membranes and multilayers are basic systems for theoretical and
experimental investigations in ultrafast|&serdriven magneteacoustics [14]. In the limit of deeply
submicrometer thickness, they act as highcavities both for GHto-THz frequency eigenmodes
of longitudinal acoustic phonons and perpendicular standing spin wave modes (exchange magnon
modes). Investigations of resonantly entethghonon
magnon interactions in such structures help exploring the (BL Aol e
ultrahigh frequency limits of nothermally driven & /S
magnetization dynamics.

In the first part of this talk | will discuss tinecent progress
in theoretical modelling of magnetoacousticenaictions in
ferromagnetic thin films onltrafast timescales. We start vE
with the analysis of theKim&Bigot experiment [1] : =
discussing the magnetoacoustically driven ferromagnetic &ﬁ

= A\

resonance (FMR)recession in frestanding 300 nm nickel Y tenghtenm L2

thin films. The magetic and acoustic eigenmode ®)eronmode (9 i mrion e
decomposition approach [2] highlights theole of N - i
symmetries governing resonant phofmagnon n
interactions. We show that the symmebasedselection

rules for phonofmagnon interactionsallow to discern
between the FMR precessi andhigherorder magnons,
even when their frequenciesare experimentally
indistinguishable [3]. We extentthis analysis to the THz

Magnetic Field Srength (T)

Figure 1. (a) Ultrafast magnet

) . : optical pumpprobe experiment
freqU(_-:-nc_:y scales in uItra?hln_lembranes a_nd (_jlscuss th%llow for (b) excitation of individua
peculiarities of fdase excitation of acoustic eigenmodes

: \ . modes of coherent acoustic phonc
and tke dominantrole of acoustic and magnetic-f@ctors with index p=1,2,. whict

¥i]k;rilcr:]a;[2e sr?]?(?l:(])%gfg[;izlegl" I?Jﬁ:?;tﬂ(l:rf thfeerrrlsvmvaror?(;(;ctpesonanﬂy drive (c) the higt
i g g frequency FMR (n=0) anelxchange
membranes and their periodic arrangemémistasurfaces) _ : :
. . . magnons (n=1,2..) in freestandii
for ultrafast magnetacoustics, using single focused . .
. ferromagnetic golahickel
ultrashort laser pulses [55ome recent results of their :
) . ) N . multilayers.
microscopic and opticaharacterization will be presented as
well.

Support by the -MNBOMRSEBRcKhB@Nedged.

[1] J-W. Kim and JY. Bigot, Phys.Rev. B95 (2017) 144422.
[2] U. Vernik et al. Phys.Rev. B106(2022) 144420.

[3] A. Ghita et al. Phys. Rev. BL07(2023) 134419.

[4] T. Mocioi et al., (2023, in preparation).

[5] V.V. Temnov et al.Nanolett, 20 (2020) 79122918.
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OPTICAL SECOND-HARMONIC GENERATION FOR STUDYING

ANTIFERROMAGNETS
Pavlov V.V.
loffe Institute, St. Petersburg, Russia
paviov@mail.ioffe.ru

Among the various optical phenomena associated frgétdjuency conversion, second harmonic
generation (SHG) is the simplest nonlinear optical procesd.[This process is described bye
secondorder nonlinear susceptibifit therefore SHG is sensitive to specific details of the
crystallographic or magtie structurs, and tothe local symmetryfaelectric charges and spir8HG
method makes it possible t@veal new complementary information about the mechanisms of
interaction between light and matter, which cannateéevedusing linear opticalechnques.

In the electric dipole (ED) approximation, SHG is allowed onlponcentrosymmetric materials.

In the magnetic dipole (MD) and quadrupole approximations, SHG is also allowed in
centrosymmetric media. T¥talkis devotedo nonlinear magnetoptical phenomena associated with

SHG in several antiferromagnets with different symmetries. Hexagonal manganites with the general
formula RMnQ (R = Sc, Y, Ho, Er, Tm, Yb, Lu) are magnetic dielectriosultiferroics, since they

can hae both ferroelectric and antiferromagnetic order parameters simultaneously. In these materials,
SHG is observed associated with a nonlinear optical polarization of the ED type, which is a bilinear
function of two order parameters. In the classical maghestive antiferromagnet @Dz, the spatial
inversion is violated due t o W, therefoe gD 3HGeantbeer b
observed in the temperature range belawW3[. A new magnetidield-induced mechanism of SHG

is associated withhe magnetoelectric effecEHG is observed in antiferromagnetic centrosymmetric
EuTe, EuSe, NiCand KNiF3 [3-5]. The SHG in these materials is due to the nonlinear optical
susceptibility of the MD type. The interference of various SHG contribuisosiscessfullyused to
visualize antiferromagnetic domains that are invisible in linear opHEKS is also utilized for
monitoringof hidden phase transitions.

Thus, nonlinear optical spectroscopy using the SHG method makes it possible to establish new
physial mechanisms of nonlinear optical interaction and obtain unique information about the
electronic and spin structures of various classastferromagnest

Suppors by the Russian Foundation for Basic Reseapcbj¢ct N0.19-52-12063 andthe Deutsche
Forschungsgemeinschéffrant No. TRR160C8) areacknowledged.

[1] Y.R. Shen,The principles of nonlinear opti¢sViley, New York, 1984).
[2] R.W. Boyd,Nonlinear optic{Academic, London, 1992).

[3] M. Fiebig, V.V. Pavlov, R.V. Pisarey, Opt. Soc. Am.,22 (2005 96-118.
[4] D.R. Yakovlevet al, Phys. Solid Staj&0 (2018) 14711486.

[5] V.V. Pavloy, Phys. Solid Staié2 (2020)16241632.
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LIGHT MODULATION IN HYPERBOLIC MAGNETO -PLASMONIC

METASURFACES
Kuzmin D.4, Usik M.G, Bychkov |.YBugaev A’SShavrov V.&Temnov V.VY.
1 Chelyabinsk Stat&niversity, Chelyabinsk, Russia
2Kotelnikov IRE RAS, Moscow, Russia
3LSI, Ecole Polytechnique, CEA/DRF/IRAMIS, CNRS, Institut Polytechnique de Paris, Palaiseau,
France
kuzminda@csu.ru

Since the etive magneteplasmonics in hybrid metdérromagnet structures was proposed, a lot of
plasmonically enhanced magnaiptical effects have been demonstrated. Incorporating magneto
active materials in plasmonic structures leads to various magnetoplasffexts éOne of the effects
is the change in the SPP wavenumber, which depends on the magnetization directigf, big.=
Kosp + akso( M), being the strongest for the transversal magnetization configuration with respect to
the SPHk-vector. It was pra@ously shown in hybrid metderromagnet multilayer structures that a
small modulationgksy(M)|/ko ~ 104, accumulated over the long propagation distance, may result in
noticeable values of the magngtlasmonic signal 05 , , , , , ‘
modulation depth 8ksp(M)|d ~ 0.02 for the SPPs 4 |—— continuous film
propagation distanag= 22em. osl I

We consider the simplest realization of a _§ .
hyperbolic  plasmonic  metasurface (HPM)
consising of densely packed metall{gold) stripes
separated from each other by air gap. Such a
metasurface is depdsd on a magnetic dielectric
substrat€BIG).

The HPM allow to increase the magnetic SPF  °'r i
modulation. It can reach giant values outperforming LN N
uniform plasmonic thin films and hybrid metal S ST Ea——
ferromagnet multilayers. The modulation of
plasmonic  optical propeds using the
magnetization control in ferromagnetic dielectricFigurel. Evolution of the figure of merit
substrate suggests a straightforward application @Re[gk]?+Im[ok]?)Y4 Lspp under variation
this system as optical switches. Consideringf the SPPs propagation direction wi
experiments with femtosecond light pulses, weespect to gold stripes orientation shoy
believe that the switching speed of our devicddou that maximal modulation may be observ:
eventually reach the terahertz regime in future anir the SPPs propagating along the strip
allow to realize alloptical magnetgplasmonic dis an angle between gold stripes and SF
switches k-vector.

03

02

(Re[AKE + IM[AKIA) 2L,

Metasurface axis angle 0, deg

Support byRussian Science Foundation {2200355)is acknowledged.
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COHERENT TUNNELING OF MAGNETIC FLUX QUANTA
Udino\A.
Institute of Physics, Karlsruhe Institute of Technology, Karlsruhe, Germany
alexey.ustinov@kit.edu

The existence ahagnett flux quantain superconductors has a quantum nature. Quantized vortices
of supercurrent are accompanied by magnetic flux penetrating the material, and play a key role in
determining the properties of superconducting materials and devices. The dynamics hfxsunsh f
are essentially classical, while some earlier studies have hypothesised a collective quantum dynamics.
However, the proposition that a magnetic fluxon as a macroscopic entity can exist in a coherent
superposition of two or more spatially distinctss has received no experimental evidence till now.
We experimentally study the quantum dynamics of magnetic fluxons in long Josephson junctions
made of a high kinetic inductance material, in which the effective mass of the fluxon is reduced by
orders ofmagnitud€g1]. By probing the fluxon states with a weak microwave signal, we observe a
direct evidence for a quanturnoherent superposition of spatially distinct magnetic flux
configurations. The spectrum of the system has ddéwel character, with a cehence time of Rabi
oscillations between the states on the order of few microse¢@hdche observed phenomenon of
the quantum superposition between spatially distinct magnetic flux states adds a novel perspective to
the well established quantum coherirt lumped circuits made of superconducting qubits.

[1] M. Wildermuthet al.,Appl. Phys.Lett, 120(2022 112601
[1] M. Wildermuthet al.,to be published2023).

138



SISM - 2023
3IT-C-2

SUPERCONDUCTING NEURONS AND SYNAPSES FOR ARTIFICIAL

NEURAL NETWORK
Sidorenko.'&
! Technical University of Moldova).Ghitu Institute of Eletronic Engineering and
Nanotechnologies, Chisinau, Moldova
2].S.Turgenev Orel State Universifgussia

Energyefficiency andthe radically reduction of the power consumption Isetomes a crucial
parameter constraining the advance of supercomputers. The most promising sohlggign and
development of the Brailike systems with nowon Neunann architectures, first of all the
Artificial Neural Networks (ANN) based on superconducting elemé&utperconductiop ANN needs
elaboration of twanain element$ nonlinear switchanalogue oheuron[1] and linear connecting
elementsynapsg2]. There argresengdresults of oudesign and investigation aftificial neurons,
based onsuperconducting spiwvalves and superconducting synapse, based on layered hybrid
structures superconductfarromagnet.Are presened results & the experimental study of the
proximity effect in a stacklike superconductor/ferromagnet (S/F) superladticgith Co-
ferromagnetic layers of different thicknesses and coercive fields, asdipdvconducting layers of
constant thickness equal to coherence length of niobium.

The superlattices Nb/Co demorate change of the superconducting order parameter in thin
niobium films due to switching from the parallel to the antiparallel alignment of neighboring
ferromagnetidayers. We argue that such superlattices can be udedase kinetic inductoror
ANN synapsegngineering As the result of design of the ANN using that two elaborated base
elements, artificial neurons and artificial synapses, allows construction of the computer with several
orders of magnitude lower energy consumption in comparisorthéttraditional computer designed
from semiconducting base elements.

The studywassupportedoy the GrantRSFNo. 22-79-10018iControlled kinetic inductance based

on superconducting hybrid structures with magnetic materi@seory development, samples
measurements, results evaluation) a n d by t he Mo | d o v a Furstiorsat e P
nanostructures and nanomaterials for industry and agricglturen o . 20. 8 Gsé@nfpleés. 500 °
fabrication)

[1] N. Klenov et al. Beilsten J. Nanotechnqgl10(2019) 833839.
[2] S.Bakurskiy Beilstein J. Nanotechnoll1 (2020) 13361345.
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Cirillo C, Rovirola R, Go n z §l GazalsBHe r n " n?§ e MaZ.i MG-SENagodX,
Attanasio €.

ICNRSPI N, ¢/ o Univer si t84084F&sgand (Saj ltaly d i di Sa
Departament de F2sica de | a MatBanmdlona Spamden s ¢
5'nstitut de Nanoci ncia | Nanotecnang, 8mina (I N
“Di parti mento di Fisica "E.R. Caianiello", Un

cattanasio@unisa.it

Ferromagnetic resonance (FMR) spectroscopy measurements were performed on NbRe/Co/NbRe
trilayers in order to probe spin pumping across the superconductor/ferromagnet interface and to detect
the possible presence of sytiiplet pairing in the superconduatj NbRe layer. FMR spectra were
acquired as a function of frequency, magnetic field, and temperature, and reveal that the Gilbert
damping parameter associated with spin pumping remains almost constant as temperature goes down
through the superconducting ansition. Additionally, the dependence of the Gilbert damping
parameter on the thickness of the NbRe layer in trilayers is used to determine the values of the spin
mi xing conductance a'ty tame itrhtee rsfpd me d(i @) irs i DIn
the NbRe layer. These findings may suggest that spin pumping would still be effective even though
NbRe becomes superconducting, which would indicate that thergpat would be the dominant
pairing mechanism. Future experiments are proposeghndf these results.
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PLANAR HALL EFFECT IN TWO -LAYER SYSTEMS
ZhuravieM.!, Vedyayev2AAlexandrov.A
1 St. Petersburg State University, St. Petersburg, Russia
2 Lomonosov Moscow State Universityloscow, Russia
3 Moscowlnstitute of Physics and Technology, Dolgoprudny, Russia
m.zhuravlev@spbu.ru

Spinaccumulation, anomalous Hall and splall effects are the phenomena which take place in
magnetic tunnel junctions. Usually, the main current flows perpendicularly to the interfaces in such
systems. We demonstrate that similar effects occur inldy@r sytem when the current flows
parallel to the interface. The system consists of a -g#imite ferroelectric barrier and a thin
ferromagnetic layer. We assume that Dresselhaus and Rashioalspaoupling is linear in electron
wave number in ferroelectriwarrier. Such sphorbit coupling can be found in ferroelectric materials
of C2v point group. E.g., HfO2 is one of such compounds. We demonstrate that planar Hall effect
takes place in such twlayer system. There are several kinds of Planar Hall effdtsdiscuss the
origin of the planar Hall effect under consideration and demonstrate that this is a size effect [1]. In
particular, we analyze a Hall effect for rRoragnetic system.

Also, we describe spin accumulation (a kind of Edelstein effect) aneHspireffect in our twe
layer system [2]. The charge and spin Hall currents in such system can be manipulated in several
ways. In particular, it is shown that spin accumulation and spin current can be reversed by changing
the direction of magnetization ohé FM layer with respect to the crystallographic axes of the
ferroelectric barrier. We estimate the current and magnetization for reasonable parameters.

Besides, we compare the calculation of Hall current based on Berry connection and the calculation
based on common expression for the anomalous velocity [3].

[1] A Alexandrov, M. Zhuravlev]. Phys. Cond. MatteB3(2021)415301.

[2] M. Zhuravlev, A. Aexandrov and A. Vedyayey. Phys.: Condens. Matte34 (2022)145301
[3] P. Wadlfle and K. A. Muttalib,Ann. Phys 15 (2006)508
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EXTRINSIC TUNNEL HALL EFFECT IN MgO -BASED TUNNEL
JUNCTIONS
Sapozhnikov Mt¥/Pashen'kin .Y uGusev N!4.Karashtin E. &, Fraerman AA.
! Institute for Physics of Microstructures RAS, Nizhny Novgorod, Russia
2 Lobachevsky State Univetg of Nizhny Novgorod, Nizhny Novgorod, Russia
msap@ipmras.ru

Tunnel (anomalous) Hall effect consists in appearance of the transverse Hall voltage if an electric
current flows through a magnetic tunnel junction (MTJ) due to theapihcoupling in an insulating
barrier. A external electric field induced by a voltage applied to the barrier can reach valués of 10
V/m, which is close to internal atomic fielddnder these conditions, it becomes possible to observe
the effect, when the raking transverse current (transverse voltage) is caused by therbpin
coupling of spirpolarized tunneling electrons with an external electric field applied to the contact. A
characteristic feature of thextrinsictunnel Hall effect (eTHE) should bes quadratic dependence
on the applied voltage, since in this c&sgi ~ JE ~ E2. Since in this case the effect is proportional
to both the flowing ohmic current and the directly applied field, which is determined by the value of
spinrorbit coupling.In our work we experimentally study the eTHE in a CoFeB/MgO/NM (NM = Pt,
Ta) tunnel junctionshown in Figire 18. The observed quadratic Wias Hall effect is is much
stronger than the linear one for a thin (1 nm) Ptyfedlb) and is almost independeot the
nonmagnetic material (Pt or Ta). This effect decreases as the Pt layer is made thicker which manifests
its surface nature. It almost vanishes for a 10 nm Pt layer. We also provide a consequent theory of the
effect that takes into account both sjdemp and skew scattering mechanisms of tunneling Hall effect.
A simple model is used in which a dehape barrier possesses a Ragdaorbit coupling We
show that the quadratic in the applied voltalges Hall effect appears in such system.
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Figurel. a) Sample and geometry of measurememivdr) and odd tunneling Hall signal for Pt(1nmr

Support by Russian Science Foundation (Grant Nd.200271)is acknowledged.
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TUNNELING MAGNETORESISTANCE IN (CoFeB)({LINbO 3)1 o ¢/Si
NANOCOMPOSITE STRUCTURES BELOW PERCOLATION
THRESHOLD: MANIFESTATIONS OF CO -TUNNELING AND
EXCHANGE EFFECTS
Nikolaev S.N Chernoglazov K¥Xemelyanov A,\&itnikov A.\'2 Taldenkov ANPatsaev T'D.
Vasilev A.L, Ganshina EADemin V.A, Averkiev NSGranovsky A2BRylkov V.\}:>°
INational Research Centre AKurchatov 1In
2 Voronezh State Technical University, Voronezh, Russia
3 Lomonosov Moscow State University, Moscow, Russia
4 A.F. loffe PhysiceTechnical InstitutdRAS, St. Petersburg, Russia
SInstitute of Applied and Theoretical Electrodynamics RAS, Moscow, Russia
’Kotel 6ni kov Institute of Radio Engineering
Russia
vvrylkov@mail.ry rylkov_vv@nrcki.ru

The features of magnetoresistanceR)Mof (CoFeBx(LiNbOy): o s ifilm nanocomposites (NC)
synthesized by ion beam sputtering on Si substrates in the temperature rai25® &t B fields up
to 14 T atx ° 40-48 at.% near thpercolation thresholdn the insulating side are studied in detail.

NC films were an ensemble of randomly arranged @Gajfanules about 2:8 nm in size in a LINbOy
matrix. Under these conditions, af 44-48 at.%, theonductivity ofsamples in a wide temperature
range is described by the lasv; InT, which ischangeé by theEfros’ Shklovskiilaw "1/2" atx < 44
at.%.

It was found that the value of negativérMignificantly depends nonmonotonically on temperature
and has a minimum at 40 K. This behavior oRNs explainedby the coexistence in NC of
superferromagnetic regions with exchamwgeipled granules separated by regions of
superparamagnetic granuléder these conditionshe increase in negativeR/at T 2 40 K is due
to the destruction of the superferromagnetic orddiihgMeanwhile, the sharp increase irR\at T
O 40 K is caused pr es uma bdtunelmgof manyrelectras throygh o ¢ e s
chains of "resonant" granuleBhe latter initiates a sharp increase in sp@pendent B [2], and
under conditions of saturation of magnetization, an additional negative contribution is manifested,
probably due to the effects of quantum intexfee3].

AtTO 4 K, a t r anRisdbsewed, ptesumably assoctiated withinfluence of the
Zeeman effect on the height of the tunnel barrier [4], which ismonotonic in nature and is
accompanied by the manifestationwb minima inMR.

This work was funded by the Russian Science Foundation, Grant N@-@2171.

[1] I.S. BeloborodovA. Glatz, and V.M. VinokurPhys. Rev. Letf9 (2007)06660Z4).

[2] S. Mitani et al, Phys.Rev. Lett81(1998) 27992802

[B]M. V. Fei gel 6 man, JEaMLett8N2085) Z71283s el evi ¢ h,
[4] M.I. Blinov et al, J. Magn. Magn. Mater69 (2019) 155160.
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Lateral photovoltaic effect (LPE)N metal/insulator/semico

nductor (MIS) structures has been

actively studied in recent years due to its application prospegssition sensitive detectors and

solar celld1]. Silicon basedn/SiO2/n-Si andFe/SiO./p-Si are p

LPE, because ofompatibility with CMOS and SOI technolo
over the electronic transport.

romising for implementation of the
gy and the ability of magnetic control

Mn/SiO2/n-Si and Fe/SIO./p-Si samples were fabricated on phosphorus and boron doped silicon
substrates respectively, with doping densitied®P cmi®. 1.5-nm-thick SiQ; layerswere obtained
by exposing substrates &m aqueous solution of2B8. and NHOH (a ratio of 1:1:) for 30 min at
6 0 AlG-nm-thick Fe andl5-nm-thick Mn films weredeposited by molecular beam epitaxy.

Spectral dependences of the lateral photovoltage
(LPV) in Mn/SiO2/n-Si (Figure 1) can be divided into

two regions with positive and negative LP&< 0.9

em asm>d 0.9 em respectivelgy). Different LPE

mechanisms can be explained by the different

absorption depth for photons with high and with low g 2

& High aphotons are absorbed deep inside the silicong_ ol v 40 K

while low & photons are absorbedosely to the § YT 215K

SiO2/n-Si interface, therefore, the LPV belosw= 0.9 -2{ H=06T

em i s affected by the enerwke%eﬁ% i nterf
The sign change on LP¥)curve may indicate the 05~ 08 l’?, m%,z 14 18

switching of domi nant carriers6é type contri b

LPV. Magnetic field effect on the LPE is moreFigure

1. LPV dependences on radiatio

pronounced in lova-region (near the interface). It is wavelengh at T = 40 K (green); 28.5 K

expected due to the shifting of the interface statg®rang
energy levels in external magnetic field.

e); 21.5 K (green) with H = |

(closed circles) and H = 0.6 T (ope

The results obtained demonstrate the importance oifcles) inMn/SiO./n-Si.

insulator/semiconductor interfaces for the lateral

phobvoltaic effect.

[1] A. Dong, H. Wang.Ann.Phys, 531(2019 1800440.
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ULTRAFAST LASER-INDUCED MAGNETIZATION SWITCHING IN
CoFeB-BASED NANOSTRUCTURES

Shelukhin L.A,. Gareev R¥RZbarsky V, Walowski®JMNhzenberg3Mscherbakov ALV.

KazenwadkL > Kirilenko D.A.H m | inen S&varDijken S, Pertsev NAKalashnikova AM.
loffe Institute, St. Petersburg, Russia
%Institute of Experimental and Applied Physics, University of Regensburg, Germany
3University of Grefswald, Institute of Physics, Germany
4Experimental Physics Il, Technical University Dortmund, Dortmund, Germany
SUniversity of Konstanz, Konstanz, Germany
®NanoSpin, Department of Applied Physics, Aalto University School of Science, Aalto, Finland
shelukhin@mail.ioffe.ru

Femtosecond laser pulses are a powerful taghitchmagnetizationn several tens of picoseconds
[1, 2]. However, usually it requires specific electiostructure or excitation conditions. In this work
we suggest universal approach to magnetization switching using ultrafashthssrd heating. For
this we selected structures promising for spintronic devices based on commercially available alloy,
sudh as synthetic moitiferroic CoFeB(50nm)/BaTiQ and magnetic tunnel junction CoFeB(1.2
nm)/MgO(1.2 nm)/CoFeB(1.4 nm) (MTJ)

The main idea is to use magnetic anisotropy dependence on the temperature to manipulate
magnetizationln CoFeB/BaTiQthe inverse ragnetostrictiormlong thetransfer of mechanical stress
from ferroelectric to ferromagnetic layer results in the imprinting of domain structure from 8aTiO
to CoFeBwheremagnetoelastic interactiorssethe only source of magnetic anisotrg@y. Main
feature ofMTJ structure is perpendicular magnetic anisotropy stabilized by the interface anisotropy
at the MgO/CoFeB interface which dominates over shape anisotropy if the thickness of the CoFeB
layer is below 1.4 nr{b].

Laserinduced dynamics of ngmetizationwas studied using the timeesolved magnetoptical
Kerr effect techniqué3]. 170 fs laser pulses with the central wavelength of 515 nm and 1030 nm
were used as the pump and prokespectively. Laseinduced changes of magnetization were
monitored by measuring the polar Keaffect of the probe pulses as a function of the ptprube
delaytime.

Experimentally, we showed significant reduction of magnetoelastic anisotrdpyHeB/BaTiQ
and total quench gderpendicular magnetic anisotrojpyMTJ due to ultrafast lasémnduced heating.
Such anisotropy modification resulted in magnetization precession. Analysis of its parameters allows
us to reconstruct the magnetization and anisotropy behavior under impact of femtosecond laser
pulses. In the f8t case, if external magnetic is applied perpendicularly to the easy axis, there are two
scenarios of magnetization switching to another equilibrium direction depending on sample
parameters relaxation rate to the values of@xited state. In th€oFeB/MyO/CoFeBinterface and
shape anisotropy have different response to the ultrafast heating leading to treoseiriation
transitionat certain pump fluence.
Support byRFBR grantl9-52-12065is acknowledged.

[1] A. Stupakiewiczet al,Nat Commun10(2019)612.

[2] C.D. Stanciuet al,Phys. Rev. Le{t99 (2007)047601

[3] A. Kirilyuk, A. V. Kimel, and Th. RasingRev. Mod. Phys82(2010)2731.
[4] T. H. E. Lahtinen et alAdv.Mater.23(2013)3187.

[5] R.R. Gareev et alAppl. Phys. Letf.106 (2015 132408.
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DC-BIASED RELOCATION OF THE BROADBAND RECTIFICATION
RANGE IN MAGNETIC TUNNEL JUNCTIONS
Trushin A.5KichirG.A, Skirdkov P.N, Zvezdin K.K&.
! New Spintronics Technologies, Russ@nantum Center, Skolkov&ussia
2 Prokhorov General Physics Institute of the Russian Academy of Sciémassow,Russia
a.trushin@nst.tech

Magnetic tunnel junctions have been of great interest for vaspugronic applications and
fundamental research. Besides the walbwn ferromagnetic resonance (FMR) regime, they possess
a broadband regime. It was initially theoretically predicted [1] in the case of thd-plaine bias
field. And later observed expmentally [2] in the case of perpendicular magnetic anisotropy of the
sample. It opened a new frontier in the development of spintronic energy harvesters and sensors.
However, it still lacks thorough research.

Previously, we observed the existence ofva type of broadband mode that appears with an applied
in-plane bias field. Here we continue this study with a special accent aowtiaas current.

We carried out the spitorque FMR (ST-FMR) experiment with an external-plane field and
direct bias arrent. We consider iplane magnetized Magnetic Tunnel Junctions (MTJs) which were
connected to the pulsaodulated RF generator and DC current source via atdgasetwork.
Rectified voltage was measured using a {ockmplifier.

We found a completelyjew behavior of a broadband regime in the case of-lolivacurrent
injection represented in Figure 1. The region of said regime relocates fromfeetpency range
into a highfrequency range with respect to the sign of a bias current. We link this teffphase
shifts between magnetization precession and driving RF current, which is related to different
proportions betweethe exertedorque components. Analytical insight is presented.
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Figurel. Rectification heat maps withffiérent bias current
The work was supported by the RSF No.12900432

[1] O©.V. Prokopenko et alournal of Applied Physicd11(12) (2012) 123904.
[2] B.Fanget al, Physical Review Applied1(1) (2019) 014022.
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NON -COLLINEAR PHASE OF A FERRIMAGNET: ULTRAFAST SPIN

DYNAMICS AND QUANTUM PERSPECTIVES
Belotelov V33
1 Photonic and Quantum Technologies School, Lomondsmscow State Universityyloscow,
Russia
2 Russian Quantum Center, Skolkovo, Moscow, Russia
3 Vernadsky Crimean Federal University, Simferopol, Russia
belotelov@physics.msu.ru

Ferrimagnets containing several partially compensated magnetic sublattices are considered the most
promising materials for albptical data storage and for ultrafast communications based on spin waves.
There are two maggetic phases of the ferrimagnets: collinear andewlinear ones. Up to now spin
dynamics in ferrimagnets has been studied mostly in the collinear state without paying much attention
to the kind of the magnetic phase. Here we investigate laser induiaddstlspin dynamics in a rare
earth iron garnet film in the noncollinear phase as well.

We identify an importance of the magnetic phase of a ferrimagnet for its ultrafast spin behavior. A
rareearth iron garnet near magnetization compensation temperature was considered. We
demonstrated several crucial peculiarities of spin dyos in a norcollinear state that contrast
sharply with the usually observed spin dynamics of the exchange and ferromagnetic modes in a
collinear state far from the compensation point. In particular, when temperature approaches the
compensation point the
frequencies of quast ° o
antiferromagnetic -AFM)
and quasiferromagnetic ¢-
FM) modes (Figure 1)
behave oppositely: thez [~ ==
former decreases, while th & o}
latter one grows. The

L) X5
N o X4

=]
o

rotation (urad)

w

Polarization rotation (urad)
5

situation ChangeS afte o s o 0 20 20 0 3% e 1 20 ” pn 50
crossing the compensatior- fime o2) o o
point for higher Figure 1. Ultrafast magnetization dynamics represented by

temperatures. We  alsc probe Faraday transients for different temperatures from 3l
discovered thathetransition (below compensation) to 393 K (abox@mpensation).
from the norcollinear phase
to the collinear one is accompanied with softening of th&gmode which leads to a huge increase
of the excitation efficiency and amplitude. The amplitude of the soft mode becomes morertiesn 4 t
larger than for the collinear state and up to 10 times higher than for theolioear phase. As the
defl ection angle of the soft mode -optecaswitchingn d t ¢
and nonlinear magnonics

The othercrucial property of the nenollinear phase is bistability of the Neel vector. It is described
by the double well potential enery. If the number of spins in a sample is small enough (~100) then
probability of tunneling between two states becomes notieadoléhe film will behaves in a quantum
regime. In this case macroscopic quantum tunneling takes place and one could consider a nanodisk
of rare earth iron garnet with compnesation point as a kind of magneitc qubit. The latter might be
promissing for futurguantum technoligies.

Support bythe Russian Science Foundatigmpject N23-62-10024is acknowledged
[1] D.M. Krichevsky et al.arXiv:2212.00085v2
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BISMUTH -SUBSTITUTED YTTRIUM GARNETS MADE BY METAL -
ORGANIC DECOMPOSITION AND CRYSTALLIZED BY LA SER
ANNEALING, AND GASOGYROCHROMISM IN OXIDIZED PERMALLQOY
FOR MAGNETO -OPTICAL APPLICATIONS
Kulikova D.P, Tananaev P.N6gibnev EXVShelaev A)Yankovskii G.\Baryshev A.V
! Dukhov Automatics Research Institute (VNIIA), Moscow, Russia
2 Lomonosov Moscow State University, Moscow, Russia
baryshev@vniia.ru

Implementation of garnet thin film fabricaticlechnology into the production of miniaturized
magneteoptical devices and photonic integrated circuits remains challenging because it requires
deposition of garnets on ngyarnet elements of the circuit. The first difficulty lies in the lattice
mismatch ltween the garnet and circuit matesidecond, since higtemperature thermal annealing
is required for garnet crystallization, a difference in thermal expansion coefficients of the materials
can lead toexfoliation of the garnet filmand various deterrations ofa circuit. Rapid thermal
annealing (RTA) is also critical for magnetophotonic crystals based on Bi:YIG, resulting in
worsening of their figure of merit. Since the use of optical isolatiocslatorsin miniature photonic
devices is highly desable, new technologies for integrating garnets with semiconductors are under
development

In the present tallhismuthsubstituted yttrium irogarnets (Bi:YIG) fabricated byraetalorganic
decomposition (MOD)method with subsequent crystallization untdeser irradiation LRTA) will
be discussed [1, 2].t'ictural and optical properties stibmillimeter- and micronsized Bi:YIG
stripes crystallized in air, oxygen, nitrogen and argon atmospherstudred together with MOD
made Bi:YIG crystallized undeconventional RTA The demonstratetlRTA can find practical
applications for Bi:YIG monolithic integration on ngarnet substrates.

Gasochromisfiusually,change in optical properties of metal oxideactingwith a gashas found
application for gas sensing and smart windows. For these applications, a number of researches
demonstrate responses of binary systems as, for example, tungsten trioxide/catalyst metal. In the
system, the catalyst is responsible farsdiciation of reducing (hydrogen) or oxidizing (oxygen) gas
molecules and following transfer of atoms into the tungsten trioxide that results in a change of the
dielectric constant due to chemical reactiofs the best of our knowledge, magnetic metatesi
(spinels and garnets) have never been considered and applied as a magnetooptical gasochromic
sensing material, and no related responses have been studied.

Research on fabrication and applicability of oxidized permalloy nanofiims (NjReGydrogen
sensing [3, 4] will be presented. Structural, magnetic, optical and magpé&tal properties of
NiFeC significantly change versus the oxidation temperature. The angle of Faraday roggticee
by an order of magnitude in the near IR wavelength raRge gassensing experiments, the-as
deposited permalloy and NiFe@anofilms with the largestr response were covered with a Pt
catalyst layer. We demonstrate that otfilg NiFeQ/Ptbilayers irreversiblychangetheir magnitude
of Dgr in a H-rich atmosphereMoreover, the bilayer®f NiFeQ/Pt which aresubjected to
hydrogenation recover sensitivityafter heating. The nereciprocal nature of gaggrochromic
response is confirmed by accumulatiorDgg.

[1] Y.M. Sgibnevet al, Crystal Growth &Design, 22(2022) 11961201
[2] A.V. Shelaewt al, Optics and Laser Technolog{55(2022 108411
[3] D.P. Kulikovaet al, Optical Matenals, 107(2020)110067.

[4] D.P. Kulikovaet al, Applied Surface Sciencgl3(2023) 155937.
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DEVELOPMENT OF SPIN -CONTROLLED LASERS

USING VARIOUS MAGNETIC FIELD PULSES
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RIEC, Tohoku Univ., Sendai, Japan
taichi.goto.a6@tohoku.ac.jp

We developed a spicontrolled laser using the magnetooptical (MOXxWtching effect [1],
exhibiting a peak power of one kilowatt and a pulse width of 25 ns [2]. This device comprises-a diode
laser pumped solid state laser, magnetooptical garnet film showing magnetic garnet, a tiny electrical
magnet, and a pulse generafine Q-switching effect is generated by a rapid change in the state of
the magnetic domain in the magnetic garnet film caused by a pulsed magnetic field generated by a
tiny coil. In our previous demonstration of this device, the pulse width of the magnetipuiske
was more than 2% because of the design of the coil and the pulse generator. Such a long pulse
prohibits increasing the output power and decreasing the pulse width of thespiiled laser. To
overcome this issue, we fabricated a coil and laegpgenerator specialized for applying a short
magnetic field pulse to the magnetooptical garnet film, demonstrating a shortening of the output pulse
of spin-controlled lasers.

The fabricated diodpulse solidstate laser
comprised a B3l 4 mm  dimarbreocatedr i G

200

Nd:GdVQs (Nd: 1 at.%) crystal and an output coupler. %9
The input side of the laser crystal so that high >
transmission at the wavelehgof 808 nm and high 3
reflection at the wavelength of 1064 nm. The 2%

reflectivity of the output coupler at the wavelength of _ 301 :

y 60
0.202 ps 20

20

0.404 ps 40

20

0.762 s 20

20

five turns. The wire diameter was 0.5 mm because of 331
low resistivity. The electronicircuit was designed by £ %]
LTspice considering floating inductive components= 2% a0
and fabricated wusing nMOSFET (Infineon,  sof; Y o 6
IPD200N15N3G). The obtained shortest pulse width i m %
of the generated magnetic field pulse was 158 ns, and 308 ; ' 28205 g§

the peak field was 200 Oe. The puls&lth of the 190 _Ah_.zg

optical output was shortened by 18 ns using this §§§ _Jln/-\u.._ e a0
system. Therefore, the shortening of the output pulse °- &
of the spincontrolled laser was demonstrated using a ’ ’ nmefls) ° )
fabricated magnetic field pulse generator.

1.614 s 40

20

ti

1064 nm was 50%. The coil type was solenoid and hagl e ﬁ; | ;& o 20

2.094 ps

Output power (W)

_ Figurel. Optical output of the spin
This work was partly supported by Nd@H02593, .,nirolled laser with variousidths of

20K20535, 23H01439 from JSPS, NEDO N_O'magneticfield pUlSGS.
232000470, TI-FRIS fellowship, and Inamori
Foundation.

[1] T. Goto et al. Opt. Express24 17635 (2016).
[2] R. Morimoto et al. Sci. Rep.6 38679 (2016).
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TRANSVERSAL KERR EFFECT ENHANCEMENT IN 2D

MAGNETOPLASMONIC CRYSTALS FOR SENSING APPLICATIONS
Murzin D.V?, Belyaev VXGritsenkGhA. !, Komanick¥ 2, Rodionova V.V.
! Immanuel Kant Baltic Federal University, Kaliningrad, Russia
2Pavol Jozef Gafg8rik University, Ko s
murzindmitri@gmail.com

Magnetoplasmonic crystals (MPICs) are surfaces based on periodically nanostructured thin films
of combinedplasmonicand ferromagnetic materials [1]. Such structures possess enhanced magneto
optical effects in comparison to the flat thilmfis of the same composition due to the excitation of
surface plasmonic resonances. This feature allows using MPICs for magnetic field sensing
applications [2]. Recently, a new method for magnetic field detection with the use of 1D MPICs was
developed, bal on the detection of magnetic fieldpendent transversal Kerr effect (TKE) [3]. The
use of 2D MPICs for magnetic field detection with the proposed method can be used for the
simultaneous detection of two orthogonal magnetic field components. Subkirdtether MPICs
fabrication considered in this work were made by thea&m lithography with theirect writing dose
of 200-6 0 0 cre? @ith the step of 5@ Ch¥ to form
9 areas each containing 2D arrays of polymer columns
on top of a carbon plate. 2D MPICs were made by
covering the substrate with the
Ag (50 nm)/NigoFeo (150nm)/SEN4 (15 nm)multilayer 40-
using a magnetron sputtering method. Fabricated
columns were gproximately 80 nm in height and had a
periodicity of 590 nm.Morphology of the fabricated
MPICs was verified with SEM and AFM techniques.
Hysteresis loops of fabricated MPICs were measured 1o-
with theKerr microscopymethod.Reflectivity and TKE
spectra in he visible and neanfrared wavelength % = & 7 i 1s i e
region were measured with the usedbckin detection Hiow
method TKE spectra were obtained in the saturation A
modulation magnetic field of 160 Oe. The laok
detection method was also used to measure t
dependeneof a magnetapptical response at a resonant
wavelength on the magnitude of the applied modulatio
field. Example of the obtainedependenemeasuredn
the modulation field applied alongtwo orthogonal
directions is shown in Fige 1. The report demonsites
the results of magnetic, optical, and magnetptical
characterization of theeries of 2D MPICs made with
different ebeamdirect writing doses.

This work was supported by t he22B09% .3heaupporbafi enc
the Slovak Research and Development Agergnant under the contract APVA20-0324 is
acknowledgedAuthors appreciate the support of the M.V. Lomonosov Moscove &iatversity

Program of Development for the provided Kerr microscopy equipment.

Signal (uV)
8

IC:igurel. Field dependere of the
agneteoptical response measuried
e modulation field Hmod applied
long X and Y axes of the MPIC
abricated with the-beam dose of 45(
O C/ % (nis the standard deviationf
thesignal.Inset shows the MPIC SEM
image. The sdabarisl O m

[1] M.A. Kiryanov, APL Photonics7 (2022) 026104
[2] G.A. KnyazevACS Photonicss (2018) 49514959
[3] V.K. Belyaev,Sci Rep10(2020)7133.

152


mailto:murzindmitri@gmail.com

SISM - 2023
30T-B-8

MAGNETIC FIELD TOPOGRAPHY WITH THE USE OF 1D AND 2D

MAGNETOPLASMONIC CRYSTALS
Murzin D.V?, Belyaev V.KGruninA.A.? Fedyanif.A.% Rodionova V.V.
! Immanuel Kant Baltic Federal University, Kaliningrad, Russia
2 Lomonosov Moscow State University, Moscow, Russia
vbelyaev@kantianeu

Technological advancements have paved the way for modern fundamental and experimental
approaches in the development ofgmetic field sensors [1]. The current foduasthis field is on
achieving a balance between sensitivity and resolution while reducing power consumption and
production costs, as well as miniaturizing sensor dimensions. A promising new appreaehgio
efficient and fasmagnetic field sensing involves the use of magnetoplasmonic crystals (MPICs),
which are plasmonic crystals composed of noble and ferromagnetic materials [2,3]. The utilization of
MPICs can increase magnetiptical response by up to two ordef magnitude, thereby expanding
the potential applications of magneiptical effects [4].

A novel approach to magnetometry involves the utilization of magnetic and maupietal
properties of onglimensional (1D) and twdimensional (2D) MPICs. By eking surface plasmon
polaritonson the MPICs metal/dielectric interfadbe transverse magnetptical Kerr effectnaybe
enhance@nd used foa highly sensitive magnetic field semgcapable of detecting fields as low as
107 Oe. Furthermore, the optical probe's displacemena MPICG surface can be utilizeftr
accuratanagnetic field topography.

This work is devoted to the implementation of 1D and 2D MPICs for magnetic fieldraggogof
several experimental objects like a wire, a planar coil, and a complex system of permanent magnets.
Example of fabricated 2D MPIC, scheme of the experiment and magnetic field map obtained for a
planar coil are shown in Rige 1.

58
116
174

] 3 232
0 2 46 8101214 16182022
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Figurel. Panel(a)T SEM image of 2D MPIC, fabricated withhee am dose of 4
I Scheme of the experiment, and (cgxample of magnetic field topography, measured fi
planar coil at the distance of 9 nm from MPIC surface.

This work was supported by t he22-®893.si an Scienc

[1] M.A. Khanet al, ERX 3(2) (2021)022005

[2] G.A. Knyazey ACS Photonics (2018)4951-4959

[3] S.ChandraACS Photonics8 (2021)13161323

[4] A.A. Grunin J. Magn. Magn. Mater415(2016)72-76.
[5] V.K. Belyaey Sci. Rep 10(2020)1-6.
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TRIGGERING MAGNETIZATION PRECESSION IN EuO VIA

FEMTOSECOND OPTICAL ORIENTATION
Kats V.N, Shelukhin.A.*, Usaché&A', Averyanov D?WKarateev I’AParfenov G,H.aldenkov AAN.
Tokmachev A?Mstorchak V.G Pavlov V.V.
! |offe Institute, St. Petersburg, Russia
2 NRC Kurchatov Institute, Moscow, Russia
usachev@mail.ioffe.ru

The EuO ferromagnepresers a significant interest due to structural simplicity, exceptional
properties, and abilitio influence the electronic and magnetic structures of adjatatetials. Here
we provide insight into itsnagneteoptical properties by carrying out purijprobe meaurements of
pristineand Gddoped Eud1]. An ultrashort laser pulse acts on #@msemble of strongly correlated
f-electrons as a magnefiield directed along the wave vector of the photdFtse magnetization
precession, observed for circularly polariziegght excitation, reveals a laserduced coherent
responsdan the external magnetic fieldpplied paralleto the sample surfac&he phase of the
magnetizatiorprecession depends on the helicityhed pump beam.

We set the experimental data againgi petential mechanisms, tlieverse Faraday effect and the
optical orientation effecNumerical estimatesnd comparison between EuO and Eu(Gd)O both point
at the optical spin orientationvia the electronictransition 4f5d° Y  &5&' as the mechanism
triggering the magnetization precession.

6|

Sde

6s

5dt,, . 5d% » N
Pump | 2.38 eV Probe 1.19eV

4f7

|

4f7 4£ 6

Ground state Excited state
h a b c

Figurel. (a) Band structure of EuO(b) optical excitation of the electronic transitio
45 Y 858 (c) optical spin orientationstrong exchange interactidretween the excited 5d
electron and 4€lectrons of Eff ion pulls the moment dhe latter oubf-plane; (d) magnetizatior
precession around the effective magnetic field.
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Support byRFBR (19-52-12063 pumpprobe studiesNR C i Ku r ¢ h a t(iofrastructare)t i t u
and the Ruwsssian Science Foundatiof22-13-00004 (synthesis), 20910028 (structural
characterizationand 1919-00009 (studies of magnetic and transpodperties) is acknowledged.

[1] V.N. Katset al, Nanoscale15 (2023 28282836
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INVERSE PROXIMITY EFFECT IN STATICS AND DYNAMICS OF

BYLAYERS SUPERCONDUCTOR-FERROMAGNET
Pugach N.GTurkinYa.V!?2 SeleznBW.?, Yagovtsé\D.!
1 HSE University, Moscow, Russia
2V.1. Vernadsky Crimean Federal University, Simferopol
npugach@hse.ru

In this work we theoretically studied the influence of magnetization orientation and dynamical
precession in a ferromagnetrsulatingmaterial (FI) on the superconducting condensate properties
of the adjacent superconducting layer (S), i.e. the inva®eanpity effect (IPE). The static IPE
exhibits in the induced magnetization in the superconductor and in its electron density of states, the
dynamical IPE also produces a spin current via spin pumping through the FI/S interface.

The goal of the present woris description of the dynamics of the spin of superconducting
condensate inside a superconducting film, which is in contact with a ferromagnetic insulating layer
undertheconditions of the ferromagnetic resonance (FMR). It is calculated spin currentdandd
magnetization not only at the interface of the S/FI hybrid structure, but also inside the
superconducting film. The space distributions and frequency dependencies of these values are
presented. The induced magnetization weakly depends on th@fdéssion frequency in a contrast
with the spin current. It is also shown that increasing of magnetization precession frequency can
drastically change the spin polarization distribution of quasiparticles [1].

The static magnetization and spin resolvedlsttg of states in a superconductor induced due to the
IPE is also studied in bilayers containing a superconductor and a ferromagnetic insulator or a strongly
spin-polarized ferromagnetic metal. The study is performed within a quasiclassical Green function
framework, wherein Usadel equations are solved with boundary conditions appropriate for strongly
spin-polarized ferromagnetic materials. A comparison with recent experimental data is presented. The
singlet to triplet conversion of the superconductingelationsbecause of the proximity effect with
a ferromagnet is analyzed. The interesting and unexpected results are-thenaanous behavior
of these values inside the superconducting film and an optimal IPE at a smatlisipig parameter
[2,3].

Theseresults may deepen our knowledge of effects appearing in superconducting spintronics
devices and open new perspectives of spin currents and spin density transfer in such devices.

The calculations of IPE at magnetic dynamics were financially supportédebBasic Research
Program of the HSE University, calculations of the static IPE were supported via the Mirror Lab
collaboration projecdf the HSE University.

[1] Ya. V. Turkin, N. G. PugaclBelstein JournNanotech,14 (2023) 233.

[2] V. Yagovtsev, N Gusev, N. Pugach, M. Eschrigup. Sci. Tech34(2021) 025003.
[3] D. Seleznev et glPhys. Met. Met.124(2023) 196
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RE-ENTRANT FILAMENTARY SUPERCONDUCTIVITY RESULTING
FROM THE COMPETITION WITH CHARGE ORDER
Venditti G, Maccar®].Grilli M3, Lorenzand Laprara S.
1SPIN-CNR Institute for Superconducting and other Innovative Materials and Devices, Rome, Italy
2 Department oPhysics, Stockholm University, Stockholm, Sweden
3]SC-CNR and Department of Physics, Sapienza University of Rome, Rome, Italy
sergio.caprara@romal.infn.it

High-critical-temperature superconducting cuprates seem to be characterized by a competition
between charge order and superconductivity in the underdoped region of their temperature vs. doping
phase diagram, the balance being controlled by atlmermal parameter, like a magnetic field or
isovalent doping. To analyze this competition, and shed ligtit@physical mechanisms underlying
it, we derive an effective classical spin model on a square lattice, with nearest neighbor exchange
interaction, and study its properties by means of Monte Carlo. The parameters of our model are an
exchange anisotropy, pa to tilt the balance between eamyis (charge) and eagjane
(superconducting) order, a potential barrier that removes the unphysical degeneracyD(¥)the
symmetric point, and a random magnetic field that mimics the coupling of disorder to the charge
degrees of freedom. In the absence of disorder, aofidggr transition line separates superconductivity
and charge order in the temperature vs. exchange anisotropy plane. The slope of this line is positive
at low temperature, and the Claus(ispeyron equation implies that the superconducting phase has
a higher entropy, and manifests as-am&gant phase. In the presence of disorder, the cloadgeed
phase is fragmented into polycrystalline domains, while the stability of the superconghetsegat
low temperature is extended in the form of topologically protected parasitic filaments occurring at
the boundaries between different chaogdered domains

[1] G. Vendittiet al, in preparation (2023).
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EXPANDING THE OPERATIONAL TEMPE RATURE WINDOW OF A

SUPERCONDUCTING SPIN VALVE
Kamashev AIfGa r i NNV, WatidowA.A, Kataev ¥.Fominov Ya,. Garifullin . A.
1 Zavoisky Physicallechnical Institute, FRC Kazan Scientific Center of RAS, Kazan, Russia
2 Leibniz Institute for Solid State and Materials Research, Germany
3L.D. Landau Institute for Theoretical Physics RAS, Chernogolovka, Russia
4Laboratory for Condensed Matter Physics, HSE University, Moscow, Russia
kamandi@mail.ru

To increase the efficiency of the superconducting spin valve (SSV), special attention shoaudd be
to the choice of ferromagnetic materials for the F1/F2/S @8Mtilayer. Here, we report the
preparation and the superconducting properties of the SSV heterostructures where Pb is used as the
superconducting S layer. In the magnetic part of the structure we use the same starting material, the
Heusler alloy CgCr: 1 keAly, for both F1 and F2 layers. We utilize the tunabilty of the magnetic
properties of this alloy, which depending on the deposition conditions forms either an almost fully
spinpolarized haHmetallic F1 layer or a weakly ferromagnetic F2 layer. #éenonstrate that the
combination of the distinct properties of these two layers boosts the generation of thanlgpag
triplet component of the superconducting condensate in the fabricated SSV structures and yields
superior values of the triplet spualve effect of more than 1K and of the operational temperature
window of the SSV up to 0.6 ksee Figirel).
The achieved values a@p TP

and T set newbenchmarks 1.04 AT - . -~
for the design of the / =
superconducting spinvalves as ] PP .‘ ]
the prototype elements for J c g //

2 o ]
applications in superconducting < 0.54 .’ ATfu” —0.6 K . .
spintronics. They demonstrate >~ .‘ » -
the by far not yet exhausted S 7

potential forthe optimization of 1 °

ferromagnetic materials in an 1 o

F1/F2/S SSV structure together 0.01-

with the simultaneous ) ) ) i
simplification of its fabrication. T (K)

The observed boosting of theFigurel. Superconducting transition curves for theUR=( 0
SSV effect by increasinghe and PP= 90A) configuration
strength of the rotating externalthe direction of tB magnetization of the HA layer and the
magnetic  field on the applied magnetic fielto = 4 kOe that rotates the magnetizati
baclground of the overall of the HA layer for the sample
suppression of¢ calls for further HAMY(20nm)/Al(4nm)/HAT(5nm)/Al(1.2nm)/Pb(60nm). Th
experimental and theoreticalshaded area marks the operational temperature window ¢
studies fol better understanding SSV.

of the underlying physics of this

phenomenon.
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SUPERCURRENT DIODE EFFECT IN S/F HYBRID STRUCTURES ON

TOP OF THE TOPOLOGICAL INSULATOR
KarabassoV, Bobkova |V Golubov A.AVasenko A.S,
1HSE University Moscow, Russia
2 University of Twente, AE Enschede, TNetherlands
3 P.N. Lebedev Physical InstituRAS, Moscow, Russia
iminovichtair@gmail.com

Currently the superconducting diode effect (SDE) becomes an active area of research due to its
large application potential. Typically, helical superconducting statesponsible for the SDE.
Helical state is widely discussed in materials with-tlumensional (2D) superconductivity, spin
orbit coupling and induced 4plane magnetic field [1]. Here we report the presence of the SDE
(helical) phase in the diffusive hgid structures 2D superconductor/ ferromagnet (S/F) on top of the
topological insulator surface (TI). In such case nonuniform superconducting state is realized by means
of a proximity effect [2]. This proximity induced helical state causes noticeab&ntaonreciprocity
in the system. We provide the calculations for the SDE going beyond linear approximation.
Employing the nonlinear quasiclassical approach we investigate the SDE quality factor for a wide
range of temperatures andptane fields [3]. Moeover, we calculate the upper critical field and
demonstrate its dependence on the current direction. Summarizing the results of the calculations we
present the phase diagram of the SDE [4]. We also provide comparison between linear and nonlinear
approachs.

The work was suported by the Mirror Laboratories Project and the Basic Research Program of the
HSE University

[1] F. Ando et al.Nature 584 (2020) 373.

[2] T. Karabassov et alRhysical Review BL06(2022) 2245009.
[3] T. Karabassov et alGondensd Matter 8(2) (2023) 36.

[4] T. Karabassov et al., submitted to SUST.
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FUNDAMENTAL PROBLEMS OF HIGH -SPEED VACUUM MAGNETIC
LEVITATION TRANSPORTATION USING HIGH TEMPERATURE

SUPERCONDUCTING MATERIALS
Koledov MShavroy., Terentyev Yamantsey, #on Gratowskit&arpukhin PBabachanakh A.
Lryukhin V, Balabanov V.
Kotelnikov IRE RAS, Moscow, Russia
victor_koledov@mail.ru

The creation of vacuum magnetic levitation transport (VMLT), which is expected to provide ultra
high speeds with a sharp decrease in energy consumption and transportation costs, is especially
important for our countripecausef its size and geographicaldation. The principle of transportation
based on magnetic levitation, which was proposed in Russia and began to be studied more than 100
years ago, today, in the world, is practically embodied in passenger ground transportation lines, which
are inferior n speed only to air transport. However, high energy costs in the atmosphere have not yet
allowed the creation of competitive supersonic commercial airlines. The appearance in recent years
of new rareearth permanent magnets, higmperature superconductofHTSC), as well as
materials for creating strong magnetic fields, highly efficient cooling, and energy conversion have
made the idea of WMLT even more attractive.

This report aims to give an overview of the fundamental problems in the field of magnetism,
materials science, various fields of technology that have to be solved before the idea of VMLT is put
into practice. Let us note three main problems: the interaction of HTSC and the paths of permanent
magnets, including the forces of electromagnetic tast® during levitation at high speed, the
creation ofself-powered refrigeration systems for highly efficient cooling of superconducting
elements without the consumption of liquid gases, for example, based estatdidhagnetic cooling,
and the problenof highly efficient overclocking , braking and energy recovery of a vehicle moving
at supersonic speed in a vaouu

This work was supported by the Russian Science Foundation, grant-189-00045P.
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LOCALIZED STATES OF CHARGE CARRIERS AND THE POSSIBILITIES
OF THE ANDERSON METAL -INSULATOR TRANSITION IN LA -BASED
SUPERCONDUCTORS

Dzhumanov, 8urbanov U,Khudayberdiev Z.S.
Institute of Nuclear Physics AS RUEashkent, Uzbekistan
zafaruzb@mail.ru

Theoretical investigation of the mechanisms of carrier (electrons and holes) localization and the
metatinsulator transitions (MIT) in dogeoxide hightemperature superconductors (HTSC) remains
one of the fundamental problems of condensed matter pH§sd}sElucidation of the mechanisms
of carrier localization and MIT in oxide HTSCs will make it possible to understand the new
superconduatg (SC) properties of these oxide compounds. In doped oxide HTSCs, suah as
x(Sr,Ba)xCuQy, the charge carriers are holes in the oxygen valence band and their localization can be
associated both with a strong Coulomb correlation between holes, regpéorsibe Mott transition,
and with a strong disorder in the spatial distribution of dopants and impurities responsible for the
Anderson transitiofi3-5]. The present work is devoted to the investigation of the two interrelated
phenomena: setfapping of hole carriers near dopants (or impurities) in doped oxide HTSCs upon
strong interaction of holes with dopants (impurities), acoustic and optical laiticgtions; the
possibilities of the Anderson type (i.e., induced by disorder in the distribution of dopants (impurities))
MIT. Theoretical calculations of the energy of localized states of holes (i.e., the depths of their
potential wells) in these HTSC mpounds were carried out within the framework of the continuum
model and the adiabatic approximation using the variational method. We have shown that the
localized hole states are formed inside the band gap (i.e., charge transfer energy gap) of oxide HTSCs
As the concentration of dopants (or holes) increases, these localized states form narrow energy bands
with band widthW in the band gap, which are close in energy to the oxygen valence band. The
formation of such localized zones is considered in thegtroupling model. With a further increase
in the density of hole carriers localized near dopants (or impurities) or the width of localized bands,
the system approaches an Andersgre MIT from the dielectric side. We have developed new
approaches to theroblems of Andersoetype MIT in doped oxide HTSCs and studied the effects of
disorder in the distribution of dopants (impurities) and the statistical distribution of the depth of
potential wells of localized carriers over a region of widglon the chareter of Anderson metal
insulator transition. The criteria of the Anderdgpe metalinsulator transition, determined by the
ratio Vo/W at different degrees of disorder in the spatial distribution of dopants (or impurities) and the
fulfilment of this condiion of the Andersoitype MIT in doped oxide HTSCs have been analysed [6].
Using the uncertainty relation, we have obtained specific conditions for the Andersoimnsdtbr
transition in cuprates. The limits of applicability of these MITs in cuprateslarified. Our results
are in good agreement with existing experiments on lanthanum containing and other doped cuprate
compounds.

[1] P.A. Lee, T.V. RamakrishnaRev Mod. Phys, 57 (1985) 287

[2] D. Belitz, T.R. Kirkpatrik,Rev Mod. Phys, 66 (1994) 261

[3] N.F. Mott, MetakInsulator transitiongLondon: Taylor and Francis, 1990

[4] P. Quemeraidylod. Phys Lett B, 9 (1995)1665

[5] M. Imada, A. Fujimori and Y. Tokur&ev Mod. Phys, 70(1998) 1039

[6] S. Dzhumanov et alJournal of Physics and Chemistry of Solid3(2012)484i 494.
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THE SPIN WAVES GENERATION IN THE ENGINEERED MAGNETO -
PHOTONIC CRYSTAL
Borovkova'@KaliskA.>? Belotelov'¥.
! Russian Quantum Center, Moscow, Russia
2 Lomonosov Moscow State University, Moscow, Russia
0.borovkova@rqc.ru

Magnetephotonic crystal (MPC), photonic crystal containing the magnetic layer, iskn@in
for its unique transmittance and magnepiic properties [1, 2]. Due to the defeatsthe layer
alternation itstransmittance speatm as well as thd-araday effect spectrum Vy&a resonant
peculiarity in the bandgap related to the excitation of the resonant mode. Light becomes localized
inside the defect layer between surrounding Bragg nsiriidre spectral position of such defect mode
resonance is defined by the thickness of the additional magnetic layer because the interference
conditions can be satisfied at the certain value of the optical path in the defe¢B]lapsrsoon as
the lightis localized in the magnetic defect layer the inverse Faraday effect (IFE) causes an excitation
of the effective magnetic field in this layj.

Here we propose a novel design of the MPC nanostructure with patterned defect magnetic layer.
The depth oftie magnetic layer should be locally decreased by means of etching, for inBtance.
the suitable conditions (wavelength or frequency, polarization) the light will experience localization
just inside the bounded area of the magnetic legaarlting in theexcitation of theeffective magnetic
field, Hesr, inside the etching area.

Magnetostatic spin waves can be excited in the films of ferrimagnetic dielectics by optical means
due to the IFH5]. Similarly, the setting of the MPC with etched magnetic layer can expect the
excitation of the spin waves in the area of the effective magnetic field excitation.

The wavevector ahe discussedpin wavess determined by the dimensions of the etched &mea.
our work we show how it is possible generate magnons in the spatial areas with248m
diameters.The minimum radius (diameter) of the etched disk depends on the illuminating light
wavelength. The less is the length and the wavelength in the medium, correspondingly, the smaller
radius of he disk one can choose. It was shown that the spin waves excitation area is a bit smaller
than the size of the etched disk. For instane24Bm diameter of the disk provides the excitation
area of 1.3L.4um in width. Also, it should be noted that thealoration of the effective magnetic
field occurs when the etching depth exceeds 20nm.

To sum up, there is proposed a design of the MPC nanostructure with the patterned defect magnetic
layer. The local decrease of the defect layer resuliscadization of the light concentration inside
such grooves. Due to the IFE the effective magnetic field would be excited just in localized areas of
the patterned MPC. Thus, the excitation of the magnetostatic spin waves occurs in the bound area
resultingin the certain values of wave vector of such magnons. This approach opens up ample
opportunities for the short spin waves generation.

This study was supported by Russian Scidfmendation (project no. 282-00310).

[1] M. Inoueet al, J. Appl. Phys.83(1998)6768 6770.

[2] E. Takedaet al, J. Appl. Phys.87 (2000) 67826784

[3] O. Borovkova and V. Belotelo®Qpt. Lett, 47 (2022)5743 5746.
[4] M.A. Kozhaev et al.Sci. Rep.8 (2018)11435.

[5] A. I. Chernw et al.,Opt. Lett, 42 (2017)279-282.
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NONLINEAR OPTICAL DIAGNOSTICS AND MANIPULATION WITH
MAGNETIC DOMAIN WALLS FOR ENERGY -EFFECTIVE

NEUROMORPHIC COMPUTING
Guskov A.A,. Stepanov M'AMitetelo N.V, Misina E.D! Pyatakov A.P.
! MIREA - Russian Technological University, Moscow, Russia
2 Lomonosowoscow State University, Moscow, Russia
guskov@mirea.ru

Materials belonging to the class of "multiferroics” and thin magnetic films with domain structures
are promising for implementing memory devices and computational devices (including neuromorphic
ones) due to the pronounced magnetoeleetifiect realized in them. This effect allows controlling
local magnetic properties of the material using external influences, thereby implementing a system
with logical states, the control of which is eneggfficient and fast. In this scientific fieldhe areas
of domain "boundaries” in films of irecontaining garnets with (21:0pand (111)symmetry are
actively researched for controlling the magnetic order parameter. The most known such materials are
bismuth ferrite BiFe®@and structures based on itl Af this makes it promising for ultrafast and fully
optical neuromorphic computations [1].

For the development of the elemental base for neuromorphic computations, as well as the realization
of domain structure transformation using external influenceshendomain boundary area it is
necessary to thoroughly investigate the magnetization vector distribution in the areas of interest and
determine the types of external influences capable of interacting with the localized subwavelength
scale electrical polazation of the medium. In our work, we show the results of research on the
micromagnetic structure and nnivial states of magnetization for the ferrggarnet film with rare
earth metal composition (BiLg(FeGa3O1> with (210)symmetry (epitaxially grownon the
GdGas012 substrate).

The orientation parameters of the magnetization vector in the domain boundary area were
determined using the method of nonlineatical microscopy with polarization resolution and the
nonlinearmagneteoptical Voigt effect [2]. Registration of the secohdrmonic nonlinear signal
enabled the development of a method for separate registration of the lateral and perpendicular
components of magnetization. This method demonstrated localization in the domain boundary area
of a nonuniform contribution to magnetation. We also demonstrate three methods of influencing
the domain boundary using external factors:

1. attractionrepulsion of domain boundaries with various chirality of magnetization vector

distribution using a constant external electric field witloliage of up to several kV/cm

2. displacement of the boundary under the influence of the dielectric permeability gradient,

created by local deformation near the domain wall

3. laser radiation with varying polarization and peak intensity up to 500 M%v/cm

The paameters of domain boundary mobility and the requirements for the presence and direction
of the external magnetic field were also determined. The characteristics of domain boundary mobility
and the dynamics of this area's response to external influenoesfallthe application of this type
of multiferroic medium for the implementation of ultrafast and eneffjgient computational and
memory devices.

The workis supported by the Ministry of Science and Education of RF (Project NAB2522
1131)

[1] G.V. Arzamastseva et alETP, 120(2015) 687701
[2] S.Cherifi-Hertel et al.Nat. comm.8 (2017) 15768
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IMPROVE THE SPATIAL RESOLUTION OF MAGNETO -OPTICS
ShapaevaBT Khudaigulova E.F
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uvhe double photography method based on the Faraday effect was used to study the
antiferromagnetic (AFM) vortices damics in a domain wall (DW) of yttrium ortoferrite [1]. It is
known that the highest DW velocity and magnetic vortices velocity (20 km/s) was observed in
orthoferrites. It was shown on the basis of indirect experiments that AFM vortices cannot exast insid
a DW if its velocity is less or equal to the sound velocity (4 km/s) [2]. AFM vortices inside the DW
are the DW finestructure Since a change in the internal DW structure can lead to a change in the
apparent width of the wall, the study of the DW dyrnaswith a high spatial resolution is relevant.

It is known that the use of light diffraction makes it possible to improve the spatial resolution of
magneteoptics [3]. Inthis work, we discuss the possibilities of using light diffraction by a slit, the
certer and edges of which have different transmittances other than 1 and 0. In contrast to the classical
blackandwhi t e sl i t, we will call such a slit fgre
slit 1o can be represented as

QR P 009
where | and b are the intensities of light passing through a completely transparent and opaque
medium, respectivelyz Is the intensity of light passing through a blasidwhite slit. By comparing
the first minimumposition of the diffraction patternni statics and in dynamics, it is possible to
determine the dependence of the apparent width of the domain wall on the wall velocity with an
accuracy of 0.Em.

In addition, if the DW dynamics was induced by light, then by comparing the light intenstties at
zeromaximumand the first minimum, one can determine the change in the optical properties of the
medium after excitation. Thus, the combining diffraction and the porope method opens up
fundamentally new experimental possibilities.

[1] M.V. Chetkn, Yu.N. Kurbatova, T.B. ShapaeyaViIMM, 321 (2009 800-802

[2] M.V. Chetkin, Yu.N Kurbatovay.B. ShapaevalMMM, 324 (2012 35763578
[3] M.V. Gerasimo\wt al.,Phys. Rev. B34 (2016 014434,
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1 Spin Optics Laboratory, St. Petersburg State University, St. Petersburg, Russia
2 Photonics Department, St. Petersburg State University, St. Petersburg, Russia
3 Solid State Physics Department, St. Petersburg State University, St. Petersburg, Russia
vadiim.kozlov@gmail.com

Spin noise spectroscopy (SNS) is an optical methodidtecting paramagnetic resonance from
magnetization fluctuations [1, 2]. This method is based on the Faraday effect, whereby magnetization
noise can be indirectly measured using Faraday rotation noise. When using the SNS method and other
magneteoptical mehods, the implementation of the Van Vleck theorem [3] is implied: the Faraday
rotation is directly proportional to the projection of the magnetization on the wave vector of the
probing beam. This fact, together with thecflatiordissipation theoremmakes it possible to
measure the magnetic susceptibility of a paramagnetic medium, as in the case of using the classical
method of electron paramagnetic resonance

When recording spin noise, two experimental geometries are distinguished [2]: the Faraday
georretry, when the external magnetic field is codirectional with the light wave vector, and the Voigt
geomety, when they are perpendiculdn isotropic

spin systems in the Faraday geometry, as a rule, or Voigt A

fluctuations of the magnetization amplitude are

obseved, which correspond to a signal near zer M
frequency. In the Voigt geometry, there are = M, | Bru
fluctuations in the direction of magnetization, which M

corresponds to a signal at the Larmor frequenc v

(paramagnetic resonance frequencifowever, in
systems with andropic centers, the Van Vleck Busisi Faraday

theorem ceases to be valid under certain condif8jns

From a practical point of view, this leads to the fackigure1. Precession of magnetic

that the differences between the two geometriggoment in the Voigtand Faraday
disappear, and spin noise at the Larmor frequency i&ometry. In the Faraday geetry,

detected foran arbitrary orientation of the external magnetization(M) precessesround the
magnetic field. This fact has been experimentallyjrection of light propagatiotk).

demonstrated for a cubic Caérystal with anisotropic

Nd 3+ centres.

We show that, in the general case, the assumptions underlying the Van Vleck theorem are not
necessarily satisfied. In our case, the violation of the Van Vleck theorem was associated with a small
detuning of the probing beam from optical resonahtéhe cae of a large detuning,avt Vleck's
theorem is preserveavhich was also shown experimentally on another system with magnetically
anisotropic particleson a perovskite halide CH3NH3PDbI3 single crystal

The work was financially supported by RSF grant Rlb72-10021.
[ 1] M. RIRewmS8cilnstein, 78(2007) 103903

[2] V. S. ZapasskiiAdv. Opt.Photonics5 (2013) 131
[3] J. H. Van Vleck and M. H. HebPhys. Rey46(1934)17.
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ULTRAFAST PHOTO -INDUCED PHASE TRANSITIONS IN MAGNETITE
Kuzikova A.V, Shelukhin L. AMaximov F.R%, Chernov |.E, Pisardr.V !, Kalashnikova AM.
! |offe Institute, St. Petersburg, Russia
2 Russian Quantum Center, Skolkovo, Russia
3 Moscow Institute of Physics and Technology, Dolgoprudny, Russia
anna.kuzikova@mail.ioffe.ru

Laserinduced phase transitions in solids can be used to switch from one phase state to another at
picosecond timescales. This raised a question about mechanisms of ultrafasinghnoed
transitions (PIPT) and thelink to equilibrium ones. The patidongwhich the medium follows
during PIPT is especially intriguing in materials, where several transitions occur simultaneously.

In this work we aim astudying ultrafast PIPT in a model ferrimagmeagnetiteFe:O4. The
magnetic phase transition magnetite may have knk to electronic and structural ones. The
magnetitepossessea firstorder Verwey transition from a monoclinic insulating to a cubitaine
phase at a temperature of 123 K. Dynamics and mechanism of thdrasearVerwey transition in
FesO4 is the subject of many workd,p]. At temperature of 130 K, E®s demonstrates spin
reorientation transition (SRT) when the sign of the magneiiiccanisotropy parameter changes.
The relationship between the Verwey transition and the SRT at equilibrium remainp@ar |
goal was to study how SRT is connected to the Verwey transition during ultrafast laser excitation.

We performed femtoseconuie-resolved studies of optical reflectivity and magrepdical Kerr
effect (MOKE) in FeOs single crystal at various laser pulse
fluences and sample temperatures [4]. Based on t

characteristic thresholds of the reflectivity change as 3 ' 3 i,

A o =8 mJ/cm
function of thepump fluence, weouldconcluded that alaser £ 5| .
pulse induces the ultrafast Verwey transition only when it ¢ .
fluence exceeds certain threshofdl.6 mJ/crif as obtained % o
at T=80 K On the other handbservation of laseénduced £
magnetization precessiqrigure 1) yielded counterintuitive = 0.8 mJem®
result, showing that SRT is induced at fluences well belo 5 0k , . it
the threshold for a Verwey transition. However, by carefull & 00 0.2 0.4

.. . . : Delay time At (ns)
examining volution of the precision parameters and

equilibrium magnetic hysteresis loopsth temperaturend Figurel. Typical signals in the
Iaser_f_luencewe show that lasénduced SRT and_ Verwey pumpprobe method.

transitions are coupleddowever, only by measuring laser

induced precession excited due to SRT it was possible to reveal PIPT occurring athieelow
threshold fluences.

In conclusionwe havedemonstrated that the underlying mechanism {amkrced magnetization
precessioin magnetite in a wide temperature range280 Kis the switching of anisotropy axis due
to ultrafast SR transitionDepending on laser fluencdae photeinduced transitin occurseither in
awhole excited material or separate domains, signifying its fa@tder character beyond the thermal
equilibrium[3].

Support byRussianScience Foundation (Grant No.-Z22-00039)is acknowledged
[1] S. de Jong et alNature Mater, 12 (2013) 882.

[2] J.E. Lorenzo et.alRhys. Rev. Le{t101(2008) 226401.
[3] A.V. Kuzikovaet.al.,Phys. Rev. BL07(2023) 024413.
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THE EFFECT OF AN EXTERNAL MAGNETIC FIELD ON SURFACE
PLASMON-POLARITONS IN THE VO ,-SIO-METASURFACE
STRUCTURE BASED ON GRAPHENE
Usik M.O, Kuzmin D.ABychkov 1.V.
Chelyabinsk State University (CSU), Chelyabinsk, Russia
usikmo95@gmail.com

In this paper, the behavior of surface plasmon polaritons (SI"™
in the structure of vanadium dioxiddicon dioxidehyperbolic
metasurfacainder the influence of an external magnetic field
studied (Figire 1). Since the effect of phase transitions on "
nature of excitation of SPPs is of particular interest, vanad
dioxide was taken as one of the layers, since its phase trane . e
from the dielectric state to the metallic state occurs at temperar *
close to room [1]. A

A lattice of graphene strips was taken as a hyperb Figue 1. VQ-SiO-hyperbolic
metasurface [2]. Such a surface is capable of supporting metasurface structure.
propagation of both TM and Fgolarized plasmons.

To acount for the phase transition of vanadium dioxide, the already known data of its
characteristics are taken as a function of temperature. Applying linear approximation and using Drude
theory [3], it is possible to obtain a model that is quite simple sortee.

I n order to investigate the behavior of surf
with the corresponding boundary conditions at each interface. For monochromatic wave

O HO x A@DP'Q o0@e [ » [4], where] is an agular frequencyk is a propagation
constant,andr ar e | ocal i zat ipSi, adoennsattaenst sii v(alh a=d iVvuOm d i
di oxideo and fairo, consequently). Wi th these
medium is read:

P Q6 hihy. Qo . 1)
B S o --HE . U 2=Sioya@
Boundary conditions should be satisfied for total fields:
C‘>v"ﬁ§ C") i ,? e O &y B 2)
¢hO fig Oﬁg ”OF‘S , O i OF‘S :

wheren is theunitaryvector perpendicular to the interfa@eis tensor of graphene conductivity,
is a tensor of permittivitynder the influence of an external magnetic field.

As a result otalculations, it is shown how the Isofrequency contour of SPPs changes taking into
account the different direction of the external magnetic field. It is also shown how an external
magnetic field affects the direction of static magnetization caused byvirse Faraday effect. This
work can offer additional ways to control the behavior of surface plasmons, as well as become the
basis for the study of new selfljusting structures.

Support by RSF (229-00355) is acknowledged.
[1] T. Peterseinet al, Jou. Appl. Phys 120(2016)075102.
[2] J.S. GomeD i a z , M. T y mPhysicalkRevijew LLetterd 241(28£1,5)233901.

[3] M. Tazawa, P. Jin, and S. Tanemukaplied optic$37(10)(1998)1858.
[4] 1.V. Bychkov et al, Optics Letters3(1) (2018)26.

168



SISM - 2023
3POL5-7

THE PECULIARITIES OF MAGNETO -OPTICAL SPECTRA OF NiFe-Ta

BILAYERS
Yashin M.M, Pripechenkov F,Murasov A.N.Skidanov V.ASimdyanova MMA. Gand $hi na E
Gladyshev I/Granovsky.B?
IMIREA 8 Russian Technological University, Moscow, Russia
2LLomonosov Moscow Statgniversity, Moscow, Russia
3The Institute for Design Problems in Microelectronics, Moscow, Russia
yashin@mirea.ru

The study of various properties of promising nanostructures is very relevant today. In such
structures, it is possible to enhance various effects, for example, such as magnetoresistance,
extraordinaryHall effect, large magnetoptical activity, etc. Suchystems include layered nanoscale
structures. Modeling of optical and magnefatical observed effects makes it possible to estimate
various characteristic parameters of the studied samples ir@ntact way [1].

We present results ahagneteoptical investigations oNiFe-Ta bilayersin transverse Kerr effect
(TKE) geometry in the spectral rangei®t® eV and magnetigeld up to 3.0 kOelhe samples were
fabricated by magnetron sputtering on Si substrates. Recently, by measurements the TKE for the
sane samples using white light it was revealed the B inversion and amplitude enhancement
even wherthe thickness of Ta layexceeds light penetration depth. To understand this surprising
behavior we investigated spectral dependences of dtkBan temperaturearying thicknesses of
both NiFe and Ta, and calculated the TKE spectra forNl&/8i structure. Modeling of optical and
magneteoptical spectra were performeding Fresnel formulas for multilaysystems 2, 3 using
optical and magnetoptical parameters for bulk NiFe and Ta[4].

The obtained TKE spectra exhibit very complicated behavior as a function of NiFe and Ta
thickness. We confirm theKE enhancementor definite light waves and Ta thicknessThe
calculations show that the TKE sggrcan be significantly enhanced for rather thick Ta layers.

In the presentation we discuss the possible mechanisms for observed features and reasons for some
disagreement between theory and experiment.

The work issupported by Ministry ofScience and High Education of RfState task for the
Universities No. FSF20230005) and the program "Accelerator MIRBA Russian Technological
University".

[1] V.A. Skidanov,EASTMAG conferenc@022.

[2] A.N. Yurasov et al.Bull. Russ. Acad. Sci.: P&y86(5) (2022) 63.

[3] V.M. Mayevsky,Physics of Metal and Metallograpj%9 (1985) 2132109.
[ 4] K. K. TMateruDegy1i14420%/} 3138.1
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THEORETICAL AND E XPERIMENTAL STUDY OF EFFECTS IN THE
TWO-SUBLATTICE IRON GARNET SYSTEMWITH THE

MAGNETIZATION COMPENSATION POINT
Gusev N.A? Ignatyeva D.63. Prisyazhnyuk A3/Prilepskii 1.¥,.Krichevsky D*f£. Polulyakh SAN.
Zvezdin A.K, Berzhansky V?NBelotelov V3
! Russian Quantum Cenjéfloscow Russia
2 Vernadsky Crimean Federal Universi8imferopo) Russia
3 Lomonosov Moscow State Universityloscow, Russia
4 Moscow Institute of Physics and Technology (MIPDdlgoprudny Russia
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Despite the fact thathestudies of the temperature dependence of the magnetization of ferrimagnetic
films and thecorresponding temperatuedfects have attracted the attention cfe@chers since the
middle of the last century [1], interest in this scientific subjectdtiamgly grown in recent years
mainly due to the variety of experimentakthodsfor studying magnetic materiaiscluding the
optical pumpprobe technique [2]At the same time, the interesting theoret@pproachfor such
problems, nameduastantiferromagnetic approximatipmvasproposed by A.K. Zvezdif3]. The
approach consists in reducing the four angsidrerical coordinateariables(d:, {anddz, 4 of the
magnetization vector8l1 andM:2 of the sublattices of a twsublatticemagneticsystemto the two
angularspherical coordinateariables (f and() of the aniferromagnetieectorL .

This approach makesne possible to obtain the Lagrange functioghaotwo-sublattice system,
written in terms of the angle$ and (i of the antiferromagnativector,to calculate the Lagrange
equations and the linearized equations of sroatlillations of the angles, which describe the
preession of thevectorL at different temperatures, in magnetic fieldshad different magnitudes
andthe different spatial configurations, taking into account the antisottgpg of "easy axis"or
"easy plane". Thetgdy of the energy function gives the equilibrium states of astwmattice system
depending othetemperature, which are dded into two large groups: thevector is parallel to the
line along theapplied magnetic fieltH, andatan angldo it. The first group of states can be called a
collinear phase, and tlsecond a nonrcollinear oneThe transition between them can be considered
as a secondorder phase transition, similar to the transition between the paramagnetic and
ferrimagnetic states. Nexane can calcuta thefrequencies and the amplitudes of the precesas
a function of temperature amdagnetic field, anisotropgonstani@and interlattice exchange for both
phases.

This reportfocuseson thedescribtion theéhe statics and adhamics of he antiferromagnetigector
of a twosublatticeiron garnet filmin the collinear and nosollinear phass by thequast
antiferromagneticapproximation and comparing this describtion witle experimental results
obtainedby the pumpprobe techniqueSomenew effects, such as energy degeneracy in the non
collinear phase and the behavior of the gafistantiferromagnetiecnode in the vicini of the phase
transition point are theoretically predicted asércheadxperimentally.

Thework was financially supported by the Ministry of Science and Higher Education of the Russian
Federation, Megagrant projecbl@75-15-20221108andRussian Science FoundatigrantNo 23
62-10024.

[1] S.Geschwind, L. R. Walked. Appl. Phys.30(4) (1959) S1635170.

[2] A.Stupakiewicz,T. Satoh,J. Phys. Soc. Ja®((8) (2021) 081008.
[3] M.D. Davydova et aJ.J. Phys.: Cond. Matt32(1) (2019) O1LTO1.
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OPTICALLY INDUCED LOCALIZED SPIN-WAVE STATES IN ALL -

DIELECTRIC NANOPILLARS
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1 Moscow Institute of Physics and Technology, Dolgoprudny, Russia
2Russian Quantum Center, Moscow, Russia
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Control of spin waves and their quantaagnons in ordered magnetic materials is a key for energy
efficient devices, such as Boolean logic elements, memory cells, sensoegeraedts of quantum
computing[1]. Currently, altdielectric nanophotonics brings a new perspective ted®sipative
light-spin coupling in nanoscale magnetic materials via optical modes excitation [2].

Here we propose an dalielectric twedimensional array of bismuth iron garnet (BIG) nanopillars
(period 900 nm, height 515 nm and diameter 450 nm) on SiO2 substrate. The gguu@dride Of
the structure were designed to localize electromagnetic energy inside the nanopillars via specific
optical states. It was observed, that such localization induces complexamrbehavior excited by
the inverse Faraday effect (IFE).

Spinwave dynamicsvas studied via mangetootical
pumpprobe technique (timeesolved Faraday o
rotation- TRFR).Thesystem was pumped by 730 nm
circularly polarized pulse. This wavelength
corresponds to resonant dip in the transmittanc
spectra of the sample. At the resonaopgcal energy
is highly concentrated inside nanopillar. As a resul
IFE effective magnetic field is also highly localized
inside the pillar. This IFE field stimulates
sophisticated oscillations in TRFR signal (fig1). — - -~ - -

The measured TRFR signal is ditlg connected with | C Tmems) ‘
magnetization oscillations and corresponds to spin

waves. There are distinct beats in the signal of TRFRigurel. TRFR signals of the sampl
(Figure 1) which indicate multiple spiwvave modes measured for different values of tr
excitation. external magnetic field.

16
14 4
124 |
101

Polarization rotation (urad)

L orm s o
L

This work wadinancially supported by Russian Science Foundation, Grant NG221D020.

[1] A. Chumak et aJ.Nature Physicsl1(2015)453
[2] A.l Chernov et al.Nano Lett, 20 (2020)5259
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ULTRAFAST DYNAMICS OF MAGNETIC ORDER AND SPECTRAL

ADDRESSING THE SUBLATTICES IN FeCr 204 SPINEL
Yusupov R.\Petroi.V., Cherosov M,.Batulin R.GKiiamov A.GNasyrova M.I.
Nikitin S.1, Eremin M.V.

Kazan Federal University, Kazan, Russia
Roman.Yusupov@kpfu.ru

Compounds with the spinel crystal structure have a chemical formulghdizMs (M and Mt
being metals and X oxygen or a chalcogen) and represent a wide class of the materials that may
reveal different physical properties. The structure includes trehestrallycoordinated cationic A
sites and Bsites with octahedral surrounding. If eithef & Mzions, or both, belong to transition
metal group and have unpaired electrons inddsiell then different kinds of magnetic ordering
develop. On one hand,gthightemperature crystal structuserelatively simple andsually has the
cubic symmetry. On the other, thesBe network has the pyrochlore structure and, being occupied
with magnetic ions, is the subject to the magnetic frustration. Recently, amgiitity with a
spontaneous or an electfield induced metastable electric polarization in magnetic spinels has been
reported.

In our talk, the results of ultrafast magnetooptical Kerr effect study (in polar geometry) of single
crystal iron chromite Fei@0, (FCO), a representative of multiferroic spinels, will be presented. On
cooling from room temperature, FCO experiences a sequence of phase transitions: the structural
secondorder transition at 438K from cubic to tetragonal symmetry due to an otbatalering
within the Asite F&* ion sublattice; afln ~ 65K, a magnetic ordering to a collinear ferromagnetic
state takes place, which is accompanied by a crystal structure symmetry lowering to the orthorhombic;
atTs ~ 38 K, magnetic structure rearraegj with presumably a development of the spiral modulation
of the magnetic order.

Experiments have been performed in a ptyprgbe sequence with pumping at 800 (1.55eV)
and probing at either 40@n (3.1eV) or 2000nm (~0.6eV) wavelengths with pulseudation of
~50fs and repetition rate of 1 kHz. A wide temperature rangel &GD K was covered. The chosen
probing photon energies of &Y and 0.&V correspond essentially to the-site d-d transitions of
the C#* and Fé" ions, respectively.

We find that the extracted ultrafast Kerr rotation angle transients are detected onlytalgith
the 400nm probing, the transients can be described with aetyponent rise with the time scales of
4-6 ps and 50 ps followed by a partial recovery artypical spinlattice relaxation time of 560
1500 ps. The recovery process reveals a clear critical slowing down on approachifige
amplitudes of either the rising (demagnetization) or decaying (magnetization recovery) components
closely follow the mgnetic moment temperature dependence.

Under 2006nm wavelength probing, in general, the responses can be described as well with three
exponents with the same order ti me scal es. |
amplitude sign change afls, intermediatetime component is observed only in a limited temperature
range, and the recovery component has a counterintuitive lifetime dependence revealing acceleration
on temperature increase.

An observation of strongly different Keangle transients alifferent probe wavelength allow us
to conclude on a possibility of spectral addressing the magnetic dynamics oftteadr€?* ion
sublattices. Anomalous temperature evolution of the transient witRG@@nm probing will be
discussed in relation @ pronounced magnetoelectric coupling at the i@ sites [1].

Support by Russian Science Foundation, project NdA.24@0244 is acknowledged.
[1] K.V. Vasin M.V. Eremin J. Magn. Magn. Matey537(2021) 168185
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MAGNETO -OPTICAL ELLIPSOMETRY OF THIN MAX FILMS WITH
OPTICAL UNIAXIAL ANISOTROPY
Maximova O.%&, Lyaschenko $.Xakovlev I./AShevtsoWD:, Andryushchenko.T ¥arnakov S.N.
Ovchinnikov S'&.
1 Kirensky Institute of Physics, Federal Research Center BBRAS Krasnoyarsk, Russia
2 Siberian Federal University, Krasnoyarsk, Russia
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A technique has been developed for magiogtiical ellipsometry characterizing thiifhm samples
with optical anisdropy, including MAX materials All magneteellipsometric measurements were
carried out in the geometry of the magnrefiical transverse&err effect, when the magnetization
vector lies in the sample plane parallethe z axis. In contrast to paper,[Whee we considered
thick MAX films, this time we considered MAX films as an effective thin magnetic medium with
optical uniaxial anisotropy characterized by refractive indidgs N in the sample plane and,
perpendicular to it, on an isotropic substrate.

In order to analyze the reflection offit from the testd sample, instead of the traditional Fresnel
coefficients, it was necessary to use reflection coefficients that take into account the optical anisotropy
of the sample, which leads to a difference in the diagonal components of the pigyrgttisor. In
addition, it was necessary to take into account the magmical response, namely, the stimulated
anisotropy caused by the application of an external magnetic field to the sample, which led to the
presence of nonzero effiagonal elemestof the permittivity tensor. Such expressions were
foundin the literature, which led to the need to derive the reflection coefficients (rO1p, r10p) and
transmission coefficients (t01p, t10p) for the interface of these media, already taking inttd #ueou
magneteoptical response. Accordingly, the appearance of the second term in the reflection and
transmission coefficients at the interfaces was shown. The final expressions for the found coefficients
for p-polarization are not symmetric due to takingp account both the magnedptical response
and optical anisotropy. In this case, neither one nor the other affects the coefficients for the s
polarization, in view of the fact that thensverseonfiguration of the magnetoptical Kerr effect
is corsidered and that thecomponent of the electric field vector corresponds to an ordinary wave.

As a result, the necessary mathematical expressions were obtained for the analysis of the optical
and magnetmptical properties of thin MAX films on a substratecording to spectral magneto
optical ellipsometry data.

Support by the grant from the Russian Science Foundation Nt2-P0D226 http://rscf.ru/project/24
12-00226/is acknowledged.

[1] O. A. Maximovaet al, JETP1335) (2021) 581590.
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EFFECT OF GRANULE SIZES ON MAGNETO -OPTICAL SPECTRA OF

NANOCOMPOSITES
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Magnetic nanocompositdes!l é@dterirodagn e éxiputimgme 6 atr
pronounced magnetic, transport and magiogtocal properties. The magnetptical transverse Kerr
effect (TKE) allows norcontact investigation of nanostructures, giving valuable information about
themagnetic microstructure of samples [h]the preseration, a comprehensive analysis of the effect
of the size of granules on the magnrefiical properties of nanocomposites is carnat focusing
on influence of each of the variomsicroscopic parameters such the mean free pattplasma
frequency, relration time, the coefficiestof the extraordinary Hall effect sidethe granule and on
its surface, the shape of granules, etc.

Three main mechanisms of the influence of granule sizes on the TKE are considéned
framework of the effectivenedium tkeory. The first mechanism is associated with a quatesssical
dimensional effectvhen the granular size is less than the mean free path of electrons. Taking into
account corresponding to this effect changesath the diagonal and nahagonal componeatof
the dielectric permittivity tensdDPT) [2,3] it is showrthat this mechanism is significamtly in the
IR region of the spectrum. The second mechanism is associated with an ie¢réesspinorbit
interaction (SOI) on the surface of the granubdtecting the interband transitianin this case, the
non-diagonal component of DPT responsible for the TKE can be written as:

rr P — T —

wherea is the thickness of the surface layer with reinforced SOI. It can be sdesvdraminor
differences in the SOI on the surface of granules with a thickness of a monolayer will lead to a change
in the value of the TKE in the entire optical frequency range. The third mechanism is manifested
during annealing of nanocompositéss a esult of annealinghe shape of granules and their size
changelt leads to drastic changes loéth optical and magnetaptical propertiesFor example, if
magnetic ions dissolved in the matrix during annealing are attached to the granules, then the volum
fraction of ferromagnetic component changes, shifting the percolation threshold and DPT. This effect
of annealing is strongly pronounced for nanocomposites with the metal volume fraction close to the
percolation threshold.

Consideration of all three mieanisms makes it possible to significantly improve the description
of recentexperimental data.

The work issupported by Ministry of Science and High Education of (Skte task for the
Universities No. FSF20230005).

[ 1] E.A. GaET®4BPRIY 11X al . ,

[2] A.B. Granovsky, M.V. Kuzmichev, A.N. YuraspBull. of the MSU.6 (2000) 67.
[3] A.N. Yurasov et al.Bulletin RAS, Ser. Phy86 (2022) 716.
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MECHANISMS FOR REGULATING THE FREQUENCY STABILITY OF
THE MAGNETOCALORIC EFFECT IN POLYCRYSTALLINE
MANGANITES
Gamzatov.G., AbdulkadirowhZ., Kadirbarde®J ., AlievA.M.
Amirkhanov Institute of Physics, DFRC RAS, Makhachkala, Russia
nnurizhat@mail.ru

Recent studiefl-4] of materials with giant MCEs have shown that the magnitude of the adiabatic
temperature change decreases with increasing frequency of the cyclic magnetic field. In addition,
degradation of theeffect is observed under loAgrm exposure to cyclic fields, which directly
prevents their practical application. It was shown that the microstructure, domain structure,
multiphase nature of the sample, and phase boundaries play an important role in thesdyhtina
phase transition and the frequency stability of the MCE.

Manganites are prominent representatives of materials with giant values of the magnetocaloric
effect [p]. The study of the influence of grain size on physical properties including thestoagloric
effect of manganites has been studied in detail. This paper presents the results of a study of the
influence of the size of granules (microstructure) on the value and frequency stability of the
magnetocaloric effect of B#Sr.Ca.1MnOs mangaite (PSCG1300, 900, 600-with different
microstructurg in a cyclic magnetic field of 1.2 T hesesamplesvere preparedy a combination
of the solid-statereactionandthe mechanicaball milling methods

Our results indicate that for alamples, a decrease in the MCE is observed over the entire
temperature range with increasing frequency. The decrease in the effect with increasing frequency
from 1 to 20 Hz is approximately 47%, 54% and 81%, respectively, forI38C, 900, 600. A
decreasén the grain size in BrSn.2Ca.1MnOs manganite leads both to a decrease in the MCE and
to a stronger frequency dependence of &T. The
granules is presumably associated with a decrease in the magnetiadtiich is associated with a
change in the ratio of the core and the rmaface layer of the granule. The strong frequency
dependence of the MCE has a more complex origin and may be a combination of several frequency
dependent mechanisms that requirgergetailed studies.

The study was supported by the Russian Science Foundation grant N2-0Q810
(https//rscfru/en’project22-19-00610).

[1] A. M. Aliev et al, J. Alloys Compgd 676(2016)601

[2] A. M. Aliev et al.,J. Magn. Magn. Mater553(2022)169300.
[3] A. G. Gamzatowt al.,J. Appl. Phys 124(2018)183902
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PHASE SHIFT AT MAGNETOCALORIC EFFECT MEASUREMENTS IN
AC MAGNETIC FIELDS AS A MARKER OF THE MAGNETIC PHASE
TRANSITION ORDER

Aliev A.M, AlisultanaX.Z., Gamzatov A.G.
Amirkhanov Institute of Physics of DFRC RAS, Makhachkala, Russia
lowtemp@mail.ru

When studying the magnetocaloric effect in alternating magnetic fields, the matelealstudy is
exposed to an alternating magnetic fiéld= Hosin ut, whereHo is the amplitude value of the
magnetic field, ¥ is the cyclic frequency of
to an alternating magnetT=OTosin(ue-l/)] ovh @orishtkepr e p |
amplitude value of the teperature changéj is the phase shift between the magnetic field and the
temperature response of the sample. With the conventional direct measurement of the MCE, we get
only the value of t he Tawhile anbaauting i adliternatne freld, wel r e ¢
get two parametergdl and phase shitt. The latter parameter can provide valuable information about
the behaviour of a magnetic system in alternating magnetic fields and some peculiarities of magnetic
phase transitions.

In the workwe present the results of direct measurements of the MCE in alternating magnetic fields
of low amplitude (up to 3 kOe) and a frequency of 0.3 Hz in various magnetocaloric materials,
including Gd, with a seconrdrder ferromagneét-paramagnét phase transin, MnAs compound,
with a firstorder ferromagnéat-paramagnét phase transition, keRhes2 alloy, in which a firstorder
transition from a lowtemperature antiferromagnetic phase to a{éghperature ferromagnetic phase
is observed, as well awo sampés ofthe Heusler alloy: the first one isNise Mnao0.4ni03 in which
a series of magnetic phase transitions are observedidngbterature secormrder ferromagnetic
austenitgparamagnetic austenite transition, the magnetostructural austeninsite phase
transition and transition to the ferromagnetic state in the martensite astdt¢he second one is
NissMn1gV3Gapilna with second order ferromagnef@aramagnetic phase transition

In the studied compositions, a strong dependence of the phasmgh#tmagnetic field was found
in the region of the first order phase transitions, while at the point of the second order phase transition,
the phase shift is almost independent of the magnetic field. The observed results can be explained on
the basis ofthe fluctuationdissipation theorem. At the secoeadder phase transition point,
fluctuations of the order parameter are strongly developed and they are static, while nearcefirst
phase transition point, the fluctuations depend on time and rapicéy d€his results in absence a
phase shift between the perturbation (magnetic field) and the response, in this case, the signal from
the thermocouple at the point of the secondier phase transition. At the same time, due to the short
lifetime of fluctuatons in the region of firsbrder phase transitions, the dependence of the phase shift
on the perturbing force or its frequency will be observed. It is also shown that phase shift anomalies
are well manifested in the region of some magnetic phase trassifits example, spireorientation
transitions, which are usually weakly manifested in other physical parameters, such as magnetization,
heat capacity, etc. The results obtained show that by studying the phase shift when measuring the
MCE in alternating ragnetic fields of low amplitude, one can detect some subtle magnetic phase
transitions, as well as determine the order of magnetic phase transitions.

Thiswork was supported by the Russian Science Foundation grant-48-0fi510.
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PHASE STABILITY OF HEUSLER ALLOYS Ni-Co-Mn-Z (Z = Ga, In, &, D)
ErageK.R, Sokolovskiy V. \Buchelnikov V.D.
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Nowadays, Mrrich Ni>xCoMn1+yZ1.y (Z = In, Sn, Sb) Heusler alloys attract a particular attention
due to exhibiting of various multifunctional properties such as the metamagnetic shape memory
effect, the giant inverse magnetocaloric effect, the exchaiagesffect and etdt is known that the
additional element at the Nite in Heusler alloys can affect both magnetic and structural phase
transitions, which leads to a change in the magnetocaloric propé&itiesxampledoping of Co
element at Ni siteaffects the critical temperatures and exchange interactiomaanfensite and
austenite phases in Win3zoGapo alloy [1]. However, the issues of phase stability of that alloys were
not considereg/et

Thiswork presents the results of a study of the pragef Np.xCoMn1+yZ1y alloys (x = 0, 0.25
and 0.5, and y = 0, 0.25, 0.5 and 0.75) whereGa, In, Sn, Sb. The calculations were performed
with the help oVASP software package [2], in the GGBE approximation [3]. The integration of
the Brill ouin zon-eentaradsgridovahrardensityy of 65000 paints piée of |
inverse lattice. Two cases of magnetic moment ordering were consideredhdgneticc FM and
ferrimagnetic- FIM, as well as the arrangement of magnatmment agstaggered andclayerec.

The stability of the compounds was evaluated using the formula:

0O (0] B O,
whereE is the btal energy of the alloy, arif] are the energies of theple, binary compounds and
isolated elemest which were calculated using the aboventionedpotentials, taking into account
data from the Materials project electronic resource.

It is known [1] that increasing the Co concentration in rstaichiometric NiCo-Mn-Z alloys ¢ =
Ga, In, Sn, Sb) stabilizes thé austenitic phase relative to théM staggered martensitic phase and
results in disappearantiee phase transition. However, for tetragdridll layered compositions, the
opposite dependence is observed astthal energy of the layered martensite increases with
increasing Coln this connection, the main conclusion is that -stmichiometric NiCo-Mn-Z
Heusler alloys with #n excess of ~12.5%nd to the ground state wiEiM layered orderinglt is
also important to note thali>.xCoMn1+yZ1y alloys become less stable relative teNihZ staggered
structurewith increasing concentrations Mn and ®ecause nostoichiometry is a defect ithe
structure At decreasingx and increasingy alloy tend to be stable, approaching thexNih.
concentration with layered ordering FIMhe authors [4] demonstrated similar results of segregation
calculations for ternary Heusler alloys.

This work wassupported by the Ministry of Science and Higher Education of the Russian Federation
within the framework of the Russian State Assignment under contract N@1d8323-00. K.R.

Erager gratefully acknowledges the Young Scientists Support Fund of the @hskystate
University.

[1] F. Albertini et al, Mater. Sci. Forum.684(2011) 151.

[ 2] G. Kr e s s ,@hys. Rev. BBA(1936n1dl69. | er .
[3] J.P. Perdew, K. Burke, M. Ernzerhd?hys.Rev. Lett, 77 (1996) 3865.
[4] V.V. Sokolovskiy et al.Phys.Rev.Materials, 3(8) (2019)084413.
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Kuvandikov O.EubkhankulovKhamraev N.Bazhabov R,Mnamnazarov D,Khomitov Sh.A.
Samarkand State University nhamed after Sharof Rash&bmarkand, Uzbekistan
sherxomitov@gmail.com

Amorphous alloydased on transition metals with additions of metalloids belong to the class of
promising objects of modern materials science. This is due to the presence of unique properties in
these alloys. In this regard, the study of the thermophysical propertieN$iE amorphous alloys
at high temperatures makes it possible to build a complete picture of the formation of a nanocrystalline
state and reveal the features of the relationship between the crystalline and amorphous states.

To interpret the experimental results, the free volume model [1] was used, within which the
concentration dependence of the specific heat capacity would be nungecadalilated for these
samples, for which the measured specific heat capacity does not change significantly in the
temperature range from room temperature to 50
capacity decreases, and its lower valuehedacs it s mi ni mum value at a t
specific heat capacity decreases to a value o
original value of the specifiche®.f t er t hat , starting fr deorease t e my
in the curve is observed and a decrease in the heat, .
capacity to a temper a o o : ——, start
from this temperature, it sharply decreases ai {101 \ i 200
Cp increases with increasing temperature ], ] 2
According to the results of calorimetry, the |
thermal efects occurring in the sample durincz | \] :

200 + 400

1/ ™
300 4 -500 v - 100

area under the curve on the graph. It is know
that the area under the curve is its antiderivatiy 1“1
function, the value of which is found by
calculating a definite integkaHaving only the . s :
results of the experiment on hand, the area on t P, A P T (A TR
graph was calculated by numerical integratio.. Temperature, 'C
using the trapezoidal method. The integration
segment is divided into several intermediatEigure 1. Graph of the dependence of t
segments, and the graph of the integrand $pecific heat capacity of the samples
apprximated by a broken line. The area of thé&emperature
integrand is approximately calculated by the sum
of trapezoids. To eliminate the imperfection of the curve, the least squares method is used, which in
this case made it possible to accurately calculate the areaaermtdingly, the thermal effects
occurring in the sample during heating. In this case, the magnitude of the thermal effect (enthalpy
change) al on g-72834 &kg.dtean betseen that thetheat creates crystallization centers
in amorphous atlys; one can observe that a fisstler phase transition occurs.

Thus, the results of the calorimetric analysis show that no phase changes occur in the sample starting

673N11325152C 4
ss sNi19 1514 9Cr s

500 4 -700 4 2

from roomtemperaturé¢ o 500 AC, after which an ierauseea s e |
significant ther mal effect, the first ther mal
continues up to the temperature 525AC. Thi s |

transition according to the type of crystadliion.

[1] K. Russew, LStojanovaGlassy Metal¢Berlin: Springer2016.
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The implementation of magnetioolingat cryogenic temperatures is possible using mechanical or
gas thermal switches. In turn, the development of mechanical thermal switches requires mechanically
resistant thermal terfaces for periodic operatioithe am of this work is to study the possibilities
of multilayer graphene as a thermal interfatlke paper investigates a detachable contact pair of
copper blocks (movable and fixed) and a graphene interface, synthesized on the contact surface of a
movable coper block. The contact surfaces of the studied samples were ground and polished, and
then the quality of the surface was checked using scanning probe microscopy. Graphene was
synthesized in an atmosphere of hydrogen and argon using a PlanarFeWDGES séup. The
number of graphene layers was determined using Raman spectroscopy based on the ratio of the
intensities of G and 2D peaks, which are well studied in the Raman spectrum of grdph€&he [
intensity ratios obtained showed the presence of 3 taphgne layers. For measuring the thermal
contact resistand@RC), a detachable contact pair 1 was placed in a cryostat, the fixed copper sample
(position 3) was attached to the rod in the region of the magnetic
field, and the movable one (position 4) vedtached to the rod
of a linear electric motor. Bottamples were attached through a
PTFE spacer to sample holders made of ABS plastic. The
temperature change of the samples was determined using
¢cCernoxe sensors (position 2), and type differential
thermaouples (position 1). At the opposite end of the copper
sample from the contact surface, a heater made of nichrome wire
with a resistance of 4.4 was glued to set the required
temperature. To determine tA&RC, we used the method for
nonstationary heat div described in3]. The samples were
cooled in helium by cooling the rod using a cryocooler operating
on a closed GiffordMicMahon cycle, after which the helium was
evacuated and the vacuum evacuation post was turned on,
creating a pressure of 4%510° mbar. TRC was measured in
the temperature range frol5 K to 140 Kin magnetic fields of
2, 5, and 10 TFor example, near a temperature of 75K, where
the maximum magnetocaloric effect the GdNi2 alloy is
observed TRC was about 2:10° m?K/W, and in amagnetic
field of 10T 1 1.2¢10°° m?K/W, that is, a decrea§eCR of this
thermal interface under thefluenceof a magnetic field.

Figurel. Sample mounting
scheme

The study was supported by a grant from the Russian Science Foundation (pr&6ct%60745,
https://rscf.ru/project/ @19-007435).

[1] Y.Hwangboetal., Carbon 77 (2014) 454461.

[2] V.M. Popov Teploobmen v zone kontakta raz'emnuch i ne raz'emnuch soe(@sdow:
Energiya 1971).
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At present, alloys that undergo magnetic and magnetostructural phase transformations (PT) are of
considerable interest to researchers due to the combination of their multifunctional properties. The
study of such phaseainsitions makes it possible to establish the mechanisms of the formation of
magneticorderingand the regularities of the behavior of the system in the critical region of the phase
transition, as well as to determine the change in magnetothermal pagmedgnetizatiorM,
electrical resistancg heat capacitg,, etc.

One of the most important parameters that determine the influence of external conditions on the
state of the system and the change in its parameters is the tempé@raumehich the phase
transformation occurs. The determination of the characteristic temperature of the phase
transformation is possible from the data of measurements of the temperature dependences of the
magnetizationVI(T) or electrical resistance ( of)the materials undestudy, by extrapolating the
curves in the region of a significant difference in the parameters of the two phases. In addition, using
the curves of isothermal magnetizatibt{H) or electrical resistance ( Hone can determine the
magnitude of the magnetitield strengthH at which the phase transition is induced. Mostly,
measurements of temperat&T), } ( &nd field M(H), } ( Hi¢pendences are carried out in
stationary magnetic fields under isothermal conditidng][ However, if pulsed magnetfelds are
used, then the latter can also be obtained under adiabatic condgjods An alternative for
measuring M and J under adiabat i c cdpimsthiioharyons ¢
magnetic fields. There are differences betwde characteristic temperature of the phase transition
and the magnetic field strength at which the phase transition is induced, determined under isothermal
and adiabatic conditions, which will be considered in the framework of this work.

In this work, he extraction method of measuremésjti$ implemented, with the help of which the
study of the magnetotransport and magnetocaloric properties of a sample ofs8ie¢ ddmpound
under adiabatic and isothermal conditions at cryogenic temperatures inghdraan 25 K to 110 K
in strong magnetic fields up to 10 T was carried out. The obtained depengefciasd) ( Hre
compared under different thermodynamic conditions. The results of the magnitude of the
magnetocaloric effect obtained for a sample of MesSis compound in the region of the
magnetostructural phase transition are discussed.

The study was supported by a grant from the Russian Science Foundation (proje€t%60205,
https://rscf.ru/projecR0-19-00745/).

[1] C. Surgers et alScientific Reports7 (2017) 42982

[2] R. F. Luccat al.,J. Magn. MagnMater.,489(2019) 165451
[3] M. Tokunaga et alPhys. Rev. B59(1999) 11151

[4] K. Kamishima et al.Phys.Rev. B63(2000) 024426

[ 5] Yu. S. K adsMagniMdgd.Mater. &33(2@L7) 234.
[6] A.S. Kuznetsov et alRhys. MetMetallogr., 123(2022) 397401.
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Currently, a large number of materials with large magnetocaloric effect (MCE) havstbdeu
at low temperatures, howeventerest in a such materials is only growing luguefied natural g&s
has become one of the strategic energy carriers, thus, a fundamentally new approach to the
liquefaction of natural gases based on MCE is being actively developed [1]. Ahenthe binary
systemdased orif-3d metalsare very promising for practical dpgation, especiallylloys with the
structure of Lave phase- AB> [2, 3]. But these compoundsave a highcontentof 4-f element
Therefore, thanvestigationfor alloys in which it is possible to reduce the content of-eamth
componentas aexpense btransition metals continues. This prompted us to study magnetic and
magnetocaloric properties ins8is (R = Tb, Dy, Ho) compounds in magnetic fields up to 3 T.

The results of measurements of thagnetichysteresis loop at T = 50 K, showed that these
compounds havesnallcoercive force andhowedendency tsaturatiorat smallexternal magnetic
fields, which agrees witbtherliterature data [4].

The chang®f magneticentropy reahes a maximum value qfsm &  1/kgBK for TbsSis, oBm
& 7 Jkg*&1for DysSis, andgbmd  1/kg8K™ for HosSis atthe magnetic field chang® T, and
MCE is observed in two broad teerature ranges of 8660 K andl70-300 K for TkSis, 50-100 K
and 105300 K for DySis, and 5660 Kand 75300 K for HaSis due to the riclsequencef magnetic
phase transitions in these compou(we Figire1).

(a) (®) {©)
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Figurel. Temperature dependences of magnetic entropy chandeysSis (), ThSis (b) and
HosSis (C).

Authors thankgor thefinancial support Russian Science Foundation gran2R@2-20033
[1] A. Kitanovski Adv.Energy Mater,10(2020) 1903741.
[2] V. Franco,Prog. Mater. Scj.93(2018) 112232

[3] W. Liu et al.,Applied Materials Todgy29 (2022) 101624.
[4] Y. I. Spichkin, V. K. PecharskyndK. A. GschneidnerJ. Appl. Phys89 (2001)17381745.
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In recent years, the muttloric effect has been actively studied as one of the promagipigpach
for solid-state cooling systems operating aminary caloric effects. Systemisased on the muiti
stimuli with combination of thenagnetic field and uniaxial (isotropisjresswere pesented and
compounds with firsbrdermagneticphase transition wengroposed as working materidl-2]. In
our work,two differentprototypeof cooling systems baseuh classical magnetocaloric (MCE) and
multicaloric effect (multiCEhave been propose@he main requirements for the prototypes were:
price and availabilityof parts; compliance with existd magnetocaloricprototypes; easy to
manufacture and assemble in laboratory.

As known, prototypes of magnetic cooling systems ai
divided into two types: linear and rotational. In prototype
with a linear type of displacemgra magnetic regenerator or
a magnetic field source moves linearly along one axis, anc
rotational ones, the principle of operation is based on t
analogy of the rotor operation in which a magnet
regenerator or magnet rotates around a central axesfirst
versions oflinear and rotationgbrototypes were developed.
Technical solutions made it possible to produce prototypes
laboratory conditions, the main structural elements we
printed using a 3D printer, and stamdlaCNGCbased
solutions To implement the chosen concegigital version ’
of prototypes were first created using Autodesk Inventor a :
Solidworks packages, and magnefield sourceswere
calculated in COMSOL Multiphysics. Based on digite
models, the first versions of real prototypeodels were
created. Figure 1. Digital versions of lineatr

Magnetic field sourcewith a Halbach structure were useda) and rotationglb) prototype
with 1.45 T for a linear type and T- for rotational uniaxial
compression was created using a linear actuator with a
maximum load of up to 1500 Nl'he test MCE and multiCE experiments were carried out by direct
method throuth measurements diadbatic temperature charsge T  u n d e regimesof apied s
magnetic field and uniaxial compression (load remoualipg a coppeconstantane thermocouple
glued to a sample

Testexperiment®f MCE and multiCE measurements fhaFe1.4Mno 5Sii.3H1 6 alloy (Tc ~295K)
showed that t he a bosglyldepene onvtleeladiabaticityodf the| esgErimensalk r
conditions. The ahvCh arain tee rangelofll-2 s 5 o #=1(4&T, |inedr o r
prototype) and 08 K oH=de T, rotational prototype). The
conmpression (load removal) did not exceed 0.5 #rther work will be aimed at upgrading prototypes
by improving thermal insulation, magnetic system, cycle automation with a combination of magnetic
field application and uniaxial compression, etc.)

[1] T. Gotschall et alNat. Mater,, 17 (2018) 929934.
[2] A. Czernuszewicz et aEnergy Convers. Managl78(2018)335 342.

(b)
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3 Peter the Great St. Resburg Polytechnic Universitt. Petersburg, Russia
4Grozny State Oil Technical Wrersity, Grozny, Russia
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It is known that hydrogen easily penetrates the crystal lattice oEeaitie intermetalides, causing
significant changes in their magnetic propertiesz Blmpounds (R rareearth metals, T Fe, Co)
with Laves phase C15 structure absorb hydrogen at room temperature and atmospheric pressure. They
have not only simple crystal but also magnetic structure. As resultcdiipounds are convenient
model objectdor studies of fundamental physics and applicati@fsparticular importance is the
effect of a dosedontentof hydrogen on the magnetic propertiesdh compounds.

In our work the structure andmagnetic properties of Tb@o Tho3Dyo7Co, Tho3Dyo7Fe,
Tho.15(Dyo.5H00.5)0.8sC 02, and Thx(Dyo.sH0o.5)1.xCo1.78-&.25 (X = 0.3, 0.4, 0.5 compounds and their
hydrides with both low and high hydrogen content were studiedasltestablished that the unit cell
volume increases at hydrogenation and reachesi@5he maximum hydygen content equal to 4
H at/f.u. In Fefree compoundshe CurietemperaturgTc) exhibits slight increase at low hydrogen
content while it sharply decreases at high hydrogen content. This is due to the existence of two types
of tetrahedraintersticein the MgCu-type structure which hydrogen can occupy AEand AB>
(where A'is Th atoms, B iSe or Co atoms Hydrogen atoms pdeminantly occupy interstic&:Bo,
followed byintersticeAB3 [1].

Magnetocaloric and magnetostrictive properties of the obtained compoundstugied The
magnetocaloric effecfMCE) was caiied out by Iloth direct and indirect methodslhe
magnetostrictionwas studied by thatrain gaugetechniques The peculiaritiesin the field and
temperature dependeae of both the magnetostriction anthe MCE wereobtainedboth in the
moderatanagnetic fields (up to 1.8) and in high magnetic fields (up to Td#in a wide temperature
range.

The main regularities of the hydrogen effect on the functional magnetic characteristics of
(Tbh,Dy,Ho)(Co,Fey compounds depending on the hydrogen cdn@snwell as on the type of 3d
transition metal (cobalt or iron) were establishéavas shown that the Curie temperature shiftl
the giantforce magnetostriction hatke same mechanisrBoth effects are due tbe change in the
exchange integradtlattice expansiorHydrides withanew set of magnetic properties (including the
compensated compositionsere obtained. They can be usedydrogen power engineeringhe
materials witha joint manifestation othe magnetocaloric effect and volume magnetostn are
useful for robotics.

The research was supporteddrgjectno. 22-29-00773 from the Russian Science Foundation,
https://rscf.ru/project/229-00773/

[1] N. Mushnikov et.al.Phys. Metals Metallogr100(2005)338.
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4 Department of Physics & Astronomy, Louisiana State University, Baton Ro&se,
igor_doubenko@yahoo.com

By utilizing a simple ball milling technique, we have synthesized boron doped>db
magnetocaloric materials. In general, we have found that the milling of pristine elements followed by
anapplicationof pressure, and subsequent annealing under arhidtngourity Ar atmosphere of for
24 hours resulted in singfghase compounds of MiGa0Czo With theantiperovskite cubistructure
(space group: Pni3m). These compounds are characterized by very distinctive temperature
dependencies which are typical foetsler alloys undergoing a temperatum@uced structural
transition from an antiferromagnetic martensitic pha~~

to a ferromagnetic austenitic phase with increas 9/

temperature (similar to that observed for-Min-In =

based Heusler alloys). However, FM ordar low o

temperature results in an expansion of cell volume. o

intermediate magnetic state of the austenitic phase o

also been detected. %
MneoGaoC20 shows magnetic and structur: S

instability below room temperature and a rather lai

magnetocaloric efféac (MCE): the adiabatic A S

temperature and magnetic entropy changes of abc 0 100 200 300
3.1 K and 14 J(kgK} at about 170 K, respectively
have been reported in Ref. [1].

In the present work, we report the results of ¢ Figure 1. M(T) curves of MsaGaoxBx
studies of the magnetic behavior of thed&ed alloys. Inset: (TEx) phase diagram
MneoGanCooxBx system with x=0, 2, 3 and 5.

According the XRD diffraction data, all samples can be described as single phase compounds (i.e.,
with the antiperovskite cubgtructurg@ where impurity phases did not exceed 5 %.

The compounds with x < 5 show similar behavior as the pareg&8MD, which generally can be
described by a low temperature transition from low to high magnetization states and a transition at
Curie temperature. Ehrelatively higher B concentration was found to completely suppress the
antiferromagnetic state (see Figure 1 for x=5). Th&)(phase diagram for H=100 Oe has been
evaluated and will be discussed. The inverse MCE results with magnetic entropy chat{§e$2)f
J(kgK)* for magnetic field changes of 50 kOe at the transition temperatures were observed. It is
important to note that the thermal hysteresis of the M(T) curves were found to depend on the B
concentration. The hysteresis of about 40 K for grdstically decreased to 4 K (i.e., by a factor of
10) for MnioGa0C17B3 (see in Figure 1).

S.StadlerN. Ali, J. Dunkan). Dubenko, S. Talapatrd.Oli, acknowledge support from the U.S.
Departmentof Energy (DEG0213ER46946DE-FG0206ER4629)

[1] ¥ .¢ a kaadrM. AcetAppl. Phys. Lett100(2012)202404
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SUPERCONDUCTOR/ANTIFERROMAGNET HETEROSTRUCTURES
Bobkov G.ABobkouaV .}, Bobkov A.M.Gordeeva V:Msolubov A.A.
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gabobkov@mail.ru

In this work we study theoretically two different manifestations of the-Sigping Neel triplet
correlations, which are induced superconductor/antiferromagnet (S/AF) heterostructures by
proximity effect [1]. The first one is the oscillating dependence of the superconducting critical
temperature of S/AF bilayers on the length of the AF region. It occurs due to the oscillatingecharac
of the Neel triplet pair wave function, which in its turn originates from the Umklapp scattering
processes at the S/AF interface. This prediction could give a possible explanation for available
experimental date2f4].

The second issue is the interptiythe Neel triplets with Rashba sganbit coupling (SOC) in thin
film S/AF structures. A unique effect of anisotropic enhancement of proxindtyced triplet
correlations by the SOC is predicted. It manifests itself in the anisotropy of the supetit@nduc
critical temperature with respect to orientation of the Neel vector relative to the S/AF interface, which
is opposite to the analogous effect in superconductor/ferromagnet structures. The sign of the
anisotropy is controlled by the chemigabtential of the superconductor and, therefore, can be
adjusted in (quasi)2D structures.

The work was suppor-20eb22by RSF project -~ 22
[1] G.A. Bobkovet al, Phys. Rev. BL06144512 (2022).
[2] C. Bellet al, Phys.Rev. B68(2003) 144517 (2003).

[3] M. Hubeneret al, Journal of Physics: Condensed Maité4 (2002)8687.
[4] B.L. Wuet al, APL, 103(2013)152602
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INVESTIGATION OF THE FEATURES OF A SUPERCONDUCTING SPIN
VALVE Fel/Cu/Fe2/Cu/Pb ON A PIEZOELECTRIC SUBSTRATE PMN -PT
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Zavoisky Physicallechnical Institute, FRC Kazan Scientific Center of RAS, KaRarssia
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The properties of a superconducting spin valve Fel/Cu/Fe2/Cu/Pb on a piezoelectric substrate
PMN-PT substrate ([Pb(MgNb23)Os]1x - [PbTiOs]x) under the influence of an electric and
magnetic field have been studied. The magnitude of the shift of trercemgucting transition
temperature in the magnetic field = 1 kOe equal to 150 mK was detected, while the full
superconducting spin valve effect was demonstrated. Abnormal behavior of superconducting
transition temperature was shown, which manifest itséhe maximum values of superconducting
transition temperature with orthogonal orientation of the magnetization vectors of ferromagnetic
layers, when studying the angular dependence of superconducting transition temperature in an
external magnetic fidl(see Figre1). This may indirectly indicate the fixation of the magnetization
vector of the Felayer on a PMNPT piezoelectric substrate. It was found that with an increase in the
magnitude of the applied electric field to the PNAN substrate, the ghiin superconducting
transition temperature of the Fel/Cu/Fe2/Cu/Pb heterostructure increases. The maximum shift was
10 mK when an electric field of 1 kV/cm was appl{sde Figire 2).

The reported study was funded by Russtarence Foundatioaccording to the research project
No. 21:72-10178.
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Figure1. Dependence of. on the angléJ Figure2. Superconducting transitions curv
between the direction of the cooling fie for the sample for the sample PMI
used to fix the direction of th PT/Fel(3nm)/Cu(4nm)/Fe2(1nm)/Cu(l.2nn
magnetization of the Fel layer and 1 Pb(60nm)/SiNs when applying an electri
applied magnetic fiel = 1 kOe that field to PMN-PT substrate: shift df; is 5 mK
rotateshe magnetization of the Fe2 lay when applying an electric field 0.6 kV/cr

shift of Tc is 10 mK when applying an electr
field 1 kV/icm. The error of the eperiment
corresponds to the size of the characters.
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DESCRIPTION OF UNCONVENTIONAL SUPERCONDUCTIVITY
IN THE REGIME OF STRONG FLUCTUATIONS IN THE FRAMEWORK
OF THE MODIFIED EFFECTIVE COLEMAN -WEINBERG ACTION
Siraev F.\(MAvdeeM.V ., Proshin Yu.N
Theoretical Physics Department, InstitutdPbiysics, Kazan Federal University, Kazan, Russia
yurii.proshin@kpfu.ru

Fluctuations play a crucial role in understanding the transport and critical properties-of low
dimensional materials with unconventional superconductivity, significantly affectirigetieavior of
the material, especially near the critical temperature at which superconductivity occurs [1]. Here one
can note the unusual temperature dependence of the superfluid density in ultrathin copper oxide films
[2], hysteretic switching between supenducting and normal states with wedfined critical and
retrapping currents in twdimensional superconductors [3] and many other striking phenomena (see
review [1]).

We propose and discuss an approach for describing thexZivel superconducting séathat takes
into account fluctuations in the superconducting order parameter, where the pair interaction is given
by a superexchange potential of the form

ol A VR QQ h Q" AT Al
Using the variational perturbation theory, we derive, similarly to the effective Colévearberg
action [4], for a mixed- andd-wave twecomponent superconducting order paramigter 3 'Q
B Q. The corresponding componeists andls are foundrom minimizing the effective action.

Numerical calculations were performed using the band parameters obtained from experimental data
on photoemission for YBCO compounds [5].

Within the framework of this approach, the temperature dependence of the aenpfithd order
parameter and the critical temperature of the superconducting transition are calculated. It is shown
that the critical temperature renormalized due to fluctuations is much lower than the value obtained
in the mean field approximation. Theafares of the temperature dependence of the order parameter
near the superconducting transition are discussed.

Within the framework of this approach, the temperature dependence of the amplitude of the order
parameter and the critical temperature of theestgnducting transition were calculated. It is shown
that the critical temperature renormalized due to fluctuations is much lower than the value obtained
in the mean field approximation. The features of the temperature dependence of the order parameter
nea the superconducting transition are discussed.

This paper has been supported by the Kazan Federal University Strategic Academic Leadership
Program.

[1] T. Uchihashi,Superconductor Science and Techno)@§(2016) 013002.

[2] I. Hetel, T.R.LembergerM. RanderiaNature Physics3 (2007) 700702.

[3] T. Uchihashi, PMishra P., Aono, Nakayamg, Phys. Rev. Le{t107(2011) 207001.
[4] S. Coleman, EWeinberg,Phys.Rev. 7 (1973) 18881910.

[5] M.R. Norman,Phys. Rev. B53(2001), 092509.
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We show that the temperatudependent superconducting order parameter and related
superconducting properties (in particular, the temperature dependences of specific heat, superfluid
density and related London penetration depth) of -hagipraes are fundamentally different from
those of conventional superconductors and cannot be understood within the existing theories based
on the BardeeiCooperSchrieffer (BCStype condensation of weaklyound Cooper pairs into a
superfluid Fermiliquid andon theusualBosei nst ein condensation (J1l¢4)
We examine the validity of an alternative approach to the unconventional superconductivity in high
Y, cuprates and establish that these materials exhibitindike supeconductng transition at the
critical temperatur@Y are similar to the superfluid'OQand are also superfluid Bose systems. We
argue that the doped highcuprates from underdoped to overdoped regime are unconventional
(bosonic)superconductors and the tightdpund (polaronic) Cooper pairs in these polar materials
behave like composite bosons just likBQatoms and condense into a Bose superfluid. Ve
identify the superconducting order paramegerin underdoped andptimally doped cuprates as the
coherence parameter of bosonic Cooper pairs, which appears just bétoand has a kinkke
temperature dependence near the characteristic tempé&hturéY We find that the_-like specific
heat anomaly in highYcuprates nearYpredicted by the theory of Bo$iguid superconductivity is
similar to that observed both in superfluidChear “Yand in 'O°Q-based cuprate super
conductoiO™Qd® 6 66 0 neafYe p ol We demonstrate that in high
"Ysupeconducto ad 06 U g the superfluid density exhibits distinctly different temperature
dependences in the temperature rangeSY “Y and”Y “Y "Y. In this supercaductor, a
pronounced anomaly 'in "Y exists near”Y e m&@"Yand the temperature dependence of
_ Tj_ "Y below"Ydeviates downwards from the higgmperature behavior (see Gigl.).
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Our results for the normalized superfluid density”Yj” m _ mj_ Y are in good
agreement with the experimental data on the temperature dependencergf_ “Y in
W@ 00 U g . The anomalous temperature dependences of specific heat and superfluid density
observed in Hg and Y-based highyY superconductorsare clear signatures of Bebquid
superconductivity
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It is well known that the proximity effect in thiiilm hybrid superconductor/ferromagieinsulator
structures provides the suppression of the superconductivity [1] and Zeeman splitting of the density
of states in the superconductors [2]. In thisrk we investigate the influence of ferromagnetic
magnons on this effect. The density of saite the superconductor (DOS) and the quasiparticle
spectra are calculated in the fr a(fgued)lkis of G
obtained that the interaction of superconducting electrons with magnons can result in a decrease of
the Zeema splitting of the DOS coherence peaks. It also inverts the ratio between the internal and
external coherence peaks and smears the external peaks. The temperature dependence of the observe
DOS characteristic features is investigattds demonstrated #t quasiparticle spectra are also
strongly modified by the electreamagnon interaction revealing characteristic ki(fgure 2). The
sensitivity of the results to the choice of materials and relevance to experiments are discussed.
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Figure 1. DOS Dashed line is for the Figure 2. Qiasiparticle spectrashed lines

standard DOS of a superconductor; solid li are the branches of the standard spectra of

is for the DOS, which is modified by th superconductor; solid lines are for tt

electronmagnon interactian branches of the spectra, which are modifi
by the magnon influence.

The support by RSF project No.-22-04408 is acknowledged.
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[2] E. Strambiniet al, Phys. Rev. Materiald (2017)054402
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MAGNETOELECTRIC EFFECT IN LAYERED HETEROSTRUCTURE

ANTIFERROMAGNET - PIEZOELECTRIC
Burdin D, Fetisov 1,.Chashin H) Ekonomov NPreobrazhensky Rétisov Y.
1 MIREA - Russian Technological University, Moscow, Russia
2 Prokhorov General Physics Institute RAS, Moscow, Russia
fetisovi@yandex.ru

The magnetoelectric (ME) effect in planar ferromagmetoelectric (FMPE) heterostructures
arisesdue tocombination of magnetostriction of the FM layer and piezoelectricity in the PE layer
and manifests itself in the generation of an electric voltage wheacexcitation magnetic field is
applied to the structure [1].

In this work, for the first timewe observedand investigatedthe resonant ME effect in
antiferromagnetpiezoelectric (AFMPE) structure. The structure contained an AFM piatgeasy
plan& anisotropy Fe0s (hematite)with dimensionsof 17 x 5 x 0.35 mn? and a layer of
piezoelectricpolymer PVDF with dimensions of X 10 x 0.05 mnd, connectecy adhesiveThe
structure was placed gic magnetidield H=0-600 Oe, created by Helmholtz coils, and excitedaby
field hcos(Z ft) with amplitudeof h=0-3 Oe and frequendy0-400 kHz, as shown in Fige 1.

Figure 2 showghedependence of the voltaggenerated by the PVDF layer on the field frequency
f for different H. The voltage peak corresponds to the excitation ofntaé mode of acoustic
oscillations alonghe length of the structure. The resot@frequency was tuned (in contrast to
structures with FM layers) by ~24% due to strong coupling of magnetic andiacustystems of
the hematitd2]. The ME coefficient for the hematifeVDF structure reachddd 5@V / ( Oe Ac m)
Similar measurements were carried out for the herAaiizoceramidPZT structure Resonane
frequency in such a structunaas tuned on 4.4% witmagnetic fieldH. At a resonate frequency of
140kHz, the ME coefficient reached maximwalue ofUt84.8mV / ( O e AdeQrapddemreased
graduallywith increasing field.

The ME effectobservedn AFM-PE structures can be useddtaboratenigh-sensitivitymagnetic
field sensors with extended functionality.
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Figurel Experimental set up. Figure2 Frequency response of hematéDF structure.

* 1
a-FeO, PVDF Coils 140 160

The researclvassupported by the Russian Science Foundation, pride22-29-01093.

[1] C.W. Nanet al,J. Appl. Phys 103(2008) 31101.
[2] V.I. Ozhogin, V.L. Preobrazhenskbov. Phys. Usp31(1988) 713729.

193


mailto:fetisovl@yandex.ru

SISM - 2023
3POL8-2

NONLINEAR MAGNETOELECTRIC EFFECTS IN
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The magnetoelectric (ME) effexinh ferromagnepiezoelectric (FMPE) heterostructureaanifest
thenselves as voltage generationder the action of an alternating magnetic fidlde effects arise
due tocombination of magnetostriction of the FM layer and piezoelectricity in the PE layer [1].

In this work, for the first timewe observe@dndinvestigateca nonlinear ME effect of harmonics
generation in a layered Metgt®ZT ringtype heterostructure under circumferential magnetization
with an ac magnetic field. Permanent magnetic field wastéidecircumferentiallyand parallel or
perpendicular to the axis of the structuree ®tructurevas a twelayer ring with a PE outer layer
and a FM inner layeiThe piezoceramics Pb(dii1x)Os (PZT) ringhad an inner diameter of 16mm,
a thickness oby=1 mm, and aheight of 5mm. The FM layer of the structure was maaolean
amorphous alloy ribbon FeBSIiC (Metglas 2605SA1), 502 long, 5mm wide and 270m thick.
Two coils of 0.2mm copper wire, 90 turns each, were wourtenng structurén order to gnerate
ac fieldhcos(2 ft) with amplitudeof h=0-3.6 Oe and frequenciz0-100 kHzand dc magnetic field
H=0i 40 Oedirected circumferentiallyHelmholtz coils created magnetic field of other orientations.

Figure 1 shows dependence of thdE

300 . . voltageu on the excitation field frequendy
I ", measured while tuning the frequency at field
amplitudeh=1.5andH=0.4 Oe.Both dc and ac
§200 i magnetic fields were directed
£ circumferentially.In addition to the main peak
S ur at frequencyfi, new peaks appeared at

100 frequendesf, =fy/n(wheren=2, 3, 4, ¢&)

amplitudesuy, us, and us, respectively. The

A frequency of the generated ME voltagir all

00 20 £ 40 /1 60 peaks corresponded to the main resonant

f(kHz) frequencyfi & 54.2 kHz ME coefficients for
Figure 1 Dependence of the ME voltageon the the first three harmonics werdk: = 2.9
frequencyf of theacfield at field amplitude V/ ( Oe Lke=0)95 V/(OéL: ¢ m) ,Us=and
h=1.5andH=0.4 Oe. 0.21 V/(OéL- ¢ rg)milar ME coefficients were
obtained for two other orientations of a

permanenmagnetic field.These coefficients armomparablen magnitude with theoefficients for

the ME effect in planaMetglas PZT structure$2].

The researclvassupported by the Russian Science Foundation, pridj@d9-79-10128P.

[1] C.W. Nan et alJ. Appl. Phys 103(2008) 31101.
[2] L.Y. Fetisov et al,). Phys. D: ApplPhys 51(5) (2018) 154003.
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STRUCTURE AND PROPERTIES OF MULTIFERROIC FERROBORATES

OF MIXED COMPOSITION SmFeAlx(BO3)s AND Eu 1yLayFes(BO3)s
Frolov K.V. Smirnova E,SSidorova EMAlekseeva O'ASorokin T.A.Artemov V.V.
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Russian Federation
2 Kirensky Institute of Physics, FRC KSC SB RAS, Krasnoyarlssian Federation
green@crys.ras.ru

Oxoborates of rare earth elemeRk(BO3)sa (R=Y, Lai Lu, M = Al, Fe, Ga, Cr, Sc) with the
huntite structure (CaMg3(CO3)4, sp. gr. R32) have been actively studied during the last 20 years
because they exhibit a wide variety of physical properties and phase transitiqestidnlar,
RAI3(BOs)s aluminoborates aref interest primarily for their optical properties [1], whREe3(BOs)4
ferrobrates are multiferroics in the presence of two magnetic subsyst&asidfFe ions [2, 3].

Of particular interest to researchers are oxoborates with a mixed compositionghnavis of one
rare earth elememl or metalM1 are partially replaced by ions of another rare earth eleRzat
metalM2, respectively. Such substitutions are considered as one of the possible ways to change the
known physical propertiefptical or multiferroic) or to form new ones (for example, magneto
optical). In particular, it was previously shown that the G(BDs)s compound, when doped with
Sm ions, becomes a warm orafnrigd phosphor upon excitation with vacuum ultraviolet [d]the
Ew.sd ao.10-e3(BO3)s compound, it was established [5] that below the Neel temperature of the
magnetic phase transitiom F 32 K of the subsystem of Fe ions, a structural phase transition to the
magnetically ordered state occurs, and a further singinéase in the content of La ions to y 2%
leads to complete suppression of the structural phase transition [6].

In our work, we present the results of studies of the composition, crystal structure, and phase
transitions of single crystals of mixed cpounds SmFgAIx(BOs)s and Eu.yLayFey(BOs)s by
precision xray diffraction analysis in a wide temperature rafrgen 25 K to 500 K andby the
methods of Xray fluorescence and enerdispersive elemental analysis.

Support byRussian Scientific Foundation (projec2#&22-00286§ is acknowledged.

[ 1] G. M. Ku z Orysials (209010t al . ,
[2] A.M. Kadomtseva et glLow Temp. Phys36 (2010) 511521
[3] O.A. Alekseeva et glCrystals 12 (2022) 1203.

[4] J. He et b, Opt. Mat, 39(2015) 8185.

[5] K.N. Boldyrev et al.Phys. Rev. Mat5 (2021) 094414

[6] M.N. Popova et alPhys. Rev. B4 (2016) 184418
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NON -MAGNETIC & MAGNETIC FERROELECTRIC TUNNEL
JUNCTION MODELLING
Jagga [UJseinov A.
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Theoreticalmodelis developed fothe current densityJf and tunnel electroesistance (TERYs
applied voltage \() in the tunnel junctionswith ferroelectric (FE) barrieraNM/FE(3nm) /MM
(shown in Figire 1), NM/DE/FE(5nm)/DE/MM and NM/FE(1 nm)HM systems are considered,
wherethe magnetic metdMM) /dielectric(DE), MM/FE, nortmagnetic metalFE (NM/FE) and half
metal/FE (HM/FE)interfaces aresimulatedwith approaches othe linearized Thomas Fermi
screening,FE hysteresis anghresence of th@xygenvacancies ¥. In addition, it is found that
theoretical model modification, here screening lengtlggow upwith V, allows to reproduce exp
data[1] with a better precisioatV < 0.5 Vthanthe previous approactvith the constant screening
lengths [2]. For example, the potential barrier and relate® are shown in Figre 1 for
NM/FE(3nm)/MM system.J-V deviation atV > 0.5 V is related with electrostriction effect when
lattice constant in FE is modified undérenhanaig the barrier width.
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Figure 1. (a) Potential energy profile with positive and negative saturated FE polarizations
red dashed and blue solid curves, respectively. Total barrier thickness is accounted betw:
and orange vertical lines togethwith screening regions. (b)\dbehavior, where red and bl
curves are theoretical data of the model for P§ & C / Zrespectively. Orange curve is derive

accounting hysteresis. Black dots are exp. data [1] for TIN/ HZOnh(8)8Ni, where HZO deutes
Hfo.sZro.s02 material.

NSTC 1112221-E-A49-120 is acknowledged.

[1] Y.-H. Chuet al, Int.Symp. on VLSI Tech., Sys. and Ap.SFTSA), IEEF2021) 1 2.
[2] A. Useinov et al.ACS Appl. Electron. Mate#d(5) (2022 22382245
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CRYSTALFIELD PARAMETERS AND MAGNETIC PROPERTIES

CORRELATIONS IN RARE -EARTH ORTHOFERRITES
Usmanov O.\Zobkalo I.AOvsianikov A.K.
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The crystal structure and magnetic properties investigations of hojm@rbium and thulium
orthoferrites were performed in temperature rargé 300 K. Obtained XRD data confirm thal
compoundsetain the orthorhombic perovskite structur®bhmspace groufil]. The crystal electric
field (CEF) parameters & (R = Ho, Th, Tm)ion subsystem ha been revealed numerically on
the base of pointharge model in theametemperature rang@-4]. By the ses of CEF parameters
the splitting ofconsideredR®" energy levels were calculated and their temperature evolution was
obtained. Modelling of isothermal magnetizatid(H) with obtained setof pamameters was carried
out. Single ion anisotropy due to CEF effedsconsideredBulk magnetization evaluated from CEF
was compared to experimental dgia6].

[1] M. Marezioet al.,Acta Cryst B, 26 (1970)2008.

[2] K. W. H. StevensProc. PhysSoc. A65 (1952)2009.

[3] M. T. Hutchings,Solid State Physic46 (1964) 227273.

[4] M. Rotter,J. Magn. Magn. MaterE481(2004)272-276.

[5] M. Shao et al.Solid State Commurl52(2012)947.

[6] A. Ovsianikov et al.J. Magn. Magn. Matey557(2022) 169431
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FEATURES OF THE ORI GIN OF OA DOMAI N W
FILMS WITH FLEXOMAGNETOELECTRIC EFFECT IN A MAGNETIC
FIELD
Vakhitov R.MNizyamovaR., SolonetdRyV.
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Currently one of the promising directions in the development of magnetism closely related to the
development of various spintronics devices is the study of magnetoelectric lndie?ip They are
characterized by two or more order parameters and possess a number of interesting and extraordinary
properties. In particular, the phenomenon of displacement of domain walls (DW) under the action of
an inhomogeneous electric field foumdferrite-garnet films at room temperatures also applies to
them [2]. It was suggested that this phenomenon is due to the presence of inhomogeneous
magnetoelectric interaction in the films (flexomagnetoelectric effect [1]), which was confirmed in
furtherstudies [3]. In particular, in [4], a theoretical analysis of micromagnetic structures possible in
thin films with flexomagnetoelectric (FME) interaction was carried out and it was shown that in them,
along with 180A DW, two mabketjypemadbiodDW: c@A
Bloch structure and OA DW of the Neel type. TI
not been studied enough yet, and have not been experimentally detected [2]. In particular, the first
type 0 ArigiDdté onlyaanh large values of the electric field, significantly exceeding their
characteristic values, and in the second type, the structure of the DW is such that the charges formed
in the region of the DW shield each other (the integral polarizaabre is zero). Therefore, it is of
interest to study the influence of the magnetic field on the conditions of nucleation, structure and
polarity 0 A DW in the film under considerat:i
their properties).

Numerical analysis of the Eultlagrange equations showed that the presence of a magnetic field
significantly changes the structure and prope
type of 0O A DW, there i scfiedatndighsthe salue of theeintdgrialo n ¢
pol arization increases. | n p a rBiochctypd, the effeci oh t h «
increasing the integral polarization (i.e., strengthening the FME effect) can be achieved in weak
magnetic fieldsvith H||Oz. However, the electric field should not be small. In addition, by the action
of the magneticonthe quaBil och 0 A DW, it is possible to cl
one direction or another and even achieve that theretiweshold of nucleation.

In the second case, if the external magnetic fitld directed along the Ox axis, then (and only in
this case) an FME effect may occur, sufficient for its observation under experimental conditions.

The work was carried out withe financial support of the State Task for the performance of scientific
research by laboratories (Order M8/1356 of 09/20/2021)
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[4]. F.A. Maksutoveet al, EPL., 129(2020)27004
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FEATURES OF THE MANIFESTATION OF THE
FLEXOMAGNETOELECTRIC EFFECT IN (111>ORIENTED FERRITE -
GARNET FILMS

Vakhitov R.MGridneva.T, Yumaguzin A.R.
Ufa University of Science and Technology, Ufa, Russia
azyunm@ramblerru

It is known that ferritegamet films are multifunctional materials [1], which also demonstrate
magnetoelectric properties. This causes increased interest in them due to the possibility of their use
in various spintronic devices. Thus, a new phenomenon was discovered irglamidilms, which
consists in the fact that with the help of an electric field it is possible to control the displacement of
domain walls (DWSs) in these films [2]. Further study of the discovered phenomenon (the
flexomanetoelectric effect [2]) revealed a nenlof features, among which we can single out its
significant dependence on the orientation of the developed film surface relative to the crystallographic
axes; Thus, in the (21@yriented film, the effect manifests itself most strongly, in the (@) it is
weaker, and in the (11fjm, it was not observed at all [2, 3]. Obviously, to explain such a
dependence, itis necessary to study the possible types of micromagnetic structures that appear in eact
of the films under consideration and to reveairttegological differences. Therefore, a detailed study
of the distribution of the magnetization and the polarization induced in the region of the domain wall
as a function of the applied electric field in the (ttdignted iron garnet film is importanthe
necessary for understanding the essence of the phenomenon under study.

Numerical studies show that the structure and properties of the DW in the film under study are
significantly affected by factors such as the presence of uniaxial anisotropy, cisbiccmy, and
inhomogeneous magnetoelectric interactlbfollows from the calculations that changes in the DW

structure are most pronounced in the dependen
magnetization vector M from the wall plane -dgordinate along which the magnet is

inhomogeneous). n t his case, the first and third fact
and the second factor is an odd functiénc cor di ngl vy, the resulting

complexfunction. This leads to the fact that the integral polarization (total wall charge) is achieved
at high values of the electric fieltHence it follows that the cubic anisotropy in the (111) film
significantly weakens the manifestation of the flexomagnetbet effect in it.

[1] V.V.Randoshkin, A.Ya.Chervonenki&pplied magnetooptidd/ioscow:Energoizdat, 1990).
[2] A.S. Logginovetal, Appl.PhysLett, 93 (2008) 182510.
[3] A.P. Pyatakov et aPhysicsUspekhj 58 (2015) 981992.
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MAGNETIC PROPERTIES OF TbCr 3(BO3)s GROUN FROM MELT -
SOLUTIONS BASED ON Bi:M035012AND BASED ON Li 2WO4
Gudim I.LA.Eremin E.V Titova V.RMikhashenok N.V.
1 Kirensky Institute of Physics, Federal Research Center KSR/AE KrasnoyarskRussia
irinagudim@mail.ru

Single crystals of trigonal oxyborates (R®0s)4 (R - rareearth element, M = Al, Ga, Sc, Fe) with
the huntite structure are multiferroics.

For the ThCg(BO3)4 terbium chromborate with the hantite structure, there is no technology for
reproduciblesynthesif high-quality crystals suitable for a comprehensive study of their properties.
For the first time, these crystals were grown from a melt solution based on potassium trimolybdate
[1], however, the authors recognize the presence of up to 10% of the mmnpblse in their
crystals, which clearly affects the properties of the grown crystals.

We have attempted to grow crystals of terbium chromium borate from a melt solution based on
bismuth trimolybdate88%wt. {BioM03012+ 2B,03 + 0,3TkOs} + 12% wt. TbCg(BOz3)4 (1)

However, it was possible to obtain only crystals of the C2/c monoclinic phase in the entire
temperature range. And only with the use of a melt solution based on lithium tungstate, it was possible
to obtain both modifications of terbium chromaodite in pure form.

92% wit. {Li2WOa4 + 3B:03 + 0,3 ThOs} + 8%wt. ThCr(BOs)4 (2). Moreover, the trigonal phase is
high-temperature and exists only above 1100 oC, below this temperature only the monoclinic phase
crystallizes.

Samples for measuring magngiioperties were made from grown trigonal crystals. The magnetic
chamlcteristics areneasured

Two anomalies appeared on the temperature dependence of magnediZatoli and % K. They
are determined by the ordering of*Tjawhich then magnetizes €r

The field dependence of the magnetization measatréd- 2s and H||c shows two anomalies. A
sharp jump of the magnetization occurring &1 3 kOe is most likely due to a metamagnetic
transition in the antiferromagnetically ordered Tb subsystem. This jump ends with the saturation of
the magnetization, which level is close to the saturation magnetizaser8Me BF.u. of the Tb
subsystem in therystal of the isomorphic diamagnetic analogue BBOD3)4. The weak hysteresis
observed upon this reorientation suggests that this is -@ftet transition.

Another anomaly observed att+ 7.5 kOe is most likely due to the sgiap transition ocurring
in the Cr subsystem. Both anomalies exist only in the-aasystate and disappear at temperatures
above 5.5 K.

Support byRSF and KRF&reacknowledged.

[1] N. N. Kuzmina, V. V. Maltsev, E. A. VolkoydaNeorgan, Materialy56(8)(2020) 873881.
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PARAMAGNETIC PROPERTIES OF PYRRHOTINE AND PENTLANDITE

MOUNTAIN MINERALS AT HIGH TEMPERATURES.
Kuvandik@y.K, Shodiev Z.WKhasanov H Bkhtamov J.Sh.
Samarkand State University named after Sharof Rash&markand, Uzbekistan
guvandikov@rambler.tu

The greatest number of sulfide compounds form transition metals, especially iron. These
compounds include the natural miaks pyrrhotite OQY) and patlandite ( "QY). Iron sulfides are
of particular interest in terms of their magnetic properfiée study of the structural, electronic and
physical, including the magnetic properties of iron sulfides makes it possible to discover new
promising areas of application of magnetic materials.

In the present timeo the study of the magnetic propertiésrmnerals; containing elements of the
iron group- pyrrhotite and pentlandite at high temperatures has received insufficient attention.

The purpose of this work is to study the paramagnetic properties of mingratehotite and
pentlandite in their pamaagnetic stag, i.e. at high temperatures. Rahieve this goal, the temperature
dependences of the magnetic susceptibilityY] of the mineral were measured, respectively, in the
temperatureanges of 25®00°C and 486900°C.

By processing the experental dependences. “Y of the studied minerals, the paramagnetic
Curie temperature-), the CurieWeiss constant)), the magnetic moment per chemical formula of
the mineral {( ) and the effective magnetic moment per magnetically activa ate found (Fe

and Ni) ( ) minerals.
The calculation results are shown in Table 1.

Tablel. Calculation results

: Interval 0, ¢ ¢
Minerals temperature’s —K 1000 dndgc f f
Pyrrhotite
0Oy 650900 583 76,6 6,3 2,37
Pentlandite 650-900 853 19,15 3,47 1,16
0 Q).
Table 1 shows that the value ef, 0, and does not show general pattern. It should be

noted that our results on the value-effor pyrrhotite (583K) are in satisfactory agreement with the
result of work {~ = 538K) [1], where it was found that at this temperatinemagnetic phase
transitionferrimagnetisrpparamagnetism occurs addition, our result on the value of the magnetic
moment of pyrrhotite also satisfactorily agrees with the result of this work. Taking into account
these correspondences, it can be assumed that the magoents in the sublattice of magnetically
active ions of minerals (iron or nickel), their magnetic moments are ordered ferromagnetically inside
the atomic layers, and antiferromagnetically between the layers, however, due to the presence of
vacancies, thenagnetic moments are not completely compensated, which leads to ferrimagnetism .

[1] E.N. Selivanov, R.l. Gulyaeva, A.D. Vershinimorganic Materials 44 (2009 438-442.
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COMPARATIVE STUDY OF THE STRUCTURE AND
ELECTROMAGNETIC CHARACTERISTICS OF MANGANITES DOPED

WITH CATION PAIRS (Fe, Zn), (Fe, Co), (Fe, MQ)
Badelin A.GKarpasyok K., Estemirova S*Kh.
! Astrakhan State University named after V.N. Tatish¢hestrakhan, Russia
2 Institute of Metallurgy, Ural Branch, Russian Academy of Scienéelsaterinburg Russia
alexey_badelin@mail.ru

The aim of this work is to establish the influencelettronic configuration of Mé&ions on crystal
l attice parameters, magneti zanteit@am 0 Curmines it
magnetoresistance in pared substituted mangdrateSr.sMno.oFen.0sVen 003 (Me = Zn,d tsSMQ).
In this system, mangase is replaced by combinations of iron iof'&cP) with ions having different
configurations: ZA"(3d'Y), C?*(3d"), Mg?*(2p°). Theradiiof F&( 0. 6 45 Y O0al®d5MRp) i
coincide. Zinc, cobalt and magnesium ions hav
and 0.72 i, respectively [1]. This makes it p
these ions in its purest form, sincadenthe specified conditions lattice effects are practically absent.
Ceramic samplewere sintered in air at 14 K3for 10 h, and then the samples were cooled together
with the furnace. All synthesized manganites have rhombohedral structure. The impuoietyt ¢s
less than one percent.
Crystal lattice parameters anbbctranagnetic characteristics are given in the Table 1.
Magnesiumcontaining manganite has the lowest values of magnetizaone point and
fisemiconducteme t @angitiontemperatureAt the same time, the maximum absolute magnitude
of the magnetoresistance reaches 33% at 110 K heditpining manganite.
It is interesting to note that magnetizatimhCo-substituted manganite is almost 1.7 times higher
than magnetizatioof zinc-contaning one, and unit cell volume is smaller. These facts indicate the
presence of trivalent cobalt ions ©@d).

Tablel. Latticeparameters (a, c), unite cell volume (V), specific magnetizafioat(80 K Curie
oint Tc) andi s e mi ¢ omdatusakisiton temperaturd {9
Compositions aii) | c@G) cla | V(Gid |G (/g TcK) | Tms(K)

Lao.7S10.3MNo.oF&.052N0.0503 | 5.5068| 13.3522| 2.425| 350.659 80 267 283
Lao.7Sr0.sMno.oF&.0sC.0503 | 5.5044| 13.3459| 2.425| 350.196] 133 265 256
Lao.7S10.3MNo.oF&.09V1go.0503 | 5.5023| 13.3467| 2.426| 349.941 46 248 150

Interpretation ofexperimental results is given taking into account the ratio of various types o
interactions responsible fanagnetic and transport properties of manganites [2] (double and indirect
exchange, electrostatic interaction), in connection with the processes of charge compensation when
introducing inovalent impurities with different configurations of electron shells.

The study was carried out at the expense of a fn@mtthe Russian Science Foundation R®.
22-10005

[1] R.D. ShannonActa Crystallogr, A32 (1976) 751767.
[2] N.G. Bebenin R.I. Zainullina,V.V. Ustinov, PhysicsUspekhj 61 (2018)719-738.
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LIGHT ENVELOPE SOLITONS IN A TRANSVERSELY MAGNETIZED
FERROMAGNETIC SEMICONDUCTOR FILM WITH THE PROPERTIES
OF THE "LEFT -HANDED" MEDIA
Bogomoladvd/ ., RomanenkoV ., GrishirEV .
Sart ov Stat 8SUni yaenratidady, (Russi a
aleksis_bogomol ova@mail . ru

To date, magnetic semiconductors (SC) are of considerable interest for modern electronics and
spintronics, as they allow to manipulatie variable magnetization using magnetizesta@iglasma
[1]. Theoretically, itwas found that magnetic SC have the properties of thédeited media and
support the propagation of backward electromagnetic waves (BEMW) [2]. This paper presents the
results of numerical simulation of light envelope solitons in thehiafided media Is&d on
ferromagnetic (FM) SC. It is shown that the light envelope solitons are formed on a BEMW existing
in a transversely magnetized thin film of FMSC (seaifgqd). It is established that the wave number
k of the BEMW, on which such a soliton is formeégcreases with a decrease in the concentration of
electrons in the plasma N and reaches the value k = 2690atnN = 1017 cma3. In this case, the
length at which the light soliton is formed does not exceed 9,5 mm. The paper also evaluate the
dependencefdhe length of the formation of the light envelope soliton on the thickness of the FM SC
film. It is established that in sup#rin films of FM SC, the formation of a light envelope soliton is
observed at significantly bigger values of the wave numb&hé&.results obtained in this work are
of interest for the development of nonlinear magnon spintronics devices.

80 (a) 2 (b)
,,,,,,,,,,,,,,,,,,,,,, for 5 x10
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Figurel. (a) The dispersion characteristic of the backward EMW and (b) the temporal realiz¢
a periodic sequence tifjht envelope solitons in a transversely magnetized FM SC film w
thickness of 10 mkm, with a magnetization of 24300 Gs, a concentration of N=1017 cm3 m
field strength of 103 Oe.

The work was supported by the Russian Science Foundation d¢tant 197920121,
https://rscf.ru/en/project/299-20121/.

[1] A.S. Boruhovich et al.Semiconductor and ferromagnet europium monoxide in spintrqBies:

Lan', 2017).
[2] S.V. Grishin, A.V.Bogomolova, S.ANikitov, JETP Letters48(5)(2022) 3942.
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STUDY OF CHANGES IN THE COMPOSITION OF THE CdTe SURFACE

UPON IMPLANTATION OF O 2*IONS AND SUBSEQUENT ANNEALING
Abduvaitd¥.A., Boltaev Kh.Kbmirzakov B.ETashmukhamedo®a D
TashkentState TechnicalUniversity, Tashkent, Uzbekistan
khurshid.boltaev@gmail.com

It is known that thin films of ABY' semiconductors are widely used in the production of multilayer
heterostructures used in various optical and electronic devices, solar cells and photosensitive devices.
Thin films of CdTe oxide can have several practical applications; for example, inothecpon of
highly efficient solar cells [1, 2]. Therefore, a large number of works have been devoted to obtaining
and studying the properties of two and three component films basetB3h (for example, CdTe,

CdS, Mé CdTé CdS, CdHgiixTe, CdixZnTe). The results of experimental work have shown that
the perfection and properties of films largely depend on the method of synthesis, their thickness, and
surface morphology [3].

CdTe films were obtained on the surface of Mo(111) single crystals by vaper @ivadensation.

The studies were carried out using a set of methods: Auger electron spectroscopy (AES)-and high
speed electron diffraction (HEED). The Auger spectra were recorded using an electrostatic analyzer
of the YuZ Rozhansky type with a resolutioh@2% and smalangle detection of scattered ions and
electrons. The depth distribution profiles of atoms were determined by AES in combination with layer
by layer etching with argon ions with E 2 keV atanangleoffa 0 A r el ati ve t.o t he

The X-ray diffraction pattern shows that tellurium cadmium films have a cubic lattice of the zinc
mixture type with the dominant atomic peak of the growth direction in [110]. Note that an increase
in temperature to 800 K leads to an increase in thedityeaf the peaks. The Auger spectrum of
CdTe shows that the spectrum of pure CdTe mainly contains intense peaks, Cd, Teiatehkity
oxygen peaks. The concentration of &oms that make up the film and substrate was determined
from the relative chage in the intensity of the Auger peaks. The method of coefficients (factors) of
elemental Auger sensitivity with matrix corrections was used in the calculations:

‘9 Y
B'Q v
where Ix and Sx are the height of the Auger peak and the elementalskngéivity factor of the %
element, respectivelB @ "Yis the sum of the /S ratios of all elements present in the satjsle;
the matrix correction. The measurement error of the atomic concentration was ~5 at.%. The
calculation showed that on tlserface of the CdTe film there are ~50 at.% Cd, ~48 at.% Te, and O,
C atoms, the total concentration of which is +2.9 at.%. After ion bombardment with a high dose
(D =6 13°cm'?), almost all the Auger peaks of impurity atoms disappear, the intefsitg Te and
Cd Auger peaks sharply decreases, and intense oxygen Auger peaks appear. After heating at T=800K
CdTe implanted with O2+ionswithE 1 ke V at %cmd ampouind of thesCATIEO
type was formed.

o

[1] R.H. Bube Proc. ofthe Symp. on Mat. and New Proc. Tech. for Photovo|ta&41 (1983) 359.
[2] C.H.Lee et al.J.Electron. Mater,.27(6) (1998 668.
[3] V.V. Vasyliev et al. Phys. Tech. Semicon85(2) (2001 203 207.
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REGULARITIES AND MECHANISMS OF COMPOS ITION INFLUENCE
ON MAGNETIC AND NONLINEAR ELECTRICAL CHARACTERISTICS
OF La-S MANGANITES WITH COMBINED SUBSTITUTION FOR

MANGANESE
Karpasyuk VXBadeliA.G !, Derzhavin I.MEstemirova S!RHMerkulov D'
1 Astrakhan State University named after V.N. Tatish¢hestrakhan, Russia
2 Institute of Metallurgy, Ural Branch, Russian Academy of Scientekaterinburg Russia
derzh_igor@mail.ru

In the present work comprehensive experimental data are shown for magnetic properties and
currentvoltage (i V) characteristics at different temmp&ures of manganites with partial substitution
of (FE%05S5C"0s), (Ni*'0sGe0s), (Znf0sGens), (Mg*osGe o) pairs for manganese ihas-
SreMnix(Me'o sMe'' o 5)x03 basicsystem (c= 0.3, 0.35; x= 0.1, 0.15). Polycrystallineamplesvere
prepared by solid state reactions in air with final sintering step performed akK1v30h. IiV
characteristics in the 122880 K temperature range were measured using squépersited electrodes
made ofAg.

All synthesized manganites have rhombohedral structure. Samples containing (Fe,Sc), (Ni,Ge) and
(ZnGe) have slightly different values of magmation at 80 K and Curie temperature, while the
values of these parameters are significantly lower for (MggBbstituted manganites.

(FeS0o- and (NiGe)-containing manganitesxhibiti me-s ami conduct or 6 tr ans.i
increase in the electric field strength the transition
temperature decreasel the studied temperature
range, (Zn,Geyubstituted manganiteas a metallic 1307
type of conduction, while (M@e)-containing sample
exhibits semiconductor properties.

Figure 1 shows the most interesting curreottage
characteristics obtained, containingl$aped sections
of negative differential resistance in sampleg, 3, &
and IiV characteristic of (Mg,Ge)substituted %
manganite wi a sharp increase in current at almost VeEae:¥

constant voI_tage_. The latter mang_anite has thﬂgurel. Currentvoltage characteristics
smallest grain diameter and the highest porositys manganites with various substituen

compared to other samples. 17 (F x=0.10. c=0.30. at
Experimental data obtained are discussed taki OK(' 2?'5(?\'?652('33)5) x=015 c= 035

into account electronic configuration and radii o : » —

t 260K; 3 ZnosGeys), x=0.15,
F&"(3), SC*(30), NI“(80F), 2 (309, ME(2), o= 038, ot 2600 4 1 (Mo Go)
é*(3dY) ions, insulatometal transition in phase . _ ~ 1z ’ Gos5R.s);
Ge™(3d , Insulatometal n x = 0.15, c= 0.35, at 200K
separation model, intrinsic inhomogeneities,f-sel
heating effect, jumps of oxygen ions4lL

Current, mA
>
o

(<))
o
!

The study was carried out at the expense of a grant from the Russian Science Foundagon No.
22-10005

[1] N.A. Tulina et al. Phys. C444(2006) 1922.

[2] X.D. Wu et al.,IEEE Trans. Magn.46(2010) 17051707.

[ 3] O. 1 . D §Meaatophgsitkandds.Tectad0(2018) 291299.
[4] K.A. Shaykhutdinov et alRPhys. B405(2010) 49614965.
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CONTRIBUTION OF RARE EARTH ELEMENTS TO THERMAL

CONDUCTIVITY OF YTTRIUM ALUMINUM GARNET CRYSTALS
Djabbaroy, Salakhitdinova MKulmatova.
Samarkand State University named after Sharof Rash&markand, Uzbekistan
smaysara@yandex.ru

Recently, as a result of largeale studies of outer space, to solve many physicochemical and
astrophysical problems, stable operation of quardlettronics devices using crystals and glasses as
working elements, much attention is paid to their thermophysical propdr@és

Thiswork presents the results of studies of the thermal conductivity of crystals of yttrium aluminum
garnet (YAG) unactiated and activated by rare earth iovisAlsO1-TR®"). When rareearth
ions are introduced into crystals, their inhomogeneous distribution can be observed, which, as rule,
leads to the appearance of microdefects in the sample mgrxperature fluctuains during the
treatmentand crystallizatiorprocessusually lead to an uneven entry of impurities, which can also
lead to shift in energy levelS.hese fluctuations cause density fluctuation. Displacement waves
carrying the energy of thermal motion wdlissipate. These scatterings are the stronger, the greater
the maximum displacement of atoms from their average positions in the lattice, i.e. the higher the
temperatureThis explains the fact that the thermal conductivity of solid dielectrics decretases a
sufficiently Rillg.h Ttheemptehreartnuarle sc.o nbd u c tgicanigivtey o f
a lot of information about various processes of phonon scattering in crystals.

From the point of view of the quantum theory of sdlidte thermal lattice vibrations can be
represented as set of finite number of normal vibrations, the interference of which gives rise to
phonons. The most important processes for thermal conductivity are the energy exchange between
three phononsone phonon isnnihilated and two others are born, or two phonons disappear and a
third is born At temperatures below the Debgs collisions of longwavelength phonons do not lead
to Umklapp processe3herefore, the phonon energy dissipation stops and their meapdtieo-

increases exponentially with decreasing temperaturé) w ri— , whereb® 2. According to Debye's

law, the heatcapacitk — , t herefore, the thermal conduct.

— and — .At°Y — —thevalueee becomes comparabl e.

Thus, at TYO, the thermal conductivity coeffi
T3. Our experimental studies have shown that with a decrease in the ionic radius and an increase in
the atomic mass, ththermal conductivity of YAGTR®" crystals decreases significantly. The
decrease in the ionic radius (T1Ris associated with lanthanide contraction.

[1] F. Doniels, ChBoyd, D.SaundersJspekhi fizicheskikh nau&l1(2)(1953) 271286.
[2] I. DjabbarovThermal conductivity of single crystals of yttrium aluminum garnet with impurities
(LAP Lambert 2021).

207


mailto:smaysara@yandex.ru

SISM - 2023
3PO-L9-7

STRUCTURAL DISORDER, HEAT CAPACITY, AND MAGNETIC

TRANSITIONS IN Cu 2FeBOs
Kazak N.V, Gokhfeldu.S., Belskayd.A.?, Molokeev M,Sudim |.A, Eremin E.V, Knyazev YuUlV.
Velikanov D.A.Ovchinnikov S.G.
IKirensky Institute of Physig¥rasnoyarsk, Russia
?|offe Institutg St. PetersburgRussia
nat@iph.krasn.ru

The crystal structure dhe CuwFeBGs ludwigite was first solved in Ref. [1]. The cationic disorder
and anomalously high equivalent atomic displacement parameigr JU4 ) = 0%werd4 (1)
reported The compound was found to undergo three magnetic transitidg-a63 K, TU= 38 K,
and Tsgc= 20 K [2], which were assigned to the orderings of the iron @sgper sublattices and
freezing of spins in the 3D spglass state, respectivelAn antiferromagnetic transition at
Tn= 32 K was reported in Ref. [3].

Here, we focus on the crystal and magnetic properties of tfeeB@; single crystalThe sample
hasbeen growrusingthe flux andcharacterisetby means oX-ray diffraction, magnetic, anldeat
capacitymeasurements. The compound is crystallised in a monoclinic structure Ralg). There
are fournonequivalent symmetrpositions for the metal iond41 (2b), M2 (2c), M3 (4e), M4 (4e),
five for the oxygen, and one for the bordime metal ions are disdered oveM2 and M4 positions
with the occupatiofiactors of Cu:Fe = 0.496:0.5@dd 0.328:0.672, respectivelye show that the
cationic disorder results from the structural disordering of the O4 oxygen position, which splits into
two onesAs a resultan unitcell contains two types of triadBe(4A)Fe(2A)Cu(4A) and Fe(4B)
Cu(2B)Fe(4B), which are random distributed

M° s s bspeatmin the temperature range Bf 40- 300 K presenthe sum of several symmetric
quadrupledoubletswith the hyperfine parametetgpical for highspin Fé* ions in the octahedral
coordination. Thelc magnetization measurements have 1go : : : : : :
shown two magnetic traiti®ns atT; = 35 K andTl2 = 20 1604 © exp. mH =0 kOe
K and divergencef the FC and ZFC curvezelow Ty, 140] — ™
implying spinglass behaviour The heat capacity . 1201
measurements of GeeBQ; have been done in the rangeé 100 4
of 4.21 300 K in zero and 90 kOe magnetic fields, whiclkE 80+
did not reveal any anomalies confirmitihg assumption = 60
of the spinRglass state (Fige1l). Themagneticentropy © 401
i's saturated at aboSit7.010 020
J/molK, that is 3.5 times smaller than the expected one o0+*—F———+——+————7"—"—
in the mearfield model. The present resulBow that 0 50 100 150 200 250 300
the magnetic state ahe ludwigites in general and T (K)

CwFeBGs in particular, strongly depends on the catiofigurel The temperature dependence
distribution, which, in turn, is extremesensitive to the the heat capacity of CiFeBGQs single
synthesisonditions. crystal.

0 T T v
20 PO 10p 6ot 20 to
T (K) S| P

Support byRussian Foundation for Basic Research (project n®2212033)is acknowledged.
[1] J. Schaefer, K. BluhnZ. Anorg.Allg. Chem,621(1995)571.

[2] M.A. Continentincet al, Eur. Phys. J. B9 (1999 613
[B]G. A. Pet r aRhysv3oldiStaid (200902077
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INVESTIGATION OF FERRIMAGNETIC PROPERTIES OF IMPURITY
ATOMS OF MANGANESE DIFFUSIONLY DOPED IN SILICON
ZikrillaeW .F., IsamoS8B., Kushiev G.AAbdugani&VA ., UrekoveF.E.
Tashkent State Techniddhiversity, Uzbekistan
zikrillaev.n@gmail.com

Nowadays, much attention in the world is paid to creation of nanoclusters with magnetic properties
in alloys and heterostructures by iamplantation or epitaxial growth. The development of technology
for producing magnetically nanostructured silicon in a crystal lattice, through the formation of
magnetic nanoclusters of manganese atoms and the study of the possibility of controllingcmagnet
properties in a wide temperature range is an urgent prdil&h The influence of magnetic fields
on electrophysical parameters of silicon samples doped with impurity manganese atoms was
investigated and the possibility of using these materials fgneta sensors in spinoelectronics was
shown

The ferromagnetic properties of silicon doped with manganese atoms were first discovered at
relatively low temperatures &30 K). Studies of the ferromagnetic states of silicon diffusioped
with impurity manganese atoms at a temperature of T=300 K showed that these samples have
ferromagnetic properties that have not been discovered to date.

Diffusion of germanium atoms in silicon requires a rather long time due to the small diffusion
coefficient. Therefore, it is practically impossible to obtain volumetrlcally doped silicon with
impurity germanium atoms. In this regard, the source materi . e
was chosen, prdoped with germaniunatomsduring silicon i
growth by the Czochralski method with a concentration ¢
Nee= 9 A%cr@@®. Initial samples with the same dimensions were
cut from Si<Ge> wafers. Then, in these Si<Ge> samples, tl -
diffusion of manganes atoms was carried out in a tstage
mode.Conducted studies of the obtained samples of Si<GeMr.-
in a magnetic force microscope brandfdnoview 1000 at the |
submicron level, we present an analysis of the obtained ™
"magnetic" images of the relief (Rige 1) on samples of |
Si<GeMn>. After diffusion, the samples were subjected to |
appropriate mechanical and chemical treatment to remove th
layer of manganese silicides from the surfggje

~

Wehaveanal yzed the obtained AmM
(Figure 1) on Si<GeMn> samples studied in a magnetic force
microscope of the FANanoview 1000 brand at the submicrori/9ure 1.3D-representation o
level. the topography of magnet

An analysis of the results of the study showed that silicdemains and images of tt
samples doped wit impurity manganeseatoms have Magnetic relief inSi<GeMr»
ferromagnetic properties not only at low temperaturgs3gKk), Samples
but also at relatively high temperatures. Studies of the magnetic properties of Si<GeMn> samples
have shown that manganese atoms in silicon have a high ntagg&titivity, which makes it possible
to create magnetic sensors and magnetic switches in the field of spin electronics.

[1]. S, Zhou, H. Schmidiaterials, 3 (2010)50545082.

[2]. Thi Giang Le IntechOpen10.5772/ intechopen. 92702020.
[3]. N.F. Zikrillaev et al, J. INER, 15(2023)01021.
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ISOTHERMAL -MAGNETOSTATIC MODULI OF THE JAHN -TELLER

SUBSYSTEM IN ZINC SELENIDE CRYSTAL DOPED WITH CHROMIUM
Sarychev MtNEhevstovskikY. 12 Ofitserova !, Averkiev NS Gudkov V..
1 Ural Federal Universityy ekaterinburg Russia
2 M.N. Mikheev Institute of Metal Physics UB RABekaterinburg Russia
3 |offe Institute, RAS, St. Petersburg, Russia
n.ofitserova@mail.ru

Physical acoustics techniquesoved to be a very informativenefor studythe properties of the
JahnTeller JT) complexes in doped crystals. Theyovide informationabout the symmetry
properties of the global minima and saddle points (the energy barriers) of adiabatic potential energy
surface (APES) andboutthe dynamic properties of the JT ssystem (i.e., relaxation time and the
mechanisms which define its temperatuepehdenceRecently, we reported the results of magneto
acoustic investigationf the JT effect (JTE) iA"-B" crystals doped witlCr?* ions [1], namely, in
cubicZnSe:Cf* and hexagonal G3k:CF*. TheCr?*ion substitutesationin tetrahedral coordation

of selenium ionsit has°T, (€*t*) high-spin ground state and subject to & (e +t,) JTE problem

The experiments revealed the tetragonal symmetry of the APES global minima meaning the complex
can beadescribed with the vibronic Hamiltonian in linear approximation with respect to symmetrized
(tetragonal) deformations. While investigating-@d:Ni®* crystal, Sturge et al. [2] interpreted
temperature dependence of ultrasonic attenuation caused byghbsyEtem in terms of the relaxed
elastic modulicRand t he factor of temporal dispersion
and U is relaxation ti me. The relaxed modul i
fact or ¥ Y)Y depclibeq its dynamicdn zero magnetic field, the relaxed moduli are the
isothermal moduli of the subsystaff=c'. In ref. [1], the magnetic field dependences of attenuation
UB) were discussed. Therefore, the relaxadduli were represented by the moduli defined at
constant temperature and magnetic inductBna?=c™ (i.e., isothermamagnetostatic moduli).
Simulation of such moduli was done with the use of the magneticdegddndences of the ground
state energies with account thfe lowest levelgescribed by the spin Hamiltonian [3,4]. Such
approach made it possible to interpret the high fiBG@2 T) behavior of the
dependence of attenuatidi(B) of the ultrasonic mode associated with the tetragonal modulus
ce=(C11-C12)/2. Two the cases were studi&jf100] andB||[110]. At low fields, tunneling mechanism

of relaxation defines the mentioned dependence and a more accurate description of the relaxed moduli
is a must. In our report, we present the results of calculation of the isotheagaktostatic moduli

for ZnSe:C#* crystal with account of two energy levels: the lowest and the first higher one which are
degenerate @&=0. Such approach showagpreciablalifferences with respect to tifiermer oneat

low fields. It should be used for simulation of ultrasonic attenuai@hfurther comparison with the
experimental results.

Support bythe Russian Science Foundatipnr( o j e ¢22-00735 B acknowledged.
[1] M.N. Sarycheet al, JETP, 136(2023 80-88.
[2] M.D. Sturge et al.Phys.Rev, 155(1967) 218224

[3] JT. Vallin et al, Phys. Rev. B (1970 43134333
[4] J.T. Vallin, G.D. Watkins,Phys. Rev. B (1974 20512072
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DISTRIBUTION OF Co ?* IONS IN SINGLE CRYSTALS OF Li 0sGa.:04
Shapovalov \A.AShapovalov \2\Drokina T.V, Vorotynov A.MValkov V.E
L A. Galkin Donetsk Institute for Physics and Engineering, Donetsk, Russia
20rgani zation fiMathematWSAs for Ameri ca
3 Institute of Physics n.a. L.V. Kirensky RAS, Krasnoyarsk, Russia
vashapovalovli@mail.ru

The active study of spinels is due to their wide scientific and technological applications [1]. The
distribution of cobalt &* ions in single crystals of ordetereversed lithiurgallium spinel
LiosGa.504 has been studied IBlectronSpin Resonance (ESR). The distribution of cobaft @ns
depends on the structural and magnetic nonequivalence of ions in the elementary cells of single
crystals. When an admixture of cobal€Cis introduced into the matrix of an ordered lithium
gallium spinel, the latter replaces %Gaons in tetrapostions (upper rowi tetrahedra) and in
octahedra (lower rowoctahedra), and Lions located in octahedrons (big1).

The study of the anguladependenceof the 4\ : . ‘E
position of the lines of the ESR spectrum v A‘ A‘b

"tetrahedral C®™ showed the presence of fo Holl[111] Holl[1 111 Holl[1 1 1] Hell[111 ]

magnetically nonequivalent positions of ions in - V

unit cell. The Hamiltoniag constants at T=4.2K £ ‘ A;} 4}} V>
a = 2 . 2~03N0. 0 020* cmA: _ .

gr= 4.621NO0. 005, B=0. LiesGaz50,+0.1%Co /

7

dependence of the spectrum of "octahedraf”C  Ezeox \\\ : 7
indicates the presence of four magnetic: — VY ——F —
nonequivalent positions of €oions in the unit cell.
The nearest cationic environment oétlon under g, |
study creates only axial distortions along the a
<111>. Experimental values of spitamiltonian z°‘") Co(2t)  Co(3t) Co(4t) R
constants are s, =7.295f o(10) Co(20)  Co(30) Coldo)
A=( 2 8®fcn},gr= 2. 311N0. 0
The study of the angular dependence of Figurel. The dependence of the potential
spectrum of'octahedral C#™ located in a crysta the crystal field E on the distance R. T
field of low symmetry showed the presence minima are located along the axes of ty
twelve magnetically nonequivalent positions [111]. Tetrahedral (tf) and octahedral |
rhombic C3* in the unit cell. Experimental value magnetically unequal positions of €dons
of spinHamiltonian constants in three ma in the unit cell are shown.

orientations are g = 6 . 90@57
A = (2209 cne*Ng@¥F 1. 972N0
(30.20N1) cm?,

o= 2.855N0.005, C=0.

[1] V. Tsurkanet al, Physics Repor{926(2021) 1 86.

211



SISM - 2023
3POL9-11

FERRIMAGNETIC PROPERTIES OF THE MINERALS CHROMITE -
FeCr,O4 AND TITANOMAGNETITE - TiFeO4AT HIGH TEMPERATURES
Kuvandikov O.Bhodiev Z.NKhasanov KhBhairullaev B,Akhtamov Zh.Sh.
Samarkand State University named after Sharof Rash&markand, Uzbekistan
guvandikov@rambler.tu

Investigationof the magnetic properties of minerals in rocks from the point of view of mineralogist
is topical.In the present timehe magnetic properties of these minerals have been studied mainly in
their magnetically ordered state, while their paramagneticlstatbardly been studied [1].

The purpose of this work is to determine the main magnetic characteristics of tiearomg
minerals chromite and titanomagnetite included in the composition of rocks, by measuring the
temperature dependence of their magnetic susceptibdty)| in the high temperature range of-20

1000C. The magnetic susceptibility waseasured by the Faraday method using téghperature

pendulum balance with relative error of 3% can be see(Figure.) that the dependenceél(v)of
minerals in the temperature range under study &

nontlinear: the slope of the depemsec ™ (u) for

chromite increases sharply at ttemperature of
approxi mately 550AC, a
titanomagnetite at 780
900AC it decreases. "ol
The linear nature of the dependence in the high |
indicated temperature range indicates that the
dependences obey the Cuvigeiss law.

Changes in dependence *(T) in the studied

minerals can only be explained by structurdfigure 1. Dependencesc'lfl') of the

(polymorphic) transitions occurring at highestudied samples of chromite (1) a
indicated temperatures the iron sublattices of titanomagnetite
these minerals.The experimental dependences

C'l(T) of the studied samples were calculated for their main paramagnetic characterisfigand

1

630AC,
1creases

1 1 1 1 1 1 1 1 1
100 200 300 400 500 600 700 800 900 1000 t°C

n%rm -
u Ble 1 Paramagnetic characteristics of the samples.
Minerals Temperature range t,C | g, ,8 | & 10 iy ' G My, B
Chromite-FeCpOa 20-450 63 1343 15,51
660-900 523 72.05 3,59
Titanomagnetite 650770 853 250 7,48
TiFex04 9101000 913 55,56 35

An analysis of the table shows that during the structural transition of minerals, their galues

increase and thei¢ and /1 . values decreas@his is explained by the fact that if Fdons are

partially or completely replaced by Tions in the crystal lattice of minerals, which in both structures
show strong tendency to occupy octahedral positions, this will lethe sagnificant decrease in the
Curie temperature.

[1] G.P. KudnavtsevaFerrimagnetism of natural oxidésMoscow: Nedra, 1988
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ORIGIN OF WEAK FERROMAGNETISM IN  Zn1xCoO
Arslanov A.Xudoyquldy, Nebesniy*ANasirov A.Yuldashev SRU.
! Physics Department of NUUz, Tashkent, Uzbekistan
2 Center of Nanotechnology Development, NUUz, Taskent, Uzbekistan
shavkaty@yahoo.com

ZnO-based diluted magnetic semiconductor (DMS) ipramising candidate for realizing a
ferromagnetic semiconductor with high Curie temperatifeHowever, the magnetic properties of
Zn1xCoO reported so far by different research groups are quite contradict. Some reports found that
Zn1xCoO is ferromagatic at room temperatuf@]. While, there are also papers that report on the
absence of ferromagnetism in4&oO materialg3,4].

This work presers the results of study on the origin of weak ferromagnetism pZw0.020 thin
films grown by using lirasonic spray pyrolysis. The temperature dependencies of the magnetization
and the thermal diffusivity have been conducted. The thermal diffusivity method is very useful for a
study of the critical behavior near the phase transition. Taking into adteurglationship between
the specific heat C and the thermal diffusivity D through the equation K/j D (wherej is the
density and K is the thermal conductivity), the inverse of the thermal diffusivity has the same critical
behavior as the specific heat

Zn1xCoO (x = 0.03) thin films were deposited on Si (100) substrates by using ultrasonic spray
pyrolysis Aqueous solutions of zinc acetate (0.5 mol/l) and cobalt acetate (0.5 mol/l) were used as
sources of Zn and Co, respectively. These solutions were mixed in the appropriate proportions in
order to obtain the desired Co concentration. The substrate tempesaisi set at 408C, and the
thickness of Zne7C.00 films was about 200 nm

Figure 1 shows the temperature dependence of the
magnetic specific heat of tlz&o.97C.00, which was Tool e
obtained by using the equation givedtove. e

The useful quantity which can be extracted from the :
magnetic specific heat is thenagnetic entropy,
associated with the ordering of the local magnetic
moments The magnetic entropy calculated from the
magnetic specific heaff theZno.97C.020 is shown in
the inset of Figre 1, and its value is about 0.J2not O e 0 1 10 s
1K1, which is approximily three times lower than the Temperature ()
expected 0.35 J méK™ or 0.03RIN(2S+1) value for
the Zn.97Com 030 with the S = 3/2 spin of Gbions.  Figure 1. The magnetic specific heat as
These results show that only a small part of Co ions fanction of temperature for the
the Zno/Con o is involved in the ferromagnetic Zno.o7xCm.00. The insert shows the
ordering. The uncompensategnetic moment at the magnetic entropy of the phase transtio
surface of CoO nanoclusters causes theak
ferromagnetism in the 2R7C0.00.

Crnag (9 mol*K™)

Support by IEEE, ARC, andRCNN is acknowledged.

[1] T. Dietl et al.,Science287(2000) 10131022.

[2] K. Ueda, H. Tabata, T. Kawahppl. Phys. Lett.79(2001)988990
[3] M. Bouloudenineet al, Appl. Phys. Lett.87 (2005) 052501.

[4] S. Deka, R. Pasricha, P.A. J&hys. Rev. Br4(2006) 033201.
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OPERANDO SYNCHROTRON STUDIES OF MAGNETOELECTRIC
COUPLING AT THE FM/FE -HfO2 INTERFACE (FM= Co -Ni, Pt-Fe, EuS)
Zenkevich A.
Moscow Institute of Physics and Technology, Dolgoprudny, Moscow region, Russia
zenkevich.av@mipt.ru

Compositemultiferroic materials with coexisting ferroelectric and ferromagnetic orders open
alternative prospects for development of multifunctional electronic devices. However, the application
of multiferroic materials is limited by poor compatibility of ferrawaterials with the modern Si
based technology. This limitation can be overcome by the use of ferroelectric (FE) dopeat HfO
alloyed Hb.sZro 502 (HZO) films. In this regard, exploring the possible magnetoelectric (ME) effect
at the FE/FM interface in theeterostructures comprising O is crucial for development of Si
compatible composite multiferroics. By using the prototypes eHFE> based memory capacitors
on the chip with wiring to external sourogeter unit, which enablds situ electrical porization
switching/measurement, we perfoaperandcsynchrotron experiments to establish the ME coupling
effects at FM/FEHfO; interface.

In particular, X%ray magneticcircular dichroism (XMCD) and magnetic circular dichroism in
angular distribution of photoelectrons (MCDAD) have been employed to probe elsehectively
the local magnetic properties at NIHFFHEZO interface antb demonstrate the effect BE polarizaton
switchingon the magnitude and/or orientatior a) XAS/XMCD
of the magnetic moment of a nm thick marke, .. W /
Ni layer at the interface (Figure 1) [1]. :

Alternatively, using synchrotron basétFe FEmp, : i
M° ssbauer spectroisc i e " eomsieme]
operando the local magnetic properties a
nanometethick enrichecP’Fe marker layer in
functional Pt/’Fe/HZO/TIN capacitors are s
probed elemerselectively and the evidence of_ o,
the FE polari za4e BV v |["
response is demonstrated [2]. ° ol SR

Furthermore, low T FM semiconductor EuS | "V /

05

; ’C'o‘o. '.-“ LR
[

©.054

-1.04

2 ’,’ Py &
Integated Wlth FEl_IZO In a bllayered 850 855 860 865 870 875 875 870 865 860 855 850

-1.54

structure is promoted as a prospectiv EhRISS 0) RN SIS (P2

composite multiferroic. The comprehenswe“‘E igure 1. a) capacitor o!evice structure used in
information on the structural, chemical, &axpenments b)Nigl i ne t ak e'rand:

electronic properties of EuS/HZO interfac circular polarization of Xrays demonstrating
endorses it as a promising medium fo CD effect; c) the effect of ferroelectri

magnetoelectric  coupling phenomena polarization switching on MCDAD signal for N

particularly, the effect of polarization reversafP core level line.
in FEEHZO on the magnetic and transport properties in EuS [3].

The support from Grant No. 07Bl-2021-086 (Minobranauki) is acknowledged.
[1] A. Dmitriyeva et al. ACS Nandl5(2021) 4891-14902.

[2] V. Mikheev et al. Adv. Mat. Interface® (2022) 2201341.
[3] A. Khanas et al Adv. Mat. Interfaces/ (2020) 2000411.
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PHOTOELASTIC PROPERTIES OF LEAD MOLYBDATE CRYSTALS

WITH PARAMAGNETIC IMPURITIES OF SODIUM AND NEODYMIUM
Akhmedzhanov F Eboevil.l., Mirzaev S.Z.
institute of lonplasma and Laser Technologi@ashkent, Uzbekistan
akhmedzhanov.f@gmail.com

In this work, the photoelastic properties of PbM@@ystals, which are widely used as an active
medium in acoustoptic devices [1] have been studied. In particular, the influence of paramagnetic
impurities of sodiumand neodymium on the effective photoelastic constant ywhich is the
convolution of the values of the components of the photoelastic tepsaf the crystal over the
normalized polarization vectors of the diffracted and incident Eghndb, respetively, and the
direction and polarization of the acoustic wavandg[1]:

n n oIrr, (1)

The experiments were carried out on pure and doped with sodium or neodympumities
PbMoQ: samples. The concentration of Na and Nd impurities was about 0.3 mol.%. The samples
were oriented along the [100] and [001] axes. The measurements were performed using the Bragg
light diffraction method on acoustic waves, which
were excied by Xcut quartz piezoelectric transducers fooy)
in the range of 400600 MHz. The light source was a -
heliumneon laser 1(0=632.8 nm). The modified
Dixon-Cohen method was used to determine the
effective photoelastic constants]. The accuracy of
determining he value ofper with respect to the
standard (fused quartz) was about 20%.

Studies have shown that in doped PbMa@stals,
the velocity of acoustic waves along the
crystallographic axes remains practically unchanged,
however, a strong dependence of the effective ’
photoelastic constant on the direction of propagatiopigure 1. Dependence of the effectiv
of the acoustic wave and the polarization of th%hotoelastic constant on the direction
incident light is observed. This effect is mOStpoIarization of lightin Pbz 0 O4
pronounced in crystals of lead molybdate with aRrystak. Curve lineis calculation, points
admixture of neodymium. areexperiment

Figure 1 shows the dependence of the effective
photoelastic constant on the direction of polarization of light incident on a PhM@&mple. along
the crystallographic axis [010]. It can be seen that the experimental values are in good agreement with
the theoretical curve calculated from the expression:

Agewg N QOET 0 Q8 2)
wherey is the angle between the lightlprization vector and the [100] axis in the (010) plane.

It can be seen that, by changing the direction of polarization of the incident light, one can control
the value of the effective photoelastic constant and, accordingly, the efficiency of theliBhagg
diffraction.

[1] R.W. Dixon IEEE Trans 17(1)(1980)229-235.
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ATTENUATION OF ACOUSTIC WAVES IN CUBIC CRYSTALS AT HIGH

FREQUENCIES
Akhmedzhanov F KurbandlO., Makharov N.M.
Institute of lonplasma and Laser Technologidsishkent, Uzbekistan
akhmedzhanov.f@gmail.com

In contrast to the propagation velocity the anisotropgtténuation of higlirequency acoustic
waves in cubic crystals investigated insufficientlyin this work the attenuatioof acoustic waves
in NaCl, NaBr,Bi12SiO20 andMgO cubiccrystals has been investigated on the basexpérimental
data on theattenuationof acoustic wavesat high frequenciegpropagating along the main
crystallographic directionsMeasurements were carried out using Bragg diffractioighit by
acoustic waves at room temperature in the frequeanaye from 0.4 to 8.GHz.

According to the known perturbation theory, the attenuata@ificient can be defined in terms of
the effectiveviscosity. Since the viscosity tensor has the same sginnmas the elaststiffness tensor,
three independent constants mustdatermined for the crystal class 23, to which belong the
investigated crystals. All the viscosity components weetermined by substituting effective
viscosity values obtainddom measured attenuation data into the mode visceginations

The obtainedviscosity components were used for calculatbbrthe anisotropy of attenuation of
three wave modgzropagating along any selected direction using equation:

U=xtden/2} V3 (1)
wherex is the circular frequencylest is the effective viscositfor selected direction, is the density
andV is the propagatiomelocity of acoustic wave

Calculations have been carried out for acoustic wapespagating in (001) and (110)
crystalographic planesAt the same time the contribution of dielectric loss in the tati@nuation
coefficient of piezoactive waves was assessedpiezoelectriccrystals[1]. It is shown that the
dielectric loss caproduce a significant influence on thegndude andnisotropy of the attenuation
coefficient for piezoactivéongitudinal and transverse waves inBiOxcrystals.

The crosssection of the attenuation surfaces of (1) c@sgitudinal, (2) quasiransverse, and (3)
purelytransverse acoustic waves by the (110) plane in MgO crystals is shownir@IFig can be
seen that the strongesttenuationanisotropy inthis plane is observed for quasansverse waves
whose polarization vector lies in the same plane. The obtaesedis can be due to the spatial
di spersion of the &e[2,Bective Gr¢gnei sen constan

[1] I.G. ShaposhnikowJETP, 11 (1941)332-339

[2] Yu.A. Logachev, B.YaMoyzhes Solid State Physic46(8) (1974 22192223.
[3] R. Navaet al.,Phys. Rev. B14(2) (1975 800-807.
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SPIN CURRENT FOR TUNING THE BAND GAPS OF SPIN WAVES
Morozova M.M.obanov N.[lMatveev O.V.
Saratov State University, Saratov, Russia
mamor ozovama@yandenrn. rru

Layered structures of magnetic dielectrics (for example, yttrium iron garnet, YIG) and conductors
with strong spirorbit couplingandlarge Hall angle (forexample, Pt) are considered as one of the
basic elements for the development of purely spin information and communication technologies, in
which moving charges are replaceddmpn waveor magnons1,2]. The electric current in Pt, due
to the inverse spiklall effect, generates a spin curreint turn, due to the transfer of sgiansfer
torque at the YI@t interface, it leads to an increase or decrease iggdimewavesn YIG [3].
Accordingly, in layered structures consisting of two YIG layers seghlgte Pt layer, spin current
leads to an increase in spin waves power in one YIG layer and a decrease in tf#. dtheruse of
magnonic crystals (MC} ferromagnetic films with periodic modulation of parameters creates
conditions for the formation of band gapsontransmission bands in tispin wavespectruni5].

The aim of thisresearchs to study the possibilitpf band gaps tuningsing spin currentin a
layered structure consisting of two MCs with a system of grooves on the surface separated by a Pt
layer. The wave model has been constructed to describe thenspia evolution, and a dispersion
relation for spinvaves under the action spin currenhas been obtained.

It is shown that théormation of two band gaps in the first Brillouin zone is possible in the structure
under study. The mechanism of the formation of band gaps is related to the interaction-at phase
matching frequencies of symmetric and antisymmetric direct and reflectethinaiaves of the
coupled structureBand gapsre formed at Bragg wave numbers and frequencies different from the
Bragg frequencies for each of th&C in the absence aouplingbetween them through the Pt layer.

The spin current in Pt leads tahange in the effective magnetic field for each of the noted types,
which makes it possible to control the frequency position of the
band gaps, the width of the band gaps, the frequency inter
between the bands, and the band gap depth. In particudar, i AT
structure based on a single MC and Pt layer, depending on A, Ll -
direction of the spin current, the same amplification (c o Jv > h
attenuation) of the spin wave takes place in the frequencyrar * Q Sy
both outside and in the band gap. In two MCs separated by
layer, tie introduction of spin current leads to an increase in t
spin waves attenuation in the frequency range of band gaps i N
to increase in the depth of the band gaps. In addition, the highgure 1. Crosssection of
frequency band gap is shifted down in frequency, and the lowttenuation surfaces of quas
frequerty band gap is shifted up in frequency, i.e. theyngitudinal O} quask
frequency interval between the band gaps decreases. transverse (2), and pure

The practical importance of the result lies in the fact that thgansverse (3) acoustic waves |
control ofband gapsf spin waves using a spin current makeshe (110) plane in MgO crystals
it possible to use such awtture as a basic functional element
of frequencyselective microwave devices with a double (electric and magnetic) based on the
principles of spintronics.

Support byRussianScienceFound at i 0282%0@76%a nt -~
[1] A. Barmanet al.,J. Phys. Condend/atter, 33 (2021) 413001.

[2] P.G.Baranov et aJ.Phys:Usp, 62 (2019) 795.

[3] Y. Zhou et al. Phys.Rev. B.88(2013) 184403.

[4] Xg. Wang, GhGuo, J. BerakdarNat Commun 11 (2020)5663

[5] A.V. Chumak et al.J. Phys. D: Appl. Phys50(2017) 244001.
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SPIN WAVES BRAGG IN RESONANCES IN

MULTIFERROIC SANDWICH YIG/HZO
Morozova M.YMatvee®.V ?, Markeev A.NF, Nikitov S.A?
! Saratov Stat&niversity, Saratov, Russia
2 Moscow Institute of Physics and Technology, Dolgopruduyssia
3Kotel 6ni kov I nstitute ofRARMaktowBuUSSIHIi neer i ng
mamorozovama@yangeu

We have demonstrated the hysteresis and frequency tuning (electrical and magnetic) of the Bragg
resonance irthe spectrum of spin waves insandwichstructureYIG/TiN/HZO/TIN (yttrium iron
garnef titanium nitride/ hafniurrzirconium oxide/ titanium nitridel00 nm/20 nm/10 nm/20 nm)
with periodic modulation of the parameters.

The originality of the structure lies, firstly, in the technology of creation using Hojuége epitaxy
of YIG film and atomic layer deposition of TiN and HZO films, which makesssjae to effectively
combine the layers and allows to keep the ferromagnetic and ferroelectric properties of each layer.
Secondly, such structure is the monolithic multiferroic structure with layer thicknesses on the order
of tens of nanometers, which denstrates the interaction of the magnetic and ferroelectric
subsystems. Thirdly, the developed technology for creating grooves on the surface makes such a
structure a Bragg reflecting grating.

In particular, it is shown that the HZO layer in the compasitad the sandwich structure
demonstrates the hysteresis property (saturation voltage up to 3 V, remanent polarization up to 9.2
eC/cm?2), a twelevel state, and the wake effect. In the YIG layer, the propagation of spin waves
at frequencies ofi4 GHz with a change in the magnetic field of 1800 Oe was discovered. A
Bragg band gap is observed in the spin waves excitation band. The position of the band gap depends
on the voltage (HZO polarization); when the voltage changes to 3 V, the frequency suoppi
1.3 MHz; the direction of the BG shift on the electric field changed at a coercive voltage of 1.1 V.
The alteration characteristic is of the fAbutt

The theoretical model is developed and it is shown that the main mechanism for theofoaiat
band gap is the interaction of direct and reflected from periodic inhomogeneities spin waves. When
a voltage is applied to the ferroelectric layer and its polarization changes, a magnetoelectric effect
takes place, which affects the mechanismntdériaction between direct and reflected waves. As a
result, the position of the band gap in the spectrum of spin waves is determined by the remanent
polarization of the ferroelectric layer and also has the property of hysteresis.

The practical importancef ¢he result lies in the fact that the hysteresis dependence of the Bragg
resonance of spin waves on the ferroelectric polarization, which was revealed in a nanoscale
monolithic multiferroic structure, makes it possible to use such structure as a megthomhis
memory cell will allow combining the advantages of ferroelectricity and magnonics in one structure
and can be integrated into modern CMOS electronics.

SupportoyRus si an Science F®202lpti on (grant -~ 19
[1] A. Barmanet al, J. Phys. Condens. Matte33 (2021) 413001

[2] Y. K. Fetisov and G. SrinivasaAppl. Phys.Lett.,93 (2008) 033508.
[3] Ferroelectricity in Doped Hafnium Oxide: Materials, Properties and De\iE¢sevier, 2019).
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EFFECTS OF THE COMPOSITION OF A 2D-SEMICONDUCTOR LAYER

ON THE EFFICIENCY OF SPINTRONIC THZ EMITTER
Lebedeva E.Buryakov A.M Avdeev P.YGorbatova A.Y SapozhnikblV.%*, Pashenkin 1%,
Mishina E.D.
! MIREA - Russian Technological University, Moscow, Russia
2 Institute for Physics of Microstructures RAS, Nizhny Novgorod, Russia
3 Lobachevsky Statgniversity, Nizhny Novgorod, Russia
caterinalebedewa2015@yandex.ru

THz radiation has shown great potential for medical, security, and communications applications in
recent years, which explains the demand for compact, controllable, highly efficient, and wideband
THz emitters In 2013, Kampfrath et al. [1] demonstrated the generation of THz radiation by
irradiation with femtosecond laser pulses of ferromagnetiemagetic heterostructures, due to
spincharge conversion. Such spintronic THz emitters are not inferior to traditional THz emitters
(nonlinear optical crystals, photoconductive antennas, etc. [2,3]), and surpass them in their
architecture, cost and polarizati control possibility [4]. But it is worth noting that the combination
of a ferromagnet and a semiconductor with a high-egiit interaction leads to an increase in the
efficiency of THz radiation generation [5]. Monolayer transition metal dichalcogefitMDs) can
be used as such semiconductors, whose electrical and optical properties depend on their thickness anc
composition [6].

The object of this work is to evaluate the effect of the monolayer TMD on the magnetic properties
of the THz spintronic emtter. A series of samples were made: IrMn/Co/Sapphire,
IrMn/Co/WSe/Sapphire, and IrMn/Co/MoSSapphire. The antiferromagnetic layer (IrMn) was
used to create uniaxial magnetic anisotropy.

THz timedomain spectroscopy was used to obtain -FHhysteresis epending on the laser
radiation energy density for a series of investigated samples. The value of the coercive field increases
with increasing | aser energy. When reaching
shown that at an optical powerf 0. 35 mJ/ cm], the coercive fiel
with WSe and MoSe layer are 0.2 kOe and 0.39 kOe, respectively.

Despite the decrease in the coercive field, the amplitude of the THz signal increases as the power
density increases. Thisdicatesthat only the cobalt layer is the source of the spin current. And the
change in the coercive field is due to the antifeagnetic manganese iridium layer.

Thestudywas supported by the Russian Science Foundation grant N@®&-Q3349

[1] T. Kampfrath et al.Nature nanotechnolog(4) (2013) 256260.

[2] A. Rice et al. Applied physics lettey$4(11) (1994) 13241326.

[3] D.H. Auston, KP. Cheung, RR. Smith.Applied physics letter4%(3) (1984) 284286.
[4] T. Seifert et al.Nature photonicslO(7) (2016) 483488.

[5] D. Khusyainov et aJ.Materials, 14(21)(2021) 6479.

[6] G.-H. Jung,Y. SeokJae, €H. Park.,Nanophotonics8(2) (2018 263-270.
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The conversionof spin polarization into a charge current under the action of femtosecond laser
pulses is one of the main mechanisms for the generation of terahertz (THz) radiation in spintronics
emitters based on metal bilayers of nanometer thickness of ferromagmetegnetic metal
(FM/NM) type [1i 2]. The effect of converting the spin current into the charge current was also
demonstrated for the ferromagnet/antiferromagnet (FM/AFM) structure in [3]. The use of an AFM
layer in spintronic emitters can expand their pat#, since AFM provides resistance to external
magnetic fields, faster magnetic order manipulation, amplification of terahertz radiation, and many
other advantagesi8].

Our work was focused on the Co(3 nm)/Iri¢rnm) structure as a source of THz réidia Our
study was focused on the magnetization properties of the sample and the polarization of the terahertz
signal generated by it.

The experiment was carried out by the TH2S method in the transmission geometry described
in detail in [6]. The magng&tinteraction of IrMn with Co enhances the uniaxial magnetic anisotropy
of the sample. This confirms the dependence of the . ———
amplitude of the THz signal peak on the magnitude of, === Easy axis
the magnetic field applied to the sample (THz 2* —————
hysteresis) shown in Figre 1. An increase in the %
energy density of the pump pulse from 0.35 to 3.85y
mJ/cnt led to a decrease in the coercive force of the \ \
sample from 270 to 40 Oe. This is due to an increas% \\\.

fluence

in the demagnetization of the sample with increasingg | | Pump

N

laser heating. 1.05 mJ/cm?
The dl_stor_tlon of the THz hysteres[s loops (yellqw v . S P R P

regions in Figre 1) obtained by applying a magnetic Magnetic field (Oe)

flelq along the easy magnetization axis of the sample Figure 1. THz hysteresis loaps

indicates the presence of intermediate states of

magnetization. This phenomenon can provide an additional degree of freedom to control the device's

terahertz polarizeon. However, the terahertz polarization profile obtained by rotating the terahertz

polarizer along the path of the terahertz signal is unstable. In other words, the magnetization in this

state tends to saturation.

Thestudywas supported by the Russiatiefice Foundation grant No.-23-00849.

[1] E.T. PapaioannolR. Beigang Nanophotonics10(4)(2021)1243 1257.

[2] W. Wu et al. JAP, 130(9)(2021) 091101.

[3] O. Gueckstoclet al, Applied Physics Letter420(6)(2022)062408.

[4] E.V. Gomonay V.M. Loktev, Low Temperature Physic40(1)(2014) 1735.

[5] Y.Y. Wang et al.Progress in Nat. Science: Materials Internatioraf(2) (2017) 208216.
[6] D. Khusyainov et aJ.Scientific reports11(1)(2021) 18.
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VALIDITY OF THE QUASI-TEM APPROXIMATION
FOR PERMITTIVITY AND PERMEABILITY MEASUREMENT S
IN ONE -PORT AND TWO -PORT STRIPLINES
IvanoR.A. Petrol.A., Rozanov K.N.
Institute of Applied and heoretical Electrodynamics RAS, Moscow, Russia
p.ivanov.a@mail.ru

Currently, coaxialand quasbptic techniques arthe mostonventionafor wideband measurement
of frequencydependentdielectric and magnetic epformance of materias. However, these
measurementnethodsare not universalA significant limitation of thecoaxial techniqués that the
sample under test must haaespecial shapevith very high sensitivity tahe air gapsbetween the
sample and the measuring céllhe quastoptic methodrequires samplesf large size, which is
frequently not feasible, especially for lédvequency measurements.

These limitations can be circumventadthe use of stripransmission ling where a small sample
fills a part of thecross section of thstripline measung cell. The standard approach of processing
the measurement data in thiethodemploysthe quasiTEM approximatiorthathasbeenproven to
be valid for the casevhenthe measued sampleis afilm of small thicknesgl]. However,if the
sample under test is eithecamposite materiabr metamaterialits thicknessmay be high thatan
result inlargemeasurement error [2].

This work is aimed astudying thevalidity rangeof thequast TEM approximationn extracting the
permittivity and permeability o sample under test from the measured data collectedmetbort
and tweport striplinemeasuring cells in case when the sample has a thickness comparable with the
height of the stripline cell.

With the use ofnumericaland experimental methods, talidity limits of the quasiTEM
approximationhave been shown to bdetermined by the magnitude of the longitudimave
componentgxciting atthe sampleThe study covers the dependence of these lonithesize of the
measuring striplineell, on the material parameters and the size of the saanen the position of
the sample in the measuring cell.

This study was financially supported by the 8las Science Foundation (RSF) under praject21-
19-00138 {ttps://rscf.ru/en/project/219-00138).

[1] T. Sebastian et alJ. Appl. Phys 113(2013) 033906.
[2] P.A. Ivanovet al.,Bull. Russian Acad. Sci.: Physi&6 (2022)574578.
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FERROMAGNETIC METAMATERIAL WITH AN ARRAY OF HIGH

PERMITTIVITY DIELECTRIC RODS
Amelchenko M*POgrin F.Ytf Grishin S.V.

!Saratov State University, Saratov
The University of Exeter, Exeter,
SMaxLLG Ltd., Engl and
amel chenko. mar @gmai |l . com

It is well knownthat metamaterials are artificial structures possessing electromagnetic properties
that natural materials do not have [1]. There is a class of metamaterials calledhasmdeft
met amateri al s (LH) wi t h bot h negatprogduee Lpher mi
metamaterials for microwave range the thin conductive wire array and the array of split ring
resonators (SRR) structured on the subwavelength scale are usually used [2]. These structures have
effective per mit teid veiprespectavalydThepapenisd dermandtrates the redults
of electromagnetic simulation conducted via MaxLLG software [4] of the LH media composed of the
superconductive wire array and ferromagnetic (FM) matrix. Here, we consider the model, in which
metallicwi res are replaced by di el ectaif5l(EiguebadWe wi t h
analyze a metallized layer of the FM metamaterial with an external constant magnetic field parallel
to rods and normal to electromagnetic wave (EMW) propagalibe dispersion characteristics for
slow EMWs propagating in the structure are shown infégb. There are two backward waves with
similar bands can be seen, whereas there is a single corresponding wave in case of metallic wires.

. metalic
/surfaces

rods
~ array

ferromagnetic
film

0 10 15 0 25
k cm™!
(a) (b)
Figurel. (a) Twedimensional magnetic metamaterial. (b) Dispersion characteristics for slow E
in the FM metamaterial with covered dielectric rodd) =3 kOe, 0 0=139.3G, "Y=2mm,
11=0.3mm,i2=0.4mm, d=0.5mmU & 600and{ = 16.

The work was supported by the Russian Science Foundation grant N@9-3B27,
https://rscf.ru/en/project/239-30027/.

[1] Metamaterials. Devices and Applications, Ed. by A.L. Borja. Intech Open. (2017).

[2] D.R. Smith et al. Phys.Rev. Lett.84(18)(2000 4184 4187.

[3] M.D. Amelchenko et aJ1zv. VUZ.AND, 30(5)(2022) 563591.

[4] High Frequency Magnetics Software [Electronic resource]. Available from:
https://www.maxllg.com

[5] L. Peng et al.Phys. Rev. Lett98(15)(2007) 157403.
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INFLUENCE OF MAGNETIC FIELDS ON THE REFLECTION OF

MICROWAVE WAVES FROM THE STRUCTURES Fe;s04/CoO AND FeOs3
Antonets |.VYKotov L.N.
Syktyvkar State University named Pitirim Sorokin, Syktyvkar, Russia
aiv@mail.ru

In this paper, the results of studies of the effect of weak magnetic fields (up to 0.30 T) on the
reflection coefficient of microwave radiation of magnetic structures with the composhets
(Fe~3844 at %, O~61.56t %) andFe304/Co0O (Co~7.85at %, Fe~25.9&t %, O~66.17at %)
were presented.

Magnetic structures were obtained by-lmeam sputtering on a polymer substrate. The thickness of
the sampl es Wealss t6r5u GtOu rOens bréaCl/Co®diructues. Thmthickness
of the magnetic | ayer was estimated at O0.80 O

The reflection coefficient of microwave waves fretructuresvas measured in the frequency range
8112 GHz. The method for determining the stural and reflective characteristics is described in
[1,2]. A piece of thavaveguidewith a film was placed in the gap of an electromagnet, in which the
magnetic field induction varied from 0 to 0.30 T.
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Figure 1. Frequency dependences of ' Figure2. Frequency dependences of
microwave reflectiorcoefficientfor Fe&sO4/CoO microwave reflection coefficientfor FeOs
structures structures
As follows from Figure 1, 2, magnetic field induction affects the microwave reflection coefficient
of Fe0O3 and Fes04/Co0O structures For FesO4/CoO structureqFigure 1), the effect of a magnetic
field at various frequencies allows both increasing the maximum value of theticefleoefficient
and decreasing ifor FeOs structuregFigure 2), exposure to a magnetic field mainly leads to an
increase in the microwave reflection coefficieftie frequency shift of the extremes of the reflection
coefficient is primarily determinteby the dependence of the magnitude of the real component of the
magnetic susceptibility of the sample on the induction of the magnetic field, and the change in the
absolute value of the reflection coefficient in the extremes is determined by the degeofltdre
magnitude of the imaginary component of the magnetic susceptibility of the sample on the magnetic
field.

The reported study was funded by RSF according to the research proje£f2-20048.

[1] I.V. Antonets et al.Mater. Chem. an®hys.,240(2020 122097.
[2] I.V. Antonets et a).Current Appl. Phys29 (2021 97.
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MAGNETIC CHARGE AND PROBLEMS OF MAGNETISM
Kuvandikov,@monov.B
Samarkand State University nhamed after Sharof Rash&bmarkand, Uzbekistan
guvandikov@rambler.ru

Physicists researchers have been looking for magnetic monopole for more than hundred years, but
they finally found it in nature and wrote about this discovery in the pages of the journal Science in
January 2010. According to the concepts of modern pllyheory, the magnetic field can be
generatedboth by an electric current, i.e. moving electric charges, and the hypothetical pole of
magnetism magnetic monopole or magnetic charge.

Thefirst source of the magnetic field is the moving electric chatgermined by experience. For
the first time, the magnetic field of an electric current was observed by H. Oersted in 1820. The
process of formation of magnetic field around conductor with current was described by the Maxwell

equation.t— p | £€®, whereb- electric current density vectof®- magnetic field strength vector,

c - speed of light.

The second source of the magnetic fiethe magnetic charge (magnetic pole, monopole) has so
far remained hypothetical particli.is important to note here that in the literature there are reports
of more than forty experimental works carried out from 1910 to 1945. F. Ehrenhart with collaborators
dedicated to the detection of magnetic chargg][1

The experimentalnd theoretical state of the problem of magnetic particles dates back to the mid
seventies. Work on the problem of magnetic charge was carried out in the mode of a scientific
"hobby" and continued intermittently until the ri@90s.

Theproposednagnett particles are magnetic analogs of electrons, i.e. have the same charges and
masses with it, and also belong to the class of fermions. Therefore, the magnetic poles in matter turned
out to be "disguised" by nature as electrons, and in theory they arttrsempresented as anomalous
"electrons”. An example of such representation is uncompensated 3d and 4f electrons, which are
called magnetic in theory. The question is quite appropriate: what would the discovery of monopole
bring to science? Before answegiit, it is expedient once again to draw the attention of researchers
to this problem in modern physics. The electron was the first elementary particle known to physicists.
The question is quite appropriate: what would the discovery of monopole bringhees? Before
answering it, it is expedient once again to draw the attention of researchers to this problem in modern
physics. The electron was the first elementary particle known to physicists. It was directly involved
in the discovery of the quantumlafht (photon) and the first antiparticle (positron). The development
of the theory of the electron contributed to the creation of the theory of relativity, the crowning
achievement of classical physics. Physics of the 20th century grew out of the ththerglectron
the quantum theory of electron interactions serves as powerful tool for comprehending the structure
of hadrons.

And what can you expect from the monopole? First, the possibility of creating completely new
superpowerful accelerators, siacthe monopole acquires enormous energy at relatively short
distances under the influence of strong magnetic packets. For example, the 90 m long accelerator
would have more energy than the accelerator in Botavia, the length of the ring, which is 3 km,;
Secadly, one can hope to find new sources of energy, the creation of "microscopic" generators and
engines, as well as largeale applications in biology and medicii@jrdly, fundamental change in
the theory of magnetism and an explanation of number of eti@agsthenomena and processes

[1] F. EhrenhaftKais. Akad. Wiss. Wiet19(110 (1910 815 867.

[2] F. EhrenhaftJournal of the Franklin Institut233, (1942 235255.
[3] F. Ehrenhaft Acta.Phys. Ausrtiacab (1951)12.
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PHOTOELECTRIC CHARACTERISTICS OF SI PHOTODETECTORS
Gaibov A.GEshqulov A.AVahabov Q.I.
Tashkent State Technical University named after Islam KarifashkentUzbekistan
abdiganid@rambler.ru

A characteristic feature of the studies of acoustically stimulated effects in silicon detectors carried
out at thetime of the present studies is that thegres carried out exclusively for silicon detectors
compensated by lithium (Li), the ®alled siliconlithium detectors- drift Si (Li) - detectors.
Intensive scientific research led to the discovery of the decay of some |dwamimgeneities in
ultrasonicfields [1, 2].

The purpose of this work is to analyze in detail the behavior of the photoelectric characteristics of
Si-n-p optical receivers before and after ultrasonic treatment. Silicon photodetectors belong to the
class of radiation detectors atin@ results of their research will provide valuable information that can
be used to improve the functional characteristics of semiconductor photoelectronic devices
(photodiodes, photoresistors, etc.).

The presented spectral dependence of the photoresponse after sonicati@i (Eigve 2) in the
regionl o = 0,6 mMm - 0,8 mm shows its increase compared to the original curve. This indicates that
the surface recombination has a low rate and it is suppressed by ultrasound in the surface layers of
the np junction of the Si photodetectbr the wavelength randge = 0,7nm - 0,8 m, an increase in
photosensitivity by approximately 180% is observed. The increase in the photoresponse is also
clearly manifested in the longer wavelength region of the spet¢is@n0.8em - 1.2em, that is the
collection of nonequilibrium charge carriers, which are formed during the absorption of photons of
lower energies, is facilitated due to the
acoustically stimulated increase in the diffusio-
length of carriers in silicon.

It has been established thidtrasonic irradiation

100 -

leads to a change in the concentration ¢
electrically active centers in the sensitive region « §
the receiver, which smooth the impurity relief by £ wl
the mechanism of acoustically mtilated = °
diffusion. In this case, there is an increase in tt
lifetime, diffusion length of carriers and, as ¢
consequence, an increase in the efficiency
carrier collection at the electrical contacts 6hSi Mrra— o5 o8 1o 12 onm
p receivers. As a result of these processas, igure 1. Spectral dependence of
increase in the short circuit current is observeghotoresponse foa Sin-p photodetectol
which causes an increase in the open circliefore (curve 1) and after (curve 2) the act
voltage and the efficiency of such a diffusion Sio f ultrasound with
n-p structure operating in the photoconversiofiequency f =25 MHz fort =40 min at T
mode. 300K

[1] A.G. Gaibovet al, Letters to JETP10(10)(1984)616-620.
[2] N.N. ZaveryukhinaK.l. Vakhobov,A.G. Gaiboy, Reports by AS of RU& (2005 20-23.
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DETERMINATION OF THE ELEMENTAL COMPOSITION OF
ENVIRONMENTAL OBJECTS USING INSTRUMENTAL NEUTRON
ACTIVATION ANALYSIS
Kurbanov BKhaydarov A,Manilova E.AOsinskaya N.S.
!Institute of Nuclear Physics of the Academy of Sciences of the Republic of Uzbekistan, Tashkent,
Republic of Uzbekisn
2Tashken State Technical University named after I. Karimov, Tashkent, Republic of Uzbekistan
abduaziz.81@mail.ru

Currently, due to the intensive development of the country's industrial enterprises, environmentally
unfavorable territories are increasingly observed, which in turn greatly affects the health of the
population. In order to assess the situation in advance and take preventive measures, highly sensitive
analytical methods for analyzing maerand microelement composition in objects of the human
environment play an important role. Studies of the ecolbgittation of the environment around us
(in samples of soil, water, plants, etc.) in terms of maara microelement composition are
becoming increasingly important, which is associated with many factors. Due to the ability to deposit
chemical elementsniits structure, hair can act as an indicator of changes in the environment, living
conditions, nutrition and labor activity of a person over the p&sydars [14]. In addition, hair is a
convenient, affordable and easy material for sampling and amalysi

The prevalence of macrand microelements in soil, water, plant and food samples, especially in
agricultural products, makes it possible to assess the impact of technogenic impacts of industrial
facilities, incl. used toxic elements.

The elemental congsition of human hair can be affected by emissions of heavy and toxic elements
from vehicles, industrial enterprises, thermal power plants, agricultural fertilizers, etc. The study of
the microelement composition of biological tissues of the populatimylat different distances from
pollution sources makes it possible to estimate the distribution range of emissions and to identify their
specificity [2].

The relationship between indicators of public health and the state of the human environment has
beenstudied by many author$-f]. The stability of the distribution of chemical elements in the body
is one of the most important and indispensable conditions for its normal functioning. Accordingly,
deviations in the content of chemical elements causedvoamental and geographical factors can
lead to a wide range of disorders in human hedkB].[ The data on the elemental composition of
hair make it possible to assess the elemental status of the body and identify risf3jroups

The purpose of the gy is to use instrumental neutron activation analysis to assess the prevalence
of macre and microelements in environmental objects (soil, water, plants, food) and hair of residents
of various regions of Uzbekistan and to study the distribution of mien&gits in our environment
and in the body of people in the study areas.

[1] A.P. Avcyn, A.A. Zhavoronkoy Mikrojelementozy cheloveka: jetiologija, klassifikacija,
organopatologijalMoscow Medicing1991)

[2] N.A. AgadzhanjanA.V. Skal'nyj Himicheskie jelementy v srede obitanija i jekologicheskij
portret chelovekgMoscow KMK, 2001)

[3] Ju.F.Babikovaet al, Mikrojelementnyj sostav volos naselenija kak indikator zagrjaznenija
prirodoj i proizvodstvennoj sreid Aktivacionnyj analiz: Metoalogija i primenenie(Tashkent: Fan,
1990.

[4] L.I. Zhuk, A.A. Kist, Kartirovanie jelementnogo sostava volas. Aktivacionnyj analiz.
Metodologija i primenenigTashkent: Fan, 1990
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MONITORING OF ATMOSPHERIC OZONE BY THERMAL  RADIATION

SPECTRA
Kurbaniyazov S, Klurbaniyazov ABirniyazd.K.
1Samarkand State University named after Sharof Rash@markand, Uzbekistan
2 Samarkand branch of Tdsmt University of Information Technolog$amarkand, Uzbekistan
safarjan@mail.ru

One of the serious problems of the coming century is the study of the ozone layer of the atmosphere,
which protects life on Earth from UV radiation from the Sun and afteetshermal regime of the
atmosphere and climatéhe depletion of the ozone layer in the polar and middle latitudes and the
appearance of "ozone holes" and "rfioles” over Antarctica and the Northern Hemisphere give a
particular urgency to this problemo obtain prompt and accurate information about the state of the
ozone layer and predict changes in it, reliable methods for measuring the ozone content at various
altitudes are neededihis problem can be solved by studying atmospheric ozone fromehgaspf
thermal radiationA st rong emi ssi on band ;=042 cnhvehichopensn 0 z ¢
up the possibility of rounthe-clock groundbased registration of ozone radiation using a standard
two-beam infraredpectrophotometer. To do this, atmospheric radiation is directed into the channel
of the spectrometer sample, aradliationfrom cold standaravith temperature mucltower than-
50°C is directed into the comparison chanfiéle tracking system is a photometedgediaphragm,
which, moving in the comparison channel, maintains the equality of both streams at the receiver.

To implement the proposed method, it is necessary to change the phase of the signal that controls
the movement of the wedge by £80thewise, the wedge of a typical spectrometer will completely
move out of the cagoxmifacalé sewheohaheekcompdr ison f
weaker than the sample flow.

Thus, the experimental results obtained by us and the calculated vahe infegral radiation
coincide with the quantitative and temperature parameters of ozone. To find the parameters, it suffices
to know two values of the area of the emission band. For example, measuring at different angles to
the horizon. (Such solution possible because the integral absorption is not directly proportional to
the optical path in the ozone layer).

[1] A.P.Kapitsa, A.A. Gavrilov, DAN-1999 3664) 543-546.

[2] S.P.Perov,A.Kh. Khrchiaru, Modern problems of atmospheric 0z¢t680.
[3] V.B. Kashkin,T.V. Rubleva Bull. of the Tomsk Polyteclkni., 311(5)(2007) 116-119.
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INVESTIGATION OF HYDROGEN -BONDED COMPLEXES OF THE
FORMAMIDE IN THE PROTON -ACCEPTOR SOLUTIONS BY
POLARIZED RAMAN SPECTROSCOPY AND DFT CALCULATIONS
Jumabad\, Hushvaktov,HAbsanov AHolikulov UNorkulov A.
Samarkand State University named after Sharof Rash&owarkand, Uzbekistan
jumabaev2@rambler.ru

In condensed phase molecular systems, intermolecular and intramolecular interactions give rise to
different spectral features. Hydyen bonding plays a central role in the structure and function of
biological systems [1]. Spectroscopic analysis of the structure and dynamics of weakly interacting
molecular complexes is the starting point for a detailed understanding of various macroscop
properties. Polarized Raman spectroscopy is well suited to study these interactions in liquid phases
[2]. Also, density functional theory (DFT) can be used to determine moldeulkdrparameters in
addition to experimental results.

Experimental studeof hydrogerbonded binary solutions using Raman spectroscopy increase our
understanding of intermolecular interactions. The analysis of line profiles and wavenumber shifts of
selected vibrational Raman bands allows studying intermolecular and moletettactions as well
as molecular reorientations. In this study, we focused on studying the intermolecular interactions and
formation mechanisms of molecular complexes of formamide in proton acceptor solvents such as
acetonitrile and dimethylsulfoxide (DMSO

Raman spectra of pure and @19 mol fraction concentration solutions of formamide were
recorded at room temperature using a Renishaw inVia Raman spectrometer. The geometric structures
of molecular complexes in solutions were optimized based on tbéBET:B3LYP/6-:311++G(d,p)
functions in the Gaussian 09W program [3].

It can be seen from the total Raman spectrum of pure formamide that there are spectral lines of high
intensity in the region of 1200500 cml. The spectral line at 1312 eirhas a wide halividth and
shifts to a lower frequency as the percentage of solvents increases. A change in the concentration of
the solution does not cause a shift of the hirglnsity spectral line at 1392 ein Two spectral peaks
are also observed ihe¢ 15001800 cml region: the peak at 1593 einbelongs to NI2 symmetric
bending vibrations, and the peak at 1668khbelongs to C=0 stretching vibrations. The 1668lm
spectral line has asymmetry on the higgquency side. As the amount of solventshi@ solutions
increases, it is observed that the spectral lines related to C=0 stretching 2beridiihg vibrations
shift to a lower frequency by 120 cm1 and show a significant increase in asymmetry.

AIM analysis based on Bader's theory [4] confirntealgresence of Id...O and NH...N hydrogen
bonds in the complexes formed by formamide molecules with acetonitrile and DMSO molecules.

[1] A. Jumabaev et alJ. of Mol. Liqg, 377(2023) 121552.

[2] F.Tukhvatullinet al, J. of Mol. Lig, 160(2)(2011)88-93.

[3] M. J. Frischet al., Gaussian 0% aussian, Inc., Wallingford CT, 2009.
[4] R. F. W. Bader.Chem.Rev 91(5)(1991) 893928
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STUDY OF STRUCTURAL PHENOMENA IN AQUEOUS SOLUTIONS OF
NON -ELECTROLYTE BY THE METHOD OF DYNAMIC LIGHT

SCATTERING
Sabirov L.WM Khaidarov X.Slurayev Y., TKarshiboyev Sk EKadirov Sh?AKhasanov MLA.
Norjigitos.*
! Samarkand State University named after Sharof Rash@&warkand, Uzbekistan
2 Urgench state universityrgench, Uzbekistan
3 UzbekFinnish Pedagogical Institute of SSU, Samarkand, Uzbekistan
leonard.sabirov@gmail.com

A whole class of aqueous solutions of organic substances at a certain temperature and concentration
has an unusuaghermodynamic properties. The diagram of the phase states of such solutions is
observed with a significant deviation of thermodynamic parameters [1]. Physical processes leading
to these anomalies can be manifested in the molecular scattering of ligkts&atiering is due to
fluctuations of thermodynamic parameters, the scattering intensity will depend on these fluctuations.
We have completed the study of the indicator's indicators of the light in the agueous solutiors of non
electrolytes. The experimemgchnique is described in [2].

The figure shows the graphical behavior of the relati
intensity of the molding, depending on the scattering ang 3. ——
for clean wat er -pycolia with differert 7 &1~
concentrations at a temperature T = 350 &smiattering angle  «{ -
from 300 to 900. As can be seen from the figure, the relatiaz \
intensity of the molding of the mold light is stronglygjgj o ’ "
dependent on t hpgcolioiothevwatert Anda £ 1
this change is different for different scattering an@es. %>
angular dependence, a straight line depends to be different Efgi e
di fferent concentr at i-pyoolipe £ e Y nt of
molecules significantly affects the intensity of MDS forale{ F_
scattering angles. Thus, we can conclude that the presenc % * © ® % ® % ® 7% @ & % %
alien moleales of a continuous mesh of hydrogen water linco i

lead a noticeable change in the structure of a thr
dimensional solid mesh in the scattering volume of aque
solution. Thus, the studies of the MDS, depending on t
concentration at various scatteringgées, can be used to
diagnose the solution structure [2].

FFnigure 1. Relative intensity of the
Blding, depending on th
ce,attering angle

[1] D. Subramanianlournal of Sankpeterburg SU4 (2013 139153
[2] 1 . Eskin,Scattering of light by solutions of polymégpb: Naukal986).
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STUDY THE DEPENDENCE OF HOLE MOBILITY AND ELECTRICAL

CONDUCTIVITY ON THE THICKNESS OF THE SILICIDE LAYER
Isaev M.ShEshkulov A.A.
! National University of Uzbekistamamedafter M.Ulugbek Tashkent, Uzbekistan
2Tashkent Stat&echnical UniversityTashkem, Uzbekistan
abdugani4@rambler.ru

One of the urgent problems of today is the study of physical processes occurring in the surface and
nearsurface regions of singlerystal silicon, diffusive doped with impurities that create deep levels.
In diffusion-doped silicon crystals, a surface layer with a thickness -@f03@icrons is formed with
a concentration aimpurity carriers exceeding their solubility by4Zorders of magnitude and with
other electrophysical parameters, namely, with high specific ctiniiy@nd low mobility relative
to the parameters of the bulk part.

Theattentionof most researchers focused on the bulk part of the crystal obtained by removing the
nearsurface region, so the nesurface layer was considered to be disturbed and nptagfical
interest.

However, for a deep study of the process of diffusion doping of silicon with metals arghrtre
atoms, it is necessary to consider such important issues as the physics of the formation of a strongly
dopednearsurface region, the hae of the formation of metal silicides, which are very different
from metal and semiconductor, as wll as physical and chemical processes occurring in-the near
surface region (mutual diffusion, solpghase reactions, etc.)

Currently, transition metal stides are becoming the basic materials for new promising
technological schemes of future generations due to their resistance to aggressive environments and
high-temperaturéreatments. Therefore, a comprehensive study of the mechanism of impurity entry
into the crystal volume and their interaction with both matrix atoms of the crystal and technological
impurities is relevant.

From this point of view, the study of the formation of silicides in the surface region of silicon during
diffusion doping and the delopment of new semiconductor devices based on them is of particular
scientific importance in the context of creating new materials for mianal nanoelectronics.

In this paper, we study the galvanomagnetic properties of the silicide layer formed tthering
diffusion of singlecrystal silicon by chromium, cobalt, and manganese atoms, which play an
important role when used as a material for GIS, SGIS, photoelectric, thermoelectric, and other
semiconductor devices.

Based on studies of the temperature deppoes of the electrical conductivity of the nearface
region of silicon doped with manganese and cobalt, it is established that the electrical conductivity
monotonically increases with decreasing temperature. The same dependence for Si<Cr> is expressed
by a curve with a minimum at 45070K. It is shown that the conductivity of the nearface region
in the studied temperature ranges for Si<Mn>, and Si<Co> crystals (Si<Cr> at T<450K) is metallic.
In crystals of chromiurdoped silicon at high temperatu@s450 K), a semiconductor character of
conductivity is observed. The temperature course of conductivity is explained by the scattering of
current carriers on phonons and impurity ions.

It is established that the removal of layers from the surface @rSj< Si<Mn>, and Si<Co>
samples results in a decrease in the conductivity and an increase in the mobility of current carriers.
An increase in the surface resistivity from-29 nj  to 126130nj  deep into the crystal is
shown in all doped samples.

[1] M.Sh.lIsaevet al, Electronic processing of materials (2006 80-83.
[2] M.Sh.Isaev,Bulletin of TSTU1 (2002) 16014.
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ON THE APPLICATION OF THE METHOD OF DIAMAGNETIC
ANISOTROPY TO STUDY THE ORIENTATION OF MOLECULAR

CHAINS NATURAL FIBERS
Islamov B.Kh/akhobok.|?
! Tashkent Institute of Textile and Light Industry. Tashkent, Republic
Uzbekistan
2Tashkent State Technical University. Tashkent, Republic of Uzbekistan
b.islamov.mkb@mail.ru

Taking into account that all fibers have a diamagnetic anisotropy, which is very sensitive to the
molecularorientationof the polymer and the close packifagtor of pressure macromolecules, it
seems appropriate, based on measurements of this structural parameter, to try to estimate the
contribution to the deformatiestrength properties of natural silk of its protein componefiltsoin
and sericin [1].

The studies of the specific diamagnetic anisotropy from the drawing temperature to the multiplicity
=1.2 for the original silk fiber and the fil6k
that in the processed sitke degree of molecular origation of the fibers decreases in proportion to

the time of thermamoist treatmentMor eov e r , due to ther mal stret
increases less than that of the original siikhe i ncrease in @& up to T
drawing with &=1.2 is due to the achievement

the thread, due to the implementation of a higher level of molecular mobilityTihetdecrease in
®ec after the drawi ng t witmiheoccartence of aflowiitde@dyBeri s
due to the sliding of macromolecules relative to each other

The performed studies, the dependence of f i
temperatures, showed that in this case, with an increaséhie st r et chi ng, &6 (
i ncreases, reaching val ues c dirsipoald lzembted thatithe h &
extraction of the original silk (from the coc
120AC i accompanieddydayrupture of individual fibers.

I't i s known that seri ci nstricaral pressuleesiteBuicthe resutisi o n s
obtained on diamagnetic anisotropy cannot be explained only by the washing out of part of the sericin
during the processing of silk in boilingwaté.i r st of all , the decrease

some times by the orientation of molecular chains in fibrion and sefigis.is also confirmed by a
decrease in the breaking load of the-jpeatedsilk fiber (teble).

The fact that fibers shrink by-3% in boiling water, as well as an increase in stability in double
bends, testifies in favor of the mechanism of disordering the structure in processed silk. This stability
is extreme in nature and dejks on the time of thermal and moist treatment, which is explained by
the presence of two competing procesdbe misori entation of fibroin macromolecules, leading to
an increase in resistance to double bending, and the leaching of sericimaax fatts, causing the
opposite effect.

Thus, during the thermathoist treatment of natural silk, in addition to the washing out of sericin,
the fibroin macromolecules pass into a less oriented (compared to the initial) state. Processing
temperature and time daog which one or another part of sericin is extracted and one or another
degree of fibroin molecul ar orientation- (&6’
proportional properties of natural silk.

[1] B.Kh. Islamov,The Americadournal of Engineering and Technolg/(2023 01-06.
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STUDY BY ELECTRONIC PARAMAGNETIC RESONANCE
SPECTROSCOPY OF THE FEATURES OF RADICAL FORMATION IN

THE PROCESS OF NATURAL FIBERS PROCESSING
Islamov B.Kh/akhobov KIMirkamilova M?S.
Tashkent Institute of Textile and Light Industry. Tashkent, Uzbekistan
Tashkent State Technical Universifiashkent, Uzbekistan
b.islamov.mkb@mail.ru

Under the influence of mechanical loads on the polymer, it is deformed, and in this case, the
individual macromolecules are insressed state. The value of the accumulated internal energy
depends mainly on the degree of deformation andhenstructure oa particular molecule.
Intertwined chains can slip, stretch, or break depending on the rate of relaxation.

In the process of studying the bond breaking mechanism, it was suggested that under the action of
stress, the development of any of the three paldypes of reactions becomes possible: radical,
ionic, or ionradical.

Grinding is one of the oldest methods used to effect the degradation of polymers. This process is
especially convenient for studying the number and type of primary radicals formmaddbanical
action, since it proceeds at very low temperatures and a high ratio to surface area and volume.

Crushing under compression is analogous to the structural changes that occur during the operation
or degradation of polymers. The grinding of polymacludes the following stages: changing the
size and shape of particles, destruction of the supramolecular structure, weakening and disintegration
of molecular aggregates during the destruction of 4rdrad intermolecular bonds, a decrease in
crystallinity, a drop in molecular weight; formation of macroradicals on new surfaces; change in the
properties of polymers.

Mechanical destruction of polymers occurs by breaking chemical bonds in macromolecules. The
formation of free radicals due to the breakirfignoramolecular bonds has been studied by the EPR
method in a number of works. In polymers destroyed by crushing at low temperatures, primary
"mechanical" radicals resulting from bond breaking were found and identified.

Free radicals found in stressed ypokrs at moderate temperatures turned out to be secondary,
relatively stable radicals, formed mainly as a result of the abstraction of hydrogen atoms. Such
radicals were considered as products of radical reactions initiated by the cleavage of macr@anolecule

This work is devoted to a structural study of natural silk and polyethylene occurring during the
grinding process, as well as to the study of free radical stages of mechanical destruction of natural
silk and polyethylene by the EPR method.

The destructin (grinding) of polymers was carried out in a vibrating mill cooled with liquid
nitrogen. To ensure effective cooling of the destructible (ground) polymers, the mill flask was filled
with gaseous helium. This made it possible to record the EPR spettemimary radicals of the
studied polymers. The spectra were recorded on anFEstRup.

The performed studies have shown that the resulting spectrum can be considered as the position of
a tripl et 1c~20erandtaQuantupleevgth approxiedgthe same splitting into a doublet.

As the temperature rises, the fraction of the doublet spectrum increases, and as the temperature drops
to room temperatur e, an al most pure |dBebl et i
A symmetrical doblet with such splitting belongs to theNH-CH-CO- radicals. Triplet and
quintuplet, naturally associated with radicals respectively
INH-CH, (d dcddCO-CH,) d -NH-CH J (d ddcg [-¢ 1.),
| I

g 1. g 1.
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the formation of which most likely occurs during the development of a protein molecule. The main
amino acids from which the natural silk protein is built are glycine and alanine, therefore, the peptide
groups in the molecule most often includeéH2i andi CH(CH3)-groups. Since the peptide bond in
a protein molecule is the strongest, chain breakage should predominantly occur along the bonds
between the peptide and the above groups.
Therefore [13], the structure of fibroin molecules is explained on the basikeopolypeptide
theory, according to which the polypeptide formation reaction can be schematically represented as
follows:
H.Ni CHi COOH+HNi CHi COOH+A A A ANIKAIE OO HM
I | |
Rl R12 Rn

I I I
R. R, R.

The polypeptide chain is built according to the typ®-bielix and is formed by the repetition of
groups

NHi CHi CO
I
R

and, if fully extended, its frame is zigzag. The length of the chain can be different (up te8L&1)10

and the thickness of the core is 45*10m Fibroin is a relatively highly oriented substance, oriented
areas make up 460% of the fiber mass. The side chains consist of radicals R, which are characteristic
of individual amino acids, and make up 19% of the mass of the molecule.

With an increaseni temperature during the destruction of silk, the absolute number of radicals
NH-CH-CGO- increases. This appears as a result of a reaction involving the radiid®s andi
CH(CH3). In all likelihood, these reactions occur even in the process of crushingt sow
temperatures.

[1] E.S.Sashineet al, J. of App. Chem79(6)(2006) 881888.

[2] E.S.Sashineet al.,J. of Therm An. and Céor. 89(3) 007 P 887-891
[3] B.Kh. Islamov,The American Journal of Engineering and Technal&g2023 01-06.
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TOWARD HELIMAGNET BASED SPINTRONICS
Ustinov V.V.Yayulach L.A.
M.N. MikheevInstituteof Metal Physics UB RASYekaterinburg Russia
ustinov@imp.uran.ru

In the presenplenarytalk, we review the state of the art in the theoretical description of spin
transport in conduote helimagnetgHM). We demonstrate that the most significant dess of the
conduction electrons spin transporHiM are formed under the action of two main factdise first
factor is the action on the conduction electrons of the-isitive force (SMF) generated by the
spatially inhomogeneous exchange field, whiltreated by localized magnetic moments ordered
into a spin helixThe secondneis the effect of spin torque trans{&TT)from the system dfinerant
electrons to the system of localized magnetic moments. BotBNteand theSTT in HM depend
most sgnificantly on the chirality of the spin helix formed by the localized magnetic moments.

We have demonstratgtl] that two physical effects the electrical magnetochiral effect (EMChE)
and the kinetic magnetoelectric effect (KMBE)an be explained thrgh the interaction of the spins
of itinerant electrons itHM with spatially inhomogeneous effective magnetic fiefdexchange
origin. All the parameters oEMChE and KMEE arepresented in terms of the characteristic
frequencies of spin relaxation of conduction electronshiVaand the frequencies of their Larmor
precession in exchange field.

The frequency regions of spin relaxation and spin precession are determined to abgante
electrical magnetochiral effect and resonant behavior of the chiral magnetoresistance. We have called
the appropriate effecas fimagnetochiral kinetic resonancéMChKR). The physical nature of
MChKR is elucidated. The latter arises due to thaadence of the Larmor precession frequency of
an electron in the effective field and the phase change frequency of the helicoidal exchange field
acting on theelectron moving alongthee | i coi ddés axi s with a speed
We hare demonstrated how the experimental studies of the Ki&h be used to directly determine
the chirality ofHM.

We have built a consistent theory of the Sifflect in conductive chirdiM [2]. It is shown that the
STT leads to the rotation of the HM magmation spiral around its axis. The frequency of such
rotation of the HM magnetization is found. We have showcased that both the direction of rotation of
the HM magnetization and the changes in the shape of the magnetic spiral are determined by the
electran flow direction and the chirality of the HM.

Pure spin current injection into theM has beemescribed if3,4]. In HM the characteristic length
of decay for nonequilibrium electron magnetization appears to be alesaythan the spidiffusion
length, the decrease being determined by the ratio of the HM spiral period to the spin diffusion length.
We predict the existence of the fieffect of t
emergence of the spin current with Idndinal (transverse) polarization, which depends on the spiral
chirality, upon the injection of a pure spin current with the transverse (longitudinal) polarization
relative to the spiral axis.

Support bythe Russian Science Foundation grant 2822-00220 is acknowledged.
[1] V.V. Ustinoy, I.A. Yasyulevich Phys.Rev. B102(2020 134431
[2] V.V. Ustinoy, I.A. Yasyulevich Phys.Rev. B106(2022 064417

[3] V.V. Ustinov, I.A. Yasyulevich, N.G. BebeniRhys. Met. Metallogr.124(2023)195204.
[4] I.LA. Yasyulevich N. G. BebeninV.V. Ustinov, J. Exp. Theor. Phys136(2023)509-518
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MAGNON QUANTUM EFFECTS BASED ON NANOLAYERED VERTICAL

MAGNON HETEROJUNCTIONS
HanX.F.
Institute of PhysicsChinese Academy of Sciences, Beijing, China
xfhan@iphy.ac.cn

Magnonicsuses magnons (spin waves) excitation, propagation, manipulation, and detection to
process the information, aim to reduce the energy consumption by usir@illmemt damping
materials without Joule heatifity3]. Many works have been focused on this emgitrea, such as
magnonic crystals, magnon valve, magnon junction, magnonics logic and memory, magnonic
circuits, THz magnonics, cavity magnoniaad so on [4]. In this presentation, the interesting magnon
guantum effects observed in some nanolayereitakrhagnon heterojunctions micfabricated by
our group are mainly introduced for inspiring more possibilities in this area.

The vertical magnon heterojunction devices, consisted of Ferromagnetic
insulator/Spacer/Ferromagnetic insulafpMI/Spacef#MI] core structurg can be expectedby
manipulationof magnorcurrentand magnon transfer torque (MTT), which sirailar to the classical
spin valve (SV) and magnetic tunnel junction (MTJ) switching by spin transfer torque (STT). In our
group, we demonstratlea magnon valve (MV, such as YIG/Au/YIG and YIG/Pt/YIG) [5] and
magnon junction(MJ, such asYIG/NiIO/YIG) [6,7] which consists of two magnetic insulators
(FMI=YIG) and a nonmagnetic or antiferromagnetic spacer (S=Au, Pt or MO, CrOs etc.). Such
magnon valve, magnon junction and magnon heterojunctions can manipulate flow of magnon current
well.

We used the temperature gradient or electric manipulébi@xcite the magnon current in FMI,
and inverse spin Hall effect (ISHE) to detdw magnon current across the magnon valve or magnon
junction by the electrical method. Our results show that the magnon current transmission between
two magnetic insulating layers (YIG) mediated by the space layer (Au, Pt or NiO, CoO) has high
efficiency, and the transmission of the magnon current in a magnon valve and magnon junction
becomes high (low) as magnetizations of the two magnetic insulators are parallelpatahélly)
configured. The distinct magnon valve effect (MVE) and magnon junctifactefMJE) by the
angular momentum conversion and propagation between magnons in two YIG layers via the space
layer were observed. A largavitching oroff ratiocam be expected to N100%
Furthermore, novel magnon blocking effect (MBE) an antiferromagnet spaced MJ [8] and
magnonic skin effect (MSE) in an antiferromagnetically coupled heterojunction [9] were interpreted
respectively, and a magnon nonlocal spin Hall magnetoresistance (MNSMR) effect in a platinum
layer deposited on an MJ wabserved [10]. These works conceptually proves the possibility of using
MVs and MJs to manipulate tmeagnon transfer torque (MTTijy magnon heterojunctions [11,12],
which has potential applications anagnon resonant tunneling (MRT) and Magnon resonant
transmission (MRT)n magnonic crystals, magnonic devices aimduit in future [1318].

[1] V. V. Kruglyak, S. O. Demokritov and D. Grundlek, PhysD: Appl. Phys.43(2010) 264001.
[2] A. A. Serga, A. VChumakand B. Hillebrands]. Phys. D: Appl. Phys43(2010) 264002.
[3] A. V. Chumak V. I. Vasyuchka, A. A. Serga and B. HillebranNsit. Phys.11(2015) 453461.
[4] A. Barmanet al, J. Phys.: Condens. Matte33 (2021) 413001.
[5] H. Wu and X. F. Han ddl., Phys. Rev. Le{t120(2018) 097205.
[6] C. Y. Guoet al, Phys. Rev. B98(2018) 134426.
[7] W. Q. He, H. Wu, and X. F. Han et,@ppl. Phys. Lett.119(2021) 212410.
[8] Z. R.Yan, C. H. Wan and X. F. Haihys. Rev. Applied.3 (2020)044053.
[9] Z. R. Yan,Y. W. Xing and X. F. HanPhys. Rev. BL04(2021) L020413.
[10] C. Y.Guoet al, Nature Electronics3 (2020)304.
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[11] C.
[12] C.
[13] P.
[14] Y.
[15] Y.
[16] Z.
[17] Y.
[18] X.

Y.Guoet al, Appl. PhysLett., 114(2019) 192409.

Y. Guoet al, Phys. Rev. B104(2021) 094412.

TangX. F. Han, Phys. Rev. B9 (2019) 054401.

W. Xing, Z. R. Yan, X. F. HarPhys. Rev. B103(2021)054425.
W. Xing, Z. R. Yan, X. F. HarPhys. Rev. BL05(2022) 064427.

R. Yan, Y. W. Xing, X. F. Han. Magn.Magn. Mater, 563(2022) 169976.

Z. Wanget al, 2023, arXiv 2301.05592.
F. Hanet al, Chinese PhysB, 31(2022) 117504.
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SKYRMIONS AND BIMERONS IN FERROMAGNETIC TOPOLOGICAL
MATERIALS AND ELECTRICALLY GENERATED
ANTIFERROMAGNETIC HALF-SKYRMIONS
Tretiakov O.A
School of Physics, Theniversity of New South Wales, Sydney, Australia
o.tretiakov@unsw.edu.au

| will discuss bpologically protected magnetic textures, such as skyrmions;skathions
(merons) bimeronsand their antiparticlesyhich constitute tiny whirls in the magnetcder. They
are promising candidates for information carriers in {ggxteration memory devices, as they can be
efficiently propelled at very high velocities using currerduced spin torqued]. First, | will talk
about skyrmions [2] and bimerons [3] ferromagnetic systems coupled to heavy metals or
topological materialsThen | will show that atiferromagnetgan alsdiost versions of these textures,
which have gained significant attention because of their potential for terahertz dynamics, deflection
free motior{4], and improved size scaling due to the absence of strayRighlly, | will demonstrate
that topological spin textures, merons and antimerons, can be generated at room temperature and
reversibly moved using electrical pulses in thin fllmMnAs, a semimetallic antiferromagnet that is
a testbed system for spintronic applicatiofis]. The electrical generation and manipulation of
antiferromagnetic merons is a crucial step towards realizing the full potential of antiferromagnetic
thin films as active components in high density, high speed magnetic memory devices.

[1]B. G°bel, | . Mer t Rhygsics Repord89392021A1. Tr et i akov,
[2] D. Kurebayashi an®. A. Tretiakov,Physi@l Review Research (2022) 043105.

[31B. G A.KMedk,Il. Mertig, and O. A. Tretiakowhysial Review B99 (2019) 060407(R)

[4] J. Barker and O. A. TretiakoRhysical Review Letteré16(2016) 147203.

[5] O. J. Aminet al, Nature Nanotechnologittps://doi.org/10.1038/s415623 013863 (2023.
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SPIN-ORBIT SPLITTING IN QUANTUM WELLS: MICROSCOPIC

MECHANISMS AND ROLE IN SPIN TRANSPORT
Tarasenko S.A.
loffe Institute, St. Petersburg, Russia
tarasenk@coherent.ioffe.ru

Spin-orbit interaction in semiconductor structures lacking the center of space inversion leads to spin
splitting of electron and hole subbands even at zero magnetic field. The well known contributions to
such a splitting are thRashba and Dresselhaus terms originating, respectively, from structure and
bulk inversion asymmetry [1,2]. The spambit splitting plays an important role and is responsible for
a bunch of optical and transport phenomena, including thegspi#anic effet spin orientation of
current, emergence of persistent spin helices, etc.

In the talk, we discuss the physics of Kagnear spinorbit splitting of electron and hole states in
two-dimensional systems based on semiconductor quantum wells and the spiatpienomena.
Combining the theory of group representations andktpemethod, we construct the effective
Hamiltonian ofk-linear splitting and calculate the splitting parameters. It is found that, in quantum
wells grown along lowsymmetry crystallogiphic directions, such as [013], there is an additional
(beyond the Rashba and Dresselhaus terms) contribution to therkpisplitting Hamiltonian [3].
Moreover, in a wide range of parameters, this contribution dominaté&dittesar spirorbit splitting
of heavyhole subbands in HY/ quantum wells.

We also discuss the fine structure of tdimensional Dirac states in HgTe/CdHgTe quantum wells
near the c¢top-olrogviicaal iinnssuulaattoorre transiti on.
structue inversion asymmetries lead to arrtossing of energy levels evenkat 0 and remove the
degeneracy of Dirac states [4]. In quantum wells of critical thickness, the doubly degenerate Dirac
cone splits into nowlegenerate Weyl cones. The position of\¥eyl points in the twalimensional
Brillouin zone depends on the quantum well crystallographic orientation.

Finally, we discuss the transport of spin polarized electrons irdimensional structures witk
linear splitting with the focus on recent expeental and theoretical results on the dynamical
formation of persistent spin helices [5]. In (0@tpwn quantum wells, this regime occurs at the
balanced Rashba and Dresselhaus terms and leads to the emergence of unidirectional spin grating
with enhancedifetime at the optical orientation with focused pulsed of circularly polarized light.

Support by the Russi an -BO02&lhicaekndwedgedd at i on ( gr

[1] E.L. Ivchenko G.E. PikusSuperlattices and Othdreterostructures. Symmetry and Optical
PhenomenéBerlin: SpringerVerlag 1997).

[2] R. Winkler, SpinOrbit Coupling Effects in Tw®imensional Electron and Hole Systems
(Berlin: SpringefVerlag 2003).

[3] G.V. Budkin and S.A. TarasenkBhys. Rev. BL105(2022) L161301.

[4] M.V. Durnev, G.V. Budkin, S.A. Tarasenk®ETP, 135(2022) 540.

[5] F. Passmann et aBemicond. Sci. Techndd4 (2019)093002.
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PHENOMENOLOGICAL DESCRIPTION OF SURFACE ACOUSTIC

WAVES HYBRIDISED WITH SPIN WAVES
Yamamoka
Advanced Science Research Center, Japan Atomic Energy Agency, Tokai, Ibaraki, Japan
yamamoto.kei@jaea.go.jp

Hybridisation between surface acoustic waves and spin wavgsdhas to be a powerful tool in
studying properties of magnetic thin films. It provides us with a means to drive spin wave resonance
at a nonzero wavenumber [1], which enables precision measurement of certain magnetic parameters
such as magnetelastic cowpling and DzyaloshinkiMoriya interaction [2]. More recently, the
method has been applied to synthetic and elemental antiferromagnetic materials, offering abundant
information on the complicated magnetic structures [3,4]. A general and optimal theoretical
formalism is required to extract material properties out of the microwave signals. In this talk, |
describe a phenomenological model of surface acoustic wave modes interacting with spin waves in a
thin magnetic film attached onto the surface [5]. | dertrates how the formalism can be applied to
various experimental setups.

[1] M. Weller et al.Phys.Rev. Lett.106(2011)117601.

[2] M. Xu et al.,Science Advances (2020)eabb1724.
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Creation of magnonic elements for data transfer and processing is an actively developing area of
modern mgnetism. Numerous recent works have demonstrated an adder [1] and a diode [2] for
magnetostatic spin waves (MSWSs) in coupled waveguide systems. The most important characteristic
of these structures for the design of spiave logic is the dispersion of MS3Mvhich dictates waves
propagation features, including nogciprocity. In presented work [3], we study MSWs
experimentally and theoretically in a structure of two dipolarly coupled ferromagnetic films with
different thicknesses to reveal the effectwdlsa geometrical asymmetry on MSW dispersion.

We use multilayered structure of two layers of ferromagnetic metallic alloy galfenaGére
separated by nonmagnetic copper layer, Fe@a()7/Cu(5nm)/FeGa(shm), on (100)GaAs
substrate. We choose thdfgaol as this alloy exhibits large values of the magnetization precession
lifetime [4] and the MSW propagation length [5] which promotes the galfenol as suitable material for
magnonic applications. The experimental dispersion of two spin wave branctresponding to
collective acoustic and optical modes, was obtained by the Brillouin light scattering method in the
backscattering geometry. As a theoretical approach, we used a method developed in [6] designed
specifically for multilayered structures.

Experimental reconstruction and theoretical modeling of the dispersion of acoustic and optical
collective MSW modes reveal that both possess a frequency nonreciprocity reaching several percents
at the wavenumber of 22 4d/cm. The analysis demonstrattest the reason for the nonreciprocity
is the shift of the partial amplitudes of couApeopagating coupled modes towards the thicker or the
thinner layer. It is shown that this behavior occurs due to the pronounced dependence of spin wave
frequency on tl layer thickness for sufficiently thin layers (less than 10 nm for the films under study).
The proposed approach paves the way for the design ofdhmesmsional magnonic gates based on
the predicted dispersion and frequency nonreciprocity of the MSW [7]
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We theoretically investigate the manipulation of valpefarized currents and the optidike
behaviours of Dirac fermions in graphene with single line defect and/or smoothed strainkyarrier
employing the wawéunction matchingadthenore qu i | i bri um Greendés func

1) For single line defect and local uniaxial strain flig valley transmission probability increases
and the transmission plateau emergesa large angle range. Such phenomenon originates from
resonantunnelling, and the strain act as amtireflective coating for the valley states, analogous to
the antireflective coating in an optical devitais indicates that perfect valley polarization can occur
in a larger incident angle range compared sidtely line defect. Interestingly, in the presence of
Anderson disorder, even though the transmisdemnreases, the valley polarization is still robust.

2) For the smoothed strain barrier [2], explore the
influence of strain on the vallgyolarized transmgon of
grapheneWhen the transmission is along the armchair
direction, we show that the valley polarization and
transmission can be improved by increasing the width of
the strained region and increasir(decreasing) the
extensional strain in the armchérigzag) direction. It is
noted that the sheatrain does not affect transmission and
valley polarization. Furthermore, when we consider the
smooth strain barrier, the vallgplarized transmission
can be enhanced by increasinggh®othness of the sina
barrier, as shown in Figre 1.

We hope that our finding can shed new light on
constructinggraphenebased valleytronic and quantum
computing devices by solely employing strain.
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