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HOBerHOCTHOE HATHXKCHUEC JOMCHHBIX CTCHOK: HMW/IMHAPUYIECCKHUE MATHUTHBLIC IOMEHBI,
AICKTPHYECKOEC «MbBLJI0O» H Y€JIOBCYECCKHUE TUATCKTDbI

IMsrrakos A.I1.12

IMFTY wuwm. M. B. JloMOHOCOB a, 119991,

M

2PTY MUP2IA, 119454, Mo c K B a, Pocc

KoHnenmus MmoBEpXHOCTHOTO HATSXKEHUS KaK CHJIbL, MUHUMHU3HUPYIOIIEH pa3Mepsl
TPaHULl, SBJISETCS YHUBEPCAJIbHOM HJeeil, MOBCEMECTHO HCIOIb3YEMOM B TEOPETHUYECKHX
MOJIENISIX, ¥ HE TOJBKO (U3NYECKUX: HANPUMEpP, MEXAaHW3Mbl OOPa30BaHUS TPAHUI] MEXIY
TKaHSIMUA ~pa3JIMYHOM crnenuanu3anuuu B Ouosoruu [1] wiM  jauanekramMu  sI3bIKOB B
JMHTBUCTUYECKON reorpaduu [2] Taxke MOACIHPYIOT, C YUYETOM JIOTOJHUTEIBHOW SHEPTHH,
CBSI3aHHOM C MIOBEPXHOCTSIMM WUJIU JIMHUSAMU pa3jea.

['panunl  MEXITy MarHUTHBIMH — JIOMEHAMM B KJIAaCCHMUYECKUX  paboTax 1o
MUKpPOMAarHeTu3My [3] paccMaTpuBaIOTCSl KaK CBOETrO pojia IJICHKU ¢ TTOBEPXHOCTHOW SHEprueH,
ompezensseMoil TOJIbKO MAarHUTHBIMHU IapamMeTpamMu oOpas3la ¥ He 3aBUCAILICH OT MecTa
pacmojoXKeHUsl, OPUEHTAllMd W KPUBU3HBI TIpaHullbl. Ha OCHOBe Takoro poja ympoIleHus
IPOU3BOJIUTCS,  HApUMeEp, AaHAJIW3  BO3MOXKHOCTH  3apOXKJIEHUS U yCTOMYMBOCTH
HAJTUHAPUYECKUX MAaTHUTHBIX TOMEHOB [4].

B nannom noxnane OyneT mokasaHa IiIyOOKasl aHaJIOTUsl MEXAY T'paHUIaMH pa3Iu4HON
MPUPOJBI 1 MAarHUTHBIMH JOMEHHBIMU CTCHKaMH, a TaKXKe MOKa3aHa BO3MOXXHOCTh M3MEHEHUS
MOBEPXHOCTHOTO HATSHKCHUS JIOMEHHBIX TPAHUII, BBI3BAHHOTO JIEKTPUUECKUM U MEXAHHUYECKUM
HANPSDKEHUSMU, MPOSIBISIIONIAsAcS B BUE 3PHEKTOB 3apOKACHUS UIHMHIPUUYECKUX MArHUTHBIX
JIOMEHOB [5,6] ux pacierieHus, a TakKe «IIPeTOMIICHHUs» TPAHHUII ITOJIOCOBBIX TOMEHOB [7].

[Tomumo (QyHIAMEHTATLHOTO WHTEpeca JaHHbIE SBICHHUS OTKPBIBAIOT IIMPOKHUE
MEPCHEKTUBBI ISl IPUMEHEHUS B CIUHOBOM 3JIEKTPOHUKE U CTPEHHTPOHHUKE.

Pabora moxnepxana rpanrom PH® No25-79-30019

Cnucok JinTeparypsbi:
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Tunnel Magnetoresistance Effect and Its Applications in Modern Spintronics
Sapozhnikov M.V.
Institute of Physics of Microstructures RAS, @03, Nizhny Novgorod, Russia

The tunnel magnetoresistance (TMR) effect is of quantum-mechanical nature and is
based on the spin-dependent process of electron tunneling through a thin dielectric barrier. In the
classical Julliéere model (1975), the magnitude of TMR is determined by the difference in spin
state densities at the Fermi level in two ferromagnetic electrodes [1]. For parallel magnetization
orientation, electrons with a specific spin can tunnel through the barrier, finding free states with
the same spin orientation in the adjacent electrode. In the antiparallel configuration, this
tunneling probability decreases due to the mismatch of spin states.

A more accurate description requires taking into account coherent tunneling through a
crystalline MgO (001) barrier. In this case, the wave functions of electrons with A1 symmetry
(spd-hybridization), which are fully spin-polarized at the Fermi level, have a significantly higher
probability of passing through the barrier compared to electrons with other symmetries [2]. This
leads to a sharp increase in the TMR ratio to 600% and more at room temperature in
CoFeB/MgO/CoFeB structures [3].

Modern magnetic tunnel junctions are fabricated using vacuum deposition methods,
including magnetron sputtering. The ferromagnetic electrodes (typically 2-3 nm thick CoFeB
layers) are separated by an MgO barrier (1-2 nm thick) with atomically smooth boundaries.
Subsequent thermal annealing at 300-400 C is used to crystallize the amorphous CoFeB into a
bce structure and improve interface quality. A critically important parameter is the control of
barrier thickness with monolayer precision, since the tunneling current depends exponentially on
this value. Modern production lines allow the fabrication of structures with less than 5%
variation in barrier thickness across 300-mm diameter wafers.

The TMR effect represents one of the most significant phenomena in modern spintronics
[3] and finds wide application in various information processing and storage devices. The most
important practical application of magnetic tunnel junctions (MTJ) has been the development of
magnetic field sensors, which demonstrate exceptional sensitivity to weak magnetic fields (down
to 1 nT). This makes them indispensable in many applied fields, such as automotive engineering
and medical research[4]. Modern research focuses on creating matrix magnetic field sensors with
a resolution of less than 1 um, opening new possibilities for studying magnetic domain structures
and developing so-called "labs-on-a-chip™ [5].

Another practical application is the creation of magnetoresistive RAM (MRAM), which
combines the non-volatility of flash memory with the high-speed operation of conventional
RAM]IG6]. In such devices, information is stored as the magnetization direction of ferromagnetic
layers, and reading is performed by measuring the resistance of the MTJ. Modern STT-MRAM
variants use spin-transfer torque current flowing through the junction for data writing [7].
Current research is focused on finding ways to reduce this current or develop alternative energy-
efficient switching methods. Such energy efficiency can be achieved by using magnetoelectric
effects in MTJ, such as voltage-controlled magnetic anisotropy (VCMA) or the effect of
dependence of the exchange interaction in MTJ on the applied electrical voltage.

Of particular interest are spin-transfer nano-oscillators (STNO) — devices where the
TMR effect is used to generate high-frequency oscillations [8]. When a spin-polarized current
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passes through a MTJ, it induces magnetization precession, leading to oscillations in the
microwave range (1-65 GHz). The frequency of these oscillations can be dynamically tuned by
varying the current or applied magnetic field. Such oscillators have exceptionally small sizes and
can be used in wireless communication systems, radars, and neuromorphic systems, where they
model the oscillatory activity of biological neurons. Interesting new possibilities for the
development of STNO arise when using double-barrier MTJ with a spiral distribution of
magnetization, since preliminary calculations show a threshold-free excitation of oscillations in
such STNOs and the possibility of frequency tuning in wide ranges.

Another emerging direction is the development and investigation of probabilistic bits (p-
bits) based on MTJ [9]. In such devices, conditions are specially created where thermal energy
becomes comparable to magnetic anisotropy energy, leading to stochastic switching between
magnetic states of the junction. This enables the creation of hardware random number
generators, which are critically important for modern cryptographic systems. Furthermore,
probabilistic bits may find applications in neuromorphic computing, where stochastic behavior
helps solve optimization problems more efficiently, as well as in quantum simulators modeling
complex quantum systems.

References
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[3] S. Ikeda et al., Nature Mater. 9, 721 (2010).

[4] Chao Zheng et al., IEEE Transaction on magnetics, 55, 0800130 (2019).

[5] P. P. Freitas et al., Lab-on-Chip, 12, 546, (2012).

[6] S. Bhatti et al., Materials Today 20, 530-548 (2017).

[7] D. Apalkov et al., ACM Journal on Emerging Technologies in Computing Systems, 9,
1(2013).

[8] A. Slavin et al., IEEE Trans. Magn. 45, 1875 (2009).

[9] W. Borders et al., Nature 573, 390 (2019).


https://dl.acm.org/toc/jetc/2013/9/2

ICFM’2025

JJIeKTPOHHBbIE CIEKTPbI OJHOMEPHBIX CBEPXPENIETOK €O CJI0KHOM CTPYKTYPOil
HparyHo N.E.}, [Tunumnenko E.A.l, Banabaun A.B.l, Cemenrok 10.A.L

JTro6uanckmii M.JLY

rBHY «[JOoOHeUuK#M¥iHUpHeEnKIWiA MHCTUTYT uUM. A.
JoHeuUyk, OHP, Poccwusa
2pFr BOY BO «JoOHeuUKWW TocypapCTBEeHHbBH YHUB
Poccwus

HccnenoBanue CHEKTPOB AIIEMEHTAPHBIX BO30YXKIECHUI B MEPUOTUYECKUX CTPYKTypax
IIPEJICTABIISIET HECOMHEHHBIN HMHTEPEC, MOCKOJIbKY pa3jMuYHbIE THUIBl CBEPXPEIIETOK HAXOIAT
LIMPOKOE IPUMEHEHHUE B COBPEMEHHON MUKPO-, HAHO- U ONTOAIEKTPOHHUKE [1].

B cratbe [2] Obuia BmepBble pelieHa KBAaHTOBOMEXAaHHWYECKAsl 3aJadya O HAXO0XKICHUH
CHEKTpa DJEKTPOHA B I0Jie MEPHOAMYECKOrOo MOTEHIMajda KPUCTAJUIMYECKOM peHIeTKH U
IOJy4EHO aHAJUTUYECKOE BBIPAXKEHHE [yl JTUCIEPCHOHHOIO YpaBHEHHs, pEIIEHUs KOTOPOro
ONpENeNA0T CHEeKTp DSJEKTPOHOB. PemieHue 53TOro ypaBHEHHMs IIOKa3blBaeT, YTO B
SHEPreTUYEeCKOM CHEKTpPEe 3JEKTPOHOB BO3HUKAIOT 3alpellieHHbIC 30HBI, T.€. TAKHME MHTEPBAJIbI
3HAUEHUHN SHEprui, KOTOPbIMU HE MOTYT 00JiajaTh CBOOOJHBIE AJIEKTPOHbI. MIHBIMH ClIOBaMH,
AJIEKTPOHHBIA  CIIEKTP CBEPXPELIETOK XapaKTepU3yeTcsl 30HHOM  cTpykTypod [2], a
COOTBETCTBYIOILIass MOJEINb, KOTOpas HCIOJIb3YETCSl IPU TEOPETUYECKOM MCCIIEI0BaHUU
noJ00HBIX 3a/1a4 B (PU3MKE TBEPAOTO Teja, Ha3biBaeTcst Moaenbio Kponura-Ilennu [3].

B mnacrosmem cooOmeHun OyAeTr MNpeAcTaBlieH Kak 0030p paldoT, MOCBALICHHBIX
UCCIICIOBAHUIO MHOTOKOMIIOHEHTHBIX CBEpPXpELIeTOK, TaK W pe3yJabTaTbl aBTOPOB IIO
AQHAJIUTUYECKUM U YUCIICHHBIM HUCCIIE0BAaHUAM 3JIEKTPOHHBIX CIIEKTPOB YETHIPEXKOMIIOHEHTHBIX
[4] ¥ MIECTUKOMIIOHEHTHBIX CBEPXPEIICTOK, 00Pa30BaHHBIX JBYMS M TPEMsl MOTCHIUAIbHBIMU
sSMaMH U NOTEHIMAJIbHBIMHU OapbepaMu, COOTBETCTBEHHO.

Ha ocHoBe wmonenmn Kponwura-IIeHHM B SBHOM BHJI€ TOJYyYEHBl AHAIUTUYECKHE
BBIPQXEHUS 111 AUCTIEPCUOHHBIX YPAaBHEHUH, KOTOPbIE 3aBUCAT OT MapaMEeTPOB CBEPXPELIETOK
(mupuH W BBICOT sIM U OapbepoB). IlyreM YHCIEHHBIX PpEIIEHMH ATHX JAMCIEPCHOHHBIX
YpaBHEHUH HalJieHa 30HHAs CTPYKTypa AJIEKTPOHHBIX CIEKTPOB U HCCIIEOBAHO IOBEIECHUE
MHUHU30H B 3aBUCUMOCTH OT [1apaMETPOB COOTBETCTBYIOLUX CBEPXPELIETOK.

Pa6ota Beimonnena npu noanepxke PH®, rpant Ne 25-22-00134.

Cnucok JuTeparypsbl:

[1] R. Tsu. Superlattice to Nanoelectronics. 2-nd Edition. (Elsevier, Amsterdam, 2011).

[2] R. de L. Kronig, W.G. Penney// Proc. R. Soc. London, Ser. A. 130, 499 (1931)
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Dynamics of spin textures: methods and results
Logunov M.V.1?

Kot el ni kov J{Emgmeeiing ant Electofics & RAS, 125009, Moscow, Russia
2Moscow Institute of Physied Technology, 141701, Dolgoprudny, Moscow Region, Russia

Numerous spin textures, such as domain walls, skyrmions, merons, etc. attract significant
attention both in physical research and practical applications in spintronics, memory devices and
quantum information processing [1-4]. This interest is due to the properties of spin textures,
which are topologically protected nanoscale objects. Special attention is drawn to the dynamic
properties of spin textures: the possibility of target moving textures across a magnetic material
while preserving or changing their properties, and the formation of spin-texture clusters [4-8].

This report will provide a brief review of the methods used to study spin textures and the
experimental results obtained, including movement at record velocities Prospects for the
development of methods for studying spin textures with femtosecond time and nanometer spatial
resolutions for ultrafast devices with maximum element density [5-12] will be discussed.

References

[1] Y. Zhou et al. Advanced Materials 37, 2312935 (2025).

[2] S.K. Kim et al. Nature Materials 21, 24 (2022).
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[8] B. Pfau et al. Nat. Commun. 3, 1100 (2012).

[9] M.V. Logunov et al. Phys. Rev. Applied 15, 064024 (2021).
[10] R. Jangid et al. Phys.Rev. Lett 131, 256702 (2023).
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Size and shape effects in essentially discrete structures
Lapine M.>2, Makarenko A.O., Yurkin M.3, Shcherbakov A.A

1ITMO University, SainPetersburg, Russia
2Qingdao Innovation Centre of Harbin Engineering University, China
3 Universite Rouen Normandie, INSA Rouen Normandie, CNRS, CORIA UMR 6614, France

The research area of metamaterials [1] — as long as we adhere to the explicit use of
terminology, as indeed some of the relevant ideas are more than a century old — is currently at a
mature age of a quarter of a century, and a wide range of specific research directions has
emerged in this context [2]. It is certainly impossible to address all the relevant aspects within a
single review talk, so | will present a brief overview of the approaches to design artificial
magnetic response with metamaterials, and highlight some specific phenomena which can be
observed in magnetic metamaterials.

One of the crucial aspects is linked to the question on how big the structure should be in
order to be called a material, so that a convenient effective medium description is justified. We
have long known that boundary effects are exceptionally crucial for metamaterials [3], and that
eventual convergence of their properties towards the predictions of effective medium theory is
rather slow as the size grows [4], even for a spherical shape.

We will now report on the recent (2024-2025) findings for large cubic and spherical
samples, and demonstrate how surprisingly pronounced the size and shape effects are when
strong mutual interaction is implemented for resonant meta-atoms. We will discuss the role of
lattice termination at the boundaries and discuss the differences to continuous models.

In addition, I will also point out another fruitful direction with non-resonant
metamaterials, which enables artificial diamagnetism with magnetic permeability values
dramatically smaller than unity [5], which is a feature not available in natural substances.
Moreover, such behaviour is available for a wide range of frequencies, making room for
applications in magnetic levitation and screening.

Research on size and shape effects in metamaterials was supported by the Russian
Science Foundation (grant no. 22-11-00153-IT).
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CnuH-aKKyMYJIsiIUOHHBIE 3(P(PeKTHl B MATHUTOCONPOTUBJIEHUH MUKPOOOHEKTOB HA
OCHOBE CIIMHOBBIX KJIAIIAHOB, c0 cJaoaMu Ta u Wo7sTao.2s

Haywmoga JI.M., MunsieB M.A., 3aBopuunbia P.C., ['epmuzuna A.A., Scronesuu U.A.,
Uepnsimona T.A., Makcumona 1.K., ITaBnosa A.1O., [Iporasgo B.B., Ycrunos B.B.

MHcTuUTyYyT (PM3Inmkunm mMetTannoB YpO PAH, 6209

CrnuHoBbIi 3 dexT Xoia JISKUT B OCHOBE YIPABICHUS CIIMHOBOW aKKyMYJISIIUEH BO
MHOI'MX YCTPOMCTBaxX CIMHTPOHUKH, (PYHKIIMOHUPOBAHKUE KOTOPHIX OCHOBAHO Ha MEPEKIIOUEHUN
MarHUTHOTO COCTOSHUSI HAHOCTPYKTYP JJIEKTPHUECKUM TOKOM. B TJIeHKaX HEMarHUTHBIX
metauioB (NM) ¢ cuibHBIM CHUH-OpOMTAIBHBIM B3aUMOJCHCTBHEM COUYETaHHE MPSIMOTO U
00paTHOro CHMHOBBIX 3(dexkToB Xota MPUBOIAT K aKKYMYJISLIUN SJIEKTPOHOB MIPOBOIUMOCTH C
POTHBOINOJOXHBIMI CIIUHAMH Ha TPOTUBOIOJIOKHBIX TPAHUIAX IUIEHKA U TOSBICHUIO
HOJIOKHUTEIBHOIO IPOJOJIBHOTO MarHUTOCONPOTUBICHUS (MarHUTOCONpPOTHBIEeHUs Xauie) [1,
2].

B mnanocTpykTypax, conepxkammx cMmexHbsie cion ¢eppomarnetuka (FM) u NM
MartepHaa, aKKyMyJIHPYIOIIEro CIIUH-MOJISIPU30BaHHbIC 31eKTpoHbl Ha rpaHuie NM/FM, moxer
OBITH pean30BaH MOBOPOT MarHUTHOro MomeHTa FM crost 3a cuer s dekra nepenaun cnuH-
opbutanbHOoro BpamarenbHoro MomeHTta (SOT-addexr). B  kauectBe NM  marepuana
UCIOJIB3YIOT METajlIbl, oOjiajarouue O0lbIIoi BEIMYMHON CHMHOBOIO yria Xoiula, KOTOPbIH
xapakrepusyeTt 3PEKTHUBHOCTh KOHBEPCHUH 3aPSI0BOTO TOKA B CITMHOBBIH.

B Hacrosimieii paboTe mcciaenoBaHbl CIIMH-aKKyMYJISIIHOHHbBIE 3 (eKTr B ciosx B-Ta u
criaBa B-WozsTaos u peanmm3oBano SOT-WHUIMMPOBAHHOE TEPEKIIOUYEHHE MAarHUTHOTO
COCTOSIHUSL M U3MEHEHHE MarHUTOCONPOTUBIICHHUS CIIMHOBBIX KJIAIIaHOB Ha OCHOBE 3THX CJIOEB.
[Tnenku B-Ta tonumHamu 3 — 57 uM u criaBa -Wo7sTag2s TonmmHamu 2 — 57 HM, a Takxke
CIHMHOBBIE KJIalaHbl HA OCHOBE OY(EepHBIX CIIOEB 3TUX MaTepHaoB ObIIIM U3TOTOBJIEHBI METOJIOM
MarHeTpOHHOTO HambUieHusd. Jlns wm3mepenust MarautoconpotuBieHus Xaie (MRuane) u3
wieHok B-Ta u B-Wo.zsTao.25s MeTogoM ¢oronurorpaguu ObLTM U3rOTOBIEHB MOCTHI Xoiuia. M3
CIIMHOBBIX KJIAITAHOB METOAOM Jia3epHOW Oe3MacKOoBOW JHUTOrpaguu OBUTH H3TOTOBIICHBI
MHUKPOOOBEKTHI ¢ TPEMsI KOHTAKTHBIMU BBIBOJIAMH, PEATH3YIOIINE POTEKAHNE UMITYJIHCOB TOKA
JUINTENIBHOCTBIO 5 MKC 0 KaHaly M3 cnuH-akkymynupytomero NM matepuana u usmepenue
3JIEKTPOCOIIPOTUBIIEHUS CIIMHOBOI'O KJIalaHa.

Jlnst uteHok B-Ta Ha TONMMHHON 3aBUCMMOCTH MAaKCUMaJIbHOTO MAarHUTOCONPOTUBIICHUS
Xauiie Mpy TOJNIIUHE 5 HM Ha0oaeTcss MakcuMyM, B KOTOPoM MRHanie(20 k3) = 0.014 % npu
temneparype 93 K. IlosBineHue »3Toro makcuMyma oOOCYXIaloCh B paMKax TeOpUHU
OOYCIIOBJIICHHBIX ~ CIIMH-OPOMTANBHBIM  B3aWMOJEUCTBHEM  pa3MepHbIX  3(PQPeKToB B
MarHUTOCONIPOTUBJICHUU TOHKHX IUIEHOK MeTauioB B padore [3]. Hus mmenoxk Wo7zsTao2s
MOKa3aHO, YTO C YMEHBIICHHEM TOJIIIMHBI MPOUCXOIUT CHMKCHHE KOJIHYeCTBa O-(a3bl, U MPH
TOJIIIMHE 2 HM IUIGHKA COJEPXKUT HCKIouuTenbHO B-(azy. ns takux rmieHok B-Wo.7sTao.2s
Obutn  momydeHbl  BenuuuMHBI  MRuyane Oonmee uwem B 2 pasa  mpeBbILIAOIIUE
MarHuToconportuBienue Xanne and B-Ta. Takum oOpa3oM, CHHHOBas aKKyMyJslMs Ha
IpaHUIIAX IJICHKH MPOSBISAETCS B U3MEPEHHOM MarHUTOCOIIPOTHBIIEHUH XaHIIE.

bbutn cHUHTE3MpOBaHbI CHMHOBBIE KJIAllaHbl, KOTOPHIE COAEP’KAaT CMEXKHbBIE CJIOU CIHH-
akkymysmpyromero marepuana (B-Ta wmu B-Wo 75 Tao25) 1 peppomarnernka (CoFe) u obmanaror
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NEPCIEeKTUBHBIMU Il TPUIIOKEHUN (QYHKIHOHATIBHBIMU XapaKTEpPUCTUKAMU, B YACTHOCTHU
BBICOKOM MarHUTOPE3UCTUBHOI YyBCTBUTEIHHOCTHIO B CJIa0BIX MAarHUTHBIX MoJisAX. Ha BcTaBke
pucyHKa 1 TMOKa3aHO CXeMaTH4eckoe M300pakeHHe MHUKPOOOBEKTa, COAEpIKAIero CIHH-
AKKyMYJIUPYIOIMUK KaHa B-Ta, CTOIOMK W3 MHOTOCIOWHON HAHOCTPYKTYPHI THIIA «CIUHOBBIN
KJIallaH», a TAKKE U KOHTAKTHBIE BBIBOBI JIJIS IPOITYCKAHUS UMITYJIBCOB

TOKa U U3MEPEHUS COITPOTUBIICHHUS.

_—— O
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Fig. 1. [Tonesas (a) u TokoBasi B HysieBoM nosie (D) 3aBucMMOCTH
AIIEKTPOCOTIPOTHBIICHNSI MUKPOOOBEKTa Ha OCHOBE CITMHOBOTO KJIaliaHa

xomnosunuu Ta/CoFe/Cu/CoFe/Ru/CoFe/FeMn

[TepexnroueHue Mex1y BBICOKO- M HU3KO-PE3UCTUBHBIM COCTOSSHUEM CIIMHOBOTO KJIallaHa
OCYILIECTBIISICTCS KaK MPUIIOKEHUEM MarHuTHoro nois (puc. 1a), tak u 3a cuer SOT-3¢pdexra
NP MPONYCKAHWU UMITYJIBCOB TOKA B OTCYTCTBHM MarHuTHOro moiist (H = 0) (puc. 1b) .

UccnenoBanue BBINOTHEHO 3a cyeT TrpaHTa Poccuiickoro HaydyHoro QoHaa u
[TpaButenscTBa  CBepaiioBcko  001. B pamkax  mpoekta  Ne  24-12-20022,
https://rscf.ru/project/24-12-20022/ ®T'BYH Uncturyt ¢pusuku metauioB umenn M.H. MuxeeBa
¥YpO PAH, CsepanoBckast 00:1.

Cnucok JimTeparypsbl:

[1] M. I. Dyakonov, Phys. Rev. Lett. 99, 126601 (2007).

[2] S. Vélez, V. N. Golovach, A. Bedoya-Pinto, M. Isasa, E. Sagasta, M. Abadia, C.
Rogero, L. E. Hueso, F. S. Bergeret, F. Casanova Phys. Rev. Lett. 116, 016603 (2016).
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Model of magnetic point contact and its application: from tunnel junctions to Skyrmion
Useinov A.N.
National Yang Ming Chiao Tung University, 300045, Hsinchu, Taiwan ROC.

As industry trends shift toward to confined by scale, energy-efficient, and functional devices, the
reliable model, capable of accurately capturing transport behavior at the nanometer scale,
becomes critical. The spin-resolved point-contact (PC) model is one of such approaches which
allows to reproduce or predict electron transport characteristics in different devices and
structures, e.g. tunnel junctions (TJ) with ferroelectric (FE) barrier, single Skyrmion, magnetic
domain wall (DW), etc. The PC model stands out by its ability to be adapted for different
potential barrier profiles of devices via simulated coefficient of transmission, O — probability of
the electron passing through PC area. Its capacity to approach I-V characteristics in all three
regimes (ballistic, quasi-ballistic, and diffusive one) makes it universal tool for highly precise
results. In present time, it offers a proven methodology for the transport simulation mainly
through modification of the central part of the PC, a related potential energy profile for each
distinct device. Electrical current through PC is determined as ‘'O "© @ where each spin
component can be found as

00w . . ., 0 Q®

_ N ———0OB
C Q

herei Y 8 isspinindex, 0 “& - the cross-sectional area of the PC, modeled as a circular
hole modeled as a circular hole with radius &3 'O ¢QZ¥Q - conductance quantum;
'O Y m m consists from ballistic term: Y | Q0 'QRQ ho JQ, where
7% Q O E+ - absolute value of parallel wavevector component of the Fermi wavevector

(parallel to contact interface, —— incident angle of the electron trajectory), and diffusive
terms: m 0 . Q& 'TJQ, which include some factors of integration U over O,
and w - some terms with mean free path of electrons & and ‘O . Ballistic and diffusive cases

are determined by condition of ¢ifa L p and ¢t | p ratios, respectively. In most cases, the
tunneling or ballistic approach is applied, where the vanished my  are off, and "Y is the main
term, having no dependence on a. Recently, several important systems have been explored: PC
model was used to predict values of the electrical resistance for a single DW and nano-sized
Néel skyrmion, located in magnetic stripe, or in PC itself [1, 2]. In addition, simulated
I-V curves for magnetic and ferroelectric TJs successfully reproduce experimental data [3, 4]. It
is well known, FE-TJ offer great potential for non-volatile memory and neuromorphic chips,
thanks to its CMOS compatibility and scalability. The modeled '© was extended with voltage-
dependent screening, electrostriction, and possible oxygen vacancy effect, that gives more
complete picture of the system behavior.

References

[1] A. Useinov, SPIN 12, 2150031 (2022); e-print: arXiv:2203.06960 (2021).

[2] A. Useinov, R.K. Raj, R.S. Verma, et al. Appl. Phys. Lett 125, 072404 (2024).

[3] A. Useinov, and J. Kosel. IEEE Trans. Magn 47, 2724 (2011).

[4] A. Useinov, D. Jagga, and E.Y. Chang. ACS Appl. Electron. Mater 4, 2238 (2022).
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XupasibHble (JOTOHHbIE KPHCTALIBI H METAMATEPHAbI /ISl HCTOYHHKOB HUPKYJISIPHO-
IOJISIPH30BAHHOTO CBETA
Tuxonees C.I'.12

IMCY umNoMoBocosBa, 119991, MocksBa,
2NO0® PAH wum. A. M. MpdxopoBdMockBAaA99 PolcC

HccnenoBanue ONTUYECKOTO OTKIMKA XUPAJIbHBIX (POTOHHBIX CTPYKTYp IMPHUBIECKAET B
MOCIeAHNE OJIMH-/IBA IeCATUIIETHs OOJIbILION HHTepec uccienoBatenel. biarogaps passutuio, ¢
OJIHOI CTOPOHBI, TEXHOJOIMII HAaHOCTPYKTYPHU3ALMU PA3IUYHBIX MaTEpUAIOB (KaK HCXOJHO
IIOJIYIPOBOJHUKOB, TaK W METaVIOB M JAMDJIEKTPUKOB), a C JPYrod, pa3BUTHIO METOJIOB
TEOPETUYECKOTO OMHUCAHMS ONTHYCCKUX CBOWCTB XHUPATHHBIX (OTOHHBIX CTPYKTYp, YIAIOCh
pa3paboTaTh M U3TOTOBHUTH KaK 3epKajia U (UIBTPHI C MAKCUMAILHO BO3MOXXHON acHMMETpHUEH
OTKJIMKa B TPOTHUBOIOJIOKHBIX IUPKYISIPHBIX TMOJSpU3AIMIX CBETa, TaK W KOMIIAKTHbBIE
UCTOYHUKU IUPKYISPHO-TIONISPU30BAHHON (OTONIOMUHECIICHIIMY, BKJIIOYas Ja3zepbl. Takue
MCTOYHUKU MOTYT OBITh OYEHb MOJIE3HBI B CIIEKTPOCKOIUHN M CEHCOPHOM TEXHUKE, B TOM YHCIIE B
OMOCEHCOpPHOM TEeXHHMKE U CHUHTPOHHMKE. B nmokmame OyayT oOCYXAE€HBI MPUHIUIBI PaOOTHI
TaKUX YCTPOMCTB HAa OCHOBE XHMPAJIBHBIX (DOTOHHBIX KPHCTAIOB M MeTaMaTephalioB. bymyt
paccMOTpEHBI UCTOYHUKHU LHUPKYJISPHOM [OJIIpU3ALIAU (G OTONIOMUHECIIEHIIUN
MMOJIYITPOBOJHUKOBBIX KBAHTOBLIX TOYCK InAs B miockoMm MMOJIYITPOBOAHUKOBOM BOJIHOBO/IC
GaAs/AlGaAs [1], a Takke Jazepsl Ha OCHOBE MOJYHNPOBOJHHKOBBIX MHKPOPE30HATOPOB C
ONTUYECKOM [2] U snekTpudeckoi [3] Hakaukoi, CO CBETOM3IYUYAIOIIMMH KBAaHTOBBIMHU SMaMH
GaAs B aktuBHOU obnacTu. byaeT npoannu3upoBaH MHTEPECHBIH BOMPOC O MOPOTax IeHepaliu
Ja3epa LUPKYISPHO-TIOSIPU30BAHHOTO U3IyYEHUS! C MCIOJIB30BAaHUEM XHUPAJbHOTO 3epKaya ¢
cummerpueit C4 [4]. Taxke OyayT paccMOTpeHbI IpeoOpa3oBaTesid MOJSPU3ALUU Ha OCHOBE
XMpalbHBIX MeTamnoBepxHocTell [5,6], a Takxke MapuIpyTU3aTopbl (OTOHOB C KPYroBOH
noJisipu3aIuei st CIUHTPOHUKH [7].
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[6] S. A. Dyakov, N. A. Gippius, .M. Fradkin, S. G. Tikhodeev. Phys. Rev. Appl. 14,
024090 (2020).
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DOoTOMHAYHHUPOBAHHAS MOAM(PUKALMS M10JT0COBOI JOMEHHOH CTPYKTYPHI B IVIEHKE KATHOH
3aMeleHHOr0 IPaHaTa xeJjie3a

Asgnieenxo JI. B.Y, Honynax C. H., Cemyx E. 10., Beromxko I1. M.}, Benorenos B. 1.2

KpbiMcCKkUil depepanbHbil yHuBepcuTeT umM. B.

’MOCKOBCKWUIW rocypgapcTBeHHBLN yHuBepcurtert

N3Becten a3 dext GpoTonHyrmpoBaHHON MarHuTHON aHu3oTponuu (PMA), TO3BOJISIOIIHIA
YIIPaBJIATh HAlpaBI€HUEM HaMarHMUEHHOCTM B TOHKMX IUIEHKax TIpaHarta xenesa [1]. Panee
coobmanoc O BbBBaHHOH OMA MoauduUKanmuy MarHUTOONTHYECKOTO THUCTEpe3nca B
AMUTAKCHATBHBIX TUIEHKAX KAaTHOH 3aMeIIeHHOro rpanata skene3a [2]. Ilpuuém oOHapyXeHHBIH
3pQexkT He MOoKa3blBaJl 3HAUMTENILHOM 3aBUCHMMOCTH OT OPHMEHTAlMU IUIOCKOCTH MOJISpU3ALUU
UHIYLMPYIOILEro U3JIy4eHUs], OJHAKO CYILECTBEHHO 3aBHCEIl OT HAIpaBJIEHUS BOJHOBOI'O BEKTOPA
CBETa HaKa4YKH B KPUCTAILJIE.

Hnst  wccnenoBanust  (OTOMHAYIMPOBAHHOH  MOAM(PUKAIMHM  JOMEHHOW CTPYKTYPBI
UCIIOJIb30BAJICS. AQHAIOTMYHBIA 00pa3zel] AMUTaKCHalIbHOW IUIEHKM TpaHaTa >Kele3a TOJIIMHON
11.7 MKM, CHHTE3MpPOBaHHBIA Ha IOJUIOKKE TaJOJMHUNA-TAJUIMEBOTO IpaHaTa ¢ KPUCTALTMYECKON
opueHranmeil B miaockoctu (111). Obpaser; coderaeT MarHUTHYKO aHM30TPOIMIO THUIA <WIErKas
IUIOCKOCTB» M KyOHMUYECKYIO aHU30TPOIIUIO C OCSMH JIETKOr0 HAMarHWYWBAHUS BJOJIb HATPaBIICHUM
kpuctawia tuna [111]. B oTrcyrcTBre BHEIIHEro BO3AEHCTBHS B 00pasile pealu3yeTcs MOJI0COBast
JIOMEHHAs CTPYKTYpa, HaIllpaBJIE€HUE M10JIOC KOTOPO B pa3IMYHbIX y4acTKax oOpa3sla OTIMYaeTcs Ha
~60°. TIpu momerennn 06pasla B IIOCKOCTHOE MArHUTHOE MOJE HAMpPSKEHHOCThIO MeHee 20 D
JIOMEHHAasl CTPYKTypa COXpaHseTCs JIMIIb B TE€X y4YacTKax, HalpaBleHHE IOJIOCOBBIX JIOMEHOB B
KOTOpBIX MEPHEHIUKYISPHO IOJII0, B OCTAJbHBIX K€ HAOIIOAAETCS IIepecTpoiKa JOMEHHOU
cTpyKTyphl. [Ipn yBennueHun MaruuTHoro nosist 10 20 O Bce TOMEHHBIE M0JIOCHl YCTaHABINBAIOTCS
NEePHEHUKYISIPHO TOMI0, a MPU JaJbHEUIIEM yBEJIHMUEHUH 0o0pasel] NepexoJUuT B MOHOAOMEHHOE
COCTOSTHHE.

Jlit oNTHYECKOM HAaKauyky HCIIONB30BAJICA IOMYNIPOBOJHHUKOBBINA J1a3ep peEryaupyeMon
mortHocty 110 40 MBT ¢ ammHoi BonHbl 635 HM. Hakauka ocyiectsisiiach 1oj| (pUKCUPOBaHHBIM
MOJISIPHBIM yriIoM 75+10 rpaaycoB K HOpMaiu 00pasiia, a3UMyTaJIbHBIA YTOJI B XO/I€ SKCIIEpUMEHTA
MEHSICA. Y CTaHOBJIEHO, YTO M3MEHEHUE a3UMYTAJbHOTO yIJIa ONTHYECKOM HaKauky MPUBOAUT K
3HAUNUTENIBHOM NEPECTPOMKE JOMEHHOW CTPYKTYpPbI, NPUYEM JOMEHHBIE IIOJIOCHI CTPEMSTCS
BBICTPOUTBCSI TEPIEHANKYJIIPHO MPOEKIUH BOJIHOBOIO BEKTOpPAa Ha IUIOCKOCTh IUIEHKH. [lpn
YBEJIMUEHUN MOIIHOCTH 110 35 MBT noMeHHbIe Mojochkl Bcell HaOmogaeMoil 001acTu oka3auch
OPHEHTHPOBAHbI MEPIEHANKYIISIPHO MPOEKIIMU BOJIHOBOTO BEKTOPA.

[ToydeHHbIE pe3yNbTaThl XOPOILIO COMTIACYIOTCS C MPEABIAYIIMMH UCCIEI0BaHUAMH [2, 3], n
MOTyT OBITh OOBSCHEHBI B paMKax MOJSIPOHHONW Moaenu Bo3OyxaeHuss ®MA B npuUMeECHBIX
rpaHarax kenes3a.

PaGora BemonHena npu  ¢uHaHCOBOM — momaepkke @ DPIAOY BO  «KDY
um. B.M. Bepnanckoro» B pamkax npoekta MOJI/2024/2.
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2D lithium oxide as an efficient hydrogen storage material: ab initio study
lakovlev A.S., Katin K.P.

Laboratory of 2D Nanomaterials in Electronics, Photonics and Spintronics, National Research
Nuclear University MEPhI, Kashirskoe Shosse 31, MosBagsian Federation

The use of hydrogen as a fuel for obtaining energy is perspective, because the gravimetric
energy density is higher than that in traditional sources [1]. However, there are some crucial
problems on the way to hydrogen energy, and one of them is hydrogen storage and transport.

Two-dimensional (2D) materials are suitable for hydrogen energy storage. First, they
have very large surface area, which provide adsorption of atomic or molecular hydrogen [2]. The
last works showed that 2D materials can store enough gravimetric fraction of hydrogen.
Moreover, it has been demonstrated that lithium allows the accumulation of large amounts of
hydrogen molecules due to strong interaction with H2 molecules [3].

The hydrogen gravimetric density determines the suitability of 2D material as a promise
basis for hydrogen storage. Therefore, light metals are preferable for using as the
dopants. Lithium is the lightest metal, and we propose using it as the major element in 2D
layer. According to recent findings, 2D lithium oxide and hydroxide are stable and can be
exfoliated from corresponding crystals [4]. According to Ref. [5], there are two modifications of
2D lithium oxide with hexagonal and centered hexagonal lattices [5]. Here we have studied all
known lithium-based structures using the density functional theory. We found that some of
proposed structures are unstable under hydrogenation. Others cannot adsorb hydrogen, because
lithium is surrounded by oxygen atoms with high electronegativity. Hexagonal lithium oxide was
found to be the only suitable material for hydrogen storage. It can adsorb the H, molecules with
moderate high adsorption energy about 0.1 eV per H.. Ultimate hydrogen fraction as a function
of mechanical strain was calculated. The evolution of band structure during hydrogenation was
investigated. We believe that the considered material is a suitable candidate to achieve the
extremely high gravimetric fraction of the adsorbed hydrogen. The work was supported by the
Ministry of Science and Higher Education of the Russian Federation, project FSWU-2024-0014.
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Behavior of magnetic skyrmions in a magnetic field arising in multilayer uniaxial films
with spatially modulated films
Vakhitov R.M.%, Filippov M.A

lufa University of Science and Technology, 450067, Ufa, Russia

Magnetic skyrmions are topologically protected vortex-like spin structures that
demonstrate unique physical properties and have great potential for use in the design of highly
energy-efficient spintronic devices [1]. Magnetic skyrmions are stabilized in chiral magnets due
to the presence of the Dzyaloshinskii—Moriya interaction (DMI) in them. However, there are also
methods for their stabilization based on the use of nanomodified films with spatially modulated
parameters [2, 3], in which DMI may be absent. Accordingly, it is of interest to analyze the
combined effect of both factors: the presence of defects and DMI, which was discussed in the
article [4]. In particular, the combined effect of interphase isotropic DMI and "potential pit" type
defects on the stability of magnetic skyrmions in a ferromagnetic nanofilm was investigated and
it was shown that at certain values of the DMI parameter and the defect characteristics in the
film, the nucleation of krm-skyrmions (k=1, 2, 3,...), which have a Neel-type magnetization
distribution. In addition, new types of vortex-like inhomogeneities are also possible: deformed
skyrmions, elliptical magnetic domain, etc. In the same paper, the influence of an external
magnetic field on vortex-like inhomogeneities stabilized under these conditions in the defect
region is considered, which makes it possible to determine the possibility of controlling the
inhomogeneities in question with a view to their possible use in applied developments.

The structure and properties of vortex-like inhomogeneities were calculated using the
OOMMF software package [5]. The micromagnetic model of the studied objects was a disk-
shaped film (disk radius R = 300 nm, thickness h = 5 nm) with a columnar defect located in the
center, radius Ro. The magnitude of the magnetic anisotropy changes abruptly in the area of the
defect: Kuz <0O(easy-plane) on the defect, and Ku1 > O(perpendicular) outside the defect. The
analysis of the effect of an external magnetic field on stable skyrmions was carried out with the
following parameters: Ro=(10+60) nm, K\ =3-10° ym3 Kip = (=1, =3, =5)-10* g3,
the DMI constant D = 0.8:107% ym2

When exposed to a magnetic field directed against the magnetization of the skyrmion
crust, it gradually contracts with an increase in the magnitude of the applied magnetic field.
When the field reaches its critical value He, the skyrmion collapses, and the disk becomes
uniformly magnetized. In our case, in the presence of a defect, an increase in the Hevalue was
observed with an increase in the radius of the defect and the depth of the "potential pit". In the
case when the external field is directed in the direction of the magnetization of the core, the core
and skyrmion will expand until the core occupies the entire disk. With this orientation of the
field, there is no change in the value of Hewith increasing Ro and Kuz, but there is a certain
feature of remagnetization at Ro = (55+60)nm and Kiz ==510*ym2. In this case, when the
external magnetic field changed, the skyrmion switched, which was accompanied by a change in
the polarization of the crust to the opposite (Fig. 1.) and a remagnetization of the disk periphery.
At =12 mTI, the magnetization of the crust is directed against the z axis, the skyrmion
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occupies the entire disk, and the size of the crust is maximal. When He= 13 mTl is reached, the
skyrmion decreases, and the magnetization of its core is directed along the z axis.

600 600
500 500
400 400
£ 300 300
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% 200 400 % 200 400
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Fig. 1. The state of magnetization at Ro =60 nm K ==510* J/Im3; a) magnetic structure at 1
=12 mTl, 6) magnetic structure at He = 13 mTI.

The above results lead to conclusions about the significant effect of “potential pit" type
defects on the stability and behavior of magnetic skyrmions in an external magnetic field of
various orientations.

The authors are grateful for the financial support of the State assignment of Russian
Federation for the implementation of scientific research by laboratories (No. 075-03- 2024-
123/1 15.02.2024).
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THz-IR spectroscopy of BSPT — ferroelectrics with high Curie temperature
Zhivetev K.V.%, Talanov M.V.}, Kozlov V.1.23

1 Moscow Institute of Physics and Technoldigy1701, Dolgoprudnyi, Russia
2 Research Institute of Soiit at e El ectronics Materials
University (RTU MIREA), 119454, Moscow, Russia
3 Kapitza Institute for Physical Problems RAS, 119334, Moscow, Russia

Ferroelectrics with a perovskite structure are widely used in piezoelectric devices such as
sensors, microactuators, and non-volatile memory. Currently, the most common piezoelectric
materials in technology are ferroelectric solid solutions of the PbZr,T1:-«Os (PZT) system, which
exhibit high piezoelectric and dielectric parameters near the morphotropic phase boundary
(MPB) at x = 0.52. However, PZT ceramics contain a significant amount of toxic lead and have a
moderate Curie temperature. For high-temperature applications — such as rocket engine
sensors — solid solutions of the (1-x)BiScOs-xPbTiOs (BSPT) system are preferred. This system
contains less lead than PZT and also exhibits an MPB at x = 0.60-0.64, where it demonstrates
improved properties. The goal of this study was to investigate the role of crystal lattice dynamics
in the dielectric response of BSPT ceramics, as the underlying mechanisms remain unclear.

The objects of study were solid solutions of the BSPT system with x from 0.63 to
0.65, prepared using convenient ceramic technology. Dielectric properties in the radio-frequency
range and IR-THz reflection spectra were measured at temperatures from 300 to 5 K using a E7-
20 immittance meter, Bruker Vertex 80v Fourier spectrometer and Menlo Tera K15 time-domain
spectrometer, respectively (Fig. 1a, b). The reflection spectra were fitted using a set of Lorentz
oscillators. Based on the fit parameters obtained in the studied temperature range, the

Z L
temperature dependencies of the phonon mode contributions to the dielectric permittivity /
were calculated. Based on the comparison of radio frequency and terahertz dielectric
permittivity (Fig. 1c), the extrinsic and intrinsic contributions to the dielectric response were

separated.
The study was supported by the Russian Science Foundation grant No 22-72-10022.
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IKCNepUMEHTATbHOEe H3yYeHHe CTA0MIbHOCTH MUKPOCTPYKTYpPHI ciuiaBoB Cu-Al

Axumosa O.B.1, Kynukosa E.C.2

®ns3smuecknin pakynbTeT MOCKOBCKOIO rocypgapec

JToMoHOCOBa, 119991 MockBa, Pocc
HauvMoHanbHbLN mMccnepoBaTeNbCKUn LeHTP «Kypt
Poccwusga

CriaBel  Cu-Al mIMpOKO  HCHONB3YIOTCA B COBPEMEHHBIX  TEXHOJOTHSX B
MPOMBIIIJICHHOCTH OJ1arofapsi BBICOKONW KOPPO3MOHHON CTOHWKOCTH, MPOYHOCTH U BBICOKOH
anekTpornpoBoHOCTH [1]. OONacTe TNPUMEHEHHS CIUIABOB-aBUAIIMOHHAS, KOCMHUYECKas |
He(TsHas oTpaciu. BBUIY TOro, 4TO MPOYHOCTH CIUIABOB M AJIEKTPOIPOBOJHOCTH CYIIECTBEHHO
3aBUCAT OT (OpMHUpPOBaHUS MOJICUCTEM Je(EKTOB B KPUCTAUIMYECKON pElIeTKe METaslIoB,
[ENBI0 HACTOSAIMIEH pPa0OThI SBIACTCS H3Y4YEHHE OCOOEHHOCTEH MHUKPOCTPYKTYpPHI CIUIAaBOB
munelikn Cu-Al METOI0M MPEM3HOHHON PEHTIEHOBCKOM TU(BPAKIIHH.

Jlis XapakTepUCTUKU MHUKPOCTPYKTYpPHI CIUIABOB OBUIM CHSTBI TU(GPAKTOTPAMMBI C
ucnonp3oBaHueM obopyaoBanus craHuud benok/PCA  KypuaToBckoro CHHXpPOTPOHHOTO
mznyuenuss «KMCU-Kypuaros» [2]. [lnuMHa BOJIHBI H3JIydeHUS B DKCIIEPUMEHTE COCTaBHIIA
0.75 A.

Ha Puc. | mpencraBieHsl audpakiMOHHBIE CHEKTPBI, M3 KOTOPBIX CIIEAYET, YTO
TU(GPaKTOrpaMMBbl CHATHI B IIUPOKOW 001acTh yriioB 2-53°, ocHOBHas (a3a CIIABOB SBISETCS
TBEPABIM pAcTBOPOM aJIOMUHHUS B Meau. Kpucrajmueckas pelieTka MaTrephalioB HMEET
TPaHEIICHTPUPOBAHHYIO BJIEMEHTApHYI0 sueiiky. Bpeska B Puc. 1 mokaspiBaeT NpakTUYECKU
TOMOT€HHOE COCTOSIHUE OCHOBHOW HEYMOPSAOYeHHOW (a3pl MaTepuanoB M yKa3blBaeT Ha
pasnnyMs B MOACHUCTEMAaX Ae(EKTOB CIIaBOB B 3aBUCHMMOCTH OT KOHLEHTPAIMU JIETUPYIOILEro
KOMITOHEHTA.

0.3 a7.% Al
= 10ar.% Al
1 Eurt Al

"
2d, ipaape

Lavre. el
9

=

10 20 ap 40 50
28, rpeayc

Puc. 1. JudpakiHMOHHbIe CTIeKTPbI

B pesynabrare mnpoBeneHHOH pabOTHl BBIOJHEH AaHANW3 BIMSAHUA KOHIIEHTPALUH
JJIEMEHTa  JIETUPOBaHUS Ha  (OPMHPOBAHHWE HAHOCTPYKTYPHUPOBAHHOH  CYOCTPYKTYpHI
criaBoB. [IpoBeneno  paccmorpenue  (opMupoBaHHMs THOACHCTEM Je(PEKTOB € IIEJIbIO
MIPOTHO3MPOBAHUS HMX PA3BUTHUS NPU MHUKpOJIETMpOBaHMM aimtoMuHueM. [locnennee siBisieTcst
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aKTyaJIbHBIM B CBETE pPa3BUTHA S(PPEKTUBHBIX CIIOCOOOB YIIYUIICHHS OSKCILTyaTallHOHHBIX
XapaKTEPUCTHK cIi1aBoB [3].

Cnucok JimTeparypbl:

[1] H.Y. Yang, Z.C. Ma,C.H. Lei,L. Meng, Y.T. Fang,J.B. Liu, H.T. Wang,
China Technol. Sci. 63, 2505 (2020) https://doi.org/10.1007/s11431-020-1633-8

[2] R.D. Sveogorov, P.V. Dorovatovskii, V.A. Lazarenko, Belok/XSA Diffraction
Crystal Research Technol. 55, 1900184 (2020). https://doi.org/10.1002/crat.201900184

[3] J.E. Gonzélez-Hernandez and J.M. Cubero-Sesi. Materials Transactions, 64, 1754
(2023) https://doi.org/10.2320/matertrans.MT-MF2022046
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MarnuTtorajibBaHudeckue 3ppeKTbl B METAIMYECKUX aHTH(epPOMArHeTHKAX
lapeesa 3.B.% IMonos A.M1.2, 3Be3qun A.K.12

IN1d MK YyYonu PAH/ 450054, Y pa, Poccwu
MMNWOT/ 124498, MockBa, Poccwus
SNOP PAH/ 119991, MocCK B a, Poccwus

B nocnennee necatuierue akTUBHOE pa3BUTHE IOJIyYWJla HAIpPaBIEHHUE, CBA3aHHOE C
UCIOJIb30BAaHUEM aHTU()EPPOMArHETUKOB B KAaueCTBE OCHOBHBIX KOMIIOHEHT 3JIEMEHTOB
cnuHTpoHuku [1]. OpHako oOpaTHOE BIMSHUE TMEPEMEHHONO MAarHUTHOTO MOJs  Ha
AIIEKTPUUYECKHE CBOMCTBA aHTU()EPPOMATHUTHBIX CUCTEM U3YyUEHO CYIIECTBEHHO MEHBIIIE.

B nmamnoii  paboTe  umcciemoBaHa ~— BO3MOXKHOCTh — pealu3alii  0OpaTHBIX
MarHUTOTaJIbBAaHUUECKUX J(PQPEKTOB M MPOIEecChl TEHEpalud TalbBaHUYECKUX TOKOB B
antudeppomarnernkax MnzAu, CuMnAs. Iloka3aHo, 4uYro B  aHTH(EpPpPOMArHeTHKaX
TETParoHaJbHOW CHUMMETPUM MAarHWTHOE IOJ€ NMPHUBOJUT K IEepepaclpesieieHUuI0 3apsaoBOi
IUIOTHOCTH, M, KaK CJIEJCTBHE, K BO3HUKHOBEHHUIO 3JIEKTPUUECKOW MOJSAPU3ALUU U TOKOB
cmemieHus. Ha oOCHOBe HCIONB30BaHMA METOAOB TEOPETHMKO — TPYMNIOBOrO aHajlu3a Hu
Jarpanxena (hopMann3Ma IpeiokeHa MOJIENb Ul pacyeTa MarHUTOrajibBaHMUECKUX 3P PEKTOB
B JJaHHBIX MaTepuanax. PaccuuTaH aJeKTpUUECKU OTKIMK CUCTEMbI Ha IEPEMEHHOE MAarHUTHOE
110JIe, U3MEHSIOLIEECS 110 JINHEHHOMY M rapMOHUYecKoMY 3akoHaM (PucyHoxk 1).

J. mdiem’

0.0 0.5 1.0 1.5 2.0 2.5 3.0

t, ns
Puc.1. I'pacduku 3aBucUMOCTEN BEIMYUHBI TOKA OT BPEMEHU IPH PA3IUYHbBIX PEXKUMAX
BKJIFOUeHHs MarHuTHoro moiist H(t), HampasienHoro Brosb ocu [001].

HOKEBE[HO, qTo aI[I/IaGaTI/I‘-ICCKI/I HU3MCHAOMICECd MArHuTHOC TII0JIC TIPHUBOIUT K
BO3HUKHOBCHUIO DJJICKTPHUYCCKOI'0 TOKa, KOTOpLIﬁ ncyc3acT B IIOJAX HACBIIICHHWA. HpI/I
TapMOHUYCCKOM  HU3MCHCHHUMU MAIrHUTHOIO 1MOJisi B CHCTCMC BO3HUKACT HCpCMCHHHﬁ
3JICKTpH‘-ICCKHfI TOK C TIOCTOAHHBIM CPCAHUM 3HAUCHUCM.

CnucoK JIuTepaTyphl:
[1] A. D. Din, O. J. Amin, P. Wadley, and K. W. Edmonds, npj Spintronics 2, 1 (2024)
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PaBHoBecue ¥ cTAOMJIBHOCTD PEIIETKN MATHUTHBIX XONM()MOHOB B reJIMMarHeTHKe.

Metnos K.JI
JOHE PMIBIMTKEOX HM YU ECKUN MNWHCTUTYT WUM. A. A. Fankwu
OnHoMepHbIe u JBYMEPHBIE

TOIIOJIOTUYECKUE COJUTOHBI  (TakWe Kak
JIOMEHHBIE TpPAHUIIbl, MAarHUTHBIE BHXpH,
CKHPMHOHBI), WX CTaTUKa, JWHAMUKA W
PE30HAHChl BO MHOTUX CIIy4YasX ONPENEIsioT (.5

O e e Lea

CTaTUYCCKUE U JUMHaAMHYCCKHEC CBOMCTBA
MAarfuMTHBIX Cp€J, UI'parl0T KIHOYCBYIO POJIb B

Z/R

[PUIOKEHUAX CIUHTPOHUKA U MaArHOHHKHU.
DONbIIMHCTBO TakuX NPUIIOKEHUH B Halle
BpeMsl OCHOBBLIBAETCA Ha TOHKOIIJIEHOYHBIX 05l
TexHosorusax. Ho yxke ceronHs Ha4MHAIOT o
HOSBIISITBCSL  METOABI ISl yIpaBiieHUs /

BU3yaJIM3allun HaHOMACIITaOHBIX BCKTOPHBIX -1

e e e A TR e e e e e e e ¥ e
- e L e e e e e e - e — — — R A e e
R Y R T e T L VO "G A Ay

[P R U T T

noJIex HaMarHu4eHHOCTH B TpEX

HU3MCPCHHUAX, KOTOPBLIC MOIJIHU OBl CTaTh

1
. . .. . Y/R
OCHOBOH AT HOBOHU TPECXMECPHOHU Puc. 1. Pacnipenenenrne HaMarHUYEHHOCTH BHYTPH

CHI/IHTpOHI/IKH. B TpéXMepHLIX MaArdHeTukKax PAaBHOBECHOI'O XOH(l)I/IOHa B IrCJIMMAard€TukKe C

MOT'YT CyILECTBOBATE IPUHIMITAAIBHO OZHOOCHOH aHH30Tponuei (pakrop kauecrsa (=1.1).
TpEXMEpHbIE MATHUTHBIE COJIUTOHBI — XOM(UOHBI, KOTOPBIM M MOCBSIIEH J0KIaA. Tak ke Kak u
JIOMEHHBbIE TPAaHUIIBl B OJTHOM U3MEPEHUH, CKHPMUOHBI 1 MarHUTHBIE BUXPU B JIBYX, MarHUTHBIE
XOTI(HUOHBI TOMOJIOTHYECKH IKBUBAICHTHBI OTOOpakeHHSM chephl Ha cPepy U XapaKTepU3yrTCs
LEJOYHMCIEHHBIM TOMOJOrMuYeckuM uHAekcomM Xomnda . Ha Puc. 1 mnokaszan npumep
pacripesie/ieHus] HaMarHU4eHHOCTH BHYTPH PaBHOBECHOro0 XomnduoHa ¢ #=1 B OTCYTCTBUHU
BHEIIIHETO MOJIS U C JIETKOM OCbI0 MAarHUTHOW aHM30TPONHHU BJ0Jb ocu OZ.

B noxmage mnpexacraBieHbl HOBble pe3ynbTarbl [1,2] 0 CTaOMIBHOCTH PELIETKH
MarHUTHBIX XON(HOHOB B KJIACCHYECKOM TeIMMArHeTHKE C XHMpaJbHBIM B3auMOJEHCTBHEM
J3anommHcKkoro-Mopust 1 oAHOOCHOM aHu3oTponue. [IpencraBinena nuarpaMma cTabUIBHOCTH
XOM(HUOHHBIX PEmETOK Ha (OHE XOpOLIO W3BECTHOW JHarpaMMbl OCHOBHBIX COCTOSIHUMN
reJuMarteTuka. [IpuBeneHsl aHaTUTUYECKUE BBIPAXKEHUS Il KPUTHUECKUX IToJIeH XOn(HOHHON
peméTku kak QyHKuMU (akropa kadectBa aHuzoTponuuu. OOCyKaaercsl BIHSHUE BHEIIHETO
HOJISl U QaHU30TPOITUHMHU Ha MEPUO/IbI PABHOBECHON XOM(PHOHHOHN PEIETKY.

Pa6ora moxnepxana Poccuiickum Hayunsim ®oniom (poekt 25-22-00076).

Cnucok JurTeparyphl:
[1] Metlov, K.L. Elliptical stability of hopfions in bulk helimagnets / K.L. Metlov // Phys. Rev.
B.—2025. — V. 111. — P. 174450.
[2] MetnoB, K. JI. VmpaBieHue pemieTkoil XON(PHOHOB B TeIMMAarHeTHKE MpPU TMOMOIIU
MarauTHOTO Toyist ¥ anusorpormu / K. JI. Mertnos, A. C. Tapacenko, FO. A. besyc, M. M.
Topneit // KOTD. — 2025. — T. 168 (2). — C. 215-221.
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Yucaennoe MKI-MoaeaupoBaHue ONTO3JIEKTPOHHBIX XapaKTepuCcTUK GOTOTPaH3UCTOPA €

KBa3SUJIBYMEPHBIM KAHAJIOM HA OCHOBEC ITUXAJbKOI€¢HUA0B MEPEXOIHbIX METALJI0B

I'yebkoB A.A., JlaBpos C./I.
MANPSA0CCUNCKNUNKN TEXHONONIMYECKUN YHUBEPCMUT

OaHuM U3 NEepCHeKTUBHBIX HAMpaBICHUN Pa3BUTHS COBPEMEHHOM OMNTOAJIEKTPOHHUKHU
ABIIIETCS CO3JaHKME (OTOTPAH3UCTOPOB HA OCHOBE ABYyXMepHbIX (2D) marepuanos, cpenu
KOTOPBIX OCOOBIH MHTEPEC MPEICTABIIOT TUXATBKOTCHHUIBI MepexoaHbix meramion (JAIIM) [1,
2]. Otu Mmarepuasbl AEMOHCTPUPYIOT YHUKAJIbHOE COYETAHME CBOWCTB, BKIIOYAs MPSMYIO
3aMpeleHHYI0 30HY, BBICOKYIO MOJBMKHOCTb HOCHUTENEH 3apsijia, MEXaHWYECKYI0 TMOKOCTb U
COBMECTUMOCTb C COBPEMEHHBIMH TEXHOJIOTUSMU MUKPO3JIEKTPOHUKH [3, 4]. OnHaKo, HECMOTpPS
HA PAJl YCIEUIHBIX JIA0OPATOPHBIX HUCCIEJOBAHHUM, HIMPOKOMY MPAKTUYECKOMY BHEAPEHUIO
TaKUX YCTPOMCTB NPENATCTBYIOT BBICOKAas BapHAaTHBHOCTh IapaMEeTPOB U HEIOCTATOK
buznyeckn 000CHOBAaHHBIX MOJIETICH, YUUTHIBAIOIIUX B3aUMOCBSI3b ONTUYECKUX U AIEKTPOHHBIX
MIPOIIECCOB, a TAK)KE POJIb Me(DEKTHBIX COCTOSIHHM [5, 6].

B Hacrosmei#t  paGore  mpensokeHa — KOMIUIEKCHass — (u3uueckass  MoOJEb
dotoTpansucTopa ¢ kBa3u-2D kanamom wu3 MoS;, peanu3zoBaHHAas METOJOM KOHEUYHBIX
aneMeHTOoB. OHa TIO3BOJIIET BCECTOPOHHE OIMCaTh KaK ONTHYECKOE IOTJIOLIEHUE, TaK U
IIPOLECCHl EPEHOCa 3apsAA0B, BKIIOYAs BIHUSHUE TEPMHOHHOM 5SMHCCUH, TYHHEJIBHBIX
MEXaHU3MOB M peKoMOWHammu uepe3 nedeKTHble cocTostHuA. [lomydeHHbIE pacdeTHbIE
3aBHCHUMOCTH MPOJAEMOHCTPUPOBAIIN XOPOIllee KaueCTBEHHOE U KOJIMYECTBEHHOE COTIACOBAHUE C
SKCIIEPUMEHTANBHBIMA JIJAHHBIMU B IIMPOKOM JHana3oHe padouyuX YCIOBUM, MOJATBEpKIast
KOPPEKTHOCTh BBIOPAHHOIO MO/X0/1a U MapaMeTPOB MOJIENIN. Y HUBEPCAIbHOCTh pa3paboTaHHON
MOJIETH TOATBEPXKACHA €€ YCIHEIIHBIM IPUMEHEHUEM K ALY APYTHUX IIHPOKO HCIOJIB3YEMBIX
JIIM, Takux kak WS;, WSe> u MoSe2, 94TO MOJYEepKUBACT €€ MPAKTHUECKYI0 MPUMEHUMOCTh
JUTSL IUPOKOTO Kitacca 2D-(hoToTpaH3ucTOpOB.

Pa3paborannas Mmozens 1mo3BosisieT 0Oosiee  TOYHO ONMCHIBAaTH M MPEICKA3bIBATh
MOBE/IEHNE TaKUX YCTPOMCTB, CO3[aBas OCHOBY Ul PalMOHAIBHOTO BBIOOpa IapamMeTpoB
Marepuaja U apXUTEKTypbl. DTO OTKpPHIBAET BO3MOXKHOCTH JJIs pa3paboTKH (OTOIETEKTOPOB
HOBOT'O MOKOJIEHUS C YJIYYIIEHHBIMU XapaKTePUCTHUKAMHM M CHHXKEHHOM YyBCTBUTEIBHOCTBIO K
BapHalUsM TEXHOJOIMUYECKOro Ipolecca, YTO KPUTHYHO [uIs obOecredeHus: CTaOWIbHOCTH
[IapaMeTpOB IIPU UHTETPALIUN B COBPEMEHHBIE MIEKTPOHHBIE U ONTOAJIEKTPOHHBIE CUCTEMBI.

PabGora Obwia BbIMOAHEHa NpU MNoAAepkKKe MUHHCTEpCTBA HAyKM M BBICIIETO
obpazoBanus PO (npoext FSFZ-2024-0047).

CnucoK JIuTepaTyphl:

[1] A. Kuc, T. Heine and A. Kis. MRS bulletin, 40, 7 (2015).

[2] A. Liu, et al. Nano-Micro Letters, 16, 1 (2024).

[3] S. H. Mir, V. K. Yadav, J. K. Singh. ACS omega, 5, 24 (2020).

[4] J. Z. Hassan, et al. Journal of Materials Chemistry A, 11,12 (2023).
[5] R., Islam, et al. Scientific Reports, 14,1 (2024).

[6] A. Tunga, et al. IEEE Transactions on Electron Devices, 70,4 (2023).
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Oco0eHHOCTH ONMCAHNS NPOLIECCOB MePeMATHUYUBAHMUS MOCTOSIHHBIX MATHUTOB HA
OCHOBE MATHUTOONTHYECKHUX M300paKeHNH UX IoJIell paccesiHus

3urept A.Jl., CemenoBa E.M., Ky3pmun H.B., Cno6usixos H.IO.

®rbOY BO «TBepcKOW rocypnapcTBEeHHSBIN
170002, Poccwuasa, TBepb, CapoBblii

Busyanuzanusi MarHUTHBIX MOJIEH paccesHUs MAarHUTHBIX MaTepHUajioB C IOMOIIBIO
WHAUKATOPHBIX (PEPPUT-TPAHATOBBIX TUIEHOK MPUMEHSETCS KakK JUIsl MOIy4YeHHs] MHPOpMAaIHU O
IIPOCTPAHCTBEHHOM DAcCIpeAEIeHUN ITUX I0JIeH M HAaMarHW4eHHOCTH IOBEPXHOCTHOIO CIIOf,
TaK ¥ MPU KOHTPOJIE KadecTBa B MarHUTHOH nedexrockonuu [1-3]. OmHako, WHAMKATOPHYIO
IUIEHKY HEBO3MOXKHO ~ MCIOJIb30BaTh  JUIS  BU3yallM3allUd Ipolecca IepeMarHu4uBaHUs
nocTosiHHBIX MarHuToB (IIM) Bo BHelIHEM 1oJie, TaK KaK OHA JIOCTUIaeT HACHIICHUS B MOJSX,
KOTOpBIE COOTBETCTBYIOT JIMIIb HAYaJIbHOMY Y4acTKy KpuBoi HamarnuuwmBanus [IM. B To xe
BpeMsi, HHAUKATOPHbBIE TUIEHKU MOTYT MPUMEHSTHCS AJI UCCIEI0BAaHUI OCTaTOUHOTO COCTOSTHUS
[IM nocne npuMEHEHUs UMIYJIbCHOTO MAarHUTHOTO TMOJIS, MPH KOTOPBIX PErHCTPUPYIOTCS
Marauroontuyeckue nzodpaxkenus (MOW) noMeHHON CTPYKTYpHI IJICHKH, KOHTAKTHPYIOIIEH C
noBepxHoCcThi0 MarHuta [4, 5]. IlpennokeHHy0O METOAMKY MOXHO OIHUCATh CIEIYIOIIUM

o0pa3oM. MarHuT noMeuajiy Ha OJAHOOCHYIO Bi:@r IVIEHKY TaK, 4YTOOBI €T0 OCh TEKCTYpbI
Oblla TepHeHANKYISpHA IUJIOCKOCTH IUICHKH. Ty CHCTEMY TOJBEpPraid BO3JCHCTBHUIO
umnynascHoro nonist (UIT) Bnonb ocu Tekctypsl [IM, mocie 4ero perucTpupoBaiu U300pakeHue
JIOMEHHOM CTPYKTYpHhI IJIEHKH B NoJisIX paccesHus [IM. JInurenbHOCTs MMIyJbCa COCTaBIIsIA
40 mkc (ATUTENbHOCTH cliafa curHana 15 mkc), BennyuHa mnosst Bappuponaiock ot 0,1 go 1,5 Ti.
Perucrpamnus muzobpaxenuit JIC ocymectBisuiack Metoom noiisipHoro 3¢ dexra Keppa uepes
HECKOJIbKO CEKYHJI MOCJIE UMITYJIbCA.

Ha ocnoBe mnomyuennsix MOW omnpenensyii BEIMYWHY OTHOCHUTEIBHOM OCTATOYHOMU
HaMarHu4eHHOCTH Mwy oMarauTa. [{ist 9Toro Kaxkaoe n3o0pakeHue aHAIM3UPOBAIIM HA TIPEIMET
OTHOCHUTEIILHOTO COJIepKaHue 00JacTell pa3HOTO KOHTPACTa U MOJyYald 3HAYEHHE OCTATOUYHON
HamarunyeHHoctd [IM  mocne Bo3aelcTBUS HUMIMyJIbCHOTO moist  BenuuuHoW  H. Ilo
MOJTYYEHHBIM JaHHBIM OBUTH MOCTPOEHBI IpaduKH TMMOJeBOH 3aBUCUMOCTH M {HoHp op st
marauToB THna KC37 u N35, mpencraBieHHblE KpYyIJIBIMM MapkepamMu Ha puc. la u 16
COOTBETCTBEHHO.

UToOBI OIIEHUTh KOPPEKTHOCTh PE3YJIbTATOB, MOJYUYCHHBIX CPEACTBAMU MAarHUTOOITHKH,
B pa0boTe OBUTM BBINOJTHEHb M3MEPEHUsS YACTHBIX TIETENh THCTEpe3Uca C IOMOIIBIO
BUOpalmoHHOr0  MarHuTomerpa. Jljus  3Toro, oOpaszery MarHuTa MpeABapHUTEIIBHO
pa3MarHUYMBAJIM 3HAKOTIEPEMEHHBIM YOBIBAIOIUM IO BEJIMYMHE MATHUTHBIM TIOJIEM C IIarom
0,1 Tn. U3 pasmarunuenHoro coctostHusi [IM namarnmumBanu B mone 1,5 Tn, mocne dyero
U3MepsIach 4YacTHas TMeTJs TUCTepe3nca. 3areM ObLTM HM3MEpPeHbl KpHUBBIE BO3Bpara B
pPa3MarHUYMBAIONIMX TOJISIX, BEJIMYMHBI KOTOPBIX COOTBETCTBOBaiM 3HaueHusMm MUII B
MarHUTOONITUYECKOM JKCIepuMeHTe. I3 KpuBbIX BO3BpaTa OBUIM TOTYYEHBl BEITUYHHBI
OCTaTOYHON HAMarHMYEHHOCTH S, COOTBETCTBYIOINE KOHKPETHBIM Pa3MarHWYHUBAIOIINM TTOJISIM.
Hns toro, droOBl COMOCTaBUTh 3HaueHUs1 Mg TOJTyYEHHBIE 1O  pe3yJbTaTaM
MarHUTOONTUYECKOTO  HWCCJIEAOBaHMS, C  pe3yiapTaTaMHd  HM3MEPEHUS  OCTaTOYHOM
HAMarHWYeHHOCTH 110 KPUBBIM BO3Bpara, 3HAYeHUsA S ObUTM HOPMHUPOBAHBI HA BEIUYHHY
OCTaTOYHOM HAaMarHM4YeHHOCTH, TMIOJYYEHHYI0 M3 YacTHOM MeTIM THUcCTepe3nca Iocle
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HamarauuuBanuss B mose 1,5 Tn. Hopmuposanubie rpaduku 3aBucumoctei S( ¢Hp op ot
pa3sMarHuYMBaromiero moss aist MaruutoB Tuma KC37 u N35 nokazanbl poMOOBBIMH MapKepaMu
Ha puc. la u 16 COOTBETCTBEHHO.

M, . o, OTH. e1. M

MO? 10> Or OTH. €11,
1,0 ~ ~ 1,0
M
051 0.5
0,0 0.0
*
-0,5 0,5 1
-1,0 1 21,0
-1',5 -1',0 -d,s 0,0 0:5 1,'0 1l5 A5 -0 05 00 05 10 L5
Mo oo, Th HoHpor, T
a 0

Puc.1. 3aBucumoctu My §HoHp o fiutst 06pasioB KC37 (a) u N35 (6). CumBosamu ¢
0003HaYCHBI 3HAYCHHUS Sr, ONIPEICIICHHBIC TI0 JAHHBIM BUOPAITMOHHOTO MAarHUTOMETPA.

Kak BUJIHO U3 pHC. 1, 3HAYCHHS OTHOCHTEIIPHOM HaMarHUYCHHOCTHU S, HBMCPCHHBIC C
IIOMOIIBIO BI/I6paI_II/IOHHOFO MAarouToMeTpa, XOpOIIO KOPPEIHUPYHOT CO 3HAYCHUSAMU MMQ
rpa(bI/IKI/I 3aBHCHMOCTEH 000OMX BEIHYMH OT pasMarainiuBaromero IoJjsi UMCIOT OIu3KUi XO0na.
Haubonee HHTCPCCHBIM pPE3YJIbTATOM SABJIICTCA TO, YTO 3HAYCHUC SKCICPUMCHTAIIBHO
YCTAHOBJICHHOI'O O6paTHOFO IIOJIA, ITOCJIC BO3,I[CI>1CTBH$I KOTOPOIro AOCTUTaCTCA pa3MarHn4C€HHOC
COCTOSIHHUEC IIOCTOSHHOI'O MarHuTa, IIO0 JaHHBIM MAarHuTOOIITUKH COBIIAJdacT C BCJ'II/I‘-II/IHOI\/'I,
HOJ'Iy‘-ICHHOI\/'I B X0I€ MAariuMTHBIX HSMGPGHI/Iﬁ C IIOMOIIBIO BI/I6paHI/IOHHOFO
MaroiuToMeETpa. HOJ’Iy‘-ICHHI:IfI pe3yiabTart MOATBCPKAACT KOPPEKTHOCTH MIPUMCHCHUA
HHIUKATOPHBIX IUICHOK JJIA HCCICOOBAHUA BCIWMYMHLBI OCTaTOYHON HaMarHWYeHHOCTH
MOCTOAHHBIX MArHUTOB IIOCJIC TIPUMCHCHUA pa3MaroHn4nBarOInuXx MOJIeH.

Pabota BeinonHeHa npu nogaepxke Munoopuayku P® B pamkax I'TI B o01actu HaydHO-
uccrenoBaTenbekoit qesrensaoctr (mpoekt 0817-2023-0006).

CIHCOK JIUTEPATYPbI:

[1] C. C. Commn u ap. Bectauk TBI'Y. Cepus «®usuka» 4(6), 100-105 (2004).

[2] B. B. Pangomkun u ap. Bectauk MI'Y. Cep. 3. ®usuka. ActpoHomus 6, 80-85
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[3] H. Richert et al. Steel Res. Int. 87(2), 232-240 (2016).
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HAHOCTPYKTYp ¥ HaHOMarepuasio 16, 119-127 (2024).

[5] A. . Burept u ap. ®TT 65(15), 2121-2124 (2023).
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MexaHu3MBbl ¥ JHEPIrusl AKTHBALMU MATHUTOJJIEKTPUYECKOH CBSI3U B MYJIbTH(epponIHbIX
cBepxpeuieTKkax

Kyszenko /I.B., baxxun A.1.

PIrobHY «HVeMAK TUBI 28B80OH» lOoHe LUK, Pocci

Marnutosnekrpudeckre (MD)  KOMIO3MTBI ~ HAaXoAAT NpPUMEHCHHE B BUJC
MHUKPOBOJIHOBBIX YCTPOMCTB, JaTYMKOB, INpPEOOpa3oBaTelieii W YCTPOWCTB YTEHUS/3AIKCH.
JlJis HAHOCTPYKTYPUPOBAHHBIX ~ KOMITO3UTOB W3  CETHETORJIEKTPHUYECKUX W MarHUTHBIX
okcH10B MD K0d(DUIMEHT HanpsKeHus BONM3M pe30oHaHca AOCTHTaeT mopsaka 102 B/em-D,
YTO Ha MHOTO HOPS/IKOB MPEBBIIIAET MAarHUTOAIEKTPHUECKUI OTKIMK OJHO(A3HBIX COCTUHEHUI
[1]. OnHako mpu 3TOM CyIIECTBYET MpodiieMa HeTMHEHHOCTH sBiIeHu MD s dekTa (mpsmoro u
00paTHOTrO) Ui pelleHHs] KOTOpO# pa3paboTaHa TeopeTHueckas Mojelb [2]. B cBsizu ¢ 3TuM
NPE/CTABISICTCS AKTyaJIbHBIM HMCCIICIOBAHUE MEXaHU3MOB MD CBsI3U B MYJIBTU(EPPOUTHBIX
CBEpXpEIICTKAaX U OINPEIEIICHUE YHEPTHH €€ aKTUBAIMK. J[JIs1 3TOr0 UCIOJIb30BaHbl PE3YJIbTaThI
paboT MO MCHOJB30BAHUIO METO/A TEMIIEPATYPHOH aKTHUBAIMH-PEIAKCAIlMH JIHAICKTPHUCCKOM
NPOHMUIIAEMOCTH JIJII  ONPEIEJICHUS] DHEPTUU aKTHBAIMU Je(PEKTOB B CETHETOAICKTPHKE
Pb(Zr, Ti)O3[3], a Takke HCCIICIOBaHUE YaCTOTHO-3aBHCUMOM TEMIIEPATYpPHOU aKTHUBAIMH
NPOBOJAMMOCTH W JUAJICKTPUUECKON TPOHUIIAEMOCTH MarHutosjekrpuka BiFeOs [4]. dus
BbIOOpa KOMITOHEHT CBEPXPEIIETOK HMCIIOIB30BAHbBI SKCIIEPHUMEHTALHBIC JaHHBIC IO W3YYEHUIO
cerueroaniektpuka Ph(Zri1xTix)O3 (X = 0,48-0,60) [5] u cucTembl TPOHHOIO TBEPIOrO pacTBOpa
BiFeOs—PbZrOz:—PbTiO3 [6] (Puc. 1). BcaencTBue HaHOPa3MEPHOCTH CIIOCB CBEPXPEHICTKH
OPE/UIOKEHO  Takke  yuuThiBaTh  d(dekr  u3MeHeHus  (QU3HYECKMX  CBOWCTB
HAHOKPHUCTAUTMYECKUX TUICHOK OKCHJIOB MEPEXOJHBIX METAJUIOB, CBSI3aHHBIA C 0Opa3oBaHUEM
JIONIOJTHUTENIPHOM ~ KOBAJEHTHOM CBSI3M  METALI-KHCIOPOA Ha TpaHHIaxX CyO03epeH, YTo
NEePEKIINKACTCS C pe3ysIbTaTaMu padoThl [7].

o 257 S a 7
“
E 6.
- =)
2 ;
1:]
< 4 @
& gﬂ
= 3
=
L?:: : S 2 L.
0.48 052 . 056 0.60 BiFeO, PbZrO,

Puc. 1. a) 3aBHCHMOCTb MTbE303IEKTPUUECKHX KOAPPHUIIHEHTOB 0T cocTtaBa Pb(Zr1xTix)Os [5].
0) ®azoBas MOpPOTPOIHOCTH TpoiiHOM crcTeMbl BiFeO3—PbZrOs—PbTiO3 [6].

Cnucok JiuTeparypsbl:

[1] C.-W. Nan, et al. J. Appl. Phys. 103, 031101 (2008).

[2] L. Y. Fetisov, et al. Appl. Phys. Lett. 113, 212903 (2018).

[3] D. V. Kuzenko. J. Surf. Investig. 18 (3), 530 (2024).

[4] D. V. Kuzenko. Bull. Russ. Acad. Sci. Phys. 88 (Suppl 1), S13 (2024).
[5] B. Jaffe, et al. Piezoelectric Ceramics (Academic Press, London, 1971).
[6] W. Hu, et al. J. Eur. Ceram. Soc. 31 (5), 801 (2011).

[7] A. 1. Bazhin, et al. Phys. Metals Metallogr. 117 (6), 594 (2016).
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Bausinue ycJ10BHil CMHTE3a HA CTPYKTYPHbIE€ H MATHUTHBIE CBOMCTBA MOJIH- U
MoHOKpHcTaLI0B ProCoMnOe.q.
Mocrosmukosa E.B., Haymos C.B., Ctenanos A.

WMHcTtTuTtTyTtT PM3IumkKkum mMeTannos uMeHuUu M. H. Mnx e e

[Touck ¥ wuccnenoBaHWs HOBBIX COECIUHEHUH C IEPOBCKUTOINONIOOHON CTPYKTYpOll B
cucreme A2(BB")Os (rae, A — P33, a B, B’ sBisitorcs nepexoAHbIMUA METAJJIaMH) C Pa3IMYHBIMU
MarHUTORJIEKTPUUYECKHUMH CBOWCTBAMHU, SIBJISIFOTCS aKTyaJbHOM 3a/Jayeil, HeCMOTpsi Ha TO, 4TO
TepBble MOMBITKH CO3/aHHs (DepPPOMATHUTHBIX M30JIATOPOB IMyTeM ymopsamouenus NiZt u Mn**
wiin Co?t u Mn** B IBOMHBIX nepoBckuTax LaaNiMnOg u La2CoMnQOg ObUTH TIPEaIPUHATEI €IIIe
B 50-60-x rogax mpomutoro Beka [1]. Oco6ennocTtu ctpoenus coenunennii A2(BB")Os npuBoasiT
K TOMY, YTO YCIOBHS CHHTE3a W TOCIEAYIOIIUX OTKUTOB CIIOCOOCTBYIOT (POPMHUPOBAHUIO
Pa3IMYHBIX MAarHUTOIIEKTPUYECKUX CBOIMCTB B PE3Y/IbTAaTe M3MEHEHUS COACPIKAaHUS KUCIOpOIa
u/vm xapaktepa yrnopsoueHus A/B u B/B’ noHOB, 3apsiIoBOTO (BaJIGHTHOT'O) COCTOSTHUSI HOHOB
B B-mosumun u oOMeHa MeXIy HUMH. B CBS3HM € 3THM, IETBI0 HACTOAIIEH PaOOTHI SBISAETCS
W3YYEHHE DBOJIOUUU CTPYKTYPHBIX W MArHUTHBIX CBOMCTB mepoBckuToB ProCoMnOgs B
3aBHCUMOCTH OT YCJOBHM CHHTE€3a MOJM — U MOHOKPHCTAUIOB M HX MOCIEIyIoIen
TepMOOOPaOOTKH.

B pabore wuccinenoBanbl monukpuctamumueckue ooOpasubl ProCoMnQOs, mosydeHHbIE
MeTosoM TBepaodasHoro cuHTesa mpu Temmeparypax — 1100 °C, 1200 °C u 1300 °C u
HOJIBEPTHYTHIE MOCICIYIONMM TepMOOOpaboTKaM B pa3iuuHbIX atMocdepax (Bo3ayx, Oz, Ar).
Metomom  OecTUTeNbHOW 30HHOM TUIAaBKM OBUIM  BBIPANICHBl MOHOKPUCTAUIBL. Bce
MNOJMKPUCTAIUIBI M MOHOKPHCTAJUIBIL, SIBJISIFOTCA OJHO(A3HBIMH M HMEIOT MOHOKIUHHYIO
ctpykrypy #14, P2i/c. CopepkaHue KHCIOpOJa OIPEACIIIOCH MyTEM BOCCTAHOBJICHHUS
oOpa3uoB B Bojopoje. CoaepkaHHe KATHOHOB KOHTPOJIMPOBAJIOCH 3JEMEHTHBIM aHAJU30M,
BBIITOJIHEHHOM Ha CKaHupyrouieM 31eKTpoHHOM Mukpockorie QUANTA 200 Pegasus (LIKII
NOM VYpO PAH). Ilonmu- u MOHOKpHUCTAJUIMYECKHE 00pasllbl HMMEIM OTKIOHEHHE OT
crexuomeTpun 1o kuciopogy ProCoMnOeqd, a BbIpalieHHbIE MOHOKPUCTAIIBI HUMENU
OTKJIOHEHHS ¥ 10 KATHOHHOMY cocTaBy (cMm. Tabmuiy 1).

DBOJIIONHS TEMIEPATYPHBIX 3aBUCUMOCTEN HaMarHndeHHOCTH B 1iosie 100 D B pexxnmax
ZFC u FC nmonukpucTayyioB 1 MOHOKpPHUCTAJUIA 10 W TMocie oTkura B kuciopoae npu 1000 °C
npencraBieHa Ha Puc. 1 a, b.IlokasaHo, yto TemmepaTypa CHHTE3a M IOCIEIYIOIINE
TepMOOOPaOOTKH OKa3bIBAIOT CYIIECTBEHHOE BIMSHHE HAa MarHUTHBIE CBOICTBa HCCIEAYEMBIX
nepoBckuToB Pr2CoMn0Oe.g.

CunpHas 3aBUCMMOCTh MAarHUTHBIX CBOWCTB OT YCIOBUH CHHTE3a M TOCIEIYIOIINUX
OT)KUTOB, KOTOpas WCCIEeAOBaHA sl TEPOBCKUTOB ¢ La B A-mo3urmm [2], cBsI3BIBaeTCS C
TIPETONOKEHHEM, YTO KHCIOPOAHBIE BAKAHCHH MPUBOST K MOABICHHIO HOHOB Mn>*, KoTopsie
B CBOIO Odepeiab NPHBOJAT K TEHASHIMH TepeHoca 3nmekTpoHa ¢ Co?t ma Mn*' ma cocemmmx
y31ax n popmuposanmio mapsl Co*-Mn*,

Cuctembl co cmemanHbiMH KatnoHamu Co/Mn tuma A2CoMnOs meMoHCTpHPYIOT
CJIO)KHOE€ MarHUTHOE IOBEJICHHE, UYTO ONpENeNsIeTcs BO3SMOXKHOCTBIO CyIecTBOBaHUs HOHOB Co
¥ Mn pa3HOi BaJ€HTHOCTH, MEXJy KOTOPHIMH BO3HHUKAET OOMEHHOE B3aUMOJIEHCTBHE Pa3HOTIO
pona. ITpu 3Tom onHUM U3 (HaKTOPOB, BIUAIOMINX HA ATH OOMEHHBIC B3aUMOJICHCTBUS, SBIISIETCS
ynopsaouenne 3d uoHOB. Bompochkl cBsi3aHHBIE C YCIOBUSIMH IPUTOTOBJIEHUS 00pa3loB,
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ynopsinoueare B B/B’ (Co/Mn) -mompemieTkax, BIHSHUE COJACpXKAHUS KHUCIOpPOJa Ha
9JIEKTPOMAarHUTHBIE CBOMCTBA MOJIM— U MOHOKpUCTAIOB Pr2CoMnQOs.g 06cyxnatoTcs.
Tabmuua 1.
OCHOBHBIE ~XapPAKTEPUCTUKH MOJUKpPHUCTAIOB U  MoHOkpuctamuia ProCoMnOeg.q:
TEeMIIepaTypa CHHTe3a, 00BbEeM 3JIEeMEHTApHOU SYEHKH, colep)aHue Kuciaopoaa d, remmeparypa
Kiopu (Tc), >(pQeKTUBHBI MATHMTHBI MOMEHT meff U3 ToaroHku ¢ {(T) m mer®™ u3
cozepxanus noHoB Co 1 Mn pa3HoOii BaleHTHOCTH . P — MOMMKPHUCTALI, S — MOHOKPHUCTAJLII.

O6paszen TeMHepaTZpa V, A3 | d+0.02 | T¢, K | mer, ma/fu. | mes®c, ma/fu”
cuntesa, °C
#P1100 1100 23209 | 0.13 168 7.34 7.61
142
#P1200 1200 23193 | 0.17 (170) 7.64 7.66
#P1300 1300 231.77 | 0.20 135 7.66 7.69
(165)
#S 232.01 | 0.31** 128 8.24 7.82

* Meff3C pacCUNTHIBAIOCH M3 COOTHOIICHUS HOHOB B B mo3urmn
[Co**]+2d[Mn*]+(1-2d)[Mn*], d - oTKITOHEHHE OT CTEXHOMETPHH TI0 KUCIIOPOY,
** cocraB MOHOKpHUcTaiia — Pr2.04C00.94Mno.990s 69.

8 8 T T: T T T
PraCoMnOg #1 (11000C+10000C, 02, o ZFC o FC
7 A a 7t Pr2CoMnOg #2 (12000C+10000C, 02, o ZFC » FC b
R PraCoMnOg #3 (13000C+10000C, 02, o ZFC o FC
H=100 Oe
6 u"'-., J 6 0.02 ;|
5 5 ] o ]
(®)] K ~
= 3 3 4
g 4 : E ol ]
Q9 100 120 140 160 180 200 220 EJ, 3t |
= 3F T.K 1 =
#P1100 —O— ZFC, —@— FC
oL #P1200 —0— ZFC, —a— FC | 2L J
#P1300 —O— ZFC, —@— FC e A e
1 | #5 O ZFC, @ EC i 1 | 80 100 120 140 160 180 200_
T.K
0 9 ? 0 L. ..
100 150 T(K) 200 250 300 100 150 200 250 300

T(K)
Puc. 1. Temneparypubsle 3aBUCUMOCTH HamaramueHHoctu B nosie 100 O B pexumax ZFC u FC
nonukpuctamioB #P1100, #P1200, #P1300 u moHOKpucTamia #S, a — UCXOAHBIE 00pa3ibl, b —
00pa3sisl, oToxKEHHBIE B Kuciopose mpu 1000 °C. Ha BcraBke - mpousBoauas dM/dT (FC).

Pabota BrimonHeHa B pamkax ['ocynapcTBeHHoro 3ananus Munoopuayku PO nins UOM
YpO PAH.

Cnucok Jureparyphbl:

[1] J.B. Goodenough, Phys. Rev. 100, 564 (1955).
[2] X. Wang, H. Song, C. Yang, H. Wu, C. Zhang, L. Yu, J. Mater. Sci. Mater. Electron. 34
2157 (2023).
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Maruutoynpyrue 3¢ ¢exTnl B Oopare xKeje3a
Crpyrankuiit M.B., CenesneBa K.A., ITpunenckuii 1.10., Ckubunckuiit K.M., frymnos
C.B., Moruneuer 10.A., Cenesnen K.A.

KpbiMckuninh depgpepanbHbih yHuUBepcurtTert,

MoHokpucTauibl 6opara »ejle3a M3-3a OCOOEHHOCTEH CBOEH KpUCTAJUIOMAarHUTHOM
CTPYKTYpPbI JAEMOHCTPUPYIOT MHOKECTBO HMHTEpPECHBIX 3(P(PeKTOB, 4TO AenaeT 3TOT MaTrepuai
MOJIEJIbHBIM 00BEKTOM HCCIIEI0BaHUN B 001acTH (PU3MKU TBEPJOIO TeJla U MarHETU3Ma, a TaKkKe
OIpefeNsieT IMEePCHEKTUBbl BBICOKOTEXHOJIOIMYHBIX NpuioxkeHuil. [lpakTuueckoe oTcyTcTBHE
MarHUTHOH aHM30TponuH B Oa3ucHOM T1uiockocTH (“C3) W cnabblii HEKOMIIEHCHPOBAHHBIN
MarHUTHBII MOMEHT BEAYT K aHOMAJIbHO CHJIBHOW CBSI3M MArHUTHOM M yNPYrod MOJICHCTEM
KpUCTalsla, 4TO NpOSBIACTCS W B JAWHAMUKE, W B cratuke. JlmHamudeckue 3(PEEeKThI
marauToynpyroi (MY) cBs3u HaOMIOAATUCh M MCCIEJOBATUCh HAMU IIPU MPOXOXKAECHUH B
U30METPUYHOM MOHOKpHCTaie OopaTa jkeje3a JIMHEHHO MOJSPU30BAaHHOM MONEpeyHOH
aKyCTUYECKOH BOJHBI, BO30yxaaemMoil mbe3onpeoOpazoBarensmu [1].  Ilox  amelicTBueM
OCUMJUISIMM ~ HAMarHW4eHHOCTH, HHAYLMPOBAHHBIX  IONEPEYHBIM 3BYKOM,  CHUMAJIOCh
BBIPOXKJIEHUE 110 CKOpPOCTAM JBYX aKyCTHYECKUX MOJ C OPTOTOHAJIBHBIMH JpYT JApYry
JUHEWHBIMH  TOJSpU3alisiMd. B pesdynmbrate  BO3HHKAN — APQEKT,  aHATOTUYHBINA
MarHuroontuyeckomy siBiieHuto Korrona-Mytona. Hecmorpss Ha u3BecTHyro cinabocte MY
CBA3M JJI1 3ByKa IIPOJIOJIbHOTO, B Oopare »kene3a 3Ty CBS3b YCTAHOBUTH yjanock. [lpu
00JIydeHUH MOHOKPHCTAUIOB Oopara jkeine3a (EeMTOCEKYHIHBIMH JIa3epHBIMH HMMITYJIbCAMH,
Hapsay ¢ OObIYHO HaOJII0AaeMbIMH MAarHUTHBIMH OCUMUIALUAMM Ha 4actote ADMP,
oOHapykeHa reHepalus OCHWUIALMNA MarHUTHBIX BEKTOPOB Ha 4acTOTaX 3HAYMTEIbHO Oosiee
HU3KHX [2]. YCTaHOBJIEHO, YTO MArHUTHBIE OCIMIUISILIMA HHIYLIUPOBAIUCH IPOAOIBHBIM 3BYKOM,
KOTOPBII HEMOCPeACTBEHHO BO30YX/alcsd CBEPXKOPOTKUMH Ja3epHbIMH HMIYJIbcaMu. MBI
HaOmonanu u oOpaTHbIM H(PQEeKT — BIMSHWE MArHUTHBIX OCHWULSIIMM Ha aMIUIUTYRy
MIPOJIOJIBHOTO 3BYKa, BO30YXKIaeMoro mnbe3onpeodpazoatessiMu. Ctatudeckoe npossienne MY
CBS3M HA0JI0/1a7I0Ch B YHOMSIHYTOM JKCIEPHMEHTE C IOINEpPeuHbIM 3BYKOM [1], rae xapaxtep
MI0JIEBOI 3aBUCHMOCTH aMIUTUTY/bl aKyCTUYECKOW BOJIHBI CYILIECTBEHHBIM 00pa3oM 3aBHCEN OT
HKCIEPUMEHTAIbHBIX MEXaHWYECKHX TPaHUYHBIX ycloBHH. B pabGote [3] nana mHTepnperanus
HaOmroaBerocs HeoOblYHOrO 3¢ ¢dekrta — BbIXOJa aHTU(EPPOMArHUTHOIO BEKTOpa Ooparta
xene3a U3 0a3MCHON TIOCKOCTH MO/ AEUCTBUEM BBICOKOTO KBa3UTUPOCTATHUECKOTO JaBJIECHUS.

B Hacrosmeit paboTe npoaHaJu3UpOBaHbl U CUCTEMATU3UPOBAHbI HAILIUM PE3YJIbTATHI 110
uccienoanvio MY s¢dekroB B 6oparte xenesa, a TakKe pa3BUTa TEOPHUs MPOJIOJIBHOIO 3BYKA,
MO3BOJIAIOIIAs HHTEPIIPETUPOBATH SKCIIEPUMEHT.

Cnmcok Jureparypsbi:
[1] Yu. N. Mitsay, K. M. Skibinsky, M.B. Strugatsky, A.P. Korolyuk, V.V.
Tarakanov, V.l. Khizhnyi. J. Magn. Magn.Mat. 219, 340 (2000)

[2] D. Afanasiev, |. Razdolski, K.M. Skibinsky, D. Bolotin, S.V.
Yagupov, M.B. Strugatsky, A. Kirilyuk, Th. Rasing, and A.V. Kimel. Phys. Rev. Lett. 112,
147403 (2014)

[3] M. Strugatsky, K. Seleznyova, S. Yagupov. J. Magn. Magn. Mat. 596, 171986 (2024)
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CymecTBoBanue (pasbl, mogooHoii gpasze 'puddurca, B La-Bi manranurax
Tapacenko T.H.

PrbHY « JOMMESMKKEOIH MY € CKUN UMUHCTUTYT UM.
283048 JoHe UK, Poccwus

Manranutel LaMnO3z u BiMnO3 uMEIOT CTPYKTypy HCKaXEHHOTO IepoBckurta. [Ipu
stoM g LaMnOgs xapaktepHbl pomOo3Jpudeckue (WM OpTOPOMOMYECKUE) HCKAKEHUS
KyOM4ecKOl CTpPYKTypbl MepoBckuTa, a Uit BiMnOs — MOHOKJIMHHBIE HCKaKe€HHs. 00a
MaHraHuTa OpOHMTaAbHO yropsaodeHnsl: LaMnOs umeer 2d- , a BiMnOs - 3d-opOuranbhoe
ynopsnouenne dz’-opouraneit nonos Mn®* [1].

[MonukpucTaMyecKue 00pa3ibl JIETUPOBAHHBIX BUCMYTOM MaHTaHUTOB
nantana  BixLaixMnOz (0.0 < x < 0.2) ObuTH MOJYYEHBI IBYMsI METOJAMU: TBEPAO(Pa3HBIM U
30J1b-T€JIb. B 3aBHCHMOCTH OT METOZa CHHTE3a MOXKHO MOJy4aTh JISTHPOBAaHHBIE COCTaBbl La-
Bi MaHraHUTOB C pasHbBIM YpPOBHEM IIPOSIBICHHS MArHUTHBIX XapakTepucTHk [2]. Meron
TBepaodazHoro cuHTe3a B cucteme BixLaixMnOszmo oTkioHeHHIO —TemmepaTypHOU
3aBUCUMOCTM  0OpaTHOM  MarHuTHOW  BocnpuumuuBoctd *(T)or  3akoma  Kropu-
Belicca no3Bosnsier uaeHTHGUIIPOBaTH (haszy, nonoduyro daze I'puddurca [3,4], cocTosiryro u3
pasynopsaodeHHbIX  (heppoMarHUTHRIX  (DPM) KIlacTepoB B IapaMarHUTHOW MaTpuIile B
COCTOSIHUHM «CIIMHOBOTO cTekia» B auamazone temmeparyp Tc < T < Tg, rae Tc = 143K u T~
300 K (g x < 0.2). B To ke BpeMsi B «4ucTtomM» MaHranute santana LaMnOs ne Obuto
obHapyxeHo otknonenuii x(T) or 3akona Kiopu-Beiicca mpu T > Tc, uTo XapakTepHO s
OJTHOPOJHOTO TMapaMarHeTrka. B oOpasnax, CHHTE3MPOBAHHBIX 30JIb-T€Ib METOAOM, Ojaromaps
PaBHOMEPHOMY pAaCIIpE/IeJICHUI0 JIeTupyromel 100aBku 1mo oObeMy o0pasla, HpOsBISIOTCA
TOHKHE OCOOCHHOCTM MAarHMTHBIX CBOMCTB, KOTOpBIE OTCYTCTBYIOT B COCTaBax, MOJIy4YEHHBIX
METOI0M TBepaoda3zHOro cHuHTe3a. MccnenoBaHue 3aBUCHUMOCTH MHUMOM YacTH MarHUTHOM
BocripuuMumuBocTH ¥"(T) ma «uucroro» LaMnOs (kak 3051b-Teldb METOJ, TaK U TBEpAO(ha3HbIN
cunte3) BbisBiIsieT 1Be PM (das3sl B HuM3KOoTemmepaTypHoM auana3zoHe 117K<T<130K. Jlns
cuctembl BixLai xMnO3 obnapyxeHo nHammuume tpex PM ¢a3 ¢ temneparypamu Kiopu B
BbIcOKOTeMMIeparypHoM auamnazone 150<T<170 K. Bce »tu 1pu ®M da3pl Haxonmdarcs B
TEMIEPATypPHOM Jnana3zoHe ¢a3bl, mogooHo# ¢aze I'puddpurca.

T.o., pe3ynbTaThl MarHUTHBIX HCCIIEAOBAaHMM Ha oOpa3uax cuctemsl BixlLai-xMnOs,
MOJYYEHHBIX KakK 30Jb-Tellb METOJIOM, TaK U METOJIOM TBEPA0(a3HOIO CUHTE3a, JOMOIHISA JPYyT
Jpyra, yKa3plBaloT Ha cyuiecTBoBaHue (as3bl, mnogoOHoW daze I'puddurca, xotopas
BO3HHMKAaeT HE U3-3a OTCYTCTBUSA HekoTOophlx ®M cBszeii [3,4], a BcieAcTBUE U3MEHEHUS YacTU
3THX cBsa3eil ¢ 2d- Ha 3d-opOuTanpHoe ynopsaoueHue, KoHKypeHiue mexxay @M dazamu u ux
COCYIIIECTBOBAHHUEM, T.€. 00OYCIIOBIIEHA OPOUTAIBHO PAa3yIOPSI0OUYEHHBIM COCTOSITHIEM B CHCTEME
BixLai-xMnOs.
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BoicTphIii pacueT 4acTOTHO-3aBUCSIIEH TUIJIEKTPUYECKO MPOHNUIIAEMOCTH
MeTAJTHYEeCKUX HAHOYACTHI
A.C. ®enoposl?, A.C. Tennuuckas®?

MexayHapoaHBIGC RANOBO®TENbCKUNA LEeHTP CNekKTpPoO
660041, r. KpacHoapck, Poccwus
NHCTUTYT PUSUKU WM. nN. B. Kupenckoro CO PA

Hanouwactuirer 6:1aropoaubsix metasioB (HbBM) B mociennue roibl IpUBJIEKAIOT OOJIBIION
WHTEPEC W3-3a UX YHUKAIBHBIX XHUMHUYECKUX M (PU3NYECKUX CBONCTB M IIHUPOKOTO CIIEKTpa
MOTEHIIMAIBHBIX MPUMEHEHHH, BKJIIOYasi MOBEPXHOCTHBIA IU1a3MOHHBIN pe3onanc (JIIIIIP) [1],
MOBEPXHOCTHO-YCHJIGHHOe KoMOuHanmoHHoe paccesaue (SERS) [2], ucrons3oBanue B
ONTORJIEKTPOHHBIX YycTpoiicTBax [3] u Omocencopuky [4]. Hambonee mumpokoe mpuMeHEHHE
HBM nonyuunu B GMOCEHCOpUKE, TNie Hcmoib3yerca npucoeannenne k HBM omnpeneneHHBIX
OMOMOJIEKYI ISl CO3JaHUSl KOMILUIEKCOB C YHHUKAQJIBHBIMH XapaKTEePUCTUKAMU. ITOMY
MPUMEHEHUIO CIIOCOOCTBYET OombInasi BennurnHa SKCTUHKIMK HBM n3-3a Bo30yxaeHHs] B HHUX
JIOKAJIM30BAHHBIX MMOBEPXHOCTHBIX TUTa3MOHHBIX pE30HAaHCOB (JITIIIP) BO
BHEIIHEM 3jiekTpoMarHutHoM 1none (OMII), xopomas pacrBopumocts HBM B Boge, ux
CTa0WIBHOCTh, a TAKXKE WX XOpolias OWOCOBMECTUMOCTh. DT cBoiictBa HBM mo3Bomstor
JTOOUTHCS ONTHUMAIILHOTO BPEMECHH yJICP’KUBAHUS HAHOYACTHUII B KUBBIX KJIIETKAX W OpraHax Mpu
JICTEKTUPOBAaHNK OMOM300paXKCHUH, & TAKXKE B KAUeCTBE MapKEPOB JUIsi BU3yanu3aiud in vitro. B
oHkosiorun HBM Moryr HanenuBarbCsi Ha OMYXOJM, KOTJla ONTHYECKUMH YCTPOMCTBAMHM JIETKO
JNETEKTUPYIOTCS CUTHAJBI, [MOMOTAIONINEe OOHAPYKUTh PAKOBble KIETKH. ONTUYECKUE METOIbI
Bu3yanuzauu ~ HBM  oueHb ~ 4yBCTBUTENBHBI K  JUIMHE  BOJIHBI  H3JIy4YEHHUS.
UyBCTBUTEIHHOCTh TAKXKE CUJIBHO 3aBHCHT OT BEIUWYHHBI TTyOMHBI MpoHUKHOBeHus OMII B
Ononoruveckre TKaHW. J[1s yBemWYEeHHS UYBCTBUTEIBHOCTH HEOOXOAUMO UCIHOIb30BATh
MH(paKpacHOE OKHO MPO3PAvYHOCTH OMOJOTMYECKMX TKaHeH B muamazoHe jiuuH BomH §00-900
HM. /{7151 30510ThIX HaHOYacTull Bo30yxaenust JIIIIIP o6b14HO mpoucxoasaT Ha IMHE BOJIHBI ~520
HM, mosToMy s Bo30Oyxnaenus JIIIIIP B uH@pakpacHOM OKHE NPO3PAaYHOCTH HEOOXOAUMO
NpEeANPUHUMATh MEphl MO0 HW3MEHEHHI0 (OpMBl HAHOUYACTHUIl (HAmpUMEpP- HCIOIh30BAHNE
HAHOCTOJIOMKOB WJIM JAMMEPOB HAHOYACTHI], COCIUHEHHBIX MPOBOISIIMM MOCTUKOM [5]), uiu
MyTeM U3MEHEHHUs YaCTOTHO-3aBHUCSIIEro TeH30pa AudjeKTpudeckoit mporunaemoctu (UTIT).

Hannas pabora mocBsmeHa TeopeTnueckoMy u3ydeHuro UTII  pasnuysbIx
METAINTMYeCKNX HaHodacTuil. J[is sToro BHauyane mpoBoaunuchk pacuersl YTIII ob6wemHOro
MeTtauia metoaoM dopmanuzma pynkimonana wiotHoctd (DFT), ¢ momoipio TuIeH3NOHHOM
nporpammbl - VASP  6.4.3 [6]. UTAIl paccuuteiBasics s uactor B auanasoHe [0...6]
sB/h. [lanee, nns ydeta KBaHTOBOTO OTPAaHWYEHHUS B HAHOYACTUIIAX HaMH Obla pa3paboTaHa
OpUTHHAJIbHAS MOJEJb, ITO3BOJISIONIAS pacCUUThIBaTh MHUMYIO YacTh UT/III uepe3 nornomenue
sHeprun BHemHero OMII nHanowactuuei. B monenu Bkmax B UT/II paccumtsiBaeTcs Ha
KBaHTOBOM ypoBHe 0e3 mpuBiedeHHs wMonenu Jlpyne, KoTopas MpaKTHYECKH BCEraa
ucnonb3yercss B pacuerax YT/Il nmanouactun. Bmecto 3toro mornomenue sueprun SMII B
HAaHOYACTHUIIE PACCUUTHIBAETCS C TIOMOIIBIO HECTAlMOHAPHOM TEOPUM BO3MYIIEHUU C
IIpUBJIEYEHUEM 30510TOr0 npaswia Pepmu. [Ipu 3TOoM B MOJ€enn IBM>KEHHUE dJIEKTPOHOB BHYTPHU
YACTHUIIbl TPAKTYETCSI KaK JIBI)KCHHE YaCTUIIBl BHYTPH MOTEHIIMATBLHON MBI C(HepUUIECKON HUITn
UHOU (opMbl, onpenensieMor (Gopmoil HaHodacTUIbL. J[s yyeTa BIMSHUS KPUCTALTMYECKON
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CTPYKTYpbl BOJIHOBasi (PYHKLHS 3JIEKTPOHOB (aKTOPU3YETCs, T.. MPEACTaBISETCS B BHUJE
MIPOU3BEICHUSI BOJHOBOM (YHKIIMUM OOBEMHOIO MarepHaia, a Takxke orudaroiieil, KoTopas
3aBUCUT OT ()OpPMbI HAHOYACTULIBI M KOTOpas ONpejAeNsieT paccesHue BOJTHOBOM (YHKIUU Ha
rpaHUIlaX HAaHOYACTHUIILL. J[aHHas (hakTopH3aIys YacTO UCIOIB3YETCs IS pacdyera BOJHOBBIX
(GYHKIUI B pa3HBIX CTPYKTYpax, HAIPUMEP- B TIOTYIIPOBOJHUKOBBIX CBEpXpelIeTkax. B oTimuune
OT pacyeToB C HCIMOJb30BaHHEM Mojenu Jlpyzae, naHHas MoOJAENb OOBICHSAET MOSBICHUE
MHTEHCUBHOI'O MUKA B JEHCTBUTEIbHOW U MHUMOW YacCTAX AUAIEKTPUUYECKON MPOHUIIAEMOCTH B
nuana3one 0-0.5 3B, KOTOpbIi CHIIBHO 3aBUCUT OT pa3Mepa HAHOYACTHUIIBI.
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JBoIOLMS ra3o(pasHbIX OTPULATEIbHBIX HOHOB MPU UX B3aUMOEICTBHUU C

rpa¢guTonoxo0Hoii MpoBOAs el NOBEPXHOCTHIO

[erwmn E. E.}, Hemmmna CH!
MOMK Yol PAH, 450075, r. Yga,

HccnenoBanue MpoLEcCOB B3aUMOJCHCTBUS HMOHOB C Pa3IUYHBIMU IOBEPXHOCTSIMU
OCTaeTCsl aKTyaJbHOW TEMAaTHKOW M OJHUM U3 MEPCIEKTHUBHBIX HAIMPaBJICHUN B 3TOH 001acTu
SBIISICTCS U3yUEHHE B3aUMOJICHCTBHS HOHOB C rpa)eHOBBIMH MTOBEPXHOCTAMHU [1].

B pabote wuccrenoBamuch mpormecchl B3amMojaeicTBUS HanTemioBeix (E < 23B)
OTPHIIATENBHBIX Ta30(a3HbIX HMOHOB C TpaduTONMOAOOHON mpoBOIsAIIEH MOBepXHOCThIO. C
MOMOIIbI0 METOJIa MAacC-CIIEKTPOMETPUU OTPHUIIATENbHBIX HOHOB PE30HAHCHOTO 3axBara
JJIEKTPOHOB OBLJIO OOHAPY)KEHO, YTO TPU OYUCTKE TeIMeM IOBEPXHOCTH CaXXH OT IUICHKH,
WHTEHCUBHOCTH KpUBBIX 3(pdextuBHoro Beixona (KOB) dparmenTapHbIX OTpULIaTEIbHBIX HOHOB
(®ON) uzmeHnsercs, 4To 00YCIOBICHO MOSBICHUEM JIOMOIHUTENBHOTO B3anmoeiicTeuss @OU c
npoBofsmeld rpadguTrononoOHON MOBEpXHOCThIO. B pesympTaTe 53TOro B3auMOIEHCTBUS
uHTeHCUBHOCTh KOB 0AHMX HOHOB yMeHbIIAETCs, a Jpyrux He u3MeHsiercs. Ha ocHoBe
pacdeToB Teopud (YHKIMOHAIA IUIOTHOCTH, Y4Ye€Ta OSKCICPUMEHTAIBHO OIPEISICHHBIX
napamMeTpoB IMOBEPXHOCTH U HCIOJIB30BAaHUM MOJEIM HMHAYIUPOBAHHOTO HA MOBEPXHOCTHU
3apsga TOKa3aHOo, YTO MPH aJCOpOIMU Ha TIOBEPXHOCTH IEPBOTO THMA HOHOB X B3MO
pacrosio’xxeHa B 00JIaCTH SHEPTUM 30HBI TPOBOJUMOCTH TTOBEPXHOCTH, TJI€ BCE IHEPTreTUUECKUE
YPOBHU CBOOOJHBI, YTO TIO3BOJIIET DJEKTPOHY TyHHenupoBaTh oT OW Ha MOBEPXHOCTh U
npuBoUT K HeTpanuzauuu OW. DTo coOTBETCTBYEeT TOMY (pakTy, YTO MHTEHCUBHOCTH KOB
stux OU mpu Hamycke reius yMeHbIaeTcsa. B To BpeMs kak mpu ajcopOluy Ha TTOBEPXHOCTH
BTOporo Tumna uoHOB MX B3MO oxa3biBaeTcsi B 00JacTM SHEPrUi 30HBI MPOBOJUMOCTH
MOBEPXHOCTH, TJ€ BCE DJEKTPOHHBIE YPOBHU 3aHSATHI DJIEKTPOHAMU, UYTO HE TO3BOJSET
NEeKTpoHYy TyHHenupoBath ¢ @DOOUW nHa mnoBepxHocTh. B  pesymbrare >t ®OU  He
HEUTPATM3YIOTCSl HA TIOBEPXHOCTH, IECOPOUPYIOTCS U CHOBA MOTAIAI0T B CUCTEMY PETUCTpAIiH,
YTO OTpaXkaeTcsi B Hen3MeHHOCTH nHTeHcuBHOCTU KOB nipu Hanycke renus. Pe3ynbrar monyuen
st atomapHbix anuonoB Cl7, Br-, S™u SH™ [2], a Takxke Hekotopbix ®OU 1H-1,2,4-Tpuazona

3].

Cnmcok Jureparypsbi:

[1] V.M. Silkin, E. Kogan, G. Gumbs, Nanomaterials, 11, 1561 (2021).

[2] E.E. Tseplin, S.N. Tseplina, V.G. Lukin, O.G. Khvostenko, Chem. Phys. Lett. 797,
139583 (2022).

[3] E.E. Tseplin, S.N. Tseplina, O.G. Khvostenko, Bull. Russ. Acad. Sci. Phys. 89, 347
(2025).

35

P



ICFM’2025

JIBa moaxoaa njaasMeHHOro moJjy4yenus jguraryp Al-B
Yypmios [LH.1?, ['mymenko F.A.l, Huxkomnaes H.C.l, Ianbiruaa T.A.LS, Enecuna

B.1.Y2, Baykosa H.I'.1'2, Jlomatun B.A.!

MHcTUTYT PuU3Inku um. n. B. KnpeHckoro Cubwup
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3¢re0Y BO «CubUpPCKUIA rTocypaapCTBEHHBIN YHWUBE

akagemMumka M. O, PeweTHeBa», 660037

AJIOMMHUEBBIE CIUIaBbI, JITUPOBAHHBIE OOpOM, SBISIOTCS JIETKHUMH, DPaJdallMOHHO-
CTOMKUMH HM KOPPO3UOHHO-CTOMKHMHU KOHCTPYKIMOHHBIMH MaTepHaJlaMH, YTO JAellaeT HX
HE3aMEHUMBIMHU B SIIEPHOM TEXHHUKE, HEKOTOPBIX 00JIACTAX IMEKTPOTEXHUKH, TPUOOPOCTPOCHUS,
AIPOKOCMHUYECKON, aBTOMOOUIILHONW MPOMBIIUIEHHOCTH U Apyrux obnactsax [1,2]. OcHoBHOMU
npo0sieMOoil TTpH MPOU3BOACTBE TAaKUX CIUIABOB SIBJISIETCS BBEAEHHUE TYrOIJIABKMX 4YacTHI] Oopa
(oco0eHHO HAaHOPa3MEPHBIX) B PACIUIABICHHBIN aIFOMUHUN MPAKTUYECKH M3-3a HX arjioMepaluu
u (roTanuu, BHI3BAHHBIX IJIOXOM CMAuMBAEMOCTBIO KUIKUM MeTaiioMm [2,3]. Oty npobiemy
MO>KHO PEIINTh C TOMOIIbIO IPUMEHEHUs JuraTypsl Al-B.

Kpome Toro, B wmupe gmrarypsl Al-B  mpom3BoasT  Bcero - HECKOJBKO
NpEINpUsATHIA, O0JbIIas 4acTh KOTOPBIX — 3a pyOexkom, mHpopMmamus 00 HX TEXHOJIOTHIX
OrpaHMuyeHa. OJTO IOKa3blBa€T AKTyaJIbHOCTb BBIOPAHHOM TEMBI HCCJIEJI0BAaHUS U IOMOKET
MPOJBUHYTHCA B PEIICHUU 337a4i UMIIOPTO3aMelleHus B cepe MPOU3BOJICTBA JIUTATYD.

s mpousBonacTBa nuratyp Al-B ¢ 3amaHHbIME XapakTepuCTHKaMU (COAEpKAHHEM U
pPaBHOMEPHBIM pacrpeieNieHHeM Oopa) HEOOXOJUM TIIATENbHBIA MOAOOP OMTHMAIBHBIX
TEXHOJIOTMYECKUX MapaMeTpoB mpouecca. I3 nurepaTypbl HU3BECTHO HECKOJIBKO METOJIUK
00paboTKK amoOMHUHHUS OOpOM, OHHM HMMEIOT CBOM JOCTOMHCTBA W HeMoCTaTku [4]. M3BecTHBIE
METOJUKH HE€ JAEMOHCTPUPYIOT JOCTaTOYHO BBICOKMX YPOBHEH conepkaHus Oopa U €ro
PaBHOMEPHOTO pacipeielieHHs 10 BceMy 00beMy paciiaBa.

B »aT0ii paboTe MBI TpEACTABMIM JBa MMOAXO0Ja moiyueHus juratypsl Al-B, mis
peanu3anuy KOTOPhIX UCIIONIb3yeTCs TIa3MeHHbIN reHepaTop Kl 1 quamasona [5] u 0coOeHHOCTD
TOPEHHUsI AYTOBOr0 pa3psja B 3TOM Avana3zoHe yacToT. Kak B mepBOM, TaKk U BO BTOPOM CIIy4asix
aproH SBIIETCS OJTHOBPEMEHHO MJIa3M000pa3yIoIIMM U TPAHCIIOPTHBIM ra3om, fig.1.

B nepBoM noaxojie Mbl UCIOJIB30BAJIM CBOMCTBO pa3psiia. B HauanbHOW yacTH mepuoja
OH MMEET MHOTO TOKOBBIX KaHaJIOB, COOTBETCTBEHHO, 1 MHOT'O 3JIEKTPOJHBIX MATEH, B KOTOPBIX
MIPOUCXOJUT HUCIIApEHUE OKCHIHOM IJIEHKU C MOBEPXHOCTH amoMuHus. Yepes obpazoBaBInecs
OTBEpPCTHUSl YacTUIBI Oopa MOMagaloT B pacijaB. XaoTHYECKOe ABMKEHHE IMATEH IO03BOJISET
OCYIIECTBUTHh PaBHOMEPHOE BBEJICHHE OOpa Mo BCEH MOBEPXHOCTU paciiiaBa. B3aumopeicTeue
TOKOB, MPOTEKAIOIIMX [0 PacIulaBy, ¢ MarHUTHBIM MOJIEM HHJYKTOpa MEPEMEIINBAET PACILIaB,
YTO yJIydllIaeT paBHOMEPHOCTh pacrpeieneHus 6opa no o0bEMyY aTOMUHHUSL.

Btopas Meroanka ocHOBaHa Ha BHICOKOM JaBJICHUHU HACBIILIEHHBIX TAPOB MarHus HaJl €ro
pacmiaBoM. [l11a3MeHHBIN IOTOK, C OJJTHOM CTOPOHBI OCYILLECTBIISIET MHTEHCUBHOE MCIIAPEHUE, a C
JIpYyrol — mpoliecchl KOHJIEHCAIlMM MarHusi Ha yacTuiax Oopa. Yactuupl Oopa B 00010uKe
MarHusi, Ipu Jr000M HX criocoOe BBEJEHHUS U MHTEHCHUBHOM IEpEMENIMBAHUM aTOMUHUEBOTO
pacmjiaBa Tak)Ke JOCTaTOYHO PAaBHOMEPHO MEpEeMEIIMBAIOTCS B pacIulaBe aJlOMUHUSA. ODTUM
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criocoboM MOxHO monydaTh cruiaBel Al-Mg, comepskamue 6op. B pabore MbI mpeacraBiseMm
JeTajIbHOE ONUCAHNE 000UX MOIX0/I0B M HEKOTOPBIC CBOMCTBA OOPA3IIOB IMOJYUYECHHBIX CIUIABOB.

Ar_

K GCLLROZ00
A «——+ 9
N:
j (1)
B0 R ‘ \"
K;jé ‘ N
R . /

Fig. 1. ®yHkunoHanbHas cxema reHepaTopa miasmbl: 1 — TOpIEBOM 3JIEKTPOI, 2 — IEKTPO/I-
UHAYKTOD, 3 — KaHaJ cTabuiau3aiuy, 4 — iaa3MeHHbIH NOTOK, 5 — CTa0MIN3UpYoIas KaTyllka,
6 — KaMepa 3aKpyTKU U30JIMPYIOILEro Irasa.

O0a omucaHHBIX HaMH BBIIIE IMOJAXOJA MO3BOJSAIOT MOJYYUTh CIJIaBbl C PaBHOMEPHO
pacnpeeseHHbIM 110 00BbeMY OOPOM.

HccnenoBanue BBIOTHEHO 3a cyeT TpaHta Poccuiickoro HaywHoro ¢onma Ne 25-29-
00794, https://rscf.ru/project/25-29-00794/.
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Evaluation of Segregation Resistance of Ni-Co-Mn-Ti Heusler Alloys
Erager K.R., Sokolovskiy V.V., Buchelnikov V.D.
Chelyabinsk State Universitgragerk@rambler.ruChelyabinsk, Russia

This work is devoted to one of the most important and promising areas of modern
materials science - the study of multicaloric solid-state materials. This topic has gained
significant popularity due to the growing issue of energy efficiency. In particular, the questions
of phase stability and the stability of intermetallic compounds are of both fundamental and
applied interest, as they play a key role in the synthesis of homogeneous alloys with improved
physical and mechanical properties. Given this, investigating the decomposition trends of Ni-Co-
Mn-Ti Heusler alloys into stable components is a relevant scientific task.

The aim of this work is to perform first-principles calculations of the phase stability and
segregation resistance of Heusler alloys based on Ni>—«CoxMni+yTii-y (X =0, 0.25, 0.5 and y = 0,
0.25, 0.5, 0.75).

The calculations were carried out within the framework of density functional theory
(DFT) using the VASP software package [1, 2] with the PBE functional approximation [3]. The
crystal structure of the austenitic phase was modeled using a 16-atom cubic cell of space group
symmetry No. 225 with ferromagnetic (FM) and ferrimagnetic (FiM) ordering.

The analysis of the stability of the compositions to segregation was carried out in three
stages:

1. The method of calculating the formation energy (Es) of alloys according to the formula:

Ef = Etor — E:‘ E;

2. The method of calculating the mixing energy (Emix) taking into account the
experimentally observed decomposition products of alloys according to the formula:
L2 L1
Epmix = Etot - [(1 _}T)EXZ;'Z + }?E(XYU}Z !
3. Method of estimating elastic constants (C) according to elastic stability criteria for cubic

and tetragonal structures.

The calculation results showed that the doping Co prefers to occupy the Ni sublattice,
with Co atoms tending to substitute the nearest neighboring Ni atoms. It was found that Co
doping enhances the stability of the cubic phase compared to the tetragonal phase. The calculated
decomposition energies suggest possible metastability for all considered configurations,
indicating that such structures could be synthesized under normal conditions.

This study was supported by the Russian Science Foundation, project no. 25-12-
20024. K.R. Erager gratefully acknowledges the Young Scientists Support Fund of the
Chelyabinsk State University.
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Transformation of micromagnetic structures under the action of an electric field in
(111)-oriented garnet-ferrite films
VakhitovR.M.!, YumaguzinA.R.}, DemidovaV.A.!

1 Ufa University of Science and Technology, Ufa, Russia

The flexomagnetoelectric (FME) effect, which is a phenomenon of domain wall
displacement in garnet-ferrite films under the action of an electric field [1], is one of the varieties
of magnetoelectric effects that is currently of great interest to researchers. Such attention to
them, including the FME effect, is primarily due to the possibility of using them in many
spintronic devices associated with the use of energy-saving technologies. Initially, the effect was
not recorded in (111)-oriented garnet-ferrite films [2], however, calculations have shown [3] that
in these films, a divergence of charges also occurs, but the resulting field created by these
charges is practically screened. At the same time, the studies conducted in [3] concerned only
those values of the constants of uniaxial (Ky) and cubic (K1) anisotropy at which the magnetic
phase [111] is realized in (111) films, i.e. M||[111], where M is the saturation magnetization.

In this paper, such calculations are carried out for the case x>4/3, Ky>0 (»=K1/Ky), when
the ground state of a uniformly magnetized film is the angular phase ¥} In this case, the
energies of magnetic inhomogeneities of the (111)-oriented garnet-ferrite film are taken into
account along with the exchange interaction (characterized by the parameter A), uniaxial and
cubic anisotropy and contributions of demagnetizing fields in the Winter approximation [5], as
well as the FME interaction, the energy density of which has the form

1
w,,, = EMS[(by cos? + bysin®p) cos O % + b, sin @sin g cosp %]
! i

where 0 and ¢ are the polar and azimuthal angles of the vector M =Mm M s the saturation
magnetization, ™ = (sintcosg,sing,cosCos® ) js the unit magnetization vector. Here
Oz|[[111], Oy coincides with the direction along which the magnet is inhomogeneous, € is the
electric field strength (&||Oz), by and b> are the magnetoelectric constants.

Analysis of the Euler-Lagrange equations corresponding to the energy of the film under
consideration shows that in the region %>4/3, K>0, solutions arise that correspond, along with a
180° DW with an inclined vector m in the domains, to a 0° DW, in which the angle 0 is an even
function and ¢ is an odd function. In this case, the maximum angle of rotation from the
homogeneous state is: Om=180°. Accordingly, in the vicinity of a 0° DW, charges arise whose
distribution is an even function. An interesting feature of their distribution is the dependence of
the total charge N (integral polarization) on the magnitude of the reduced

by+ b
2 Y1 2 I|I
_ j-‘ll::l :.Ellf'lI V" R E‘.” = A,I'IKI . i i
field * = EPo/2K, \where > Ay " As A increases, it also, as in the case

of uniaxial films, asymptotically tends to its limiting value N0 = 270, which is twice as high as
the similar value obtained from the analysis of the structure and magnitude of the resulting
charges (differential polarization [5]) near the 180° DW for uniaxial films [5].

The authors are grateful for the financial support of the State assignment of Russian
Federation for the implementation of scientific research by laboratories (No. 075-03-2024-123/1
15.02.2024).
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Simulation of Defect-Induced Ferroelectric Polarization in Thin Films
JlanenkoB A.O., I'ycekoB A.A., JlaBpos C./I.
PTY MWMWP3A, 1194514, r. Mo c K B a,

CernetosnieKTpuyecKue MaTepralibl IUPOKO IPUMEHSIOTCSI BO MHOKECTBE COBPEMEHHBIX
ycrpoiicTBax. lcmosib3yemble CBOMCTBA CETHETOINEKTPUKOB  OMPENENAIOTCS  JIOMEHHOMN
CTPYKTYpbl W MHKPOCTPYKTYPHBIMH Je(deKTaMH, KOTOpbIE OKAa3bIBAIOT OCOOEHHO CHIIbHOE
BJIMSTHUE HAa XapaKTepUCTHUKU TOHKHUX IUICHOK. [IperncraBieHue o moBeleHUE TaKUX CTPYKTYP
SBIISICTCS AKTyaJIbHOM MPOOIIEMOH.

JUis TIOHMMaHUS MEXAaHW3MOB BIUSHUS Je(DEKTOB Ha JIOMEHHYIO CTPYKTypy U
VIPaBICHUS CBOWCTBAMH CETHETORJIEKTPUYECKMX TOHKHX IUICHOK HEOOXOIHMMO pa3BUTHE
YHCJICHHBIX METOJIOB MOJEIMPOBAHMS MPOIECCOB, TMPOUCXOSIIINX B CETHETOAICKTPHKE.
OcoOyr0 Ba)XHOCTh MPEICTABISIET BO3MOXKHOCTH IMPEACKAa3aHUs W KOHTPOJS IapamMeTpoB
nedeKToB: 3apsij, pa3Mep, KOJTHMUECTBO U BU, 711 JOPMUPOBAHUS JOMEHHBIX KOHGUrypauuid[1].

B pabote ucnons3zoBana aByMepHasi (pa3zoBo-10JIeBasi MOJEIb, PEau30BaHHAs METOJIOM
KoHeuHbIX  dnmemMeHTOoB B COMSOL  Multiphysics[1,2]. Mogens  ocHoBaHa  Ha
TepMoauHamMudeckoM moaxoae Jlammay-I'mu3Oypra-/leBonmupa[3] u BKIOYAET DSHEPTHUIO
Jlangay, TpaaueHTHYIO, YIPYTyI0 U JIEKTPHUYECKYIO dHepruu. VcciemoBaHue MPOBEACHO LIS
wieHku Pb(ZrixTix)O3. MoaeaupoBaanch pa3indHbIC THUIBI Je()EKTOB: MyCTOTHI, TOYCUHBIC
3apsizibl, 00JIaCTH 3aKPEIJICHUS MOJISIPU3AIMU U TPAHUIIbI 3epeH B moJimkpucrauiax|1].

Y CTaHOBIIEHBI OCHOBHBIC 3aKOHOMEPHOCTH BIIHUSHHS CTPYKTYPHPOBAHHBIX NEe(EKTOB Ha
pacrpeziefieHue MOoMIpU3alluu B TOHKUX IJICHKAX, TaKHe KaK MeTJIsl TUCTEpe3uca Mpy pa3inuHbIX
nedexTax, yMEHbIIEHUE KOIPIMTUBHOTO TOJS B 3aBUCHMOCTH OT 3apsana nedekra. [lokazaHo,
910 AeeKThl MHHUIMHPYIOT HYKJICAMI0 JOMEHOB W CHIDKAIOT TMOPOTOBBIC 3HAYEHHS MO
nepexioueHus. OmnpeneneHpl KpUTHIECKHe mapaMeTphl eEeKTOB A YIpaBIeHUs TOMEHHBIMU
CTPYKTYpaMH ¥ ONITUMHU3AIINHN DJIEKTPOMEXAHUIECKIX CBOMCTB CETHETOAICKTPUUICCKUX IIICHOK.

Pabora BeImosIHEHA MpU TIoep)KKe Poccuiickoro HayaHoro ¢onma (mpoekt Ne 24-79-
10304)
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Jdunamuyeckue 3¢ dexThl B MeTAJIAX M CILUIABAX

Baproxun B.H.%, Manamenko B.B.!, Manamenxko T.H. ?

NoHe uymBMKEOX H M UBRKLEKMMT YT M. A.A. TankwunH
2oHEeUuKMNA HaTUMXOHH/AWIESCHKbWAK Yy HUBepCcuUTET,
MexaHn4JecKHe CBOIiCTBa KpUCTAINIMYCCKUX MAaTEPHUAJIOB OIIPEACIIAIOTCA T'JIaBHBIM

00pa3oM 3apOoXKICHHEM M JBI)KEHHEM TUCIIOKAlUH, a TakKe UX B3aUMOJACHCTBUEM C JIPYTUMHU
nedexraMu CTpyKTyphl. B oOnactu kBa3ucratuyeckoit nedopManuy JUCIOKAIUU MPEOI0JIEBAIOT

yIpyrue TOJISt ne(eKToB c HOMOIIIBIO TEIIOBBIX GuykTyanui.
B nunamudeckoii 001acTH AMCIIOKALIMY COBEPIIAOT HAI0APhEPHOE CKOJIBKCHUE u
npeonosieBaloT  AedexkTsl  0e3  TemIoBBIX  (QUIYKTyanui.  OTO BBICOKOCKOPOCTHAS

neopmanus METaUIOB U CIVIABOB, ~ KOTOpas —~ pealim3yercs HpH  KOBKE,  IITaMIIOBKeE,
BBICOKOCKOPOCTHOM 00paboTKe, TMHAMUYECKOM KaHAJIbHO-YIJIIOBOM IIPECCOBAHUH, BO3/AEHCTBUU
Ja3epHbIX UMIYIbCOB [1, 2]. DopMHpOBaHHE MEXAHUYECKUX CBOMCTB METAIIJIOB M CILIABOB B
YCIIOBUSX BBICOKOCKOPOCTHOM AedopMamuu CyHIECTBEHHO OTJIMYAeTCsl OT UX (OPMUPOBAHUS
IpU KBAa3UCTATUYECKOM AePOPMUPOBAHUU. DTU OTIUYMS TMO3BOJSIET y4ecTh pa3BUTas HaMU
TeopHs IHHaMH4Yeckoro B3auMmozeicTBus acedekroB ([IBJl) [3, 4]. Bo-nepBbiX, KapauHaIbHO
U3MEHSETCS MEXaHU3M JUCCHUIIAlMU, BO-BTOPBIX, BO3PACTAaET KOJIMUYECTBO U POJIb KOJIEKTUBHBIX
JuHamMu4eckux 3¢ @dexkToB. MexaHu3M AUCCUIIALUU 3aKII0YaeTcsi B HEoOpaTMMOM IEpexojie
HHEPrUM BHELIHUX BO3JCHCTBHUI B SHEPrUIO MONEPEYHBIX KOJEOAHUM AUCIOKAIMHU B IIJIOCKOCTH
CKOJIbKEHUS. OTOT MEXaHW3M BECbMa YYBCTBUTEIEH K HAJIMYUIO IIEIM B  CIEKTpe
JUCIIOKALlMOHHBIX KoJie0aHUM, KOTOpas BO3HMKAeT KaK pa3 B pe3yJbTare KOJUIEKTUBHOTO
B3aMMOJICHCTBHS TOUCYHBIX ACPEKTOB WM AUCIOKAIMN aHcamMOlsl C KaXJAOW IBIXKYIIEHCS
nucnokanued. Hanmuue menu cBUAETENBCTBYET O TOM, YTO JUCIIOKAIMs COBEpIIaeT KojaeOaHHs
B MIOTEHLIMAJIBHON sIME, IIEPEMELIAIOIIEHCS IO KPUCTaLly BMECTe ¢ auciokanuei. Ilo mopsaky
BEJIMYMHBI CIEKTpajbHas II€Jb paBHAa OTHOIIEHUIO CKOPOCTH 3ByKa B KpHUCTAUIE K
XapaKTepHOMY MaclTady B3aMMOAEMCTBUSI, BHOCSIIETO IIaBHBIM BKJIaa B €€ (OpMHUPOBAHUE.
Teopusa [IBJl sBisercs NpUMEpOM TEOPUM KOHKYPHUPYIOIIMX B3auMOJeHCTBHU. Pasnudnble
MEXaHUYECKHE CBOMCTBA BO MHOTOM ONPEIENSIIOTCS CHJIOM TUHAMHYECKOIO TOPMOKEHUS
JTUCIIOKAalUN CTPYKTYpHbIMH JedekTamMu. DTa cuja paBHa CyMME BKJIQJ0B pPa3IMYHbIX
CTPYKTYpPHBIX JedekToB. Kax/plil BK1aJ BO3pacTaeT MpH YBEJINYEHUN KOHIIEHTpaLuu Ae(eKToB
JTAHHOTO THUIIA, HO, €CIIU 3TU J1e()eKThl JOMUHHUPYIOT MpH (HOPMUPOBAHUM CHEKTPAIBbHOM 1Ieny,
TO €€ BeJIMUMHA TOXKE PAacTET C POCTOM KOHIIEHTpAllMH, a cama Iejb CHUXaeT 3(h(PeKTUBHOCTh
BO30YXJeHUs KonebaHuil, a, cieloBaTeiabHO, U CHIIy JUHAMHUYECKOrO0 TOpPMOKeHHUs. boprba
TUX MPOTUBOMNOJOXKHBIX TEHACHUUN OINpeAenseT HKCIEPUMEHTAIbHO HaOII0AaroImuecs
3aBHCHUMOCTH U MOJIO)KEHHUE IKCTPEMYMOB Ha HUX.

Cnmcok Jmureparypsbi:
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HccienoBanue AByXca0iHbIX MaHTaHUTOB Pr(Cao.sSro2)2Mn207

Marseea A.H.'", Opnoga B. A2, BeikoBA. AL, TepentbeBK.1O. !

ldepepanbHoe rocypgapcTtBeHHOe 6HAXETHOE yup
AnepHON PU3IUKKN UM. b. I. KoHcTaHTMHOBaA HauUul
«KypuyaToBCKWUN MUHCTUTYT>», FatTuynmHa,

AKUMOHEPHOE 06WECTBO «PafgunesbliHKlleaRPOWTP Y

Poccwus

JIByXCOilHbIE MaHTAHUTBI SIBIISIIOTCS XOPOIIO M3YYEHHbIMH [1, 2] U MHTEpPECHBIMU C
TOYKH 3PEHHUs IPUMEHEHUS B TEXHUKH Marepuanamu [3]. B Takux coequHEHUSIX NPUCYTCTBYET
KOJIOCCAJIbHOE MAarHETOCONPOTHUBIIEHUE [4], UTO OTKPBIBAET BO3MOXHOCTU MPUMEHEHHUS B TaKUX
TEXHOJIOTHSIX, KaK MarHuTHas MaMATh IIOCTOSHHOIO JOCTyNla M CIMHOBAas 3JIEKTPOHUKA.
CymecTByeT BO3MOKHOCTh TOHKOW HACTpOMKH ¢u3nyecknx 3((eKkToB B KpucTamie Moz
JIeCTBUEM XMMHUYECKOT0 CXKaTus, BHEIIHEro JABJICHUs, NOAMAarHuuuBaHue 3d-moapenieTku co
CTOPOHBI PEKO3EMEIbHOM MOAPEIIEeTKH WM BHEIIHETO MarHUTHOT'O TOJIS.

Uccnenyembie 31ech MOHOKpUCTaIbl cocTaBa Pr(CaixSrx)2Mn2O7 Obuin BbIpaIieHbI
METO/I0M ONTHYECKOM 30HO0M MmiaBku. OOpa3libl MOHOKPUCTAIIOB UMEIOT HEMPaBUWIbHYIO (GopMy
U pa3mepsl npubdauzurenabHo 10%4*3 mm3.

BbiT mpoBeneH »IEMEHTHBIM aHalW3 METOJOM PEHTTCHOBCKOW (hroopecueHny Ha
BOJIHOJIMCIICPCHOHHOM ~ CIIEKTpoMeTpe TocienoBatenbaoro tuna Bruker S8 Tiger ¢ Rh
PEHTreHOBCKOM TpyOkoi. OOpabOTKy aHHBIX BBINOJIHSUIM C UCIOJIb30BAaHUEM MPOTPaAMMHOIO
obecnieuennss SPECTRA plus u cpaBHEHHE ¢ pacCUMTaHHBIMH 3HAYCHUSMH MAaCCOBBIX JIOJICH
Kaxjaoro oaneMmeHTta. Ilo pe3ynbraTaM 3J€MEHTHOIO aHaju3a COCTaB COOTBETCTBYET
3QJI0)KEHHOMY ~ CTEXMOMETPUUYECKMM  COOTHOIIEHHWEM  KoMmMnoHeHToB. Cpaemaner COM
MHUKpodoTorpaguu M CAelIaH aHajiM3 COcTaBa IO BCeHl MOBEPXHOCTH MOHOKpHUCTAIAa U B
TPEIMHAX, METOJOM CKAHHUPYIOIIEH DJJIEKTPOHHOM MHMKPOCKONMM B  COYETAaHUH C
SHEProJMCIEPCUOHHON PEHTIEHOBCKOM CIIEKTPOCKOTIUEH.

@®a30Bpli aHANIU3 M YTOYHEHHE CTPYKTYPHBIX XapaKTEPUCTHK BBIMOIHSIA METOJOM
peHTreHoBckoil mudpakuuu Ha audpakromerpe Bruker D2 Advance, CuKo-usnyuenue,
HanpspkeHUu peHTreHoBckoil TpyOoku 40 kV Toke 40 mA. CkaHupOBaHHE PEHTI€HOTPaMM
OCYILLIECTBIISUIM B Juana3oHe yrioB oTpaxeHus 20 ot 10 mo 70°. O6paboTKy pe3yiabTaToB
IpOBOJWIN C Hcnonb3oBaHueM mporpaMmmsl Diffrac.Eva, Topas u kaproreku PDF-2 ICDD. Ha
PEHTIeHOBCKOM Judpakromerpe Rigaku mpoBoauiM M3MepeHus MapaMeTpoB 3JIeMEHTapHOU
SYelKHU NpU HU3KUX Temneparypax: 7, 10, 15, 20, 30, 50, 100, 300K, CuKo-uznydenue.

[TosryueHbl KpUCTANIMYECKUE CTPYKTYPHI MIPH HU3KUX TEMIlepaTypax U MpU KOMHATHOM
TeMrneparype. YTOYHEHBbl 3acCEeI€HHOCTH IMO3UWIUH B COOTBETCTBUU C pe3yibTaTaMu
SHEProUCIEPCUOHHON PEHTT€HOBCKOI CHEKTPOCKOIUU Pr(Ca0.8Sr0.2)2Mn207.
IIpoctpancTtBennas rpynna Cmc2l, momydeHsl MapaMeTpel  JJEMEHTApHOM  SYEUKH
a=19.2708(10) (A), b = 5.4220(2) (A), ¢ = 5.4773(2) (A) u xoopauHATEI aTOMOB B Heil. IIpu
MOHMKEHUU TEMIIEpATyphl Ha PEHTTEHOTPaMME BUAHO NEpEpacpeielIeHNe HHTEHCUBHOCTH, YTO
CBUJIETEJICTBYET O HEOOJIBIIIOM U3MEHEHUHN KOOPAMHAT aTOMOB.

Pabora BeImoIHEHA Npu MoAJIepKKe rpanTa Poccuiickoro Hayunoro ¢onma Ne 24-22-00236.
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Cunre3 MoHOKpHCcTALIOB Ga1-xSCxBO3

Moruerer F0.A.L Arynos C.B. L Hayxankuii N.A.l, Makcumora E.M.L, Crpyraukuit M.B.!

Ir AOY BO «KpbMcKkUIW deagepanbHbii yHUBepCcuUTE
Cumdpeponons, Poccwuasa

MarnuTHble XapaKTEepPUCTUKW IUIEHKH Oopara xeneza FeBOz Ha aumamarHuTHOM
MOJJIOKKE OMPEENICHbl U3 HCCIEAOBAHUN 3IEKTPOHHOIO MAarHUTHOTO PE30HAHCAa B HIMPOKOM
Jliana3oHe 4acTtoT u temmneparyp [1]. 3nauenus temneparypsl Heenst u nons [I3sommHCKOro-
Mopusi B IJICHKE COTJIACYIOTCS C JAaHHBIMH, MOJYYEHHBIMH paHee ISl MOHOKPHUCTAILIOB
FeBOs [2]. B To xe Bpemsi, M30TpoOIHAs 3HEepreTryeckas meins B mieHke FeBO3 B HeckoabKo pa3
Oonblie, 4eM B MOHOKPUCTAJUIC, YTO OOBACHSAETCS MHKPOCKOIMYECKHMH MEXaHWYECKUMU
HANPSDKCHUSMHU, BO3HHUKAIOIIMMH B PE3yJbTaTe HECOBIAJCHUS CTPYKTYPHBIX IapamMeTpOB
IUICHKH W TOJJIOXKKU. B kadecTBe mojuiokku mnpu cuHrese mieHku FeBOsz ucnons3oBan
U30CTPYKTYpHBI OopaTy keie3a MOHOkpucrtamn - 6opar ramums GaBOs, u paccorimacoBanue
IUICHKA-TIOJJIOKKA [0 MapamMerpy C s CHHTE3MPOBAaHHBIX  00paslloB  COCTaBUIIO
0,297(34) A [3]. Uro0bl yMEHBIINTH BEIMYUHY PACCOINACOBAHHSA, HEOOXOIUMO YBEIHYHUTDH
napameTp peleTKd MaTrepuaia Mmoaioxkku. B padore nmpeanoxkeHo BHecTH B mominoxkky GaBOs
MOHBI OoJpiIero (1o cpaBHeHUIO ¢ (Ga) MOHHOTO paanyca, YTOOBI YBEIMYUTH CPEIHHNA MapaMeTp
PEIIETKH TOJIOKKH.

B pesynbrare pocTOBBIX AKCHEPUMEHTOB CHHTE3UPOBAH psii MOHOKpuctamioB Gai-
xSCxBO3 (X< 0,03), y KOTOpBIX HapaMeTpbl PEIICTKH YBEIUYCHBI MO CPABHEHHUIO C YHCTHIM
GaBO3. Merogamu  peHTreHOAM(PPAKIMOHHOTO  aHajdu3a MPOBEICHBI  MCCIEIOBAHUS
KPUCTAJIMYECKONH CTPYKTYpPbl M COCTaBa MOJYYEHHBIX OOpaslloB. YCTAaHOBJIEHO, 4YTO IPHU
VBEJIMYEHUH KOJIIMYECTBA 3aMEIIEHHBIX HOHOB, TIOHIIKAETCS CTENEHb CTPYKTYPHOTO
COBEpIIIEHCTBA KPUCTAJUIOB M YMEHBIIAIOTCS JMHEHHBIE pa3Mephbl CHHTE3UPYEMBIX 00pa3lloB,
YTO JeNlaeT MX MAaJONPUTOJHBIMHU IS MCIOJNb30BaHUS B KadecTBe MNojajoxkek. JlanmpHelmiee
YCOBEPIICHCTBOBAHHE TEXHOJOTHYECKMX M TEMIIEpaTypHBIX IapamMeTpoB CHHTE3a IO3BOJHT
YIYYIIATh CTPYKTYpHBIE XapakTepucTuku GaixSCxBOs.

Cnucok JimTeparypsbl:
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TemnoBoe pacmpenre THAMATHUTHO Pa30aBJIeHHOT0 MOHOKPHUCTAJLIIa OopaTa Kejie3a
Cenesnepa K., Cmupnosa E.2, Crpyrankuit M.}, Cuernpes H.?, SIrynos C. Morunener O.,
MaxcumoBa E., Anexceesa O.2, JTio6yrun 1.2

lonsz utkeox HMUYUecCcKMUin MHCTUTYT DPFrAOY BO «KOY ume
Cumpepononb, PO

AHCTUTYT Kpucrtannorpadpuum um. KA.MB.1elkyc6 H

Kpunucrtannorpahpmum M GPOTOHUKMN, HNL «KypuyaToBcCcC

MarsuTtoynpyroe B3auMOAECUCTBUE, ONPEIEIISIONIEe CBSI3b MEKY YIIPYTOd U MAarHUTHOU
NOJCHCTEMaMH B MarHUTOYMOPSAOYECHHBIX Marepuanax [l], Bmuser Ha (u3nyeckue CBOWCTBA
MaTepHajoB U MO3TOMY IPEJCTABISAET HHTEPEC, KaK C TOYKHU 3peHHs (PyHIaMEHTAIbHON HaYyKH,
TaKk U C TOYKHU 3pEHUS NPUIIOKEHUH. OTO B3aMMOJCIHCTBHE OTBEYAET 3a psJ CBOWCTB,
0oOHapyXEHHBIX M U3yYEHHBIX B IPKOM IIpEICTaBUTENE MOAOOHBIX MaTepHalioB — Oopare xenesa,
FeBOs — 1erkomiockocTHOM aHTH(eppOMarHeTUuKe co cladbiM ¢eppoMarHeTusmMom [2]. B
HaCTOALIEH paboTe HMCCIEAOBAHO BIMSHHE MArHUTOYNPYroro B3aUMOJICHCTBUS Ha TEILJIOBBIC
a¢ddexTsl, HaOMIOAaEMbIE B JHaMarHUTHO-pa30aBICHHBIX MOHOKpHCTaiuiax Oopara jkene3a —
Kene3o-raJuieBbix Ooparax, FexGaixBOsz. OTu KpucTamisl BBIOpaHBI HAaMH B KauyecTBE
MOJIEJIbHOTO 00BEKTA JUIsl MHTEPIPETALMU TEIIOBBIX U3MEHEHUH NTapaMeTPOB PEIIETKH, a TAaKKe
JUISL ONpPEAENICHUS] MAarHUTOYIPYTHX KOHCTAHT HA OCHOBE JAHHBIX PEHTIEHOCTPYKTYPHOI'O
aHayu3a.

TemnepaTtypHbie 3aBUCHUMOCTH apaMeTpoB KpUCTAJIINYECKON pelieTku
MoHokpucTtainoB FexGaixBOszmokaszamu, 4yTo XapakTep TEIUIOBOTO PACHIMPEHUS CYIIECTBEHHO
MEHsETCs mpu nepexone yepe3 Touky Heens. B MarHMTOynopsiio4eHHOM COCTOSSHUM HUXKE
TeMIeparypbl (a3oBOro nepexoaa Ha TePMUYECKHE U3MEHEHUs MapaMeTpoB KPUCTAIIMUECKON
pEeLIeTKH  JIONMOJHUTEIbHO BIUSIOT MAarHUTOCTPUKLIMOHHBIE jaedopMmanuu. Pe3ynbraThl
MHTEPIPETUPOBAHbl B paMKax MPEAJIOKEHHONM HaMM TEOPEeTUYECKOW MOJIENH, OCHOBAaHHOM Ha
CUMMETPUN KpHUCTaJlZla U €ro JOMEHHOW CTpykType. Hamu BmepBble ompeneneHbl
TEeMIEpaTypHbIE 3aBUCUMOCTH MAarHUTOYNPYTUX KOHCTAHT.

Pe3ynbratel MOTyT OBITH MOJIE3HBI, HAIIPUMEp, AJIs1 OLEHKU BIUSHUS MarHUTOCTPUKLIUU
Ha PEHTICHOBCKHME KpHUBBIE KayaHMs, XapaKTEPU3YIOIIME COBEPUICHCTBO KPUCTAIUIMYECKON
cTpykTyphl. IlocnenHee oueHb Ba)KHO, B YaCTHOCTH, JUId TPAKTUYECKOTO IPUMEHEHUS
MOHOKpUCTaJIIOB Ha ocHoBe FeBOs B kadecTBE MOHOXpPOMATOpOB MJII CHHXPOTPOHHOIO
u3nydeHus [3].

PaGora mpoBegeHa B paMkax BBIIOJIHEHHS TocyaapcTBeHHoro 3amanus HUILL
"Kyp4aToBCKHil HHCTUTYT'" B 4aCTH PEHTT€HOBCKOTO aHAIMN3a.
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Oc00eHHOCTH TEPMOIJIEKTPUYECKHUX CBOICTB Mepexoaa “MeTaliI-yrjiepoaHas mieHka”

[lTanaeB P.B., M3otoB A.W., Baproxun B.H., Cupotkun B.B.

®rBHY JAOH®TW, 283048, r.JoHewuxk,

B nmnocnenHee BpeMs AakTMBHO HCCIEAYIOTCS Pa3HOOOpa3Hble IOJIYIPOBOJAHUKOBBIE
yIJIepoJiHbIe MaTepuaisl [1-2], obmanaromnye 3a4acTyro 0oJiee BBIIAIOIIMMUCS CBOMCTBAMH, YeM
KJIaCCUYECKHUE IOJYNPOBOAHUKU. TpaauLMOHHAs KpeMHueBas IUIaTopMma yKe He OTBEYaeT
MHOI'MM COBPEMEHHBIM TpeOOBaHMSAM IO MHUHHMATIOPU3AlMM, M BCE Yallle B KauecTBe ee
NOTEHLIMAJIbHON 3aMEHBI B OINPEAEIEHHBIX HUILAX MCCIEA0BAaTENN Ha3bIBAIOT UMEHHO YIJIEPO/L.
brnarogapst orpoMHOMY pa3HO00pa3NI0 ATUTOTPOIHBIX (OPM ITOT MaTepHall 00IaIaeT HeMaIbIM
NOTEHIIMAJIOM BO MHOTHUX O0JacTSX, HO OCOOBI HHTEpeC OH MpPEACTaBIseT WMEHHO IS
AIIEKTPOHUKHU. B "acTHOCTH, M3-3a OoJiee BHICOKON MOJBM)KHOCTHU 3apsiioB (U1 TBYMEPHOTO U
OJTHOMEPHOTO yriepoja Ha 1-2 mopsiika BbIE), W, CJIEA0BaTeIbHO, 0o0Jiee BBICOKOIO
OBICTPOJCICTBHUSA, YEM Y KPEMHUEBBIX MOIYIIPOBOAHHUKOB.

[TosTOMy [OBOJBHO aKTyaJlbHOW 3ajadyed sBIsETCS MCCIeOBaHME KOHTAKTHBIX
HEepexoA0B “MeTaul-yriiepoa’”’, KOTOpble MOI'YT AEMOHCTPUPOBATH MHTEPECHBIE IEKTPUUECKUE
ABJICHUSI B MecCTe KOHTakTa. B pabore paccMOTpeHbl HEKOTOpBIE 3JEKTPUUECKHUE CBOWCTBA
TAaKOro KOHTaKTHOTO MEPEX0/1a B 3aBUCUMOCTH OT TEMIIEPATYPBHI.

OKCcrepuMeHTaJIbHbIE oOpa3s1sl ObLIH ITOJIY4EHBI METOA0M
MarHeTpOHHOI'0 HambUIeHUs rpadura B cpeze aproHa [3]: yriiepoJHbIe CJIOW HAHOCUIIUCh Ha
NOJNJIOKKM U3  JMBJIEKTPUKA M pa3HbIX METaJUIoB  (TUTaH, cTagp U T.0.). [lnasma
CO3/1aBaslach MOCPEJCTBOM MarHeTpoOHa  MOCTOSIHHOI'O  TOKa  IIJIJAHAPHOM KOH(HUTYpaLuu c
IUIOCKUM KaTOJOM M KOJBLEBBIM aHOJOM. YCIIOBHUsSI HambUIEHUS OOpa3loB Ha BCEX BHUIAX
NOJUIOKEK ObUIM MIEHTHYHBI: AaBlieHHE Ta3a B kamepe cocrtaBisuio 150 mTop, Bpems pocra
wieHok 40 MunyT, TemnepaTypa nomioxxku 350°C, Tok maraetpona 40 MA.

DNeKTpUYECKHEe CBOMCTBA MOJYUYEHHBIX 00pa3lioB N3Y4ATUCh METOJIOM PE3UCTOMETPUH B
TepMokamepe B jguanazoHe or 20°C go 150°C. JIByX30HIOBBIM CIIOCOOOM HU3Mepslach
nornepevyHas  MPOBOJUMOCT, B IUIGHKaX  Ha  CTEKJISHHOM  MOAJIOKKE  (YTOOBI
UCKJIIOYMTH BO3/IEHCTBHE XOPOLIO TMPOBOAAIIEH MeTaindeckod 1o uioxkku). [IpononbHas
IPOBOJUMOCTH (BOJIb HANpaBJIEHUS pOCTa IJIEHKH) M3MEpsUlach B IUICHKAX, HANbUIEHHBIX Ha
METAIJIMYECKUE TOMJIOKKH: B CTPYKTYpe “TIOMJIOKKAa—YIJIEpOAHAs IUICHKAa—M3MEPUTEIbHBIN
KOHTakT . MccnenoBanuce TemMnepaTypHble 3aBUCUMOCTH CONPOTHBIICHUS YTIEPOAHBIX TUIEHOK
u BOJIbT-aMIIEPHBIE XapaKTEePUCTUKU (BAX) KOHTAaKTa “meTai-yriepon’
IIPU pa3HbIX TemrepaTypax. TemmepaTypHas 3aBUCUMOCTb CONPOTHBIICHHS BCEX IMOJIYyYEHHBIX
IpU JAHHBIX YCJIOBUAX IIJIEHOK HOCHUT KJIACCHUYECKUH MOJYIPOBOJHUKOBBIA XapakTrep —
YMEHbILIEHNE COIIPOTUBIIEHHUS C POCTOM TEMIIEPATYPHI.

Ha pucynke 1 mnpuBenenst BAX koHTakTa “HuoOuUii-yriepon” mHpH KOMHATHOM
Temmneparype u npu Harpese 10 100°C. 3ametHo, uTo BAX 061a/1aeT CHMMETPUYHON JTHHEHHOI
3aBUCHMOCTBIO, THIIMYHOM /Il OMHYECKOro KoHTakTa. Takske mpu Harpese mepexona ao 100°C
HaOroaeTcst Heboblasi KOHTaKTHAsE pa3HOCTh MOTeHIuanoB (puc.1(0)), BbI3BaHHAs pa3HULIEH
paboThl BBIXOJa MAaTEpUANOB, U3 KOTOPBIX COCTOUT Mepexo]. Takoe CBOHCTBO MOXET ObITh
MHTEPECHBIM B OTAENBHBIX NPUKIATHBIX OO0NACTAX, YTO JAeT BO3MOXKHOCTb T'OBOPHUTH O
NEePCIIEKTUBHOCTY JAJbHENIINX HCCIEA0BaHUN B 3TOM HalpaBiIeHUH.
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BAX nanHOrOo mnepexojia BHJIOM3MEHSIETCS U JIEMOHCTPUPYET CHMMETPUUYHYIO HETUHEHHYIO

3aBUCHUMOCTB (CM. pHUC.2), TaKKe XapaKTEpPHYIO JII OMMYECKOTO KOHTakTa. Takum obpazom

MOKa3aHo, YTO co BpEMEHEM CBOICTBa MOAOOHBIX

KOHTAKTOB CIIOCOOHBI MEHSTHCS: MPCAIIOJIOKHUTCIIBHO IMPOUCXOAUT ACTpadalud IIepexoda B

OKpy’Karoliel aTMocdepe 1 yTpaTa BhIIPAMIISIONUX CBOMCTB, HAOIIOIABIIUXCS TPEKIC.
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This Diagonal superexchange in a simple square CuO?2 lattice
Gavrichkov V.A.12 Polukeev 1.S.%, Ovchinnikov S.G.!

IKirensky Institute of Physics, Siberian Branch of the Russian Academy of Sciences, 660036
Krasnoyarsk, Russia
’Rome International Center for Materials Science Superstripes RICMASS, @alugli 119A,
00185, Romataly

Many microscopic models with the interaction between the next-nearest neighbours as a
key parameter for cuprate physics have inspired us to study the diagonal superexchange
interaction in the CuO: layer. Our investigations within the framework of the multielectron
approach [1-4] have shown: (i) the superexchange interaction is a superposition of contributions

from all possible virtual electron-hole pairs. Each of the contributions has its own small /U
parameter. Therefore, it is not surprising that fitting the magnon dispersion using linear spin
wave theory leads to systematic errors in estimates of magnitudes of exchange parameters, and

corresponding overestimates of Hyu [5]. Indeed, this parameter has usually been calculated only
for holes in the Zhang-Rice state to study the effects of strong electron correlations on the band
structure of HTSC cuprates, i.e. it has a slightly different physical meaning; (ii) that models with
extended hopping provide a correct representation of magnetic interactions only in a hypothetical
square CuO. layer, where the diagonal superexchange interaction with the next-nearest
neighbors always has the AFM nature. The conclusions are based on the symmetry prohibition
on FM contribution to the diagonal superexchange between the next-nearest neighbors for a
simple square CuO- layer rather than for a real CuO> layer, where diagonal AFM superexchange
may be overestimated. We also discuss the reasons formagnetic frustration effects and high
sensitivity of spin nanoinhomogeneity to square symmetry breaking.

We acknowledge the support of the Russian Science Foundation through grant RSF
No.24-12-00044.
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da3onepeMeHHbIe MATEPHAJIBI ¢ HU3KMMH ONTHYECKUMH MOTEPSIMH Il MPUJIOKEH Uit
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HayumoHanbHbBIW MCCNegoOBaAaTEeNbCKUNW LeHTP «Kypt
20r ABOY BO «HWUTY MWUCWUC», MockBa, P
3reO0Y BO " Pocc#u#gcxHoOmMoOXmMIBICE U YHUBEepPpCUTET
Mo c kK B a, Poccwus

B nmannoit  pabore mpencTaBieHBl  pPE3yAbTaThl  KOMIUIEKCHOTO — MCCIIEIOBaHHS
TEPMOKMHETUYECKUX, CTPYKTYpPHBIX, ONTHYECKMX M TPAHCIOPTHBIX CBOMCTB pa3jIMYHBIX
COCTOSIHUH (ha30IepeMEHHBIX MaTepualioB Ha ocHoBe ceneHa [1]. MccnenoBaHHble MaTepuanbl
JIEMOHCTPUPYIOT HU3KHUE ONTHUYECKHE MOTEPU U BBICOKUH KOAI(PGUIMEHT OTPaKEHUsI B OOJIbIICH
yactu MK-cnekrpa. II3MeHeHUs CTPYKTYpPHBIX CBOMCTB IPOAHAJIM3HPOBAHBI METOJaMU
PEHTI€HOCTPYKTYPHOTO U KOMOMHALMOHHOTO paccesHusi. Oco6eHHOCTH (ha30BbIX NPEBpaLICHUN
OIKCaHBl METOIAMHU TEPMOTPABUMETPUH U TP PEpEeHIINATLHON CKaHUPYIOIIEH KAaIOPUMETPHUH.
[IpencraBieHO 3KCHEPUMEHTAIBHOE MCCIEI0BAaHUE ONTHUYECKOrO0 KOHTPOJIA (ha30BOrO ClBMra
ONTUYECKOTO ITydyka B CBOOOJHOM IIPOCTPAHCTBE, BBI3BAHHOIO ()OPMHUPOBAHHEM CIIOMCTOMN
CTPYKTYpBl B DOJIEMEHTapHOW yIlpaBiisieMoW s4elike u3  (a3000MEHHOT0 MaTepuaia,
MOJIBEPTHYTOMH  YNPABJISIOLWIEMY  BO3JACHCTBUIO  MMIYJbCHOTO  JIA3€PHOTO  H3JIyYEHUS.
[TponeMoHCTpUPOBAaHO U3MEHEHHUE (Pa3bl CUTHAIBHOTO ONTHYECKOTO My4YKa, MPOXOJIAIIEro Yyepe3
ylpaBisgeMyo sueiiky u3 (pa3000MeHHOro marepuana, OTHOCUTEIBHO KOHTPOJIBHOTO ITydKa B
unreppepomerpe XKamena [2].

Ge2ShSesTer umeer Gosee crabuiibHyr0 aMopdHy0 a3y, HO TpeOyeT OOoJIbIle SHEPTUH
it iepexirroueHus [3]. Temreparypa kpuctammmm3anuu SboSes n BioSes 6im3ka k remmeparype
KPHUCTAJUIM3AIMK TEJUTYPUJIOB, B MEpBYIO ouepenb ciuiaBoB Ge-Sb-Te, uro oOecrmeunBaer
BO3MOXXHOCTh UX 3((EKTUBHOIO HCIIOJIb30BAHUS B KaUECTBE AKTUBHBIX 3JIEMEHTOB (POTOHHBIX
MHTETPAIbHBIX CXEM M OITORJIEKTPOHHBIX YCTPOMCTB M pacHIMpsET WX BO3MOXKHBIE 00JIaCTH
npuMeHeHus [4].

Ge2ShoSesTer JeMOHCTpUpPYET BBICOKHI KOHTPACT TMOKa3aTelsl MPEIOMIICHUS U HHU3KOe
noryomenue B omxkHeM u cpenHeMm MK-nnana3onax crnekrpa. Bi2Ses nemoHcTpupyer BhICOKHIMA
KOHTpAacT Kak IOKa3arels IpeJoMJIeHUs, Tak M Kod(pduiumenta skcTMHKUMU. IlosTomy ero
BIIOJIHE MOJKHO paccMaTpuBaTh B KayeCTBE AKTHUBHOIO »3JIEMEHTa pPEKOH(PUTypupyeMoro
OINTHYECKOTO TOorjioTuTeNs. ShySes MokHO paccMaTpuBaTh Kak MEPEKIIOYaEMbIil MaTepual C
MaJbIMH TIOTEPSMHU Onarofaps €ro Xopolled ONTUYECKOM Mpo3payHOCTH B ONMIKHEH
MH(ppaKpacHOM YacTH CHEKTpa M BBICOKOMY IIOKAa3aTeNI0 TMpeIoMJIeHHs, OJIM3KOMYy K
MIOKA3aTeNI0 NPEIOMIIEHHS KpeMHHUS [5].

[IpencraBiaeHHbIe pe3yabTaThl OTKPHIBAIOT TOpa3o 0osee MMPOKHUMA CIEKTP MPUMEHEHHS
ONTUYECKUX (ha30MEePEMEHHBIX MaTepHaAIOB B peKOHUrypupyeMoil ¢oronuke [6]. Cnoxnas
NpUPOJia Pa3IUYHBIX CBOMCTB M (aKTOPOB JIOJKHA OBITh Y4TE€HA B pEAIbHBIX YCTPOHCTBAX.
OnTumu3zanus yCTpOMCTB /Jisi TOBBIMIEHUS CTA0WJIBHOCTH M JOJITOBEYHOCTH MOKET OBITh
JOCTUTHYTa IyTEM TIIATEIBHOIO MPOEKTUPOBAHUS CHUCTEMBI M BHIOOpa YCIOBHIl OCaXKJEeHUs
MaTepuaia Jisi KOHKPETHBIX IPUII0KEHUH.
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Quantum chemical calculations of DABNA based multi-resonance TADF-luminophores for
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2Moscow State University, Department of Physics, Leninskie GBrYGBR1, Moscow, 119991,
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Organic light-emitting diodes (OLEDSs) have seen transformative progress in recent years,
driven in large part by the development of thermally activated delayed fluorescence (TADF)
materials—commonly referred to as 3-rd generation emitters. Among the earliest and most
extensively studied TADF systems is the multi-resonance (MR) emitters based on DABNA
frameworks. Notably, the MR approach has emerged as the most effective strategy for achieving
both narrow emission bandwidths and high photoluminescence quantum vyields (PLQY),
positioning it at the forefront of next-generation OLED emitter design.

R, R,

(DABNA)
Fig. 1. Structures of studied DABNA derivatives

This study presents several approaches to the molecular design of the DABNA based MR
TADF-luminophores, supported by quantum-chemical calculations of its structural, energetic,
and spectral properties using density functional theory (DFT). The feasibility of predicting
radiative and non-radiative transition probabilities through theoretical methods is demonstrated.
The analysis highlights the critical role of alternancy effects in the rational design of DABNA-
related compounds. Furthermore, the stability of the investigated molecules is evaluated via bond
dissociation energy (BDE) calculations.

This work was suppo¥rg@e8by RSF (project
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The influence of a percolation transition on the properties of VO2 films
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In the present time the systems with tunable properties are very interesting both the
fundamental and applicated aspects. The systems with pronounced anisotropy of optical and mag
netic characteristics and also with phase transition “semiconductor-metal” type are the most
actuality [1]. At the last decade the global scientific interest to the vanadium dioxide is increased
due to the integration of materials with tunable properties, which opens up new application
possibilities. Vanadium dioxide demonstrates perspective characteristics, including the abrupt
change of physical properties, caused by reversible first-type structural-phase transition
“semiconductor-metal”, which doing at the temperature near 68°C.

The thermal hysteresis loops of electric conductivity of gradient VO film synthesized by
pethood of deposition in inhomogeneous flow are presented on Fig. 1. The change of functional
layer VO2 electric conductivity at the range near percolation transition higher than percolation
threshold (Fig. 1a) is more than two orders of magnitude, but lowest then percolation threshold
(Fig. 1b) the change is only one order of magnitude and the point of phase transition is not
clearly expressed. So, the percolation transition from island structure to solid coating is
observed.
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Fig. 1. Thermal hysteresis loops of VO- film electric conductivity higher (a) and lower (b) of
percolation threshold.

The work is supported by V.I. Vernadsky Crimean Federal University (project
MOL/2024/2)
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[Tnenku (beppuTOB-TPaHATOB LIUPOKO UCIOJIB3YIOTCS B yCTpoiicTBax
MarHUTOYIPaBIsIEeMON ONTUKU IJi1 OOpaOOTKM ONTHYECKHX CHUTHAJIOB, 3alUCcH WHGOpMaluy,
BU3YaIH3allui ¥ TONorpadupoBaHusl MATHUTHBIX mojei. [IpuHIMI JeHCTBUS TaKUX YCTPOMCTB
OCHOBAaH Ha W3MEHEHMH HAMAarHMYEHHOCTH (IBMKEHHH TOMEHHOW CTPYKTYpBI) MOJ IeHCTBHEM
BHEIIHUX MArHUTHBIX TOJed. B CBSI3M C 3TUM U3yueHHE MPOLECCOB TUHAMUYECKOTO
NepeMarHu4rMBaHusl TUICHOK (eppPUTOB-TPAHATOB SBISETCS AaKTyaJbHOW 3amadell  (u3nKd
MarHUTHBIX SBICHUM.

OCHOBY PKCIEPUMEHTAIBHOTO MOAX0/1a B JaHHONH pab0Te COCTABIIAET CUCTEMATUUYECKOE
uccienoBanre JoMeHHON cTpykTypsl (IC) mpu BapbUpOBaHUM BETUYMHBI MOJSI BO3OYKICHUS
(mo ocu X nuarpammsel, 0- 40 D) U 4acTOTHl MEPEMEHHOIO MArHUTHOro mois (Mo ocu Y
nuarpammsbl, 15-75 kl').

B pamkax pgaHHOTO HCCiEOBaHUS 0CO0O€ BHHMAaHHE YICIEHO MOCTPOCHHIO
OPUTHHATBHBIX (ha3oBbIX Jrarpamm, OTPAKAIOIINX HBOJIIOIUIO JIOMEHHOM
CTPYKTYpBI SIIUTAKCHATBHBIX ~ IUICHOK  (eppUTa-rpaHata B  yCIOBUAX JWHAMHYECKOTO
nepemaranunBanus. CoOpaHHas dKCIEPUMEHTAIbHAs yCTAaHOBKA, ONMUCaHHas B paborax [1-3],
MO3BOJIIET YCTAaHOBUTH UETKYI0 KOPPESAIUI0 MEXAYy THIIOM HaOMI0aeMOi JOMEHHOMN
KOH(UTYpallK U TapaMeTpaMH BHEITHETO BO3ACHCTBHUS.

OcCHOBHBIE TIPOSIBIIIEMBIE THIIBI TUHAMUYECKON TOMEeHHOM cTpykTypsl ([1J1C) noBoabHO
noipoOHo omucaubl B pabote Kannpayposoii I'. C. [4]. [IpuBeneM npumMepsl HAOIOAaeMbIX HAMU
nposiineruit JIJIC na pucynke 1.

Puc. 1. Ilposisnenne JJIC B Buae paauansHoii JIC (a), muraronux 38e31 (0), CIUpaTbHBIX
JIOMEHOB (B) BO BpeMsI MPOBeIeHUs JePEKTOCKOIHUH.

IIpu mpoBeneHHHM HWCCICIOBaHMKM HaMu ObLia BhimeneHa obmacte DV (defect vision) —
00JIacTh MMapaMeTPOB IOJIs, TIPH KOTOPBIX AE(PEKT XOPOIIO Pa3IHdMM Ha MArHUTOONTHYECKOM
M300paXKeHHH.

B skcrepuMeHTe OBUIM HCCIIEIOBAHBI 5 MAarHUTOONTHYECKHMX IUIEHOK C Pa3IHYHBIMH
napameTpamu. [IpuMep MOCTPOEHHBIX (a30BBIX AMArpaMM U KaKIOW TJICHKH MPUBEIEH Ha
pPHUCYHKE 2.
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Puc.2. ®a3oBas tuarpaMMa posIBJIICHUS THHAMHYCCKHX JOMCHHBIX CTPYKTYpP H Je(eKTa.
(Labirint — nadbupuntHas JIC, Radial — paguansnas JIC, GDS — rurantckas JIC, Gb — cepwiit

hon)

[ToctpoeHHsle (a3oBble IuUarpaMMbl IJIEHOK JAlOT MPEJICTABICHHE O 3aKOHOMEPHOCTH
nposieiieHus JI/IC muieHoK, a Takke mapaMeTpbl, IPU KOTOPbIX OHM BO3HMKAIOT. [lomyueHHbIE
pe3yabTaThl MOTYT OBITH MPUMEHEHBI Ui COBEPIICHCTBOBAHWS METOJOB HEpa3pyIIAOIIeTo
KOHTPOJIS B PA3JINYHBIX OTPACIAX MPOMBIIUIEHHOCTH,

References
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O BAMSIHMY KOHIEHTPAIMU NPOBOAsiIEH T100aBKU HA IKCIJIYyaTAllHOHHbIE
XapaKTePUCTUKH KATOa HIHHK-HOHHOT0 aKKYMYJITOpa

Cosbixkun C.A.%, Bepxossix A.B.%, XKusymun JI.E.}, Yepkacosa H.A.}, )Kusynun B.E.
“YOxH e panbrcokcyinapcTBEeHHbLIH yHUBepCcUTET,

B o6sactu akkyMyJsATOPHBIX TEXHOJIOTMH 3a HpelelaMH JIMTUH-UOHHBIX CHCTEM
nepe3apspkaeMble  IUHKOBBIE AKKYMYJISTOPbI JEMOHCTPUPYIOT 3HAUMUTENBbHBIM MOTEHLMAN IS
KPYIHOMAcCIITaOHOTro XpaHeHus sHepruu. VX npuBiiekaTeslbHOCTE 00YCIOBICHA LEIBIM PSIOM
IPEUMYLIECTB: MIHUPOKOH JOCTYIHOCTBIO MaTepHUajoB, BBICOKMM YPOBHEM O€30IaCHOCTH U, YTO
HEMAJIOBAXXHO, IIPEBOCXOJHOM HMOHHOM INPOBOJMMOCTBIO BOJHBIX 3JIEKTPOJIMTOB, BBITOJHO
OTJIMYAIOIIMXCS OT JIETKOBOCIJIAMEHSIOIIMXCS OpPraHMYECKUX PpacTBOPOB, NPHUMEHSEMBIX B
JUTUA-UOHHBIX cucTemax [1].

Cpenn MHOXECTBa KaTOJHBIX MaTepUajioB, OKCHIbl MapraHia M BaHAAUs 3aHUMAIOT
auaupyromue no3unu. OHaKo, OKCH/IbI BaHAAUs YCTYNAIOT MapraHieBbIM 110 MPOBOAUMOCTH
Y 3HAYUTEJILHO MPEBOCXOAAT UX 110 CTOMMOCTH. B CBSA3M ¢ 3TUM, OKCH/IbI MapraHiia HaXoAsTcs B
LIEHTpe BHMMaHUS HccleqoBarenef, Onaronaps HX IEPEeMEHHOW BaJEHTHOCTH M HU3KOH
TOKCUYHOCTH [2].

B nannoit pabore MnO: nomywyanu okuciaenueM MnSOs4 mepMaHraHaToM Kajiusi C
MOCIIEAYIOMEH THIPOTEPMAITLHOW 00paboTkoi. (OO0pa30BaBIIMICSA TPOAYKT H3MENbUAIH B
araToBOM CTYyIKE J0 MOJyYEHHUs OJTHOPOJAHOrO Nopolka. PeHTreno¢a3oBblil aHaIU3 MOATBEPANI
dbopmupoBanue o-dpaszsr MnOo.

JIist co3ianust KaTOIHOM MAcThl, OKCHJI MapraHiia, MpoBosias Jo0aBKka (ra3oBasi caxa)
U nonuMepHoe cesasytouiee (pactsop PVDF B numernndopmamuse) noasepraauch naTu4acoBoi
yIABTPa3ByKOBOH 00paboTke. brlna pazpaboraHa cepHs U3 LIECTH COCTABOB KAaTOJHOW MAcThl, €
BapbUPYIOIIMMCS CoJiepKaHueM MpoBojsuiei nobasku ot 0 no 50 mac.%, ¢ marom B 10%.
[TosryueHHBIE TACTBI HAHOCUIIUCH HA MOAJIOKKY M3 HEP/KABEIOILIEH CTalH.

DNEeKTPOXUMHYECKUE MCIBITAaHUSI TPOBOAMIUCH B JIBYXDJEKTPOIAHBIX fA4eilkax C
[MUHKOBBIM aHojoM u 2M ZnSO4 B KadecTBe 3JEKTPOJIUTa TpH IUIOTHOCTSX Toka 0.1-0.4
MA/cM?.

VYcTaHOBNIEHO, YTO KaTo/Abl 0€3 MpoBOAAIIEH 100aBKU JEMOHCTPUPYIOT pe3KOe MajieHHue
€MKOCTH TpPU YBEJIMYEHUHU IUIOTHOCTU TOKA, CTAaHOBACh HepaboTocmocoOHbMU mpu 0.2-0.4
MA/cM?. Bpemennme 10-20% caku HE3HAUMTENBHO YIydIIaeT XapaKTEPHCTHUKH, OIHAKO
MaKCHMaJbHbIE 3HAUEHUS EMKOCTM M YCTOMYMBOCTH K BBICOKMM TOKaM JOCTUTHYTBI IIpU
cogepxkannn caxu 30-40%. DTo CBS3aHO C ONTHUMAJIBHBIM OAlTaHCOM MEXIY 3JIEKTPOHHOU
MPOBOAMMOCTBIO U JI0JIEH aKTUBHOT'O MaTepuaa.

Pa6ora BeimonHena B PMJI anekTpomMexaHn4ecKuX, MEKTPOHHBIX U 3JIEKTPOXHUMHUYECKUX
cuctem FOYpl'Y.

Cnucok JuTeparypsbl:
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Commun. 31, 103578 (2022).
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TeparepuoBasi CieKTPOCKONHSA MHOT0C/I0iHOI reTepocTpykTyphl SrTiOs/AlFeO3
MenentneB A.B.!, IBopuosa I1.A.%, Cytrypun C.M.2, JIeBun A.A.%, ['opurynoB Bb.I1.!,
KykoB c.ch, Kykosa E.C.}, Cokonos H.C.2, Tanarnos M.B.!

'MOCKOBCKWNne XpmMBW&K®OK MW MHcJonyonpyabpwiil,
2OPN3 UTKEOXHUYECKUN MHCTUTYT um. Aledr.e plboydpdre,,

Turanat crponmus (SrTiO3) — KBaHTOBBIM MApad’IEKTPHK, 00JAJAIONIMI BBICOKOM
JURJIEKTPUYECKON MPOHUIIAEMOCTBI0 M MAJIbIMU JIUIIEKTPUYECKUMHU IOTEPSMU B ILIMPOKOM
YaCTOTHOM JHara3oHe — OT PaguovyacToT A0 CyOTeparepuoBOro. DTH CBOMCTBA JENAIOT €ro
NEPCIEKTUBHBIM MaTepUaoM AJis NPUMEHEHHS B cHUCTEeMax HakomuieHus sHepruu u CBY-
ycrpoiictBax [1,2]. B kpucrammax  SrTiOs  jgelicTBUTeNbHAsT 4acTh  JUAJICKTPUYECCKOU
MPOHMIIAEMOCTH MOJXKET JOCTUTraTh 3HadeHWd mopsaka 24000, Gomee 99% wu3 KOTOPBIX
oOycnoBienbl (QoHOHHONH Msrkoi Moot TOl — HU3KOYACTOTHBIM ATOMHBIM KoJieOaHUEM,
KOHJCHCAIIU KOTOPOTO MPUBOINT K CETHETOdJIeKTpruuecoMy dazoBomy repexoay. B HacTosmeit
paboTe  wMcciaenoBaHbl  CTPYKTYpPHBIE M JUDJIEKTPUYECKHME  CBOWCTBA  TOHKHX
nonukpuctaumdeckux Mmi€Hok SrTiOz tommmuoi 50 m 250 HM, a Takke MHOTOCIOWHOU
rerepocTpykTypbl SITiO3/AlFeO3 tonmmuaoit 500 HM, MOMYYEHHBIX METOJOM HMITYJICHOTO
nazepHoro ocaxnaeHus Ha mommoxkkax (0001) Al.Os. dopmupoBaHHEe KPHCTALTUICCKOM
CTPYKTYpHI IIEPOBCKUTA KOHTPOJIUPOBAIOCH in situ ¢ MOMOIIBI0 MeToja Mudpakiuu OBICTPHIX
anektpoHoB (RHEED). Ilocne ocaxpaeHus mapameTpbl pelIETKH, pa3Mepbl KPUCTAJUIMTOB U
BEJIMYMHBI MHUKpoJehopManuil ONpeessiiucCh METOJIOM peHTreHoBckor nudpakuuu (XRD).
s uccrnenoBanus AUAIECKTPUUECKUX CBOWCTB HCIIONB30BANIaCh TepareplioBasi CIEKTPOCKOMUs
BO BpeMeHHoi1 obnactu. ITokazano, uto npu yBenudeHuu ToauHel ciaos SrTiOs ot 50 M k 250
HM IPOUCXOANT AETpajalus JUIIEKTPUUECKOTO OTKIMKA, KOTOPYK) MOXHO KOMIIEHCHPOBAaTh
BHEIpeHHeM poMexxyTouHbiXx S0 HM cioés AlFeOs.

Pabora BemomHeHa npu mojyiepxkke rpanta Ne 075-15-2025-010.

Cnmcok Jureparypsbi:

[1] A. K. Tagantsev et al., Ferroelectric materials for microwave tunable applications, J.
Electroceram. 11, 5 (2003).

[2] A. Tumarkin et al., SrTiOs Thin Films on Dielectric Substrates for Microwave
Applications, Coatings 14, 3 (2023).
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CrpykrypHble ocodeHHOCTH B KoMIo3uTe Cu-NbTi, mosydyeHHoM moj aeiicTBHEM
MAKeTHON THAPOIKCTPY3UN
Naxuenko H.H.>2, Camoiiienko 3.A.°, [Tymenko E.N.3, Bagexun M.IO.>*, Cobruesa B.41.°

preO0y BO PrAyY MCXA uwm. A. K. TnmMmmpasesa,
ZMITTY wuwm. H. 2. BaywmaHa, 105005, r

SOreHY AJoHBTUWAumMIankuHa, 283048, 1. [
“drsO0y BO JoHlyY, 283001, r. JoHewykK

Komno3utel, moxydeHHbIE M3 CIUTABOB MeIW, HUOOMS M THTaHa, Oyiarogapsi CBOMM
YHUKQJIBHBIM MEXaHWYECKUM CBOMCTBAM, TaKUM KaK BBICOKAs NMPOYHOCTh M YCTOMYMBOCTH K
negopmanuu, MOTYT OBITh IPUMEHUMBI B Pa3IMYHBIX TEXHHUECKUX 00nacTax. B aTux obpasmax
MeJb SIBJISICTCS OCHOBHBIM KOMIIOHEHTOM 4YTO O0ECHEeYMBAET XOPOIIYI IPOBOJMMOCTh, a
n00aBKY HHOOWSI ¥ TUTaHA YBEIIMUUBAIOT TBEPIOCTh M CTAOMIILHOCTH MaTepuana [1].

B pabote mpoBeneHO MccienoBaHUE M3MEHEHUsI CTPYKTYPhI U (PU3NYECKUX CBOICTB B
komnozute Cu-NbTi oT ocobeHHocTell modydyeHuss OoOpa3loB IOJ JEHCTBHEM MNaKeTHOH
TUAPO3KCTPY3UH IIpU JaBieHuu P=75 atm, ckopoctu Bpamienus noasuxHoro [lyaccona 0.5 rpm
¥ BapbHPOBaHMU YHuciia 000pOTOB B 1uarna3zone ot 1 110 6 rot.

b
110 =

14 -

=
=
T

1 = <
|

o -

o=
=~110%4
N,
2 E
T

I {arb.units)

[ {arbanits)

Tip = IE{ i

¥l - ;
.-"' La-N WA, 17 gl ¥ W rpnt, i | ool .l: u=Mh i, P=75 atm, V=% mpm, m=2 rnt.
all L 1 X 1 i 1 " 1 n 1 :1.1:| 1 1
2y ik Rl 5il il B & 2n kil 4ip '_-I'I_ oy b Al
@ jdeg)
= T 130 o) o
, o -y [ P
1o - = 2" = e
Al LLib -
IREH X
- = 1430 | =
' =3
E v = N
= E uw| s 2o E |'I‘I ;
e = - B £ ; =
= A £ S5 | 0 ; ik o
— 2w S -
- — 11 ""/
WE = )“
B - By
A II b hTi, P=T5 ntm V=2 |'|11'| n=Fi rast
.'\.1’: L L 1 L L 1 1
n kb A0 a ik K 0 20 3':' 40 k1] o Tib RO
B (dag) & (deg)

Puc. 1. Iudppaknronnsie kaptuabl kommosuta Cu-NbTi

Wzyuyenne cTpykTypHbiXx cBoiicTB Cu-NbTi kommo3uta MpOBEIEHO METOJIOM
PEHTIE€HOCTPYKTYPHOI'O aHalu3a, ¢ noMoulpio yctaHoBku YPC-55a (2, 3]. beuin u3yueHsl
T paKMOHHbIE KapTUHBI, MOTy4eHHble 0T koMro3uta Cu-NbTi, Bo BceM nnTepBase yrios [4].
Ha nudpakuvoHHBIX KapTUHAX i BceX OOpaslloB HambOosee spKUe JIMHUM OTHOCSTCS K
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JebaeBckum munusiM (asel [TIK-ctpykTypsl Menu. Takke Ha Bcex AudpakIMOHHBIX KapTHHAX
IPUCYTCTBYIOT TU((y3HbIE MAaKCUMYMBbl OT (a3 HUOOUS M TUTaHA BO BCEM HMHTEPBAJIEC YIJIOB.
st 06pa3noB ¢ ynciaoM o6opotoB 1, 5 u 6 rot HaOMIOAAIOTCS MIMPOKHE IMOJIOCHI, HAa3bIBAEMBbIC
rajio, OT IpyIIIMPOBOK aTOMOB C HAPYIIEHHBIM aTOMHBIM ITOPSIKOM.

Ha mudpaknmonnoit kaprtune ot kommoszuta Cu-NbTi mpu uucie o60pOTOB, paBHBIX
OJTHOMY, TIPOSIBIISIFOTCS TPU CTPYKTYpHbIe rpynmbl. Jluauu ot mnockocreit (111) Nb, (111) Cu,
(200) Cu pacroyioxeHbl B BHJIC TPHUILIETA, UMEIOT IIPHMEPHO OJMHAKOBbIC HHTCHCUBHOCTH, YTO
yKa3bplBaeT Ha (OPMHUPOBAHME HOBOH IUIOTHOM CTPYKTYpBI, B BHJE Te€KCaroHajabHOW. Spkue
auHUE OT tiockocter (211) Nb, (200) Cu B OKpyXEeHHH CO CIA0BIMH IO WHTEHCHUBHOCTHU
muHusME ot mtockocted (110) Ti, (103) Ti, (112) Ti u (201) Ti yka3siBaroT Ha oOpa3oBaHUE
Ne(QEeKTHOH CTPYKTYpHOM TPYNIBI M3 CXKATBIX W PACTIHYTHIX IUIOCKOCTEH, pa3inuyaroImuxcs
Ha0OpOM OCHOBHBIX M IIPUBHECEHHBIX J€(POPMALMOHHON T dy3uell XUMUYECKUX 3JIEMEHTOB, U
Ha (popMupoBaHue aMopU3NPOBAHHON (paKINHU, UMEIOIICH BUJI TajIo.

Ha mudpakuuronnoit kapruae ot kommosutra Cu-NbTi npu uducine o00poToB, paBHBIX
IIECTH, 3aMEUYeHa Majiasi MHTEHCUBHOCTh ()OHA U 0OJIbILAs HHTEHCUBHOCTH OT miockocter (111)
Cu, (220) Cu, uTo yKa3bIBae€T Ha PEIAKCUPOBAHHOE COCTOSIHUE aTOMHOTO IMOPSAKa B MaTepHae.
B wmanbix yrmax smHus ot miockoctedt (111) Cu y3kas, WHTEHCHBHAs, XapaKTepHU3yeT
COBEPILECHCTBO JAJIBHEr0 MOPsJKA B INIOCKOCTSIX, 110 KpalHEW Mepe B EHTPAIBHOW I'PYIIIE dTUX
wiockocteit. Ot mrockocteid (110) Nb u (101) Nb o6pa3zoBanace o0miast TUHUS, YKa3bIBAIOIIAS
Ha CMEIlleHHE TUTaHa U HUOOUS B IUIOCKOCTAX € OJMIKHUMU MEKIUIOCKOCTHBIMU PacCTOSIHUSAMU
B Iporecce WHTEHCUBHOW aedopmammm. B cpemnux yrmax mwams (200) Cu  ciaboit
UHTEHCUBHOCTH, YTO O3HAYAeT HANpsIKEHHUE TPEThEro poja, a MMEHHO, CMELICHWE aTOMOB M3
y3JIOB pemeTkd. BuaHa 1menmas mosoca cnaOblX MO HMHTEHCUBHOCTH  (PIIYKTYallMOHHBIX
TG PY3HBIX MAaKCHMyMOB OT (a3bl HU3KOM WHTCHCHBHOCTH. B OONbIIMX yriax HIMPOKHE
MakcuMyMbl OT Tuiockoctei (220) Cu u (220) Nb ¢ HamibpiBaMH Ha CKIIOHaX U Y TOJOIIBHI
JIMHUM, 4TO yKa3bIBaeT Ha 1e()EKTHOCTh ATUX IPYII IUIOCKOCTEH B BUJIE PACCIOCHUN Ha CXKaThle
U pacTSIHyTble 00JacTH U MPUCYTCTBUE 3JIEMEHTOB, JISTHUPYIOIIMX OCHOBHOM COCTaB yKa3aHHBIX
IIJIOCKOCTEM.

TakuMm 00pa3oM, B pe3ynbTaTe MaKeTHON MMAPOIKCTPY3UH MOJIyd€Ha HOBasl CTPYKTypa ¢
JATbHUM ~ TIOPSIIKOM — HEpeXOoAsiiuM B OMIDKHMM — MOPSJOK C  MEXKKIACTEPHBIMU
amop(u3upoBaHHBIMU OOnacTsMH. JlaHHOE CTPYKTYpHOE COCTOSIHHME KOMIIO3UTa MOYXKET
XapaKTEepU30BaTh €r0 KaK CBEPXIPOBOJHUK.

Cnucok JiuTepaTypbl:

[1] A. A. Myakinin, R. N. Kimosov, S. A. Zhanysov et al., Vestn. Vost.-Kaz. Gos. Tekh.
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[2] Z. A. Samoilenko, V. S. Abramov, N. N. Ivakhnenko, Pis&apos;ma Zh. Tekh. Fiz. 29
(15), 80-86 (2003). EDN RDBFW.L.

[3] Z. A. Samoilenko, N. N. Belousov, N. N. Ivakhnenko, et al., Fiz. Tverd. Tela 56 (6),
1186-1190 (2014). EDN SNVYGR.

[4] N. N. Ivakhnenko, Z. A. Samoilenko, M. Yu. Badekin, Vestn. Don. Nats. Univ. Ser.
A: Estestv. Nauki 2011 (1), 58-61 (2011). EDN WYGMDW.
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@OYHKIHMOHAJIbHbIE MATEPHAJIBI CO CBSI3AHHBIMH (PA30BbIMHU IepPeXoIaMH

Konenos B.}, BbyuenbH1KOB B.2, Cokonosckuii B.2, C.Tackaes?,

3arpe6unM.2, ®onrparoscku C.1, Beromko I1.1, Kysnenos /1.1, XKnanosC.}, ITosapenuesB.?,
Ilernos B.%, Tonosuan A3, KoanesO.3, Konenos A.L, Cycnos /1.1, Moposos E.1,
HexennesA.,! KamannesA.!, Manmpos AL, IIpoxyrun A.%, Junsmuesa .1, Kanammnukos B.?,
Heconenos A.%, IToiimanos B.*°, XogaiinoB.®

MHCTUTYT pajgUuOTEXHUKN U 3NEKTPOHUKN UM.
enabGMUHCKUIW TocyagapCTBEHHbBN YyHUBEPCY
SO)rBHY JOHEeUuUKIBKHPEMRBILKMN A MWHCTUTYT WaHeAKA.
MIFTY wmum. H. 3. BaymaHa, T . MOCKE
MCNM um. H.C. EHuKkononosa PAH, T
‘HNTY MWUCuUC, . MocKBa
e-mail: victor_koledov@mail.ru_

Cpenu TBepAOTENbHBIX (YHKIMOHATBHBIX MAaTEPHAJIOB BBIIEISIETCS IIUPOKUH KIlacc
MyJIbTU()EPPOUKOB, B KOTOPBIX HAOIIOJAIOTCA ABa U 0ojiee TUIOB YHNOPSIAOYEHUs, HAIIPUMED,
(eppOMarHuTHOr0O U  CErHETORJIEKTpuueckoro. BHyTpu arToro kmacca IpencTaBiseT
3HAYUTENbHBIM MHTEpeC Kiacc CILIaBOB M COEIMHEHHH, B KOTOpbIX (hazoBble mepexonbl (PII)
pa3MYHOrO THUMA B JBYX M OoJjiee MOJCHCTEMAaX IMPOUCXOAAT OJM3KO IO TeMmIeparype. JTo
OTKpPBIBAET BO3MOKHOCTH CPaBHUTEJIBHO JIETKO YIPaBISITh OJHOW IOACHUCTEMOM, HaIpHUMeEp,
KPUCTAJZIMYECKOM  CTPYKTYpPOM TIIpM IOMOIIM BO3JCHCTBHA Ha JApPYrylo, HalpuMmep,
MarHUTHYIO. SIpKuUM NpuUMEpPOM TaKUX MaTepuanoB co cBsizaHHbIMM DIl sABIsAIOTCA CIUIaBbI
[eiicnepa, B wactHoctu Ni-Mn-In, Ni-Mn-Ga u np., u3BecTHbIe Onarofapss 0OHapyKEHHBIM B
HUX, T.H. TUraHTckuM 3¢ dextam s¢pdexty nmamstu ¢opmbl (OI1D), MarHUTOKATIOPUUECKOMY
abdexty (MKD) u ap. (cm. [1-4]. HacTosiBImii 10oKIIa1 MOCBSIIEH aHATU3Y OOIIMX MOIXO0/I0B K
u3ydeHHio cBoicTB cBs3aHHBIX DII Ha mpumepax cruaBoB ['eiiciepa cucremsl Ni-Mn-In(V) ¢
marauroymnpasisieMbiM  OII® u rarautckum MKD UM MOHOKpUCTaINIMYECKUX — IUIEHOK
3aMeIIEeHHBIX (EepPUTOB-TPAHATOB, B KOTOPHIX BO3MOXKHO B3aMMHOE BiUsSHHE TOukd Kropu u
TOYKHU CIUH-TIepeoprueHTanoHHoro dI1.

Paznoxenue Jlannay cBoOOIHOM 3HEpruu Mo rnapameTrpam MopsiaKka HaMarHH4eHHOCTH M
u JedopMaluy € MpUMEHSeTCs JJIs aHaju3a CIUIaBoB ['eifciepa B yCOBHSIX B3auMOJEHCTBUS
CTPYKTYpPHOTO TepMmoyripyoro mapreHcutHoro ®I1 nepsoro poxaa, Bom3u Tm u maruutHoro OI1
BTOpOrO poxaa Bonm3u Tc [1-3].

1, 1., 1 1, 1 1., 1. 5., 1 !
Fle.M)=—ac’ +—be’ +—cc' +—aM +=pM' + ~NM" +—Be’M" +=BeM — MH
2 3 4 2 4 2 2 2

Ha puc. 1 mpencraBieHsl pe3yabTaThl YUCICHHBIX SKCIIEPUMEHTOB 10 JAHHOW MOJEIH.
BxiroueHre MarHMUTHOTO TOJIS MPHUBOJIUT BCJEICTBUE MArHUTOYNPYTrOTO B3aUMOACHUCTBUS K
CMEIIEHUI0 TeMIIepaTypbl CTPYKTYPHOTO Iepexojia B OOJacTh HU3KUX TeMIlepaTyp. 3HAK
MarHUTOYIIPYToi KOHCTaHTHI B ompe/enser HampaBieHHe CMEIleHUss Tm mo ocu TeMreparyp u
sHak MKD. B wuactHoctn, BcrmmaBe [edicnepa Ni-Mn-In (V) BOomm3u TM HaGmromaercs
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obOparueiii  MKD, KOTOpBIf CONpPOBOXKAAETCS TMOHMKEHHEM TeMIepaTypbl oOpas3la mpu
BKJIFOUEHUN MarHUTHOTO ITOJIS.

a 0 B

Puc. 1. Pacyer BiusiHUSI BHEITHETO MArHUTHOTO TIOJISI HA TEMITEPATPY CTPYKTYPHOTO NIEpexo/a B
crutase ['eiicnepa Ni-Mn-In(V) BcitencTBrue MarHUTOYpyroi CBsI3H IMOACHCTEM. ()
TemmnepaTtypHasi 3aBUCUMOCTh HAMarHUYCHHCOTH (YepHAsk KpUBasi) U CIOHTAHHOM edopManus
(xpacHas kpuBas) npu H =0. (6) To xe npu H = 6 Tu. (B) 3aBUCUMOCTb TEMIEpaTyphl
CTPYKTYPHOTO Iepexo/ia CIijiaBa OT BPEIIHEro MOJIsl IPH Pa3IMYHbIX 3HAYCHHUSIX KOHCTAHTHI B.

HpI/IMepOM B3aHMOI[eﬁCTBPI?[ IIOACUCTEM SABJIICTCA W HCIABHO O6Hapy)KeHHI)Ie
0COOEHHOCTH (bazoBoit T-H JIMArpaMMBbl 3aMeIEeHHbIX (beppuToB-
rpanatroB  (BiYLug(FeGa}O12. [5]. Ha wHeii wHabnromaeTcs OrpaHMYeHHas  00JIACTb
CYILIECTBOBAHMS CKOIIEHHOU (hasbl (cM. pHc. 2), TO €CTh CKOIIECHHAs (a3a CHavaja BO3SHUKAET
B6JII/I3I/I TOYKH KOMIICHCAIlHUH, a 3aTEM UCUEC3aCT IIPU I[aJIBHCfIHIeM YBCINYCHUHU I10JIA.

BYLu)iFeGa)\O

Magretc Sek
.
s
.
b )
.

Ternperature X

a 0
Puc. 2. ®a3oBas quarpamMma crimH-niepeopuHTanonHoro ®I1 B 3aMeneHHOM GeppuT — rpaHaTe
(BiYLu)3(FeGa)sO12 [5].

B noknane obcyxaaercss BOSMOXKHOCTh OOBSCHEHHsI JaHHOTO (P QeKTa Ha OCHOBE yyeTa
B3aMMOJICHCTBUSI ~ CNIMH  NEpe-OpPUEHTAIMOHHOTO  Iepexoja:  KoJulMHeapHass  (asa
beppumarneTuku — HekoiuMHeapHas (as3a (Canted phase) u MarHUTHOrO mepexoga BTOPOTo
pona - Toukn Kropu. TeopeTudeckas MOJIeb TaKKe BKIIOYAET PA3JIOKEHUE CBOOOTHON dSHEPTHHI
0 TTapaMeTpam MopsIKa: HAMAarHWICHHOCTH TIOAPEIIETOK U YTOJI MEXTy HUMHU.

Pab6ora BeimonHeHa B pamkax roczaganus PO um. B.A.Korensnukosa PAH .

Cnmcok qurepartypsbl:
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IporHo3upoBanue GopMbI JIMHAH pe3oHaHCcoB PaHO, HHAYIMPOBAHHBIX CBS3aHHBIMU
COCTOSIHMSIMH B KOHTHHYYMe B JHIJIeKTPHUYECKHX MeTANI0OBEPXHOCTSIX, METOI0M
MALIMHHOIO 0Gy4eHus
I'epacumos B.C.%2 Koctioko A.C.%, Epmos A.E.} 2, Makcumos J[.H.13, Monokees M.C.>

4 Tomoros C.IT.1°

MHMWLU CnekKTpPOCKONMUM U KBAHTOBOMN XuUMumn COY
IBM CO PAH, 660036, KpacHosapcEKk,
Md CO PABO36, KpacHospck, Poccwus
‘“NabopaTopusa TeopwuU Wl ONH U/MAT3AULSMK KX MIUEKDL € C C
TOMEHBb, Poccwusa
SPCHKLU ®MBA PockKpacH68pPpORB7, Poccus

B nmanHoit  pabore  wuccienyercs — (Gopma crieKTpa — MPOMYCKAaHUS  PELICTKU
TURIIEKTPUUECKHUX MOJIOC HA TMOJIOKKE MPU CYHIECTBOBAHUM B HEH 3aIIMIEHHOTO CUMMETpUEH
cBsa3aHHoro cocrosinus B kontunyyme (CCK). [Ipepamenue CCK B kBazu-CCK Bo3HuKaeT npu
HapyIIEHUH CUMMETPUU U KOHTPOJIMPYETCS MaJIbIM OTKJIOHEHHUEM YTJIa MaJeHUs] U3IYYeHUS OT
HopMmanu. Hamra 1ienb — npoaHanm3upoBaTh BO3MOXKHBIE (DOPMBI JIMHUI PE30HAHCA U BBISICHUTD,
MOKHO JIM WX MPEJICKa3aTh C MOMOMIbI0 METOAOB MammHHOTO oOydeHus (MO), ucmonb3ys
FeOMETPUUYECKHE U ONTUYECKUE CBOMCTBA B KAUeCTBE BXOJAHBIX MapaMeTpoB. JTa LeJb SBISETCS
OpsIMBIM TIPOJIOJDKEHUEM Halled mpenpiaymeid pabotsi[1], B KoTOpoil ObLIO MOKa3aHO, YTO
meto, MO «cnyuaitnsiii nec» (CJI) cmocoben mpenckaspiBath 4actoTy ontudeckux CCK B
CUMMETPUYHBIX TUIICKTPUUECKUX METAMTOBEPXHOCTSX.

C mnomoImpl0 MeToJla KOHEYHBIX 3JEMEHTOB OBl MOJy4eH Habop MaHHBIX (HOpMBI
CIEKTPOB MPOMYCKaHUs CTPYKTYpbI i 18836 ciyualiHbIX KOMOMHAIMM UCXOIHBIX MTapaMeTPOB
(h, €& U, €i)[l]. DopMbl CHEKTPOB OBUTH AaMIPOKCHMHPOBAHBI YETHIPbMS 3HAYCHUIMHU
cBouctB (T, @, _, [), B cOOTBeTCTBUM C (HOPMYIIOW, TMOJYYCHHOW H3 TEOPHH BPEMEHHBIX
cBsa3aHHbIX Moz (TCMT)[2]:

[t (Ag—A) + pysin(2a)]*

T
(Ag— A + 92

, TP+ pt=1

B kauectBe mnpesnckazaTenbHOW Mojaenu Obul ucnodb3zoBaH Meron CJI. Pa3Ouenue
JIaHHBIX Ha O0YyYaroIIne/TeCTOBbIe MPOU3BOIMIOCH B cooTHomeHun 70% / 30%. B pesynbrare
OBLTH TTOCTPOCHBI YeThIpe oTAenbHbIe Moaenu RF, mo omHo# mis kaxmoro cBorctBa. [TomMmumo
npeJicKa3aHusi, Oblja BBINOJHEHA KOJIMYECTBEHHAs OIEHKAa Ba)KHOCTH KaXXJOTo CBOIlCTBa —
oTimuuTenbHas ocobenHocTs Metoaa CJI. Tounocts npenckazanus CJI B cpaBHEHUH C METOJIOM
HanMmenbinx kBagpatoB (MHK) mpencraBneno na pwuc.l(a). Bumno, 9To ays Bcex CBOWCTB,
KpoMe pe30HaHCHOW JiuHbl BOJHbI, CJI 3HaumtensHo mpeBocxoaut MHK. bonee Ttoro, ms
CBOMCTB | TH| 0, KOTOpbIE ONpenensioT (HopMy PE30OHAHCHOHN JHMHUH, CPeAHss aOCONIOTHAs
omnbka (MAE) na nopsinox mensine, yuem y MHK. Tak kak cpaBHeHHE ¢ METOJIOM HaUMEHbBIINX
KBaJIpaTOB HEBO3MOJKHO JUIsl 3HaKa cBoiicTBa T, nanHble MHK He mpencraBieHsl Ha nocnenHeM
rpaguke puc.1(a).
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[ToryueHHble aHHBIE MO3BOJSIOT CIENaTh HEKOTOphIE BBIBOABI O (pOpMax pe30HaAHCa,
nHayuupoBanHoro 3amuiieHHbIM cuMmmeTrpuedn CCK. Ilpexne Bcero, moiokeHue pe3oHaHca
omnpenensieTcs JIMHOW BOJHBI _, COOTBETCTBYIOIIEH PE30HAHCHOM YacToTe | 0. DTa BEIMYMHA
MOKET OBITh TOYHO mpeiackazaHa kak meroaom CJI, tak m MHK, Gnaromaps Tomy, 4To B
OCHOBHOM 3aBHCHT OT OJIHOM KoMOuHauu napamerpos b, IllupuHa pe3oHanca, HECMOTPS Ha
TO, YTO OHA Jydlie mpenackaspiBaercss meronom CJI, sBnsgercs Hambonee CIOXHOM JUis
npecKa3aHus u3-3a ocobeHHocTeil moseneHus kBasu-CCK BOMM3KM HOPMalIbHOTO IaJCHUS
uznyyeHus. OnHaKo, 3TO HE CO3/aeT TPYAHOCTEH, IOCKOJIbKY HIMpHHA PE3OHAHCA JIETKO
perynupyercsi yrioMm nanenus. Hakonen, ¢opma nuHUM pe3oHaHca omnpexpensercs T u |

KoTOpbIe 3¢ dexTuBHO mpeackaspiBatorcs: CJI.

(a) . x1. HM x0.01, Hm x0.01 x0.01
304 2 e e o s .\JOO. .
Coq COE] Y A Y AU 1S (R e
ESTVE AR E IR 8 54, S - ClI
‘e 3 - MHK
0 +———— 0 +———— 0+——— 0 +————2 80+———
0 0 .20 0 L2000 , 20
Nx10° Nx10r Nx10°
(6)
1.0
1 § 11=0.54 1=0.53 1
] ] §0=0.54  fi-058 | ]
= 0.5+ - i -
< - --‘_/i -
: B | =m0 1 :
] i ]
0.0 T 1 1 71 | ELELELELE B B R
1328 1329 1330 1331 1480 1485 1490 1495 1526 1528 1530 1532
A, HM A, HM A, HM

Puc. 1 — (a) ommbOka npeackazanust CJI u MHK B 3aBucumocTtu oT pa3mepa Habopa 1aHHBIX, (0)
MIPUMEPHI MTPEICKA3aHHBIX CIICKTPOB MPOMYCKAHUS

Heckonbko BO3MOKHBIX BApUAaHTOB CIEKTPOB U PE3yNbTAT UX MPEACKa3aHUs PUBEACHbI
Ha puc.1(6). MoXHO yBHUAETb, 4YTO TIOJOXKEHHE IMPEICKA3aHHOIO pPE30HAaHCa CMEIIEHO
OTHOCHUTEJIbHO PAacueTHOrO Ha 3HauyeHue, OoJipllee MIMPUHBI JIMHUU PEe30HaHCa. JTO CBA3aHO C
MAaNol IIMPUHON JIMHHUM PE30OHAHCOB CO CpelHel mob6poTHOcThi0 U = 8166. IIpeackasaHHbie
(GbopMBbI TMHUI pE30HaHCa, HAIPOTUB, XOPOILIO COTJIACYIOTCS C PACYETHBIMU JAaHHBIMH. Takum
00pa3oM, yCTaHOBJIEHO, YTO (POPMBI JIMHUN PE30HAHCOB MOTYT OBITh NMpEACKa3aHbl C XOpOIen
TouHOCThIO MeTosoM CJI, KoTOphIi MpeBOCXOAUT cTaHaapTHyro amnmpokcumanuio MHK nHa
TOPSAZIOK 0 BENMYMHE OIMOKM TpH pasMepe obydaromero Habopa maHHeIX U =~ 10%. Mur
IpeJIoyiaraéM, UTO MPEACTaBIEHHbIE pe3yidbTaTbl MOTYT OBITH TIOJIE3HBI JUIs CHHTE3a
MOJIHOCTBIO TUAIEKTPUYECKUX METACTPYKTYP C 33JaHHBIM PE30HAHCHBIM OTKIMKOM.

Pabora BbImonHeHa npu (UHAHCOBOM MojAepxKe MHUHHCTEpCTBA HAyKH M BBICIIETO
oOpa3zoBanus Poccuiickoit dpeneparuu, npoekt FSRZ-2023-0006.

Cnucok JimTeparypsbl:

[1] M. S. Molokeev, A. S. Kostyukov, A. E. Ershov, D. N. Maksimov, V. S. Gerasimov,
and S. P. Polyutov, Opt. Lett. 48, 4460-4463 (2023)

[2] S. Fan, W. Suh, and J. D. Joannopoulos, J. Opt. Soc. Am. A 20, 569 (2003).
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Oco0enHocTH TBepA0(a3HOro CHHTE3a OKCUAA HHANS -TaIMsA-uMHKA InGaZnsOr
Koganer AWM., Ilepcriok J.I1.Y, Bunnuk J[.A. 123

llOkKHe panblcxmyifapcCTBEeHHbBIH yHUBepcuTerT,

45 /4

2MOCKOBCK Wile XpMBWM&®K MKW uMHCTUTYT, 117303,
SCaHdlBETepbYpPrckuil rocypagapcTBeHHble TyeHUoByepp C, b

Poccwusga

Okcuusl AHIUS-TAJUIHS-IITHKA (1GZO) SIBIISTFOTCS MEePCIEKTUBHBIMHU
MOJIYTIPOBOJHUKOBBIMHU MaTepUaiaMy JUIsl KOHCTPYUPOBAHMSI TOHKOIUICHOYHBIX TPAH3UCTOPOB
[1]. Hanecenue mnoaynpoOBOJHUKOBBIX IOKPBITHM Ha IMOJUIOKKY BO3MOYXHO HECKOJIbKUMU
croco0amu, HEKOTOpbIE M3 KOTOPHIX MOAPA3yMEBAIOT PACIbUICHHE W3 MHIICHH (MMITYIbCHOE
Ja3epHOE OCAXKICHHE, MarHeTPOHHOE HaIbUICHHE), 00 B XOJI€ OCAKICHHUA KOJUIOMAA
JUCIIEPCHBIX YacTUIL (TEXHOJIOTUH N€YaTHOM 3JeKTpOoHUKH) [2]. st co3nanus mi€HOK METOA0M
TBepAO(ha3HbIN peakMu MOTYT OBITh CO3JaHbl HU3KOMOPHUCTAs CIIeUYeHHasl KepaMuKa (MUIIEHb )
anbo wmarepuas B BHUAE IMOpPOIIKA IS JajdbHEHMIEro TOHKOrO IOMOJIa C IOJy4eHHUEM
BBICOKOJIMCIIEPCHBIX 00PA3IIOB.

B cnyuae cunteza 1GZO tBepaoda3sHbIM METOIOM COCTABOB C BBICOKMM COJEpPKAHUEM
ZnO B mmxTe (M3-32 €ro BBICOKOW JIETYYECTH) TEXHOJIOTUYECKOH CIIOKHOCTBIO SIBIISETCS
KOHTPOJIb COCTaBa KOHEYHOTO MPOAYKTA, YTO MPUBOAUT K HEOOXOIMMOCTH MPOBEJCHUS PEAKIINN
B 3aMKHYTOW CHCTeMe, HalpuMep, B 3alasHHOW IUIaTHHOBOW Karicyie [3]. B mannoit pabote
IPEUIOKEH TOAXO0I K CHHTE3y IyTEM HCIIOJIb30BaHMs Ta0JIETOK OKCHAA IMHKA. MeXaHn4eCKyIo
CMECh OKCHJIOB (IIHMXTy) MOMEINaTN Mexay Ttabierkamu u3 ZnO, a 3aTeM NPOU3BOIIIN
TepMOo0OpabOTKy Mpu HEOOXOIUMON TeMIepaType.

g J1300°C, 5h, ZnO
> AL LA _J\)L
o]
& 1400C, 20h |
? [ Ao ] M A ,AJ,,J
(2]
€ -1250C, 5h
1100°C, 5h
|1000C, 5h Jk
T T T T T T T T T T
20 30 40 50 60 70

2q (deg.)
Puc. 1. Iudpakrorpammsel INGaZnsO7 u ycrnoBus cunTe3a (BEpTUKAIbHBIE TTOJIOCHI
OTMEYal0T OCHOBHBIE TPUMECHBIE pe(IIeKChI)

B pe3ynbrare ananusa pe3yiabTaToB peHTreHo(a30Boro aHaiansa (puc.l) MOXXHO cienaTh
BBIBO/I, UTO B HaHHOﬁ CCPUHU DKCIICPUMEHTOB CUHTE3 OJIHO(baSHOFO COCANHCHUA OBLI JOCTUTHYT
IIpu HCIIOJIb30BAHUU B peaKHI/IOHHOﬁ 30HC }IOHOHHI/ITGHLHOI\/’I KE€paMHMKHU M3 OKCHJA IHWHKA.
Hpe)monaraeTcsf, qTO TakKas MOJII/I(i)I/IKaIII/IH cHHTEe3a 00€eCIIEUYNBaET OBBIIEHHOE mapuuajibHOC
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JABJICHUE ITMHKA, YTO, B CBOIO OYEpPE/b, BEJIET K CHIKCHUIO MHTCHCHBHOCTH Hcmnapenus ZnO
IIUXTHI 00pasia.

bnarogapuoctu:
HccnenoBanue BBINOIHEHO TNpH moznepxkke Poccuiickoro ¢oHaa HaydyHBIX HCCIEIOBAHUIN
(mpoexT 24-19-00468)

Cnucok Jureparypbl:

[1] Y. Gong, N. Guo, G. Zhu, X. Jiang, H. Xu, Y. Zhao, X. Zhang, K. Jiang, W. and Liao
Q., Ceram. Int. 49, 29768 (2023).

[2] J.S. Lim, F.K. Yam. Mater. Sci.. Mater. Electron. 34, 1302 (2023).

[3] I. Keller, W. Assenmacher, G. Schnakenburg and Werner Mader. ZAAC 70, 1045
(2010).
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Section

Ultrafast Magnetism and Spin Dynamics
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Oco00eHHOCTH CTUHOBOW TMHAMUKH B (peppUMArHeTHKE ¢ TOYKOI KOMIICEHCAIIMU B
HOPMAJILHOM 10JIe

JleBkun [.JO.}?, Urnarsesa J1.0.12, I'yces H.A.'? Kpuuesckuit JO.M.12 3pesaun A.K.123,

[onynax C.H.4, Benorenos B.1.12

MocKkoOBCKMUIN rTocypgapcTBeHHbBIH yHuUBepcuUuTeT U
dhaky nbli9e9iMo c k B a, Poccwua
PocCcUWCKUIA KBaAaHTOBbLIN uLeHTpP, 121205,
MHCcTUTYT ob6wen puamkum umeHu A. M. MPIWPXkopos
Mo c Kk B a, Poccwus
‘KpbIMCKMIA GepepanbHbIl yHUBepcuUuTeT MUMeHU B.
Poccwus

Caepx0ObicTpoe ONTUYECKOE yIpaBieHHE  MarHUTHBIMU COCTOSTHUSIMU c
MCIIOJIb30BaHUEM YIbTPAKOPOTKHX Ja3€PHBIX MMITYJICOB MPEICTaBIsIeT cO0O0M BaXKHYIO 3a7ady
B obnactu Maruutoontuku [1]. Ocoboe BHHUMaHME yAenseTcs (GepprUMarHUTHBIM MaTepHalam,
UMEIOIMM HECKOJIBKO MAarHMTHBIX MOJIPCIICTOK M COYETAIMM B cebe cBoiicTBa ¢eppo- u
antudeppomarueTuxoB. IIpeneccun BeKToOpa HAMarHWYEHHOCTH BO BHEITHEM MarHUTHOM II0JIE
y TakuxX MaTepHaIOB TAaKUX MATEPHATIOB XapaKTePU3yeTCs HAIMYUEM HECKOIbKUX MO/,
CBepxObICTpasi CIUHOBAS TMHAMUKA B (DeppUMAarHUTHBIX METaIaX HCCIIeI0BaNIach B psae padoT
[2-10]. HauOonbiumii wWHTEpEC BBI3BIBAIOT (PEPPUMATHETUKH, OOJAJAIONIME  TOYKON
KOMIIEHCAIIMM HAMAarHU4eHHOCTH — TEMIIepaTypou, MpU KOTOPOH MOIYJIH HaMarHMYE€HHOCTEH
MOJIPEIIETOK OKA3bIBAIOTCS PAaBHBIMU U, KOMIIGHCHPYS APYr Opyra, oOpaiaroT CyMMapHYIO
HAMarHW4YeHHOCTh (eppuMarHeTka B HOJNb. BONM3M 93TOM TOYKM COHMHOBas JAWHAMHKA
OKa3bIBaeTCsl HeTpUBHAIBbHON. OCOOCHHOCTH TUHAMUKH JJIS JIATePalbHOW OpUEHTAIlMH BEKTOpa
BHEIITHET0 MAarHUTHOTO TOJIsI OBbUTH MCCIIeIOBaHbI B padortax [11, 12].

enpto naHHOW pabOTHI SIBISETCS W3y4eHHWE OCOOEHHOCTEH CIHUHOBOW JMHAMUKH B
dbeppute-rpaHate BOJIM3U TOUKH KOMIIEHCAIIMM HAMATHUYEHHOCTH TIPH MPUIIOKEHUH BHEITHETO
MarHUTHOT'O TOJIS IO HOPMAJIU K IIJIOCKOCTH o0pasiia.

bein mpoBeneH TeopeTMUECKHMHd pacyeT MoOJ Mmpeneccuu Bekropa Heens nis BHUCMYT-

3aMelIeHHoro  (eppuT-rpaHara (Y”-‘JEBI”-WLHT-H) (FC-*-JJ{'“]-FF)O]EB 3aBUCUMOCTH  OT
BEJIMYMHBI BHEIIHETO MAaTHUTHOTO TOJISI M TeMIIepaTyphl, OJM3KON K TeMIlepaType KOMIIEHCAllUn
Ty =333 K(pI/IC. 1).

Pacyer mokazan npuHIUNHATEHOE OTIMYUE TTOBEICHUS MO BOIU3U TOUYKH KOMIICHCAIIUN
OT moBeneHus BAanu oT Hee. Kak u3BecTHO [1], BhIcOKOYacTOTHass OOMEHHas MOJa BAAIH OT
TOYKHA KOMITCHCAIIMU MPAKTUYECKH HE 3aBUCUT OT BEJIMYMHBI W HANPABJICHUS BHEUIHETO
MarHUTHOTO TIOJIS.

BOm3u TOYKM KOMIIEHCAIIMHM KapTHHA CYIIECTBEHHO MEHSCTCS: BBICOKOYACTOTHAS MOJIa
MPHOOpETaeT 3aBHCHMOCTh OT BEIIMYMHBI MArHUTHOTO IOJIS (pucC. 1); HU3KOYAcTOTHAs Moja
yTpayrBaeT MOHOTOHHOCTh W JIOCTHTAeT MaKCUMyMa TIPH OIPEACICHHOM 3HAYCHHH BHEIIHETO

creneprpot ™ =] -
TIOJIsI, OTIPEJICTIAEMOTO BEIOPAHHOM TEMITEpaTypoit 1 .

MOXXHO OTMETHTH CXOJICTBO B IOBEJACHHHM YacTOT MOJ BOJIM3M TOYKH KOMITCHCAIIUU B
KOH(HUTYypalii ¢ MAarHUTHBIM TIOJIEM, JISXKAIIMM 10 HOPMaJIM U B IUIOCKOCTH oOpasma [11]. B
nocienHeMm ciaydae (cMm. [11]) mpu TemmepaType KOMIIEHCAIMH O0€ MOJBI UMENH SKCTPEMYM,
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npuOIKasch, HO HE JOCTHTas Apyr Apyra. Pacder 9acTtoT sl ciiydyas MarHMTHOTO TOJS,
OPWIOKEHHOTO IO HOpMajid, OJHAKO, T[OKa3aJl, 4YTO HKMEeT MeCTO IepeceucHue
BBICOKOYACTOTHOM M HHM3Ko4dacToTHOM Mon (puc. 1(b)). Kpome Toro, B OTCyTCTBHE BHEIIHETO
noJisi TeMmIeparypa, MpU KOTOPOM YaCTOThI OKa3bIBAIOTCS PABHBIMHU, COBIAJAET C TOYKOU
KOMIICHCAIINH, P HAJIMYUU K€ MAarHUTHOTO TOJIsI pacueT JIaeT JIB€ TOYKHU MEePECeUeHUs 4acToT,
TEMIIEpaTypbl KOTOPHIX 3aBUCAT OT BEJIUUYHHBI MOJISI.

Take OBUI TPOBEAECH OKCIEPUMEHT, PpEe3yJbTaThl KOTOPOTO  COTJIACYIOTCS €
TEOPETHYECKUM pacueToM (puc. 1).

:7 4 —

A T=293 K E H=100 mT
- 30 .\FN — 20
T i T 25
L
O 25 "
O

20
3 T 15
= 3
g 15 o 10
I 0

R—
10| o——v* - ¢ 5
100 150 200 290 300 310 320 330
Magnetic field (mT) Temperature (K)
Puc. 1. 3aBucumocTs Mo npenieccuu Bektopa Heenst ot (A) BeTUYHMHBI TOJS MPU 1'=293 K, (b)

temmeparypst npu 11 = 100 MTA | Crinowmmsbre nuHum — TEOPETUYECKUH pacyeT, TOUYKH —
JKCIIEPUMEHTAIIbHBIC 3HAUCHHUS.

Takum 00pa3om, cMHOBas NWHAMHKaA (eppuTa-rTpaHaTa C OJHOOCHOW aHWU30TPOMHEH
BOJIN3M TOYKH KOMITEHCAIIMM HaMarHWYEHHOCTH TIPU TPHIIOKEHUH TIOJISI TI0 HOPMaJH K 00pasiry
UMeeT MHTEPECHBIE OCOOCHHOCTH, CYIIECTBEHHO OTJIMYAIONINE €€ OT AMHAMHKH B MarHUTHOM
1oJIe, TPUIIOKEHHOM B TUIOCKOCTH, WJIH OT JTMHAMUKHU BIAIH OT TOUYKHA KOMITCHCAIIHH.

Pa6ota BbimonHeHa npu noajepxke rpanta PH® Ne23-62-10024.
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Magnetic kr-skyrmions on «potential well» defects in uniaxial ferromagnetic films
Vakhitov R.M.%, llyasova G.F.}, Filippov M.A.!
1 Ufa University of Science and Technology, 450076, Ufa, Russia

Recently, after the discovery of the existence of magnetic skyrmions in MnSi films, the
scale of studies of their properties, the influence of various factors on them, magnetic materials
in which they are stabilized, etc. has increased significantly [1]. Such interest is caused by their
topological protection, high mobility, unusual spin-electron properties, which makes them
promising in the development of various spintronic devices. Most of the studies concerning
magnetic skyrmions were conducted in chiral magnets. However, due to the presence of the
Dzyaloshinsky-Moriya interaction (DMI) in them, as well as due to the difficulty of controlling
the interaction parameters, some problems arose with the stabilization of magnetic skyrmions in
such magnets. Therefore, a new trend has arisen to search for non-chiral magnetic materials in
which DMI is absent, but stable states of skyrmions can arise. To date, several methods are
known for obtaining stable skyrmions in such magnets [2]. One of them, proposed in [3], is
based on the artificial creation of modified films in which a lattice of "potential wells" is formed
by irradiating their surface with a localized beam of He™ ions. Magnetic skyrmions are stabilized
on them. As calculations have shown [4], magnetic skyrmions originating on such defects are
stable formations in wide ranges of changes in the material parameters and characteristics of the
defect.

In most studies, the term "magnetic skyrmion™ was understood as a vortex-like
inhomogeneity in which the unit magnetization vector m=m(r) changes its direction by 18(
when moving in the radial direction from the center (r=0) to the periphery (r=) of the film (n-
skyrmion). At the same time, long before the discovery of magnetic skyrmions, it was
theoretically predicted in [5] that in uniaxial ferromagnetic films with DMI, the existence of
skyrmions with a more complex structure is possible, the so-called kr-skyrmions (kN 1, 2, 3...),
in which the "twist" of the vector m occurs at an angle multiple of 180. Subsequently, skyrmions
of this type were discovered in work [6], as a result of which stable states of 2z, 3n and 4x-
skyrmions were identified in them at room temperature (T = 300 K).

In this paper, we study stable states of magnetic kr-skyrmions formed on columnar
defects of the "potential well" type in uniaxial ferromagnetic films. The study of possible types
of magnetic skyrmions, their structure and their stability in such a magnet was carried out by the
method of micromagnetic modeling in the open-access software package OOMMF.

As a model of a defect, we consider the structural inhomogeneity of a magnet taken in
the form of a disk of diameter D, in which the material parameters P = {A, Ky, Ms} change
abruptly in the defect region:

Py, r = R,
P :[sz r = Ry
where Pi = {Ai, Kui, Msi} are the material parameters outside the columnar defect (i = 1) and in
the defect region (i = 2). Here Ro is the defect radius, A is the exchange parameter, Ky is the
uniaxial anisotropy constant, Ms is the saturation magnetization.

As a result of the modeling, stable states of kr-skyrmions (k = 1, 2, 3, 4, 5, 6, 7) were

revealed. Figure 1 shows a stable 7z-skyrmion obtained with the following values of material
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and geometric parameters: A = 8.25 pJ/m, Ky = 54.5 kJ/m®, Ms = 622.7 KA/m [6], Ro = 50 nm, D
= 1600 nm - sample diameter, h = 120 nm - film thickness.
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Fig. 1. Distribution of the magnetization vector component m; in a magnetically uniaxial
film with a defect

In this case, the characteristics of the defect were taken from the following relationships
of material parameters Kuyz = 0, A2 = 0.5A1, Ms2 = Ms1. In addition, the dependence of the
influence of the sample diameter on the value of "twist" k was obtained. The number of rings in
which the magnetization changes its direction by 180’ when it moves in the radial direction from
the center to the edge of the film is equal to the order of the skyrmion k.

The authors gatefully acknowledge the financial support of the State Assignment of the
Russian Federation for conducting scientific research by laboratories (Theory, modeling and
production of thirfilm, nanostructured and hybrid structures (FRRB240001)))
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CBsi3aHHAS CIIMH OPOUTAIBLHAS AMHAMHKA AHH30TPONHOT0 (eppPOMATHETHKA B MATHUTHOM
nosie
Byrpum B..1, OcmanosP.C. !

KpbiMckuiih pepgepanbHbii yHuBepcuter

B Hacrosiiieit paboTe pacCMOTPEHbI CTAaTUYECKUE U JAWHAMUYECKHE CBOMCTBA MPOCTOrO
AQHU30TPOITHOTO OJTHOJICMEHTHOrO (peppoMarHeTka B MArHUTHOM I0JIE C MOCJIEIOBATEIILHBIM
YYCTOM KaK CIHWHOBBIX, TaK H Op6I/ITaJIbHBIX cTereHen CBO60[[BI npu HCITOJIHOM
«3aMOpaXHWBaHUI» opOWTaNIEHOTO MoMeHTa. (Ocoboe BHHMMaHue yaeneHo d3ddexram
KOHKYPCHIUHU KPUCTAJUIMYCCKOI'O I10Jid, CIIMHOBOM MAaTrHUTHOH AHU30TPOIMMHU KW BHCHIHCTO
MAarduTHOI'O I10JI4.

PaccmarpuBaeTcst Mojelb aHH30TPOIHOTO (peppoMar€HeTHka, B KOTOPOM MArHUTHBIC
WOHBI UMEIOT OPOUTAIBHBIA MOMEHT |, paBHBIN CIUHUIIE W HEKOTOPOE MPOU3BOJIBHOC 3HAYCHHUEC
cnuHa S. ByjeM HCXOAUTh U3 KBAHTOBOIO MHUKPOCKOIMYECKOTO T'aMHIIbTOHHAHA BUIa

g g o % e 3 2 o o o
H:a A Snln 'Cln,z Bln,y aw-lSnSHa Kﬁz $+a,z

a G

|-O:0n

D@ D

o %’s e

%) %]
3I[6CL Sh # |n - COOTBETCTBEHHO onepaTropbl CIIMHOBOI'O U Op6I/ITaJ'II>HOFO MOMCHTOB B Y3JIC n,

/ >0 - KOHCTaHTAa CIIMH-OPOMTAIBHOTO B3aHMOJEHCTBUA, J- KOHCTAaHTA OOMEHHOTO
B3aMMOJICHCTBHS OJMKAMIINX CIIMHOB, d- HA0Op BEKTOpOB Oymkaiimmx coceneii. C u B>0 -
KOHCTAHTBI KPUCTAILTUIYECKOTO OIS, PaKTUYECKH XapaKTepPU3yIOIIUe OJHOMOHHYIO MATHUTHYIO
AHU30TPOIHIO, CBA3aHHYIO C OpOUTALHBIM MOMEHTOM, K - KOHCTaHTa MarHUTHON aHU30TPOIHUU

YHCTO CIIMHOBOIO INPOMCXOXKJeHHs, /T3 -marHeToH Bopa. 3uakn  konmcranr C u K

IIPOU3BOJIbHBIE. T€M caMbIM JOIYCKAaeTCsl KOHKYPEHIMS KPUCTAJUIMYECKOrO IOJSA M CIMHOBOMN
AHU30TPOIHH.

HecmoTpst Ha (opmanbHOE CXOICTBO C raMHUIBTOHMAHOM (epputa (poib MOJIPELIeTOK
UTPAIOT CIIMHOBBIM M OpOUTAJILHBIE MOMEHTBI, a POJIb MEXIIOAPEIIETOYHOTO OOMEHa - CIIUH-
opOUTanbHOE B3aMMOJEHCTBHE), CBOMCTBA MAarHeTMKOB, OMMCHIBAEMBbIX TI'aMuiIbTOHMaHOM (1)

SIBIAIOTCS Gonee pasHooOpasHbiME. B gacTHOCTH, B ocHOBHOM coctostanu mpu H, =0 kpome
KOJUIMHeapHBIX (a3 peanmsyercss HeKONIMHeapHas yriaosas ¢asa. A mpn H,, 0 -

KOJUTMHEeapHas yrioas ¢asa.

VY4er KBaHTOBBIX CBONCTB OpOUTAILHOTO MOMEHTAa MPUBOAHUT K 3(D(PEeKTy KBAHTOBOTO
COKpallleHHus, Onarogaps KOTOPOMY €ro JUIMHAa OKa3bIBaeTCs MEHbIIe HOMUHAIBHOW U
OTIpeieNIIeTCsl KOHCTAaHTAMH KPUCTAJUIMYECKOTO TIOJISl U CIUH-OPOUTAILHOTO B3aUMOICUCTBUS, a
TaK)XK€ BEJIMYMHON BHEIIHETO MAarHUTHOIO MHOJIsI. TakuM 06pa30M, BHCIIIHEC MArHuTHOC I10JIC
MO3BOJISIET YIPABIATH JITMHOW OpOUTATFHOTO MOMEHTA M TTapaMeTpaMH YTIIOBOM KOJUTHHEApHON
¢bazbl.

CriekTp MarHMTHBIX KOJieOaHUN COAEPKUT OAHY BETBb MPOJOJIBHBIX KOJEOAHUN JTMHBI
OpOUTAILHOTO MOMEHTa M JIB€ IMOMNEPEeYHbIE MOJbI, OTBEYAIOIINE CBS3aHHBIM KOJIEOAHUSM
KOMIIOHEHT CIIUHA M OpOuTaipbHOro MomeHTa. [l KoJuiMHeapHbIX (a3 mpoJoiibHas Moja
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6e3aucnepcuonHas. [lomyyeHbl 3aKOHbBI IUCTIEPCUN TTOTIEPEYHBIX MOJ.
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Phase features of spin dynamics in iron garnet
excited by ¢* and ¢~ ultrashort laser pulses

Prisyazhnyuk A.V.%, Ignatyeva D.0.2 3, Polulyakh S.N.%, Gusev N.A.2 3, Prilepsky I.V.%, and
Belotelov V.1. 23
!physics andechnology Institute, Vernadsky Crimean Federal University, 295007, Simferopol, Russia
2Faculty of Physics, Lomonosov Moscow State University, 119991, Moscow, Russia
3Russian Quantum Center, 121353, Moscow, Russia

Rare-earth iron garnet (RIG) is a unique class of materials where the interaction of 3d
iron ions with the 4f ion subsystem of the elements leads to the formation of the complex
magnetic structure [1]. When the external magnetic field is applied in the film plane,
perpendicular to the easy magnetization axis, two magnetic phases may exist: collinear phase
and noncollinear one. In the collinear phase, the magnetic moments of the sublattices are
antiparallel, and the magnetization vector M and antiferromagnetism vector L are aligned with
the external magnetic field H in the film plane. The noncollinear phase ensures that the vectors
M and L deviate from H. The feature of spin dynamics in the vicinity of the compensation point
of a ferrimagnet was shown in [2]. Also, [3] shows a non-thermal method for controlling the
amplitude and frequency of spin precession near a genus 2 phase transition. In order to determine
the mechanism of excitation of the dynamics of the magnetization caused by ultrafast laser
pulses, one should provide measurements of the dependence of the magnetization precession on
the polarization of the pump pulse for the different values of the external magnetic field. Such an
approach allows us to study a number of features of the excited precession modes. The laser-
induced magnetic field of inverse Faraday effect (IFE) occurs in a direction perpendicular to the
film plane. In this case, the magnetization vector precesses around the effective magnetic
field due to the various factors: the influence of the external magnetic field applied in the film
plane and the influence of the magnetic anisotropy. In such configuration, as a rule, the
distinctive feature of the nonthermal excitation is the spin dynamics, which has opposite phases
for the left (6*) and right (¢7) circular polarizations of the pump pulse, as has been shown in the
work [4].

However, this is typical only for the collinear phase in the ferrimagnet. In our work, we
focus on the study of the spin dynamics excited by pump pulses with opposite circular
polarizations in the iron garnet film in the noncollinear phase in the external field, applied in the
film plane. In order to understand the nature of the precession of magnetization in the angular
phase, time-resolved dynamics in the vicinity of the magnetic moment compensation
temperature were measured at various magnitudes of the external magnetic field and various
fluence of the pump beam. According to the obtained experimental results the phase shifts and
inconsistency of the amplitudes of the low-frequency and high-frequency modes for the ¢* and
o -pumping beam were revealed. The low-frequency mode corresponds to the excitation of spin
waves by IFE. The high-frequency mode is associated with the exchange resonance between the
magnetic sublattices of a ferrimagnet. The field of exchange interaction of rare earth ions and
iron ions can lead to the appearance of electric dipole moments in the former. The total electric
dipole moment of the rare-earth sublattice forms a system with nonzero total polarization. In this
case, pump pulses with circular polarization of light excite forbidden magnetodipole resonances
between the magnetizations of the two sublattices. These sublattices are unequally affected by
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optically induced effective magnetic fields due to their different magneto-optical susceptibility.
Our report also presents a theoretical description and numerical modeling of these phenomena.

The study of mentioned above features of the magnetization dynamics opens up new
possibilities for manipulation of spins by the light beams on a picosecond time scale.

This work was supported by a grant from the Russian Science Foundation No. 23-12-00310
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TemneparypHasi 3aBUCMMOCTb CIIEKTPOB (peppOMATrHUTHOIO Pe30HAHCA B
IMUTAKCHAJBHBIX IVICHKAX I'PAHaTAa Kejae3a
Cemyk E. 1O., ITasntok E. U, ITonynsax C. H., Beromko I1. M.
KpbiMckuninh depgepanbHbih yHuBepcurtet, 2950

OnuTakcuajabHbIE IUICHKHM TIPAHATOB JKejle3a HAaxOJAT IIUPOKOE IPHUMEHEHHE B
paTuOTEeXHUYECKUX YycTpoicTBaX. OJHO M3 BaXKHBIX TPEeOOBAHMH K TaKUM YCTPOMCTBAM —
CTaOMJIBHOCTh XapaKTePUCTUK B pabodeM [uama3oHe TtemmepaTyp. B Hacrosmeil pabore
NPUBOJAATCS PE3YIbTAThl SKCIIEPUMEHTAIBFHOTO HCCIEAOBAHUS TeMIIepaTypHO Moaudukanuu
cnekTpoB (peppomarauTHoro pesonanca (PMP) B snuTakcHaNbHBIX IUIEHKAX IPaHATOB jKeJesa,
CHUHTE3UPOBAHHBIX Ha IOJJOXKKAX TaJIOJIMHUN TaJUIMEBOrO rpaHaTa ¢ pa3jiMdyHOE OpUEHTALUEH.
[Tocne cunHTe3a Bce 00paslbl MOJBEPrajiuCh XUMHUYECKOMY TpPaBJIEHHIO B OpTOQochOpHOI
KHCJIOTE TaK, YTO B pe3ysibTaTe UMesu GopMy Kpyra JUaMeTpoM 2 MM.

UccnenoBanuss nposogmnuce Ha OJIIP  cnekrpomerpe SPINSCAN X Ha wacrore
9.3 I'Tu B untepnane temmnepatryp ot 300 go 340 K. [Ins Bcex oOpas3IoB CIIEKTPBI COCTOSUTH U3
JUHWH, CBSI3aHHOU ¢ 0 qHOpo1HBIM OMP 1 HabopOM HEOTHOPOTHBIX MO,

B mmenkax YsFesO12 ¢ opuentamnmeit (111) pe3oHaHCHBIC MO B TPYAHOM H JIETKOM
HAIpPaBJICHUSAX HAMAarHUYMBAHUS B IJIOCKOCTU IUIEHKM OTJIMYAKOTCS HPUMEpPHO Ha 7 D 1pu
mpune guaun OMP 5.0 £ 1.0 3. VBenuuenue temneparypst oT 300 no 340 K mpuBoaut k
YMEHBILIEHUIO pe30HaHCHOro mnoist npumepHo Ha 45 O (0.015%) Tak, 4yTO CKOpOCTH
TEMIIEpaTypHOr0 U3MEHEHUSI PE30HAHCHOTO MOJIsl HE 3aBUCUT OT HAIIPaBJICHHUs] HAMAarHUYMBAHUS
B IUIOCKOCTH IIJICHKH.

[lpu miaHapHoM HamarHnuuBanuu o0pasioB (BiYLu)s(FeGa)sO12 Hanbonee CHIBHO
KyOudeckas aHM30TpONMs NposiBiseT ceds B MmieHkax ¢ opueHtauuedt (110). YBenuuenue
temneparypsl ot 300 1o 340 K npuBoAMT K yBEIMYEHUIO PE30HAHCHOTO I10JI MPUMEPHO Ha 5 D
(0.0015%) B Tpynnom Hampasnenuu u 373 3 (0.35%) B 1erkoM HanpaBiI€HUM HaMarHUYUBaHUS
B IJIOCKOCTH.

Jns  menok (BiYLu)s(FeGa)sO12 ¢ opuentanern (100) HampoTWB, MHUHHMAIBHOE
U3MEHEHHE PE30HAHCHOIO TMOJs HAOMIoJaeTcs B JIETKOM HAaNpaBiIeHWHM HAMarHWYMBaHUSA B
IUIOCKOCTH IUIEHKH M, B UCCIIEZIOBAaHHOM MHTEpBajie Temreparyp, cocrasiser 5 3 (0.0015%). B
TPYZAHOM HaNpaBJICHUU U3MEHEHHE pe3oHaHCHOro mois cocrasiser 60 O (0.017%). B oboux
CIIy4asiX pOCT TEMIIEPATypbl IPUBOIUT K YMEHBUIEHUIO PE30HAHCHOTO MOJIS.

JUis KaTMOH-3aMEILEHHBIX IJICHOK IpaHaTa xeneza c¢ opueHTanmusmu (100) u (110)
TeMIepaTypHas 3aBUCHUMOCTb PE30HAHCHOT'O MOJIs 3aBUCUT OT HAlpaBJIEHUS HAMarHU4YMBaHUS B
IUIOCKOCTH TUIEHKH U OMpeeNsieTcsl Kak TeMIIepaTypHO 3aBUCUMOCTbIO HAMAarHUYEHHOCTH, TaK
U KOHCTaHThl KyOuueckoil anuzotponuu. upuna nuann OMP mieHok KaTHOH-3aMEIIEHHBIX
rpaHaToB xene3a cocraisiia 15.0 £ 5.0 O.

Haunmensbiiee oTHOCUTENBHOE TEMIIEpAaTYpHOE HM3MEHEHHE pe3oHaHcHoro nois OMP,
nopsinka 0.0015%, nHabnromaercs mpu IUTaHApHOM HaMmarHuuMBaHwu TuieHOK (110) Bmonb
TPYAHOTO HampasiieHus U TieHOK (100) B1oib 1erkoro HarpasIeHUs B IJIOCKOCTH.
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O perucrpanun ®MP crieKTPOB TOHKHX MATHUTHBIX IJIEHOK € IOMOIIbI0 BEKTOPHOTI'0
aHaJu3aTopa uemneu

[Momynsax C. H. ! Xomun A. A}, Hasmok E. I}, Beromrko I1. M.%, Ky3muues A. H.?

()

KpboiMcKkuih pepgepanbHbii yHuBepcutertr, Poccus

(V)

Poccuinckuir KBaHTOBGLIWN ULeHTpP, Poccus,

Hns peructpanun criektpoB ®MP u cnuH-BoHOBBIX pe3oHaHcoB (CBP) B ToHKHX
MarHuTHBIX IUIeHKax B yacToTHOM auanazoHe 0.1 — 10 I'Tu ucnonb3yroTcsi BEKTOPHBIC
aHAJIN3aTOPBI 1IENEeW U CIEeNHMAIbHO U3TOTOBJICHHBIE U3MEPUTEIIbHBIC JINHUN HAa OCHOBE OTpe3Ka
IIOJIOCKOBOW ~WJIM ~ KOMIUIAHAPHOM JIMHUM IIepelad, COIJACOBAaHHOM II0  BOJIHOBOMY
COINPOTHUBIICHUIO € aHaau3aTopoM. C MOMOIIbI0 BEKTOPHOI'O aHAIM3aTOpa U3MEPSETCs MoJeBas
WIM 4YacTOTHAas 3aBUCUMOCTh KOd(pQUIMEHTa MPOIMyCcKaHUs Sz1 HW3MEPUTENBHON IUHUH C
00pasIom.

[Ipyu npoBeneHMM SKCIEPUMEHTOB MPUXOJUTCA HMETh JIeJI0 C  HEUACAIbHO
COTJIACOBAaHHOW W3MEPUTENBHON JHMHHUEW, YTO MPUBOAUT K HEOOXOAMMOCTH JOMOJHUTEIHHON
MaTeMaTU4ecKoil 00pabOTKM U3MEPEHHBIX JaHHBIX. B sKcriepuMeHTaIbHO 3aperuCTpUPOBAHHBIX
MOJICBBIX M YACTOTHBIX CHEKTpax Kod(pQHUIMEHTa TOTJIOMICHUS H3MEPUTEIbHON JIMHUH C
00pa3loM creKkTpanbHble JMHUU, cooTBeTcTBytoe ®MP n CBP, umeroT HeCUMMETPUUHYIO
(dopMy, UTO MPUBOAUT K CIIOKHOCTSIM OIPEIEICHUS IPAKTUUECKHU BaXKHOI'O IapaMeTpa CIEKTpa
— IIUPUHBI CHEKTPAILHON JIMHUU.

Jns annpokcumanuu 3KCHEPUMEHTAIBHO 3apErUCTPUPOBAHHBIX CIIEKTPOB IPEATIOKEHO
UCIIONIb30BaTh (DYHKIUIO, MPEACTABISAIONIYI0O COOOW JUHEHHYIH0 KOMOWHAIIMI0O CHUTHAJIOB
JUCTIEPCUN U TOTJIOIIEHUS] Ha OCHOBE IPEIIOJIOKEHUs O JIOPEHIEBON (hopMe CIEeKTpalibHOU
JUHUU:

Ax?

(x- :r“.)z + Ay

N o X=Xy .
Vix) =V, (C{)hq‘) +Thmq‘)). (1)

x=H BCJIMUMHA MArHuTHOI'O IIOJIA JJIA

=H p =V

3mech Vo — AMIUIMTYJIHBIA MHOKHTEb,

IMOJICBBIX CIICKTPOB HUJIN xX=v_ TCKYylIasa 9acToTa AJIs1 YaCTOTHBIX CIICKTPOB, *o U

AJId TOJICBBIX WM YAaCTOTHBIX CIICKTPOB, COOTBCTCTBCHHO, L rpruHa JIMHUU, P napameTp,
HMEIOIUNA  CMBICI (1)33]31. HpI/I AlllpOKCUMAllUN  DKCIICPUMCHTAJIBHBIX  CIICKTPOB  JIA

Yo, L%y PronGupannck 3Hauenns, npn KoTopsix dyHkmms (1)

MOJATOHOYHBIX MapaMeTPOB Vﬂl,
OTKCBIBAET SKCIIEPUMEHT HAWITY4LIUM 00pa3oM.

Ha pucynke | npuBeneHbl 3KCIEPUMEHTAIBHO 3apErHCTPUPOBAHHBIE CIIEKTPHI 00pasiia
wienku JKUID Tonmmuo#i 5.3 MM u umeromeit gopmy aucka nuamerpom 2 M. Kaxnas us
CHEKTPAIbHBIX JIMHUMA amnmpoKCUMHUpyeTcs BblpakeHHeM (1) co CBOMMH 3HAa4YECHUSIMHU
BapbUPYEMBIX MAPaMETPOB Vo, Xo, Loy ¥(Tabauna 1), a MONHBIA CHEKTP ANMPOKCUMHUPYETCS
CyMMOi KpuBBIX (1), 4TO IPUBECHO CIJIONIHOM JMHUEH HAa pUCYHKeE 1.

Takum o00pa3oM mpepIaraeéMblii MOAXOJ NPUMEHHM Kak CHEKTpaM, COCTOSIIUM U3
OJIMHOYHOM crieKkTpasibHOM nuHuH, Tak 1 K CBP cnekrpam. HTepecHo 3amMeTuTh, 4TO (Pa3zoBbIi
capur ‘Pumeer pasHbIi 3HaK s 4YEeTHBIX M HedeTHhIX Mon CBP  cmekrpa. [lupuna
cnekTpanbHOi nuHuM Ui CBP Monpl yBennuyuBaeTCs 10 Mepe YBEIMYEHHS HOMEpPA MOJBI.
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Oxka3ajioch TakKe, YTO aMIUIUTYIHBI MHOHUTENb Voums kaxnoil us nunumit IIPUMEPHO PaBEH
Pa3HOCTH MAKCUMAJIBHOTO (VHI-T.\') Y MAUHHUMAJIbHOTO (VHI-T.\') 3HAYEHUH CUTHAJa NOTVIOUICHUS JJIs

3TOU JINHUMU: Vo = Vipax — Vlll.‘?.‘f,

©) (b)
T T T T T T T T T T T T T T T T T
1,00 4 - 1,00 ]
' - #1 ' #1 |
075 i 0,75 ]
c c
=3 =5
s g
& 0,50 & 0,50 4 ]
% %
= £
> >
> 0,25 > 025 ]
0,00 SIS
T T T T T T T T
3,96 3,98 4,00 4,02 6,375 6,400 6,425 6,450 6,475
H (kOe) v (GHz)

Pucynok 1. [Toneas (a) u yactotHas (b) 3aBUCMMOCTH TOTJIOMICHHS sl 00pa3iia MIeHKH
JKUT. TToneBast 3aBECHMOCTb TOTydeHa Ha gactore V = 039 MY yacrornas — B none
H =40003 Kpyribie CHMBOITBI — 9KCIIEPUMEHT TIPU MOIIHOCTH MTEPEMEHHOTO HampspkeHus -20
dDm. CrioniHas TMHUS — Pe3yJIbTaT allpPOKCUMAIIMK YKCTIEPUMEHTA BhIpaxkeHueM (1).

Tabmauua 1
YuciieHHble 3HAYEHUS IIapaMETPOB Vﬂl, Xo, 8%y Pring kaxmoit JIMHUH, UCIIOJIB30BaHHEIE
NIPY TIOCTPOCHUH CIUTONITHBIX JJMHUN HAa PUCYHKE 1.

Tt [Tonesoit ciekTp YacTOTHBIN CIIEKTP

V, Xy, Oe | £ Qg @ Vo | xp, GHz | £X MHz @
#1 1,025 | 4000,0 0,60 0,11™ | 1,050 [ 6,3900 0,9 -0,11™
#2 0,078 | 3986,7 0,65| -0,06™ | 0,090 | 6,4147 1,1 0,077
#3 0,210 | 3974,0 0,77 0,13™ | 0,180 | 6,4376 1,2 -0,11™
#4 0,025 | 3963,5 090 | -0,06™] 0,035| 6,4570 1,4 0,117
#5 0,080 | 3952,6 1,20 0,15™ | 0,070 | 6,4773 1,6 -0,11™

Hpejj[J'IO)KeHHLIﬁ moaxoa TIO3BOJIACT IOBBICUTL TOYHOCTH OIPCACIICHUA HMIHMPUHBL
CHeKTpaJ'IBHOI\/'I JJMHUX W3 CIICKTPOB, IIOJNYYCHHBIX TIpHU HCHUACAJIbHOM COIJIaCOBAHHUU
HSMCPHTCJILHOﬁ JIMHUU C USMECPUTCIIbHBIM HpI/I60pOM.
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Biausinve BHENIHEro 1moJisi HA CBOICTBA CIIMHOBOI'0 HEMATHKA
C AHM30TPONHBIM 00OMEHHBIM B3aMMO/IeliCTBHEM
Kocmaues O.A., @aneena E.O., ®punman F0.A., SApsiruna E.A.

KpbiMcKknint pepgepanbHbW yHuUBepcurter
295007, Cumdpeponons, Poccwua

CocrosiHME CIIMHOBOI'O HEMAaTHKa SBJSETCS OJHUM U3 HanOoJiee HEOOBIYHBIX COCTOSHUI
MarHUTOYNOPSAJOYEHHBIX CTPYKTYpP. Ero 0COOEHHOCTBIO SIBJIE€TCSI PAaBEHCTBO HYIIO CPEIHEro
MarHMUTHOTO MOMEHTa (Ha y3Ji€), HO COXPaHSIOLIMICSA NpU 3TOM MarHUTHbBIN nopsiiok. [lpu
3TOM, BO3HHMKAET BOMPOC 00 YCTOHYMBOCTH HEMATHUECKOW (pa3bl BO BHEIIHEM MAarHUTHOM TIOJIE.
B pabote uccnenyercsi BIMSHUE BHEIIHETO MO Ha YCTOMYMBOCTH HEMATUYECKOTO COCTOSIHUS
HErei3eHOepPTrOBCKOr0 MarHeTHKa ¢ MEKMOHHON aHU30TPOITUEH.

B kauecTBe nccieayemMoil CUCTEMBI pacCMOTPUM Herei3eHOeproBCKUil (eppoMarHeTHk
CO CHMHOM MarHutHoro uoHa S=1. OOMeHHbII TraMHJIBTOHHAH CUCTEMbI BKJIIOYAET
AHU30TPOITHOE OMIMHEHHOE U U30TPONHOE OMKBAApaTUYHOE B3aUMOJICHCTBUA:

H=—;ig~ln,n-(3§5§- {5 89 wss) g mi o

HccnenoBanue cB0OOIHOM 3HEprUU cucTeMbl ipu 1=0

:%(J( D 3)cog g K4) cod 2a H-cosgcosz, 2)

[I0KA3aJI0, YTO PEaTU3yIOTCs CIIEAYIONHe (Pa3oBble COCTOSHHUS:
— oceBast peppomaruauthas paza FM,,a = g 9, <S> =1;

— yrioBas ¢eppomarauTHas paza FM; , @ =0,cosq :H/J( D:)-, <S> =1,
— ocesast HemaTtnueckas pasza SN, ¢ =0, <S> =cos& :H/ ( K :]) :
AHnanus CIIEKTpa AJIEMEHTapHBIX ;

BO30Y)XJIEHUI  MO3BOJMJ  ONPENECNIUTh  THUIIBI
($a30BBIX ~ MEPEXOJ0B  MEXIY  YCTOWYMBBIMHU //
cocrosnusamu. @aszoseii  mepexon FM; - FM, EM /
ABIIIOTCS TEPEX0oM BTOporo poaa. Pa3oBbie //
nepexoasl SN - FM, u SN - FM SBISIIOTCSL /

ot I sv
BBIPOXKJIEHHBIMHM TIEpEXOJaMH IepBoro poaa — *&-i FM, |
JTUHUU oTepu YCTOHYMBOCTH CIIEKTPOB |
BO3OYXIeHHH W JHMHUM (PA30BBIX TEPEXOJ0B . Kf
COBIIAJAIOT. Puc.1. dazoBasa Juarpamma

Herei3eH0eproBCKOro

deppomarserrka ¢ S=1 npu D 3.

Chnucok JiuTeparypsbl:
[1] A.F. Andreev and V.l. Marchenko, Sov.Usp. Fiz. Nauk 130, 39 (1980).
[2] A.V. Chubukov, Rev. B. 44, 4693 (1991).
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HoBblil MEXaHU3M KOT'epeHTHOI0 U3Jy4eHusi ()OTOHOB

Byuskos 10. ML, Ky3pmuués A. H.l, Camopnenkus /I. A2,

! M-I'panar, Poccuiickuii kBanToBbIH 11eHTp, 121205, CronkoBo, Mocksa, Poccus.

2 MOCKOBCKHil (pu3nKo-TexHuueckuit uactutyt 141701, Jonronpyausiii, Poccus.

[IpennoxkeH OpUTMHAIBHBIA MEXaHM3M TI€HEpalud KOTE€PEHTHBIX paAuo4acTOTHBIX
(OTOHOB Ha OCHOBE 003€-IIHIITEHHOBCKONW KOH/IEHCALIUN MArHOHOB.

Korepentasie (oTOHBI B ja3epax M Mas3epax T'€HEPUPYIOTCS MOCPEACTBOM KBAaHTOBO-
MEXAHUYECKOTO SIBJICHMSI CTUMYJIMPOBAHHOIO MU3JIyYEHUs, IPU KOTOPOM BO30YKIAEHHBIE aTOMBI
U3TY4al0T (POTOHBI, WACHTHYHBIC CTHUMYJIUPYIOIIMM IO KBAaHTOBOMY COCTOSIHUIO, YBEIMUYUBAs
IUIOTHOCTh (DOTOHOB B pe3oHaTope. B Hacrosmeld paboTe HpeayiokeH W SKCIEePUMEHTAIBHO
IPOIEMOHCTPUPOBAH aJIbTEPHATUBHBIM METOJ] F€Hepallii KOI€pEHTHBIX (POTOHOB, OCHOBAHHBIN
Ha 3JIEKTPOMarHUTHOM H3Jy4eHUU MarHOHOB B COCTOSIHMM 003€-3MHIITEHHOBCKOTO KOHJAEHCATa
(MB3K). B ycioBusix 00bIYHOr0 MarHUTHOI'O PE30HAHCA MPU HU3KUX KOHLEHTPALMSIX MarHOHOB
u3iaydyaemble (POTOHBI COOTBETCTBYIOT JIOKaIbHOM MAarHOHHOM 4acTOTE, a PE30HAHCHAas JMHUS
yIIpEHa OJHOPOAHO M HEOJHOPOJHO. YCTaHOBJIEHO, YTO IPH MPEBBILIEHUN KPUTUYECKOU
IUIOTHOCTH MAarHoHoB (cooTBeTcTByomed tTeopun bBOK) mnpoucxomuT cyxeHue JIUHUU
MarHUTHOTO pPE30HAaHCAa C HMCYE3HOBEHHEM OOOMX MEXAaHU3MOB YIIUPEHUSA. AHHUTWIALUA
MarHOHOB COIIPOBOXKJACTCA H3JIyYeHHEM (OTOHOB B KBAaHTOBOM COCTOSIHUHM, HJICHTHYHOM
COCTOSIHUI0O MarHoHOB. (ClieJoBaTe€IbHO, KOTE€PEHTHOE COCTOSIHUE MAarHOHOB JIOJDKHO
TeHEePUPOBATH KOT€PEHTHbBIE (DOTOHBI.

CyiiecTBOBaHHE MarHOHHOTO 003€-KOHJIEHCaTa BIIEpBble OOHAPYKEHO B CBEPXTEKydeM
SHe-B [1]. PoxnctBeHHOe sBeHHME MATHOHHOH CBepXTeKyuecTn Habmojanock B [2].
Brocnencteun MBOK  obHapyxken B cBepxTekydeM °He-A [3] u B TBEpIOTENbHBIX
anTugeppomarnetukax [4]. Hakonen, 3aperucrpupoano obpazoBanue MbOK npu koMHaTHOMH
temneparype B miuéHke  JKeneszo-UrrpumeBoro  rpanata  (OKUI), HamarHuuyeHHOU
MEePHEHANKYIISIPHO TOBEepXHOCTH. Teoperndecku mokazaHo [5], uro MbOK B XU mpu
KOMHATHOW TemIepaType JOJKEH pealn30BaThCsl MPHU YIilax OTKIOHEHHUS Mpeleccupyromeit
HamMarHuueHHocTH 0 > 2,5°. DkcnepuMeHTanbHO (Pa30BbIi mepexo]i MarHoHHbIM raz — MBOK
HabJromaeTcs B quanasone 0 ~ 3° [6-8].

Jns reHepauuu KorepeHTHbIX (oToHoB u3 MBOK He TpebyeTcst HCIONB30BaTh
pE30HATOp; €ro (YHKUUIO BBHIMOJHAET MarHUTHBIM pPE30HAHC C MEepecTpauBaeMoil 4acTOTOM
(ynpaBieHue MarHuUTHBIM TojeM). KpuTuueckass KOHLEHTpalus MarHOHOB JOCTUTAETCs
MPUMEHEHUEM TIOJIOKUTEIBHOM 00paTHON CBsi3M ¢ ycuiauteneM. [Ipu mamom kosdduiiuente
oOpaTHOM CBSI3M peEaTU3yeTcsl PEeKUM aBTOTEHEpaTopa Ha Tra3e MAarHoHOB. YBeJIMYEHHE
Kod(uIMeHTa yCUJIECHUSI MPUBOAUT K POCTY IJIOTHOCTH MarHOHOB BIUIOTH /0 0Opa3oBaHUs
MBOK, compoBoxnaeMomMy pe3KUM CYKEHUEM JINHUU U3ITyUEHUS.

Jns BepudUKaMM CY)KEHUS JUHUM TPOBEJICHBI HM3MEPEHUs aMIUIMTYIHO-4aCTOTHOM
XapaKTEepUCTHKHU aBTOTeHepaTopa Mpu nojaade npoodHoro PU-curnansa Ha BXOJl aBTOre€HEpaTopa.
B pexnMe MarHoHHOro Tras3a UIIMpUHA MIOJOCHI IPONYCKaHWs COOTBETCTBOBAJIA JIMHUU
MarHuTHoOro pesonanca. Ilpu mepexone B pexxum MBOK 3adukcupoBaHo cykeHHe JMHUU Ha
NOPSAIOK M PE3KOEe YBEIMUEHUE aMIUTUTYIpl curHaina Oosiee yeM Ha mnopspok (Puc. 1).
MakcumanpHOE€ YyCWJICHHE B IIemd O0OpaTHOM CBsI3M cocTaBisuio ~14 ab; 3aBUCHMOCTH
napaMeTpoB TeHepaTopa OT BeJIMYMHBI OOpaTHOM CBSA3M HCCIEAOBajach C IOMOIIbIO
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BCTpOCHHOTO aTTeHtoaropa. [lpu ocmabnenun oOpatHoi cBs3u Ha 10 nb mpoxoxneHue
IPOOHOr0 CHUrHajla 4epe3 aBTOreHepaTop COOTBETCTBYET JMHMM MarHMTHOIO pe30HaHca (CM.
Puc. 1). Poct 06paTHOI CBsI3U yBeIMYMBAET INIOTHOCTh MAarHOHOB M BBI3BIBAET C/IBUT YaCTOTHI 32
cu€T yMEHBIICHUsI BEIMUYMHBI pazmarHuunBanus (3ddexra «ponmoep») [8]. Benuunna storo
CIBUIa IO3BOJISIET OIPENEIUTH IUIOTHOCTh MarHoHoB. [Ipy MakcuManbHOM 3HaYEHUM OOpaTHOMU
cesa3u (0 nb Ha arreHtoatope) peanusyercs pexxum MBOK, mpu koTopom ycuieHue npoOHOTro
CHUTHAJIa TPEBBIIACT HCXOJHOE 3HAa4YeHHWE Ooyiee uYeM Ha MOPSAOK, a UIMpUHA JIMHUU
yMmenbIaercsa ¢ 4 Ml go 0.2 MI.

30 4

20 4

IIpomycranue. a1b

_20 p

_30 .

T T T T T T
2370 2375 2380 2385 2,390 2395
YacToTa mapasuTHOTO cHrHaza, [T

Puc. 1. YacToTHas XxapakTepuCTHKa BEIMYMHBI IPOIYCKAaHUE TPOOHOTO CUTHAJIA Yepe3
aBTOTE€HEPATOP.

Takum o6pa30M MBI IpOACMOHCTPHUPOBAIIA HOBBII MCXaHU3M 06paSOBaHI/I}I
KOTCpPCHTHOTI'O M3JIYUCHUA (I)OTOHOB, OCHOBaHHBIM Ha bo3e DUHIMITEHHOBCKOMN KOHACHCAlluH
MAar"doHOB.

Pabora BemonHeHa npu moanepxkke Poccuiickoro HayuHoro (onnma, rpant Ne 22-12-
00322-11.

Cnucok JiuTeparypbl:

[1] A.S.Borovik-Romanov, et al. JETP Lett. 40, 1033 (1984).

[2] A.S.Borovik-Romanov, et al. Phys. Rev. Lett .62, 1631 (1989).
[3] T. Sato et al. Phys. Rev. Lett. 101, 055301 (2008)

[4] Yu. M. Bunkov and D. Konstantinov JETP Lett., 112, 95 (2020).
[5] Y. M. Bunkov and V. L. Safonov, IMMM 452, 30-34 (2020)
[6] G. A. Knyazev et al., Optics Express 32, 8, 13761 (2024)

[7] P. E. Petrov, et al., JETP Letters 119, 118 (2024).

[8] Yu. M. Bunkov, et al., Scientific Reports, 11, 7673 (2021).
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Thermal expansion of film materials near the Curie temperature
Maksimov G.S., Nauhatsky I.A., Strugatsky M.B., Maksimova E.M.

V.l. Vernadsky Crimean Federal University, Simferopol, Russian Federation

Epitaxial magnetic films with the structure of ferrite garnets have been widely used in
practice, which requires high perfection of their crystal structure [1]. The main sources of stress
in film materials are: the difference in the parameters of the elementary cells of the film and the
substrate and the difference in the thermal expansion coefficients of the film and
substrates. These stresses, which increase in the thickness of the film, can relax with the
formation of dislocations. Therefore, the study of internal stresses in films, the causes of their
appearance and changes under temperature influences, remains an urgent task.

In this work, ferrite-garnet epitaxial films were studied by X-ray diffractometry.Films of
nominal composition (YLuBi)3(FeGa)sO12 were synthesized by liquid-phase epitaxy on a
crystalline substrate of gadolinium-gallium garnet (GGG) with crystallographic orientation
(111). The following film parameters were selected for experiments: thickness hy = 4,6 microns,
ho = 4.75 microns, Curie temperature Tc1 = 85 °C, Tcz = 76 °C, mismatch of the film
and substrate lattice parameters at room temperature: Ay =0.001 A, £42=0.001 A.The
measurements were carried out in Co Ka- radiation at temperatures from 20° C to 100° C in
angular range 26 from 55 to 65° angle with step 0,02°.

The figure 1 shows the dependence of the parameters of the elementary cells of the film
and the substrate on temperature.
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Fig. 1. The dependence of the parameters of the elementary cells of the film (circles) and the
substrate (triangles) on temperature.
It can be seen that the temperature dependence of the parameter of the crystal structure of
the film changes the slope near the Curie point (transition point from a magnetic state to a
nonmagnetic one). Anomalous behavior of a number of other structural characteristics of film
materials is observed near this region.

References
[1] Soren Kahl. Bismuth iron garnet films for magneto-optical photonic crystals. Doctoral
Dissertation Condensed Matter Physics Laboratory of Solid State Devices, IMIT Royal Institute
of Technology. Stockholm 2004. — P. 145.
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The gradient deposition in non-homogeneous flow from target with thin screen
Tomilin S.V., Syrov A.A., Kudryashov A.L., Tomilina O.A.

Institute of Physics and Technology, V.l. Vernadsky Crimean Federal University,
Vernadsky avenue, 4, Simferopol, Russia
anatoly199824@rambler.ru

The model of gradient films deposition in non-homogeneous flow from sputtered
magnetron target with annular erosion zone has been demonstrated. The non-homogeneous flow
has been farmed using a “thin screen” method (Fig. 1a) [1]. Between target 1 and substrate 2 the
thin screen 3 is located and dissects the sputtered flow. It is formed the “half-shadow” zone 5
between the solid film 4 and clean substrate 6. The profile of film thickness distribution in half-
shadow area demonstrated in Fig. 1b.

Cn-ulll'}dJ.Erla‘te. rel.ul.n.

a b
Fig. 1. The thin screen method: a scheme (a) and a thickness distribution (b).

Combining a model of thin-screen method and a spatial 3D model of the films formation
during magnetron sputtering with an annular zone of target erosion [2] we can plot the spatial
diagrams of films thickness distribution (Fig. 2) at different distance from sputtered target to
substrate (distance expressed as a fraction of the target radius R). Fig. 2a,c,e demonstrated a film
thickness distribution at the deposition without thin screen, but Fig. 2b,d,f — this one with thin
screen. As can see, a present of thin screen makes it possible to formed a film thickness gradient
along x axis. The distance from magnetron target to substrate influences on planar distribution of
film thickness. So, when the distance is 0.5R the crater is formed in the center of deposited area,
and this one observed on thickness distribution when the thin screen is used. When the target-
substrate distance increase to 5R the crater does not observe, but the distribution of film
thickness is not homogeneous yet. And when the distance increases up to 20R the distribution of
film thickness during the gradient has become homogeneous. The obtained results can be used in
design of gradient coatings for optical structures and other applications.
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Fig. 2. Spatial diagrams of a film thickness distribution at different distance from target to

substrate (in fractions of the target radius R):
a,b—-0.5R; c,d-5R; e, f—20R (a, c, e — without screen; b, d, f — with screen).

The work is supported by the Russian Science Foundation, project no. 19-72-20154,
https://rscf.ru/project/19-72-20154/
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(4), 868-877 (2016).
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CnuH-3aBucHMMbIe Ipouecchl Kak ocHoBa TT'n-renepaunu B crpykrypax rpagen/Co

Kyznenos K. I'.%, Bypskos A. M.}, Canoxunkos M. C.2, T'yces H. C.?

Na6opaTopus cBepx6bCTPOW AMHAMUKNU deppo

Poccuinmckaa depgpepaumns.
20Tpen MU3IUKM MaArHUTHBX HAHOCTPYKTYDPp
Poccuinckana depgepaums.

TeparepiieBoe U3NyueHHE HAXOAUT LIMPOKOE MPUMEHEHHE B Pa3IUUHbIX cepax >KU3HU:
MeuipHe, Oe3omacHoctd [1]. Omaumu u3 Hambonee S(OPEKTUBHBIX HMCTOYHUKOB TI1I
U3ITyYEHUS SBIISIOTCS COIUHTPOHHBIE SMUTTEPbl. CHUHTPOHHBIE SMUTTEPHI MIPEJICTABISIIOT OO0
MarHUTHBIE HAHOCTPYKTYPBI, COCTOSIIIHE M3 MAarHUTHOTO M HEMarHUTHOTO CJOoeB. B Takux
crpykrypax TI'1 reHepanuusi TpOUCXOIUT B PE3YJIbTATE CIIMH-3APAI0BOM KOHBEPCUH, BbI3BAHHOM
(heMTOCEeKYHIHBIMU JIA3ePHBIMU UMITYJIbcaMu [2].

B Hame#t pabore MBI UCCIeqyeM IBYXCIOWHBIE CTPYKTypbl rpaden/Co Ha
KBapleBoil momsoxkke. ['padeHoBblil cinoit ObLT MOTYyYeH METOOM XHMHUYECKOTO OCaXICHUS U3
ra3oBoii ¢a3pl. Cioit koOanbTa ObUT HAHECEH C MOMOIIBIO METOJ]a MArHETPOHHOT'O HAIbUICHUS C
INPUIOKEHHBIM B TMPOIECCE pPOCTa MArHUTHBIM TMojieM s (OPMUPOBAHUS OJHOOCHOM
MarHuTHOU aHu3oTponuu. Bcero 6but0 co3nano 2 obpasua: obpasen quartz-SiO:/rpaden/Co u
quartz-Si0./Co.

Jlist BISIBJIICHUS BIHSIHESI CJI0si rpadera Ha reHepanuio TI'1 u3mydeHuss ¥ MarHUTHYIO
AQHU30TPONHIO OBUTM MCIIONB30BAaHBI IBE METOJIUKU: U3MEPEHHUE MAarHUTOONTHIECKOTO 3 dekra
Keppa (MOKE) u TI'n cnekrpockonus BpemeHHoro paspemenus (THz-TDS). H3mepenst
marauroontudeckue nmerian MOKE.Y o0Opasma 6e3 rpadeHOBOTO ClIosi OJJHOOCHASI IJIOCKOCTHAS
MarHuTHas aHU30TpONHs He oOHapyxkeHa.. PesynpTaTsl usmepenus mis quartz-SiO:/rpaden/Co
JEMOHCTPUPYIOT  (OPMUPOBAHHWE TMEPIEHIUKYISAPHOM MAarHUTHOW  aHU3OTPOMHUH, YTO
MOJTBEPXKIAETCS IPYTUM JIMTEPATYPHBIM UCTOUHUKOM [3].

Anamuz pesynbratoB THz-TDS mnokaszan, uyto cioii rpadeHa He sBISETCS CIOEM
PeoOPa3yIONINM CITMHOBBIA B 3apsIOBBIA TOK, YTO OOBSICHSCTCS HU3KHM CIHHUH-OPOUTATIHLHBIM
B3auMojIeiicTBUEM y rpadeHa [4].

HccnenoBaHo BIMsSHUE MEXaHUYECKHUX NePOpMalnii Ha TETINM MarHUTHOTO THCTEpe3nca
u guHaMuky TT'n mznydenus. Kak Obuto nmokazaHo B paGote [5] MexaHuueckue aedopmanuu B
rubkux CD mo3BONAIOT ympaBisaTh aMrmuutyaod Tl msnyuenus. Kak mbl mpeamnomnaraem,
MexaHuueckue nedopMmanuu B JIBYXCIOWHBIX CTPYKTypax rpaden/Co Takke MOTYT BIHITH Ha
ammuutyny TI'1l u3nydeHus ¥ TEeTIU THCTePE3nca, YTO MO3BOJNUT OoJjiee MIMPOKO HCCIIEN0BATh
MeXaHu3MbI TeHeparuu T u3nydenus, a B adbHEHIIIEM U HUCIIONIb30BaTh TAKUE CTPYKTYPHI.

HccenoBanue BBITIONHEHO MPH Mo iepkke rpanta PH® Ne25-79-30019.

Cnucok JInTepaTypbl:

[1] A. Y. Pawar, Drug Invent. Today 5, 157-163 (2013).
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[3] N. Rougemaille, et al. Appl. Phys. Lett. 101, 142403 (2012).

[4] S. Konschuh, et al. PHYSICAL REVIEW B 82, 245412 (2010).

[5] H. Cheng, et al. ACS Appl. Mater. Interfaces 43, 59597-59605 (2016).
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JAnHamuyeckue cBOMCTBA TNOPHIHBIX HAHOCTPYKTYP CBEPXNPOBOAHUK —
¢eppoMarHuTHBIN U30JSATOP
Cenesnes /1. B.Y, Typkun 5.B. !, ITyras H.I'. 1, Makcumos ®.M. 2,
MaxomoB A.C.?2, Uepnos A.U.,2, Benorenos B.1.2

HaymoHanbHbBIW MCCNepgoOBaAaTENbCKUN YHUBEPCUTE:
Mo c Kk B a, Poccus
Poccuilckunuin KBaHTOBbBLIIW LenHTp CKONKOBO,

['ubpuanble CTPYKTYyphl Ha OCHOBE CBEPXIPOBOJHHKOB U  (eppOMarHUTHBIX
JURJICKTPUKOB TNPHOOpPETaroT Bce OoJblliee 3HAUYCHHE B CPAaBHUTENBHO HOBOH U OBICTPO
pa3BUBAIOIICHCS 00JIaCTH CBEPXIPOBOJHUKOBOI CTUHTPOHUKH.

B  nanHOif paboTe TeopeTMUECKH ~ HCCIENOBANUCH  AMHaMU4eckue 3P eKTsl,
BO3HHMKAlIIMEe B Oucioe: IUIEHKE CBEPXIPOBOJHHMKA, HAHECEHHOTO Ha IOBEPXHOCTh
(beppOMarHuTHOrO JAMIIEKTpUKa. B KadecTBe CBEPXMPOBOIAIIMX MaTepUaNIOB Ul CO3/1aHUS
TaKOM CTPYKTYypbl MOT'YT HCIOJB30BATHCS JIIOObIE HU3KOTEMIIEPATypHbIE CBEPXIPOBOJHHKH,
HaIpUMep TEXHOJIOTUYHBIC aATIOMHUHHUN WM HUOOWH, a B KauecTBe (PeppOAUIIEKTPUKOB OOBIYHO
BhICTYyMalOT coeaunenus espomnusi EuS, EoO, mm ¢pepputsi-rpanarsr (OKUL).

Pacuersl mpoBogwinch B KBa3sUKIACCHUECKOM MPHUOIMKEHUU B «TPSI3HOM) Ipejede.
Cucrema ypaBHeHHH Y3ajeisl pelieHa YUCIECHHO M CaMOCOTIacoBaHHO B ¢opmanu3zme HamOy-
Kenaplima ¢ rpaHUYHBIMU YCIOBUSMHU Ul CUJIBHOW CHMHOBOW MOJsIpU3alMy MarHeTHka [1] B
coyetaHuu c¢ ypaBHeHueM Jlannay-JIudmmna-I'nias0epra A onucaHusi MArHUTHOW JUHAMUKU
u3onsaTopa. M3 mnonydeHHbIX QyHKUui ['puHa ObLIM paccUMTaHbl HCKOMBIE BEIMYUHBI.
PaccuuThIBajic OTKIMK CBEPXIPOBOISAIIEH CUCTEMBI HAa MHKPOBOJIHOBOE 3JIEKTPOMAarHUTHOE
U3llydeHue. A Takke, BIUSHHE CBEPXIPOBOJHMKA HAa  OJHOPOAHYIO  IIPELIECCHUIO
HAaMarHWYeHHOCTU B (EppOIUINIEKTPUKE, MOAJIEPKUBAEMYyI0 (EpPPOMArHUTHBIM PE3OHAHCOM
(®MP) B HecTallMOHAPHOM CITy4ae.

[IpenckasaHo 3aTyxaHue MHUKPOBOJIHOBOIO H3Iy4deHHs 3a cueT oOpaTHoro s¢dexra
6nm3octu. Ha ocHoBe paccuntanHoi GpyHkuuu ['puHa oOHapyXKeHbI 0COOEHHOCTH KOMILIEKCHOM
IPOBOJUMOCTH M HMMIeaHca OUCIIOSl B 3aBUCMMOCTH OT 4acToThl moussd [2,3]. ITokazaHo, uTo
OJIM30CTh CBEPXIPOBOJAILEIO CIIOS HE TOJbKO BiuseT Ha yactory ®MP, HO MOXeT co3aaTh
ycnoBus it kouBepcud @MP B apyrue BUIIbI MATHUTHBIX BO30YKaeHHH [4].

PaboTa BbINOIHEHA MTPU MOJIEPIKKE MPOeKTa «3epkaibHble aboparopun» HUY BIID n
bamkupckoro rocygapCTBEHHOTO IEJaroruuyeckoro yHUBepcuTera uM. M.  AKMYJUIbI
«KBaHTOBBIE 2 (HEKTHI B HU3KOPA3MEPHBIX THOPHUIHBIX HAHOCTPYKTYpax».

CnucoK JIuTepaTyphl:

[1] M. Eschrig, A. Cottet, W. Belzig, J. Linder New J. Phys. 17, Ne 8, 083037 (2015).
[2] D.V. Seleznyov, V.0. Yagovtsev, N.G. Pugach, L. Tao IMMM 595, 171645 (2024).
[3] D. Seleznyov, Ya. Turkin, N. Pugach, e-print ArXiv2410.15680 (2024).

[4] Ya.V. Turkin, N. Pugach, A.l. Chernov, V.I. Belotelov et.al. (in preparation) (2025).
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CKprTble TEMHBIC COCTOAHUA B CIICKTPE paAuallUOHHBIX MMOJAPHUTOHOB MArHETHKOB C

LHEHTPOM AHTHHUHBEPCUH

Cyxopykoa O.C.! Tapacenko A.C.%, TapacenkoC.B.?, Illappos B.I'.2

Pnsutkeox Hnueckuin ldbaeyrRMveT pcygapCcTBeHHBbWR

JoHeuUyk, yn. YHuBepcuTteTtTckKas,
NOHE UKW ePMBMKOCKNIA UHCTUTYT um. A.A.
yn.ldx.cemobypr, 72,
MHCTUTYT pafgvMoOTEeXHUKUN U 3NEKTPOHUKU UM.
MoxoBaa4a, 11, Kopnyc 7,

B nocneanue roapl aexaiasi B TepareplioBOM YaCTOTHOM JIMAIIa30HE SHEPIHs aKTUBALIUU
MarHoHOB B COYETaHHUU C OOMEHHO YCHJICHHON CKOPOCTBIO PACIPOCTPAHEHUSI CIIMHOBBIX BOJH
npeBpatwin  Gu3uky antudeppomarnetukoB (ADPM) B oaHO U3 Hauboiee aKTUBHO
Pa3BUBAIOIIMXCS HAINpPABICHUN CIUHTPOHMKM MArHUTHBIX JuAIeKTpukoB [l1]. Ilpu sToM
NO/UIMHHBIA OyM HaOIIOZaeTcss B HACTOsIIee BpeMs B TOW OOJacTH (M3MKE MarHUTHBIX
JUDJIEKTPUKOB KOTOpast CBsI3aHa C U3yYEHUEM CTaTUKH u JTUHAMUKHU
HELEHTPOCUMMETPUYHBIX MarHeTUKOB (B ToM uucie u ADM c nerrpom antucummerpuu (LIAC
A®M) [2]). Kpucrannorpaduyeckas CTpyKTypa TaKUX CpeJ JIOMYCKAET COCYIIECTBOBAHUE B
TEpPMOJMHAMUYECKOM TNOoTeHIMane MarHetuka kak HOB, Tak u ciaraeMpIX JMHEWHBIX IO
NEPBbIM  MPOCTPAHCTBEHHBIM  MPOU3BOJHBIM U KBaJpaTUYHBIX IO  KOMIIOHEHTaM
HAMarHWYEHHOCTEH CIUHOBBIX MojpemeTok [3]). DTo Aenaer MPUHUUIHUAIBHO BO3MOXXHBIM
dbopMupoBaHHE B TaKHX YCJIOBUAX MPOCTPAHCTBEHHO JIOKAJTM30BAHHBIX  PABHOBECHBIX
MarHUTHBIX COCTOSHUM Jaxke 0e3 ydera JalbHOACHCTBYIOUIMX MAarHUTOJIUIIOJIBHBIX
B3aMMOJICHCTBUI WJIM KOHEYHBIX pPa3MEPOB pealbHOr0 MarHutHoro oOpasua [5]. Yrto xe
KacaeTcsi HaIM4Ms IeHTpa aHTUcUMMeTpun y ADM cTpyKTypbl, TO 3TO CO3/1a€T OCHOBY JUIS
OJIHOBpEMEHHOTOo  cymecTBoBanusi ¢ HOB  kak  HEOAHOPOAHOTO  B3aUMOJCUCTBUS
Hzanomuuckoro (HBJ[) [4], Tak ¥ JMHEHHOrO0 MAarHUTORJIEKTPUUYECKOTO B3aWMOJACHUCTBUS
(J/IMDB) [6]. Onnako A0 cux MOp BOMPOC O CBsA3M YCioBUM (opmupoBanus touek KPD u
cootBercTByromMX THIOB CCK B ciekTpe pagrallMOHHBIX MarHUTHBIX MOJISPUTOHOB MarHeTHKa
co cTpyKTypoil kak Tenzopa HBJI, Tak u Tenzopa coorBerctBytomero JIMOB B LIAC AD®M, no
CHUX ITOpP OCTaBAJICS OTKPBITHIM.

B cBs3u ¢ 3TUM B gaHHOM paboTe A crekTpa (OTOHHOTO M3IYYEHMs paJualliOHHBIX
MarHUTHBIX TOJSPUTOHOB, PACIPOCTPAHSIOIMIMXCA B CHUMMETPHUYHOM CJO€ ONTHYECKU
MPO3payHOro aHTU(eppoMarHeTvka ¢ ILEHTPOM AaHTHUUHBEPCHUU, H3Y4Y€HA CBSA3b MEXKAY
OMaHU30TPOITHBIMU CBOMCTBAMHU HETUPOTPOIHOM cpelibl ¢ MPOCTPAHCTBEHHOH AMCHEpCHE U
ycrnoBusiMu (opMUpoBaHus (BKItouasi d3PGEeKThl HEeB3aMMHOCTH) KaK JOMOJHUTENBHBIX TOYEK
kojutanica pe3oHanca @Pano (KP®), Tak M CONYyTCTBYIOHNIMX MM CBS3aHHBIX COCTOSHUUN
B koHTUHyyMe (CCK). B wactHocTH, mis Ttouek KP®, nexammux Ha nepeceyeHHM JIMHUU,
OTBEUAIONIUX JIOKAIbHBIM MHUHUMYMaM aMIUTHTYABl KO3(QQUIIMEHTa OTpaKeHUs, IOoKa3aHa
BO3MOXXHOCTh p€aliM3alliid YCIOBUH Kak Juid Oe30Tpa’kaTelbHOrO MPOXOXKICHUS  CJIOs
MaJaloniedl U3BHE AJIEKTPOMArHUTHOW BOJIHOM, TaK W 1JIsl MOsiBIEHUS “‘CKpbIThIX TUnoB CCK
(17151 HUX MarHUTHBIN CJI0M TepseT 6e30TpakaTeabHOCTh).
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®UHAHCUPOBAHHUE

HccnenoBanue BBIMOJIHEHO NpU MOAJEPKKE MMHUCTEPCTBA HAayKW W BBICIIETO
obpazoBanust P® 3a cuer rocynapcrsennoro 3aaanus ®I'bHY Jlonenkuii Gpu3nko-TeXxHUIECKUN
UHCTUTYT UM. A. A. Nanikuna.

Cnmcok Jureparypbl
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NT® AH VYkpaunsi, Kues (1985).

[5] N.Mathur, M.J. Stolt, S. Jin, APL Mater. 7, 120703 (2019).
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OnTuyecku ynpapJjsieMblil 3JIeMEHT HHTErpajJbHOi (POTOHUKH
Ha OCHOBe HaHo4YacTull ¢a3onepeMeHHbIX MAaTEPHUAJIOB
Wonuu B. B.}, Bypues A. A.l, Muxanesckuii B. A.}, KuceneA. B.1, Hessopos A AL,
Esucees H. H.L, JTotunA. A}

pepepanbHoe rocypgapcTBeHHOe 6lAXeTHOeE Y
mccnepoBaTtenbckunuih LeHTpP «KypuaToBCK

123182, Mo c Kk B a, nn. AKajpeMunk a

BypHoe pa3BuTHe (GOTOHHMKM B TOCIEAHHME JECATUICTHUS CBS3aHO C pPa3pabOTKoOM
ONTUYECKON TaMATH M ONTUYECKUX BBIUMCIUTEIBHBIX YCTPOWCTB HOBOIO IOKOJIEHUS,
(yHKIMOHAT KOTOPBIX OCHOBAaH HA MPWHIMIIAX PabOThl OuMoornueckux HeirponoB. Hamboinee
3aMEeTHbIE YCHEXW B pean3alud 3TOH ujAen ObLIM JOCTUTHYTHI IpPHU MCIOJIb30BaHUU
dbazousmensembix MarepuanoB (PUM), Takux kak criaB GeoShoTes (GST) [1]. 3HaunTenbHbIi
KOHTpAacT ONTHYECKUX CBOICTB, XapaKTE€PHBIX [UId aMOp(hHON U KpUcTaJIMYeckor (a3, a Takxke
BBICOKME CKOPOCTM W3MEHEHHs TaKMX CBOMCTB J€JaloT JTOT MaTepual OIHUM U3
NEPCHEKTUBHBIX HA CETOMHSIIHUN JIeHb JJs MHOTHX (DOTOHHBIX M ONTORJIEKTPOHHBIX
npuwiokeHud [2]. Bo3MOXXHOCTH mepekiitouaTh KaK MEXIy KOHEYHbIMU (aMOp(HBIM U
KPUCTANTMYECKAM), TaK U MPOMEKYTOUYHBIMH (IIPEICTABISIOMMMU COOOH cMmech IBYX (ha3)
($a30BbIMM  COCTOSIHUSMU TP BO3JEUCTBUU  KOPOTKUMHU  ONTUYECKUMHU HUMIYJIbCaMH
o0ecrieynBaeT MHOTOYPOBHEBYIO (DYHKIIMOHATBHOCTH W BO3MOXKHOCTH IPEI-TIOPOTOBOTO
HAaKOILICHUSI SHEPTUH B YCTpOUCTBE [4].

Tem He MeHee, TOHKOIUIGHOUHbIE 37eMeHThl Ha ocHoBe ®MIM TpeOyroT 3HaUMTENbHOM
SHEPIUu Jake JJI YaCTUYHOTO U3MEHEHUs CBOEro (pa30BOI0 COCTOSIHMSI, a BpeMsl HE0OX01uMoe
JUIs OKOHYaHHUsS ImporeccoB (ha30BOro IMepexoja 3aBUCUT OT oObeMa BelecTBa M s
TOHKOIJIEHOYHBIX CTPYKTYP COCTaBIIIET COTHM HAHOCEKYH]l 0€3 ydeTa TEIJIOBOM pelakcaluu,
KOTOpasi TaKk)Ke CUJIbHO BJIMAET Ha CBOMCTBA TaKUX BellecTB. PemieHuem 3Tux mpobiieM MOKET
CTaTh UCIOJIb30BaHuE HAHOCTPYKTYp @YUM [5] 1 MOCTPOCHHBIX HAa MX OCHOBE AJIeMEHTOB. Takue
CTPYKTYpbl HMMEIOT OOJBIIYIO IUIOIIAJh MOBEPXHOCTH W Malblii 00beM, MO3TOMY TpeOyroT
MEHBIIEH JHEPIrUU ONTHUYECKOTO M3JIY4YEHMs Il HarpeBa BCEro MaTepuana 10 TeMIEpATyp
¢azoBoro nepexona. HenaBHue omyOiaukoBaHHBIE paOOTHI MoKa3aiu, 4yTo HaHodactuisl (HY)
marepuana GST TpeOyroT MeHbLle DHHEPrUM Ul OCYIIECTBICHHS Iepexoja U3
KPHUCTAJNINYECKOTO0 COCTOSIHMSL B aMmopdHOe, Onarojaps CHIKEHUIO TEMIEpaTyphl IUIABICHUS U
OoJiee HU3KOM PHEepruu amopduzanuu [5].

[IpencraBnennass pa®oTa MOCBAIIEHA IOJYYEHUIO  MOIYJIALMU  HPOXOASILEro
OINITHMYECKOTO CHTHAja B BOJHOBOJAX ¢ akTUBHOM o0nacthio ¢ HY GST, BeICa)KEHHBIX METOIOM
OpsIMOrO  JIa3€pHO-MHIYLIMPOBAaHHOrO  mepeHoca  [6]. Merog  mpsiMoro  ja3epHO-
uHaynuposanHoro neperHoca (LIFT) obnanaeT BBICOKMM pa3pelieHneM, MOXKET OCYILECTBIISATHCS
B YCJIOBHUSX BO3/YIIHOM aTMoc(hephl U JaeT BO3MOXHOCTh MHOTOCTIOWHON nieyatu [7].

Ha pucynke 1 npencraBieHbl roToBbIE BOJIHOBOBI ¢ HaHecéHHBIMU HY. Ha pucynke 2
IIPUBENIEH IPUMEP U3MEHEHUS NPOIyCKaHus cTpyKTypsl ¢ HY Ha BOIHOBOJE MOCiIe BO3AEHCTBUSA
100 HC nmnynbea ¢ sHepruen okomno 200 m/[x.
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Pucynok 1 OnTuueckue  BOJHOBOABI C

Pucynok 2 Moaynsiuysi oNTHYECKOIO CHUTHajia
HaHeceHHBIMM HaHodactumamu GST.
C-nmnana3zoHa B BOJIHOBOJIE IIpU  MEpexoie

Hanouactul] GST u3 kpucraminyeckoro ¢asbl B
aMopQHYyI0

Ha BeHOCKE pabouas obmacte ¢ HY,
nokpsITeie ITO.

Vcnonb30oBaHue HAHOYACTHIl IO3BOJIAET INepeTH Ha Oosiee 3HEProdpQeKTUBHbIC
yCTpOHCTBa (OTOHHMKH IS MOAYJISLUH, OOpaOOTKM ¥ XpaHEHWs HHMOpMAIMH, a TaKxke
NoJy4yaTh CTaOWJIbHBIE TIepecTpanBaeMble (OTOHHBIE cXeMbl. KOHEYHO, CyIIEeCTBYET Pl
OTpPaHUYCHUH, KOTOPBIE CHIKAIOT padOTOCTIOCOOHOCTh M HAIEKHOCTh YCTPOUCTB Ha 6aze UM,
HO WX pEHICHHE JISKUT B OOJIACTH COBEPIICHCTBOBAHUS M ONTHMH3AIMN TEXHOJIOTUYECKOTO
nporiecca cozanus 1 3pQexTuBHOM nHTErpanuu 3nemMeHToB @M.

PaGora mnpoBeneHa B paMKax BBINOJIHEHHMs rocynapcrBeHHoro 3amganus HUIL]
«Kyp4aToBCKHIl HHCTUTYT».

Cnucok Jureparypsl
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Cnunrponnsie TT'u reHepaTopbl Ha 0cHOBEe TOHKHMX IUIeHOK Co, W 1 Mo ¢ moBbIIIEHHOM
3¢ PeKTUBHOCTHIO CIMH-OPOUTAIBHOIO NIPe00pPa3oBaHUS

Jlantesa M. C. !, Bypskos A. M. 1, Jle6enera E. JI. !, Apzees I1. 10. !

MNP occCURCKNUIN TEeXHONOTUHSLEEKA) YPOBRE
BepHapagckor o, oM 78, r. Mo c kK B a,

3a nocnenHee aecatwietue B TIH-CIMHTPOHMKE aAKTHUBHO H3Y4YarOTCS MEXaHU3MBI
redepaunu TI'n u3nydeHus B reTepocTpyKTypax ¢ TOHKUMU ciaosMu peppomarHuTHeix (PM) n
HemarHUTHbIX (HM) wMertamnoB. OTH wuccnenoBaHus YriyOwiM TOHMMaHHE (DU3MYECKHX
IPOIIECCOB Ha MHUKPO- M HAHOYPOBHE W OTKPBUIM IyTh K co3faHuio 3¢¢exTuBHbIX Tl
JIETEKTOPOB U reHeparopoB. Hanbomnpuryto 3¢ppekTuBHOCTD MPOAEMOHCTPUPOBAIN MEXaHU3MBI
CBEpXOBICTPOro pa3MarHuyuBaHus W ooOpatHoro cnuHoBoro s¢ddexra Xomra (ISHE), uro
BIIEPBbIE  IO3BOJMJIO  pEaJM30BaThb  CHMHTPOHHbIE Tl HMCTOYHMKM C  BBICOKHMHU
XapakTepuctukamu [ 1].

B HacTosiiee Bpems pa3paboTka COMHTPOHHBIX TI'I1 MICTOUHMKOB aKTyalbHa B CBSI3H C
HOTPEOHOCThI0 B KOMITAKTHBIX M 3HEProd(eKTUBHBIX I'€HEpaTopax C IIUPOKUM CIIEKTPOM M
yIpaBIsIeMbIMA TlapamMeTpamu u3iydeHus. OcoObIii HMHTEpeC NPEACTaBIAIOT TPEXCIOWHBIC
CTpyKTypbl Ha ocHoBe ©OM uHM TOHKMX IUIEHOK, B KOTOpPBIX BO30yXKIaemble
(eMTOCeKyHAHBIMH JIa3€PHBIMU UMITYJIbCAMH CIIMHOBBIE TOKH TpeoOpasyroTes B T uzmydenue
3a cuet mexanm3ma ISHE B untepdeiice HM/HM.

B nanHo#t paboTte, METOJJOM MarHETPOHHOT'O PacHbIICHUS], CO3/1aHa CEpUsl CIIMHTPOHHBIX
TI'n reHepaTOpOB Ha OCHOBE TpEXCIOMHBIX reTepocTpykTyp Co/Mo/W, B KOTOpBIX
nocienosarenbHocT HM cioeB u ux uHTepdericHoe B3auMOAECHCTBIE UTPAIOT KIIIOUYEBYIO POJIb
[2]. DeppomarnutHbIil cnoit Co AJsl BceX CTPYKTYp MMeN TONMMHY 3 HM. HeMarHuTHbIE clou
Mo umenu BapbUpyeMble 3HAU€HUS TONIMHBI (1 ci1ost Mo — ot 3 1o 10 HM), a TonumHa W
octaBaiach (pukcupoBanHoi (3 uM). s omeHku BiAMsSHUSA Topsaka cienoBanus HM crmoes
JOTIONTHUTENRHO uccienoBana crpykrypa Co (3)/W (3)/Mo (5). B kadecTBe NOMIIOXKKHU
ucnonb3oBaics candup (Al=0s).

CTpyKTypHBIE M MarHUTHBIE CBOMCTBA 0Opa3IOB OBUIM HCCIIEOBAHBI METOJaMH
PEHTI€HOBCKOW U(pPaKuuU, pedIeKTOMETpUH, a TaKKe METOJOM MAarHUTOONTHYECKOTO
apdexta Keppa. [lns ananuza mnapamerpoB renepauuu Tl u3mydeHus HCIONb30Banach
ycraHoBka TI'Il CHEKTpOCKONMMM C BPEMEHHBIM pa3pellieHHuEM, II03BOJIMBINAS H3MEPUTH
aMIUIUTYLY, TOJISIPU3ALMIO U CIIEKTP T€HEPUPYEMBIX CUTHAJIOB.

Pucynok 1 mmoctpupyet 3aBUCUMOCTh aMIUIUTYAbI T1'1] curHana oT TOJIKHEL ciiost Mo
B cTpykType Co/Mo/W. MakcumyM amMIuInTyibl HaOIr01aeTcs pu ToNIMHE ciaosg Mo nopsiaka
3 HM, uro 0O0ycioBieHO 3(PPEKTUBHOCTbIO CHHH-OPOUTANIBHOIO NpeodpazoBaHus U
0COOEHHOCTSIMU TOTJIOMICHUS U3ITy4YeHUs B MHTep(eice CTPYKTYPHI.
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——Nef Co(2.2 Hu)W(3,3kmyMo(d.7 )
30 Ne2 Co(2,8 Hu)Mo(3, 1ma)W(3 tu)
— =N¢3 Co(2,814m)/ Mo(5,1Hm) / W(3,1 Hm)
X3 —— Ned Co(2,6 Hm)Mo(9,6HMYW(2.9 Hu)

AS (oTH.en.)

Back Side
-30 4 HA +2kOe

2 0 2 4 6
Bpems (nc)

Puc. 1. AMmumuryna TI'n curnana ot rerepoctpykryp Co/Mo/W u Co/W/Mo nipu
pa3iauuHoi TonuHe cinost Mo (curnaisl ot 00pa3noB Ne2—4 ymHOKEHBI Ha 3).

[losydyeHHBIE NaHHBIE TAK)K€ MOATBEPXKIAIOT, YTO NOPSJOK CIIEIOBAHMUS HEMAarHUTHBIX
cnoeB (Mo u W) cymiecTBeHHO BiusieT Ha xapakTepuctuku 111 uznydenus. M3 nureparypbl
U3BECTHO, BEJINUMHA CIIMHOBOW MTPOBOJMMOCTH M CIMHOBOTO yria Xoima W B Tpu pasa OoJblie,
yeM y Mo, 4TO MOKET BHECTH CYIIECTBEHHBIHN BKJIa] B MexaHu3M renepanuu TI'1 usnyuenns [3-
5]. Tak, crpykrypa Co/W/Mo nemoncTpupyet uzmenenue ¢aspl Tl curnaia nmo cpaBHEHHIO ¢
Co/Mo/W, 410 4T0 CBSI3aHO ¢ U3MEHEHHEM HaIlpaBJlieHUs: oOpaTHOTro crimHOBOTO 3 dekra Xomia
(ISHE). D10 yka3piBaeT Ha BO3MOXHOCTb yIpaBieHUs napamerpamu TI'1y reHepauuu 3a cuér
ONTUMH3ALMH APXUTEKTYPbl MHOTOCIIONHOM CTPYKTYPBI.

Tadmmua 1. [TapameTpsl reTepocTpyKTyp U pazmax ammntyasl T1' curnana

Pa3max
Ne Obpasua Crtpykrypa Tommuna Mo, um | ammuuryas TT'n
curHaJja (OTH. ef.)
1 Co (3)/W (3)/Mo (5) 3 6,3748E-4
2 Co (3)/Mo (3)/W (3) 3 7,5653E-5
3 Co (3)/Mo (5)/W (3) 5 6,3211E-5
4 Co (3)/Mo (10)/W (3) 10 3,1043E-5

AHanu3 TIOJNIyYEHHBIX pPE3yJbTAaTOB IO3BOJIIET 3aKIIOYHUTh, YTO TPEXCIOWHBIE
TETEPOCTPYKTYPBI HA OCHOBE TOHKMX IUIEHOK Co, Mo 1 W 1eMOHCTpHPYIOT BBICOKHI IIOTEHIIMAI
JUIsl TIpUMEHEHMs B CHMHTPOHHBIX TI'Ll reHepatopax c¢ ympaiaseMbIMH mapamerpamu 11
HN3TYyUCHUA. Bnemee ObljIa ITOKa3aHa BO3MOKHOCTE BapbUpPOBAaHUA aMIIJIMTYbl U MOJAPU3alHU,
reHepupyemoro TI'1 curnasna 3a cuetT U3MEHEHUs TOJNIUHBI MO 1 KOHQUIyparuu HeMarHuTHbIX
CJIOEB.

PaGora BbimonHeHa mpu nonanep:kke MUHHCTEpCTBa HAyKHd M BBICIIEro 00Opa3oBaHUs
P® (mpoext Ne 25-79-30019).
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Bausinue BHenHero nmoJist Ha )a3oBble COCTOSIHUA U JUHAMUKY Herei3eH0eproBcKux
(¢eppomarseTukos.

Kocmaues O.A., @aneesa E.O., ®punman FO.A., Speiruna E.A.

KpbiMcknin pepepanbHbih yHuBepcutretlT um. B. N.
Pecnyo6nuka Kpbim, Poccwusa

B pabore wuccienoBaHo BIMSHME BHEIIHEr0O MAarHUTHOIO IOJS Ha JUHAMUYECKHE
CBOMCTBA U (ha30BbIE COCTOSIHUSA KaK M30TPOIHOIO, TaK M aHU30TPOIIHOIO (peppoMarHeTHka ¢
y4eTOM B OOMEHHOM TI'aMWJIbTOHMaHE KaK OMJIMHEHHOTrO, TaKk U OWKBAaJPaTHUYHOTO OOMEHHOTO
B3auMoJieiicTBus. [Ipu 3ToM paccMoTpeHb! (peppoMarHeTUKy Kak ¢ OHOMOHHON aHU30TPOIHEH,
TaK ¥ ¢ MEXKHOHHOM aHU30TPONUEH OMIIMHEHHOT0 0OMEHHOTO B3aUMOJICHCTBUSI.

Tak, B H30TPOMHOM HETEW3EeHOEProBCKOM (eppomMarHeTuke, npu  OOJIBIIOM
OMKBaZpaTHYHOM OOMEHHOM B3aMMOJIECHCTBHM, COXpaHJIETCS HEMAaTHYECKOE COCTOSHHE,
HECMOTpsI Ha BO3HMKHOBEHHME HEHYJIEBOIO MarHMTHOroMomeHrta. IIpu 3Tom, mnpoucxomut
TpaHchopManys KBapyHOIbHOIO 3JUIUIICOUAA U3 OJJHOOCHOTO — B IBYXOCHBIH.

B ciydae aHM30TpONHOrO HEerel3eHO0eproBCKOro peppoMarHeTuka ¢ aHu30TPOINUEeH TUIIa
«JIerKasi OCh» B CHCTEME BO3MOXKHA pealln3allisl «yIJIOBO» HeMaTHuecKol (asbl, B KOTOPOMH
IJIaBHAS OCh JBYXOCHOT'O KBAJIPYIOJIBHOIO 3JIIMIICOMIA OPUEHTHPOBAHA I10]{ HEKOTOPBIM YIJIOM
K OPUEHTALlMU BHEILIHETO MOJIS.

Ecnu e anu3otponusi iMeeT 0OMEHHYIO IIPUPOY, TO KaK 3TO HE YIUBUTEIBHO, YIIOBas
HemaTtudeckass (aza sIBISETCS HSHEPreTHYEeCKH HE BBITOJHOW, M B CHUCTEME pPEaJM3yeTrcs
KBaJpynoibHas HemaTuyeckas ¢a3za. B 3ToM cocTosHMM TJaBHas OCh KBaJIpyHOJIbHOI'O
JJUIMIICOUIa OPUEHTUPOBAaHA 110 MATHUTHOMY IOJIIO.

OnpeneneHsl CIEKTPhI 3JEMEHTapHBIX BO30YKACHUH BO BCEX OMMCAHHBIX CUCTEMAX.

OObIuHO, 3a7aya 00 OMNpeNeNeHUH HEMAaTHYECKHX COCTOSHUM SBIsSETCS JOCTaTOYHO
CIIOKHOW B TEXHUYECKON pealn3ally. YUeT BIUSHHUS BHEIIHEro MOJs MO3BOJMUT YIPOCTUTh
BOIPOC 00 3KCIEPUMEHTAILHOM OIPe/IeICHUH HEMAaTHYECKOT'O COCTOSTHUSI.
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HNurepdeiicubiii Mexanu3M GOTOH-MArHOH-()OHOHHOIO NMPe0OPa30BaAHNS B
AMUTAKCHAIBHON meHku ZKUT

TuxonoB B.B., IItamenko A.C., CanoBuukoB A.B.

CapaTOBCKMN HauyuuMmoHanNnbHBLW MccnepgoBaTenbcCcKk

nmMm. H. . Ue pHbIWWEBCKOT O

[Toka3aHo, 4TO MEPEXOAHOM CJIO€ MUTAKCUATIBHOMN TUICHKHU KEJIE30UTTPUEBOrO rpaHaTa
(OKUT') BemonHstoTcss yciaoBUs (OTOH-MAarHOHHOTO ¥ BTOPUYHOIO MAarHOH-(pOHOHHOTO
npeoOpa3oBaHus, Pe3yabTaTOM KOTOPOTO SIBISICTCS WHTCHCHBHOE BO30YXKICHHE THUIIEP3BYKA,
U3ITy4aeMOro BriIyOb MOJUIOKKH TaonuHui-raumeBoro rpanara (ITT) [1].

PaccmarpuBaiics Cly4yaili  HOpPMaJlbHOro  HaMarHuuuBaHus  1ieHku  JKUI.
PaccunTthIBaIuCh MUCIIEPCUOHHBIE U SHEPTETUUECKUE XapaKTEPUCTUKU CBSI3aHHBIX BOJH. C 3TO#
[EJIbI0 COBMECTHO pemmanuch ypaBHeHue Jlanpay-Jluduumna ¢ yuetoM HEOJHOPOIHOTO OOMEHa,
cucTeMa ypaBHeHHMI MakcBeila U ypaBHEHUE JBU)KEHUS yIPYrou cpenbl. Penenus uckanuce B

BUJIE NIPABO MOJIAPU30BAHHBIX MOHOXPOMATHYECKHMX BOJH €, h, M, U + expg (Wt - kj , TJ1e
e, h,- cocrasmsomme dIEKTPOMArHUTHOM BOJNHBI  ((POTOHBI), M, - BOJHA MPEIECCUH

HaMarHM4eHHOCTH (OOMEHHAas CIMHOBAs BOJHA - MAarHOHbI), U, - BOJHA YNPYrOro CMELICHHS

(akycTuueckas BOJIHA - (QOHOHBI). YUUTHIBAJIOCH, YTO B IEPEXOJIHOM CJIO€ HA IPaHUIIE MJICHKA-
MOJI0KKa HamMarHnueHHocTh 1ieHk KU naBHO cniagana o 3akoHy pacnpenesieus ['aycca

M(z)=M,& -exp( zz/sz)
Huxe npuseneHsl pesynpTaThl pacderoB. Ha puc.l npencraBieHsl  (QyHKUIUS

pacmpeeneHuss HaMaranueHHoctu M (Z) u 3d-rpaduku TUCTIEPCUH MAPIIUATBHBIX OOMEHHBIX
cnuHoBbIX BonH (OCB) kMO( f, Z) , DOJEKTpOMarHuTHeIX BOJH (DOMB) kEO( f, Z) u

aKycTHueckux BoJiH (AB) kso( f, Z) .

a b
150 T T 200,
C — c
A T
100 | SR
V) =
=
50 + O )((:—
GGG
0 1 1
0 0.2 0,4 0.6
Z,E€ N

Puc.1. Pactipenenenne HaMarHM4eHHOCTH (&) U TapIUaibHbIe 3aKOHbI quctepcuu (D).

MonaenupoBaJIuch MpoIecChl TMOPUAN3ALINHN, KOTOPbIe BOZHUKAIH B OKPECTHOCTSIX TOUYEK
($a30BOro CMHXpOHM3Ma Ha JMHMUAX MEPECEUCHMs TUCIEPCHOHHBIX MOBEPXHOCTEH CBS3aHHBIX
BosiH. Ha mepBom stare paccMmarpuBaiuch 3¢ ¢dekTsl GoToH-MarHoHHOW rudpuanzanuu (OMB-
OCB), KOTOpbIE CONMPOBOXIATNCH BO30YKICHHEM JJIEKTPOMArHUTHO-CITMHOBBIX BOJIH. Ha
BTOpPOM 3Tarne — MarHoH-GpoHoHHOW rubpumuzanuu (OCB-AB) ¢ B030yXIeHHEM CIHHOBO-
ynpyrux BoJIH. DG (HEeKThl THOPUIU3AIIUN BBI3BIBATN PA3IBIKKY BETBEH JUCTIEPCHH CBS3aHHBIX
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BOJIH, KaK IMOKa3aHO Ha puc.2.
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Puc.2. Tucniepcust rHOpUIHBIX HJIEKTPOMArHUTHO-CIIMHOBBIX (@) U CIMHOBO-YIpyrux BouH (D).

B ciiyqae marHoH-(pOHOHHOM THOPHIN3AINN Pa3IBUKKA BETBEH OKa3allach 3HAYUTEIHHO
y’Ke, 4TO OOBSICHATIOCH ¢1a00i MarHUTOYIPYTO# CBs3bI0. Blianu oT TOYeK CHHXPOHU3Ma BOJIHBI
pacupoCTpaHsIUCh HE3aBUCHUMO Jpyr oT Japyra. [Ipm 3rom akycrtuueckas BOJHA MOIJIa
OecnpensaTCTBEHHO U3NTy4aThCs BIIyOb HeMarHuTHOM moanoxku ['TT.

DddexTsl THOpUIU3ANUU COMPOBOXKIAINCH TepepaclpeieIeHHEM MOTOKOB MOIIHOCTH
CBSI3aHHBIX BOJH. DJTO MPUBOJAUIO K MHTEHCUBHOMY BO30YXKIEHHIO OOMEHHBIX CIMHOBBIX WU
akyctuyeckux BosiH. Ha 3d-rpadumkax puc.4 mnpencraBieHbl pacueTbl 3(GEKTHBHOCTH
npeoOpa3oBaHMs MOIIHOCTH Ha dTare NmepBUYHOro mpeodpazoBanus IMB—OCB u Ha sTamne
BTOpHYHOTO TTpeodpazoBanusi OCB—AB.

L

Puc.4. Db dextuBHOCTH MpeobdpazoBanus MomHocT DMB—OCB (a) u OCB—AB (b).

BugHo, uro B 06oux ciyuasx 3¢pdexkTuBHOCTH npeobdpazoBaHus npesbimana 80%, 4ro
00BSCHANIOCHh HanOoJiee CHUJIbHBIM KOJUIMHEApHBIM B3aUMOJCHCTBHEM CBsI3aHHBIX BOJH. Ilpum
TOM MOIIHOCTh BO30yXkaaeMbix AB okasblBanach J10CTaTOYHOM Ul MPEOJOJICHUS MOTEph Ha
pacripocTpaHeHue W paccessHue BosiH B mominoxke ['TT. Dto obecrneunBaio BO3MOXHOCTH
MHTEHCUBHOT'O BO30Y)K/IE€HUSI MAarHUTOAKYCTHUECKHX PE30HAHCOB, KOTOPbIE paHee Ha0JII01alkCh
B mienkax JKUT [2-4].

Pabota BeinosHeHa mpu GpuHaHcoBo# moaaepkke PH® (mpoekt Ne 23-79-30027).

Cnucok Jureparypsi:
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Section

Nanophotonics and Plasmonics
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IMoasipuTony — 75 Jer

JIro0uauckuii U. J1.

reHYQoOHEeUKUT epMNMILETC KUK MHCTUTYT UM. A
283048, r. AJoHeuyuk, AOAHP, Poccuimckze
2pr60Y BO «[loHeUuKWUIW TocyaapcCTBEHHBIH YyH

r. JoHeuUyk, OHP, Poccuimckana depger

B HacTosiee BpeMs OOLICHPUHSATHIM SBJISETCS ONMUCAHHE PACIpPOCTPAHEHUS CBETa B
KpUCTAJIJIaX MOCPEACTBOM HOPMAJIbHBIX 3JEKTPOMAarHUTHBIX BOJIH B CpeJie — MOJISIPUTOHOB, T.€.
THOPUAHBIX BO30YKJICHUW, BO3HUKAIOIIUX BCJICICTBAE B3aMMOJCHCTBUS KPUCTALTUICCKHX
JUTIONILHO-aKTUBHBIX MO ((POHOHOB, SKCUTOHOB) C JJEKTPHUUECKHUM IOJIEM AJIEKTPOMATrHUTHBIX
BoMIH (cMm., Hampumep, [1]). B HemaBHeil 0030pHOI cTathe [2] ObUIM TpHUBENCHBI TaHHBIC
HAyKOMETPUYECKOT0 aHajiu3a IMyOJIMKAIlMi, TIOCBAILIEHHBIX HCCIEIOBAaHUAM B 00JaCcTH
nossiputoHukH 3a 60 et, ¢ 1963 roga no 2022 roa. C noMoIIbl0 UCKYCTBEHHOTO MHTEILIEKTA
ObLT TIpoBeZieH MOUCK 1o Gase manubix Web of Science u Obiin Haiimensr 25032 myOmukarmy,
BKJIIOUasi CTaThH, TPYIbl KOH(epeHUuH u 0030psl [2]. OgHako, B 3ToM 0030pe [2] He ObLIM
YIIOMSHYTBI TIEPBBIE CTaThH, B KOTOPBIX (haKTUYECKU BIEPBBIC ObLIa pPEIIeHa 33aa4ya O CIIEKTpe
JUTIONIbHO-aKTUBHBIX (DOHOHOB IIPH y4eTe 3ama3apiBanus ((PaKTHUeCKH O MOJIIPUTOHE), HAauWHAS
¢ nmoHepckux pador K. b. Tommeiro [3] u K. Xyanra [4,5], B KOTOpBIX OBLIM MOJYYEHBI
JMCTIEPCUOHHBIC YPABHEHUS VISl THOPUAHBIX BO30YKICHHM, 00YCIOBICHHBIX B3aHMOICHCTBHEM
JUTIONIbHO-aKTUBHBIX (POHOHOB M 3JIEKTPOMArHUTHBIX BOJH B MOHHBIX KpHucTautax. [lo3mnee,
KBAaHTOBOMEXAHHYECKasi TEOpHUS TOJSAPUTOHOB B TEPMHUHAX OINEPATOPOB BTOPUUYHOIO
KBaHTOBaHHUs ObLiIa HE3aBUCUMO pa3BuTa B padotax JIx. Xondwuiaa [6] u B. M. Arpanosuya [7].
K HacrosiieMy BpeMeHH, Kak ObLIT0O OTMEYEHO B 0030pe [2], OmyOIMKOBaHO HECKOIBKO JAECSITKOB
TBICSY CTaTEH, IMOCBSIIEHHBIX MCCICJOBAHUIO MOJIIPUTOHOB U UX B3aUMOJCHCTBUIO MEXKAY
co0oif, a Takke C pa3NTUYHBIMU BO30YKIEHUSMU KaK B OJHOPOIHBIX Cpelax, Tak U B
KOMILJIEKCHBIX CTPYKTYpax.

B noxmane mnpencraBieH KpaTKuid 0030p pabOT MO MCCIEAOBAHUIO IOJISPUTOHOB,
BKJIFOYAs TaKW€ COBPEMEHHBIC HANpaBJICHUS KaK MOJEKYJIsIipHas TOJApUTOHUKa [8] u
NOJIAPUTOHHAs XuMUs [9], co3nanue HepoMOp(HBIX ceTell Ha OCHOBE MOJISPUTOHHBIX PEIIETOK
[10].
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Nanoscale engineering chirality: optical circular dichroism in three-
dimensional nickel nanospirals
Fattakhov I.S.}, Trushin O.S.1, Popov A.A.L, Mazaletskiy L.A.%, Fedorov A.S. 23,
Logunov M.V .23

INRC «Kur ch ataliev P ¥aroslavilBraech, Yaroslavl, Russia
2 Kotelnikov institute of radio engineering and electronics of RAS, 11Mokhovaya St., building 7.,
Moscow, Russia
3Moscow Institute of Physics and Technology (NRC), Institlasie®, Dolgoprudny, Moscow
region, Russia

This article presents the results of experimental studies of chiral film structures based on
arrays of nickel nanostructures obtained by oblique angle deposition. By changing the
experimental conditions, it is possible to change the geometric dimensions of the
nanostructures. Chiral films exhibit pronounced circular dichroism, varying depending on the
applied external magnetic field.

The  developing field of  plasmonics and nanophotonics  has  opened  up
possibilities for manipulating light at subwavelength levels due to the
interaction between electromagnetic waves and metallic nanostructures. The excitation of
plasmon resonances, which enhance the effects of the near field, and the addition of chirality,
a geometric property in which a
structure cannot be superimposed on its mirror image, offer new mechanisms for controlling the
polarization of light and investigating light-matter interactions. An example of such a
substance is chiral nanospirals, which exhibit optical activity in the form of
circular dichroism (CD) and rotation of the plane of
polarization. These structures interact differently with left- and right- circularly polarized
light, which allows them to be used in enantioselective biosensors, etc.

This article discusses the results of a study of
chiral nickel nanostructures obtained by oblique deposition. Within the framework of
this method, nanospiral arrays are formed under conditions of electron beam evaporation onto an
inclined substrate due to the shading effect. This effect consists in the fact that crystallites, which
have received a random advantage in growth at the initial stages of deposition, further shade
their neighbors, suppressing their growth. As a result, individual nanofibers is formed. Turning
on the rotation of the substrate around the normal to its surface during growth leadsto a
gradual displacement of the shadow region and the formation of nanospirals[1, 2]. They are
twisted in the same direction, which is determined by the direction of rotation of the sample. The
morphology and structure of the
resulting films were studied by scanning electron microscopy (SUPRA-

40). Optical characteristics were measured on a Jasco J - 1500 circular dichroism spectrometer.

Figure 1 shows the results of studies for samples obtained using the
oblique deposition method at different speeds of rotation of the substrate: microscopic images of
films are shown on the left panel, and the corresponding circular dichroism spectra are shown on
the rightpanel. An analysis of the above data shows that the films obtained exhibit a
pronounced circular dichroism effect of several degrees. Also, the
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obtained spectra significantly depend on the geometric dimensions of the
nanospirals (pitch, radius of the spiral)[3,4]. The addition of an
external magnetic field slightly increases the value of circular dichroism, thatis the
difference in absorption of left- and right- circularly polarized light.

The work was performed within the framework of the state assignment of the Kurchatov
Institute Research Center using the equipment of the Center for Collective Use "Diagnostics of
micro-and nanostructures”. The reported study was funded by Government of the Yaroslavl
region, project Ne 12NP/2024.

Fig.1 SEM images of Ni films (left panel) and circular dichroism spectra (right panel): A'is a
sample with a rotational velocity around its axis 0.1 rpm, B —0.2 rpm, C — 0.3 rpm.

Thus, the obtained samples exhibit a pronounced effect of circular dichroism up to
several degrees, a change in CD effectsin the magneticfield, and a shift in
resonant peaks depending on geometric parameters.
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Nanostructures based on asymmetric microcavities with a hybrid modes of Fabry-Perot
and Tamm plasmon-polariton
Mikhailova T.V.%, Lyashko S.D.!, Kudryashov A.L.%, Osmanov S.V.!, Karavainikov A.V.1,
Shaposhnikov A.N.%, Gusev N.S.2, Gusev S.A.2

v.1. Vernadsky Crimean Federal University, 295007, Simferopol, Russia
?Institute of Physics of Microstructures (IPM RAS), Russian Academy of Sciences, 603087,
Afonino, Nizhny Novgorod region, Kstovsky district, Kstovo region, Russia

Multilayer optical nanostructures with Fabry-Perot (FP) and Tamm plasmon-polariton
(TPP) modes have been known for a long time and are used to enhance optical effects by
forming a localized state of light in a selected active layer of the structure [1, 2]. This
localization made it possible to model various devices based on the structures: lasers, filters,
switches, thermal emitters, solar photovoltaic cells, photodetectors, sensors for biological and
technical purposes [2]. In order to use magneto-optical effects (Faraday and Kerr effects) and the
advantages of both optical states, the structures with a hybrid modes of FP and TPP were
proposed [3]. The structures are a symmetrical microcavities with a magneto-optical layers in the
center, top buffer SiO2 and plasmonic gold layers. The hybrid modes of FP and TPP in this case
are characterized by the appearance of two resonances that exhibit repulsive behavior in the
spectra. The structures make it possible to control the magneto-optical quality factor and the
position of hybrid resonances, for example, by adjusting the thickness of the SiO> buffer layer.

In this investigation, we proposed the structures with hybrid modes based on asymmetric
microcavities with a magneto-optical layers in the center, top buffer SiO2 and plasmonic gold
layers. The structures with different numbers of layer pairs in the Bragg mirrors of the
microcavity (I type), with different thicknesses of layers in the Bragg mirrors of the microcavity
(11 type) and different optical contrast of the layers in the Bragg mirrors of the microcavity (llI
type) were considered. It was shown that by introducing asymmetry it is possible to control the
splitting of the hybrid modes and the degree of hybridization of FP and TPP modes. The
structures of the | type were synthesized and their properties were presented experimentally.

Structure development was carried out using the equipment of Common Research Center
«Physics and technology of micro- and nanostructures» of the IPM RAS. The work was
supported by the Russian Science Foundation (project Nel9-72-20154 (or 19-72-20154-11),
https://rscf.ru/project/19-72-20154/).
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OoOpamenue 3HaKka yria ®@apajes B (pepprMMATHUTHBIX IJIEHKAX HAHOMETPOBOM TOJIIIHHbI

A.B. Benbkosal, J1.O. Urnarsesa’?, A.H. Kamnur'?, C.H. HOJ‘IYJ‘ISIXs, A. Ky,HpHH_IOBS, B.1.
Benorenos'?

MockoBCKUIW TocygapcCTBEeHHbBN yHUBepcC

PoccUuCKNUIA KBAHTOBbLIN LEHTDP

’KpbIMCKMNUIN GepepanbHbIn yHuBepcutert

[Tpsimoii apdext Dapanes 611 oTKpHIT Maiikiiom dapaneem B 1846 romy. D1oT 3 dhekT
OBLI TIIATEIILHO M3Y4YeH, U UCIIOJIB3YETCs B TAKUX YCTpOHCTBax Kak Bpamiarenu Papazes [1,2,3].
[Tpssmoit >ddext Dapazges JIEKUT B OCHOBE ONTHUYCCKUX H3OJSTOPOB [4,5] M ONTHYECKHX
IUPKYISITOPOB [6] BOT modyemy BO3MOXKHOCTBH yIpaBisaTh 3(dekrom Dapazges nmeer OonbInoe
IIPAKTUYECKOE 3HAYEHUE B COBPEMEHHOM ONTHKE, CIUHTPOHUKE U CEHCOPHKE.

Crioco6HOCTB yrpaBisaTh dddexkrom Dapajest MeeT 00JbIIOe MPAKTHISCKOS 3HAYCHHUE B
COBPEMEHHOW onTHKEe. B omHOpOIHBIX MieHKaX mpsMoi sddext Dapanes ompenensercs 1o
XOpOoIIo u3BeCTHOU hopmyiie [7]

- q!”! + {‘:H”H
b =-—d¢ :

A |”2‘

#(1)

B HeKoTOphIX ciiydasX MOKHO YIpPaBJIATh BEIMYMHOM M JlaX€ 3HAKOM YIJla IOBOpOTa
@apanes. Hanpumep, ncrosnb3ys TOJICTbIE aHU30TPOIIHBIE KPUCTAILIBL, HccieqoBaHHbIE Oosee 70
JeT HazaJ, MOXXHO J0OMTbCS HEMOHOTOHHOH 3aBUCHMMOCTH yria mnoBopora Papanes B
3aBHCHUMOCTH OT yrja TMaJeHusi JWHeHHO mnoispu3zoBaHHoro cBeta [8]. HemaBHo Obuin
MPOJIEMOHCTPUPOBAHBI BO3MOXKHOCTH YIpaBiieHUs: npsiMbIiM dQdexkrom Dapanes, a UMEHHO €ro
YCWJIEHUSI B  CTPYKTypaX C HaHECEHHbIMH IUIA3MOHHBIMH U JHUIJIEKTPUUECKUMU
HaHocTpykTypamu [9,10]. HemoHoTOHHast 3aBucMMOCTh Tpsmoro shdexra Dapages ot
TOJILIMHBI TaKXK€ IMPOSABIAETCS B TOHKHUX IUIGHKAaX, KOI/Ia YYMTHIBAIOTCA  SBJICHUS
untepdepeniuu [11]. OnHako B ciaydae OJHOPOJIHBIX IUIEHOK HAHOMETPOBOM TOJIIIMHBI
OKHJaeTcsl, 4YTo yroi nosopora Dapazest OyieT onpeaAensiThCs 3HaKOM CIIETYIOIIEr0 BhIPaXKEHUS

B~g"n’ + """ #(2)

B oroii paboTe MBI SKCHEPUMEHTAIBHO M TEOPETHUYECKH JEMOHCTPHPYEM HOBBIE
cBoiicTBa mpsmoro s¢dekta PDapages B TOHKMX IUIEHKAX, 3aKIOYAOLIMecs B MEPEMEHHOM
NOBEJICHUM HAa HAHOMETPOBBIX MaciuTabax mpu (UKCUPOBAHHOM JUIMHE BOJIHBL. OTH
BO3MO)XHOCTH BaXHbI JUIsl MHOTMX IPAaKTUYECKUX IPUMEHEHUH, HampuMep, A 3alucu
3amm@poBaHHOi MH(popManuu. Mbl onpeaenunu, 4yto 3¢dexr Papanes ompenensercs He
TOJIbKO BBIpaXeHHEM (2), HO W ToamuHOW mieHKU. [lomydeHHblil 3¢ ekt omuchBaeTcs ¢
MCIOJIb30BaHUEM aHAIUTHYECKON TEOPHH U TOUHBIX YHCICHHBIX PACUETOB.

B pe3ynbraTe mpoBeAEHHBIX SKCIIEPUMEHTAIBHBIX HCCIEIOBAHUNA OBLJIO MOKA3aHO, YTO
3HaK yria BpameHus dapajes 3aBUCUT OT TOJIIIMHBI HAHOMETPOBOM mieHkH (cM. Puc. 1). dns
6osiee TIyOOKOrO HCCIEIOBaHMS IMOJYYEHHBIX PE3YyJIbTaTOB OBLIM MPOBEJICHBI TEOPETHUECKUE
pacyeTsl ¢ MCIOJIb30BAaHUEM METOJAa MaTpul] rnepenoca. [ BeIsICHeHUS PU3HMUECKONW MPUIHHBI
oOHapykeHHOro 3¢¢eKTa Oblla BhIBEJCHA aHAIUTUYECKas TEOpHs, MOKA3bIBAIOIIAs YTO 3HAK
yrna BpameHus Papazges omnpenpensercs BKIajaMH OT HHTepdeiica BO3AyX-IUICHKA, OT
uHTepderica MIeHKA-TIOUI0KKA, a TAK)Ke 00bEMHBIM BKJIAJIOM.
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A=480 nm

polation augle {deg)

wrandlay

Puc.1.DkxcniepuMenTanbHO (OpaHKeBhIE TOYKH) IMTOTYICHHBIC 3aBUCUMOCTH yTJIa BPAIICHHS
®dapanest OT TOJIIMHBI IUICHKH IS JUTMH BOJIH Tajaromiero ceera 465 um, 480 am u 500 M.
HITpuXxoBbIC JIMHUY ITOKA3aHbI B KAYECTBE OPUCHTHPA.

Jannas pabota BbinosHeHa ipu puHaHCOBOM noaaepxke Poccuiickoro Hayunoro ®@onpaa rpant
Ne24-42-02008.
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Magnetophotonic crystals with hybrid state of surface and Tamm plasmon-polaritons

Osmanov S.V., Mikhailova T.V.

V.l. Vernadskyrimean Federal University, 295007, Simferopol, Russia

Magnetophotonic  crystals (MPC) with a nanostructured surface provide new
opportunities for using long-known optical and magneto-optical effects [1]. In this work, a model
of a magnetophotonic crystal covered with a structured layer of Au and described by the formula
[SiO./Bi:YIG]®/Au(st) considered. Here Bi:YIG represents the layer of bismuth-substituted iron
garnet, SiOz is layer of silicon oxide, and Au(st) is a layer of gold with etched arrays of stripes.
The thicknesses of SiO2 and Bi:YIG layers were 120 and 80 nm, respectively. The structured Au
layer had the parameters: the width of 250 nm, the period of 500 nm and the thickness of 36 nm.
Simulations of optical and magneto-optical properties were performed using the finite difference
time domain method. The calculations used the components of the permittivity tensors,
determined by the experimental spectra of the separately synthesized layers. Three variants of
the MPCs were compared during modeling:

1. [SiO2/Bi:YIG]®, without Au layer;

2. [SiO2/Bi:YIG]¥/Au, with continuous Au layer;

3. [SiO2/Bi:YIG]®/Au(st), with a nanostructured Au layer.

All structures are characterized by a photonic band gap (PBG) from 615 to 880 nm. For
structure with continuous Au layer [SiO2/Bi:YIG]®/Au a Tamm plasmon-polaritons mode is
formed at the long-wavelength edge of the PBG at 795 nm. It manifests itself in a resonant
amplification of the transmission coefficient and the Faraday rotation angle. A special feature of
the structure with a nanostructured Au layer [SiO2/Bi:YIG]®/Au(st) was that a number of
resonances arose in PBG due to the formation of a hybrid state of Tamm and surface plasmon-
polaritons: at 665, 685, 720, 805, and 843 nm. In this case, the electromagnetic field of the light
wave inside the magnetic layers increases and the Faraday effect inside the PBG increases by 34
times (in comparison with the structure with a continuous layer of Au [SiO2/Bi:YIG]®/Au). It is
worth noting that by varying each of the parameters of the MPC, such as the thickness of the
layers, the geometric parameters of the Au lattice, the number of pairs of layers, etc., we can
control both the location of the PBG and the resonant wavelengths for the modes that occur
inside.

The work was supported by the Russian Science Foundation (project Ne19-72-20154 (or
19-72-20154-11), https://rscf.ru/project/19-72-20154/).
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Yceunienue JokaJabHEBIX oJieid B TERS ¢ moMombo BcmomorareabHBIX
IJIA3MOHHBIX 3JIEMEHTOB CJI0KHOU (OpPMBbI

Koctiokos A.C.}, Xpennukos JI.E.L, I'epacumos B.C.}%, Kapnos C.B.13, ITomoros C.I1.1

ICnbupcknuit hepepanbHbii yHuUuBepcutTerT,

6 6 (

2ABM CO PAH, 660036, KpacHoapck,
MHcTUTYT PU3sSMKNCOMPAKUPEBONOBBO KpacHOSAY;

B pabote mpezacraBiieHbl pe3yabTaThl YUCICHHOTO MOJAEIUPOBAHUS, HANPABICHHOIO Ha
ONTUMM3ALMIO  YCWJIEHUS JIOKAJIbHOI'O  3JIEKTPOMAarHUTHOIO TOJS B  CIEKTPOCKOIUU
pamaHoBCKoro paccesnust ¢ ycuieHuem 3oH10oM (TERS) 3a cuer wucnonb3oBaHus
BCIIOMOTATENIbHBIX  TUIa3MOHHBIX  3JIEeMEHTOB [1,2]. BbllonHeH CpaBHUTENbHBIA — aHAIU3
B3aMMOJICHCTBHS 30JI0TOI0 30H/a C PAa3IUYHbIMU IJIA3MOHHBIMU HAaHO?JIEMEHTAMH, TAKUMH Kak
KOHYCBI, Tonycepbl M AMCKHU, PACIOJIOKEHHBIMU Ha JTUAJIEKTPUYECKOW MOIokke (puc.l).
[TokazaHo, YTO reOMeTpHUs FTUX JIEMEHTOB UIPAET KIIOUYEBYIO POJIb B YCHIIEHUU IOJISI: KOHYCHI
JEMOHCTPUPYIOT HauOoNbIIyl0 3(PGEKTUBHOCTh OJarojaps HaTU4YMIO OCTpHUsS, TOrJIa Kak
nonycdepsl U AUCKH 00eCIeYrBalOT MEHBIIUNA YPOBEHb YCHIICHUS. XOTS IJIOCKAs MMOBEPXHOCTD
IUTa3MOHHBIX JMCKOB 00ECIEYMBACT MOJHOE IMOKPHITHE AHAIMTOM, TO3BOJISIS PErHCTPUPOBATH
PaMaHOBCKHUI CUTHAJI CO 3HAYUTEJIBHO OOJIBLICH IJIOMAAN [0 CPAaBHEHUIO C MaJOW BEPILIMHHOM
00J1aCTbI0 KOHMUYECKOT'O 3JIEMEHTA.
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Pucynok 1 — CriekTp MakCUMaJIbHOTO YCUJIEHHUS JIOKAIBHOTO MOJISL Pa3IUYHBIX GOpM
HaHOAJIEMEHTaMHU (CJI€Ba) U paclpeieleHue Mo A1 AucKa (LIeHTp) ¥ KOHyca (CrpaBa)

Hcnons3oBanue BCIIOMOT'aTeJIbHBIX HAHOZJIEMEHTOB 3HAYUTEIILHO MOBBIIIAET
sp¢pexktuBHocTh TERS. [lokazana BaXXHOCTh TOYHOIO KOHTPOJS TE€OMETPUU IJIA3MOHHBIX
CTPYKTYpP, MEXJJIEMEHTHOIO 3a30pa W CBOMCTB CpEIbl IS JOCTHMXKEHHS MaKCUMAaJIbHOM
JIOKAJIU3ALMH TT0JIS1 M MPOCTPAHCTBEHHOTO paspemenns B TERS.

HccnenoBanue BBHIOJHEHO 3a cyeT rpaHTa Poccuiickoro HaydHoro ¢onna (mpoext Ne
24-12-00195).
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TeopeTruyeckoe UCCIeI0OBAHNE TEH30PA JUNIEKTPUYECKOH MPOHMIIAEMOCTH HAHOIJIEHOK
0J1arOpoOAHBIX METAJIIOB

Tenmunckas A.C.12 denopos A.C 12

1Cnbupckunuin depgepanbHbin KpaicsHegPropscoke, 7 ¢ K @ 6 0 @4 1 |
AHCTUTYT ®PU3SUKK UM, n. B. KnpeHcworcae nldO KRA
bepepayunsga

B mocnemHume roAbl  3HAYUTENBHO ~PAacTET HMHTEpEC K  TEOPETUYECKUM U
IKCIIEPUMEHTAIBHBIM HCCIICIOBAHHUAM B 00JaCTH HAHOIUIA3MOHUKH. MHOTOYHCICHHBIE PaOOTHI
JEMOHCTPHUPYIOT YCIIEUTHOE MPUMEHEHUE TOHKHX IIEHOK OJIATOPOTHBIX METAIJIOB B pa3paboTke
IUTA3MOHHBIX YCTPOMCTB: JIaTYMKOB HAa OCHOBE J((deKTa MOBEPXHOCTHOTO IUIA3MOHHOTO
pesonanca (III13), mOJIOCKOBBIX BOJHOBOAOB, HAHOAHTEHH, ONTHYECKUX MHKPOCKOIIOB,
MH(PaAKpPACHBIX U TeparepleBbIX TEIUIOBBIX JIETEKTOPOB M JPYTUX YCTPOMCTB, paboTaromux B
THz-UV muanasonax. TodHOe 3HAHHME AMAICKTPHUYECKON mponumaemoctd €4 Merammmaeckix
HAHOCHUCTEM B 3aBHCHMOCTH OT MX (OPMBI M T€OMETPUHM HEOOXOIAMMO KaK ]IS TOBBIIICHUS
3G(HEKTUBHOCTH  PETYJIMPOBKH ONTUYECKOTO OTKJIMKAa B YCTPOWCTBaX, TaK © JUIA
MIPOBEICHUS MOJICTTUPOBAHUSI ONTUYECKUX CBOMCTB BhrunciutenbHbiMU MeTonamu (FDTD wu
FEM) [1,2].

B mnacrosimee Bpemst A ONMUCAHUS JUAJIEKTPUYECKON MPOHUIIAEMOCTH HCHOIb3YIOT
9KCIIEPUMEHTANIbHBIE JaHHbIE IS KPUCTAJUTMUECKOrO 30JI0Ta M TOJICTHIX IUIEHOK M3 PaboThI
(Johnson & Christy, 1982)[3], a Takxe nanHbie u3 [4] OIS M TOHKHMX IUICHOK. Jlist
SMIUPUYECKON TOATOHKH HCIOJIB3YyeTCsl HWHTepnosius mo wmoxaenu Jpyne—Jlopenma [5].
Onnako wWcciaeAOBaHUS TMOKA3bIBAIOT, YTO CIHEKTPAJbHBIE CBOMCTBA KOMILIEKCHOTO TEH30pa
NPOHMLLEEMOCTU £(@) cymecTBeHHO 3aBHCAT OT MOP(OIOTHH IUICHOK (CILIONIHBIE, TOPUCTHIE,
OCTPOBKOBBIE), a TAK)KE OT IIEPOXOBATOCTH MOBEPXHOCTH, pa3Mepa rpaHyi U T.1.

B nmanHOM wWccnenoBaHuM TpejAcTaBlieHa pa3paboTKa OPUTHHAIBHBIX MOJAETEeH Juis

OIMIMCaHusA TaHT €HIIMAJIbHOU n HOpMaHLHOﬁ KOMITIOHCHTBI TCH30pa I[I/ISJ'IGKTpI/IquKOI‘/’I

4 li {ﬂ LR ;fj,

POHHUIIAEMOCTH ( £y (a, m) B auamna3zoHe sHepruid or 0 g0 6 3B mns CIUIOMIHBIX

HAHOILJICHOK 30JI0Ta Pa3jIMYHON TONMIIMHBI ¢ opueHTanuel nmoepxHoct (100), (110) u (111).

Mogens i pacuera £ (@, h)

HCIIONB3YET UHTEPHOJSLHIO AaHHBIX, NOJy4eHHBIX U3 DFT
pacueToB, a Tarke Mozens Jpyne. s pacyera * (@, ) pa3paboTaHa OpuUrHHaNIbHAs MOJEIb, B
paMKax KOTOPOM C IIOMOLIBIO 30JI0TOr0 ImpaBwia @PepMH M3 HECTALMOHAPDHOM TEOpHUHU
BO3MYIIICHHI PACCUUTHIBACTCS BKJIAM B (@, 1) o1 npmkenns 3JIEKTPOHOB IOJ BO3JAECHCTBUEM
BHEIIHETO 3JIEKTPOMAarHUTHOTO M3JIyUY€HHs] BHYTPH OECKOHEUHO TIyOOKOH OJHOMEpHOU
MOTEHLMAIbHOU SIMBI C HAOOpPOM JIMCKPETHBIX 3JEKTPOHHBIX YPOBHEH, HIMpUHA KOTOPOM
COOTBETCTBYET TOJIIMHE IUIaCTUHBL. JlaHHas Mozens, B CpaBHEHMM ¢ MoJensio [pyne,
OOBSCHSET TMOSBJIEHWE WHTEHCUBHOTO TMHKa B JCHCTBUTEIBHOM M MHHUMOM 4YacTsx
JUAJIEKTPUYECKOM MPOHUIIAEMOCTH B Auana3zoHe sHepruil 0-2 3B. Ilpu 3ToM yuuThIBaeTcs Kak
BHYTPU3OHHBIM BKJIAJ IJIs JBIKEHUA DJJIEKTPOHOB Ha ypoBHe @epMu, Tak M BKjIag OT
MEX30HHBIX ONTUYECKUX IIEPEXOOB.

Ha pucyHke mpeicTaBIeHO CpaBHEHHE e, iV ¢ (@, h),

pacCUMTaHHBIX C
UCIIONIb30BaHMEM TpennaraeMoii monenu u ¢opmanuzma DFT, a taxke sKkcriepuMeHTalIbHON
KpuBOil ¢ 3((EeKTUBHBIM 3HAUYCHUEM e(arh) [4] nnst 3070TOM HAHOIJIEHKH TOJIIUHON 214,
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Bunno xoporee coriacue pe3yinbTaToB, OJYYEHHBIX B paMKaxX MOJENH, KaK C TEOPETUYECKUMU

pacu€TtaMn, TaK W C SKCICPHUMCEHTAJIbHBIMHU JaHHBIMH. B TPETEEM CTOJ'I6I.[€ PUCYHKaA TaK¥XE

npencTaBieHo cMmemenue B npornopuuu 50/50% ABYX KOMIIOHEHT TEH30pa
MOCKOJIBKY ~ AKCHEPUMEHTHI  TI0

U3MEPEHHIO  JIUDJICKTPUYCCKOH  MPOHUIIAEMOCTH
ocobenHocTeit MOp(hoIoruu 0OBIYHO JAr0T 3(h(HEKTUBHBIC 3HAUCHUSI.

(1) o Out-of-plane

In-plane Mixed
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Pucynok — Cpasuenne (1) Munmoit u (2) neifctBurensroil wactu €041 yapomnenxu sonora

Tommunoit 214w (a) HOpManbHOW, (b) TaHreHIUATBHOM, (C) CMEIIAHHON KOMIIOHEHT;
OpaHXXeBasl IITPUXOBAs JIMHUA COOTBETCTBYeT pacuery DFT, xenras mTpuXImyHKTUPHAS JIMHUS

— pacycTaM 1o npe,unox(eHHoﬁ MOZCIIU, CUHAA ITYHKTUPHAA JIMHUSA — DKCIICPUMCHTY [4], YCpHasia
CIijiomHasa JUWHUA — 3HaAYCHHUIO OJIA 00BEMHOT0 Kpucrajia.

B pesynbrate paboTel ObTH pa3paboTaHbl MOJETH, 0GOPMIICHHBIE B BUJIE alTOPUTMOB

Ha s3pike Python, /Ui pacuera MUANEKTPUUYECKON MPOHUIIAEMOCTH HAHOILJIEHOK OJIaropoJIHbIX
MeTayioB. Mosiean  MO3BOJISIIOT — OBICTPO

paccuuThIBaTh ~ TEH30p  AMDIEKTPUUECKOM
nponunaemoctu (cekyaasl Ha IIK), B omnmume ot DFT-pacueroB (mecsTku wyacoB Ha

32 BBIUYHCIIMTENbHBIX ﬂ)lan). PCSYJ'IBTB.TBI HCCICAOBAaHUA II03BOJAT IIOBBICHTH TOYHOCTH

TCOPCTUYICCKHUX PACUCTOB U 3(1)(1)CKTI/IBHOCTL MMPOCKTUPOBAHU A YCTPOI\/'ICTB HaHOIIJIa3MOHHUKH.

®unancupoBanue. VccnenoBanue 6bu10 noaepkaHo PoccuiickuM HaydHbIM (POHAOM,
Cornamenne Ne 23-12-20007, a taxxke [IpaButensctBoM KpacHosipckoro kpas u KpacHosipckum
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Section
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HN3menenune mopgdosaoruu u ¢a3zoBoro cocraBa npm TepMoodOpadoTKe MOJTUTUTAHATA KA
MO (PUUMPOBAHHOT0 HOHAMM MapraHia u Xxpoma
Caynuna C.1.1, Aradapos 111, Bacunsesa U.J1.1, Tperssuenxo E.B.2,
Makcumosa JI.A.%2, Makapos A.A.2

"Yens6unckuii F'ocynapcrBennsiii Yausepcurer, shakir@csu.ru, Yensounck, Poccus
2 CapaToBCKHil TOCYIapCTBEHHbII TeXHHUECKHi yHuBepcuTeT nMenn FO.A. Tarapuna,
Caparos, Poccust

KBazuamop¢usnii nonuturanar kanus (IITK) oGmagaer Heynopsao4eHHOM CTPYKTYpOH,
KOTOpas cpopMupoBaHa M3 JBOWHBIX CIOEB THTAH-KUCIOPOIHBIX OKTA3APOB, B MEKCIOCBOM
IPOCTPAHCTBE KOTOPBIX pacmoiaratorcs uoHbl K™ u ruppokconms HzO'. TITK ssastorcs
OTJIMYHBIM MPOMEKYTOYHBIM MPOIYKTOM JJIsi IPOU3BOCTBA MOPOIIKOOOPA3HBIX KEPAMUYECKHUX
MHOTO(YHKIIMOHATBHBIX MaTepuainos [1, 2].

B pabGore wuccinemoBaHo wu3MeHeHue Mmopdomorun  yactul obOpasua IITK
MoauduiEpoBanHoro uoHamu wMapranna u  xpoma (IITK-Mn/Cr) npu  COOTHOIIEHHH
kKoMroHeTHOB 2:1 B mpomecce TepmooOpabotku (TO). Cpaenmana mONBITKA OIEHKU
pacrmpeneneHust CoaepKaHus 3JIEMEHTOB B 00pasiie C UCIOIb30BAHUEM SHEPrOAMCIIEPCHOHHOTO
aHanmu3a. M3ydeHue oCOOCHHOCTEH MHKPOCTPYKTYPHI M XapaKTepa pachpeieiieHHus HIIEMEHTOB
ObUIO  BBHIMIOJIHEHO C  TOMOINBIO  pacTpoBoii  Mukpockoma JEOLIJSM-6510 u w
SHEPTOJAUCIICPCHOHHOTO PEHTIeHOBCKOro aHanu3aTopa EX-23010BU / EX-3700.

HCXOAHBIA

SEI 20kV A X5,0000  Bum  T——

[x5,000  Sum) S SEL -+ 20kV 5,000, Bjim

Puc.1. Mopdosorus gactui ucxoanoro u TO obpasuos [ITK-Mn/Cr

Ha puc. 1. npencrasiensl mukpodororpadpuu odpaszina [ITK-Mn/Cr npomieaiero TO.
Hcxonnplii o0pasenr mpeacraBiseT coOoil CIOMCTbIE pbIXJble yacTUlbl. YBenudeHue TO 1o
620°C He npUBOAUT K MPUBOJIUT K 3HAYUTEIHLHOMY U3MEHEHUI0 Mopdonorun yactuil. Obpaser,
TO npu 620°C, mpencrapisier coO0M araoMeparhl PHIXJIbIX YACTULl pa3lIu4yHON BenuyuHbl. [lo
JAHHBIM PEHTreHO(a30BOr0 aHalM3a OCHOBHOM (a3oi, chopmupoBaBiueiics B oOpasie,
sBisierest anata3 T102. Takke B oopasue pukcupyrorest ¢passr KTigO16 1 MNOa. TTocie TO mpu
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900°C mpouzonuio orJiaBjieHue 4YacTul] oOpasma. HabmromaroTcs TIOCKUE, OKPYIJIBIE U JIaXe
BBITSHYTOU (popMbI yacTuiibl. O0xur oopasna npu temrneparype 1100°C npuBoIUT K CIIEKaHUIO
YacTUIl U HaOIOAAIOTCS CIOUCThIE 00pa30BaHUA, pa3Mep KOTOPhIX Bapbupyercs ot ~ 0.6 mo 6
MKM. Takas (opMa YacTHUI[ MPUBOJUT K TEKCTYPHPOBAHHOCTH 00pasiia, 4TO U OTpakaeTcs B
nepepacnpe/ieicHH HHTEHCUBHOCTH OCHOBHBIX JU(PAKIIMOHHBIX MakcuMmymoB, 0=3.206 (80%)
u 2.480A (100%), oTHOCsAmuXcs K cTpykType Tina roananauta Ky(Cri/Mny, Tix)Ox , puc. 26,B.

o a WMWHW“M

| oTH. eq.
| otH. ex.

10 20 30 40 50 10 20 30 40 50
20, rpap 20, rpan

Puc. 2. ®parments! pentrenorpamm oopasua, TO npu a — 620°C, 6 — 900°C, B — 1100°C
Ha puc. 3 npezacraBieHsl pe3yabTaTbl S3HEProJUCIIEPCUOHHOI0 aHanu3a oopasua, TO npu
900°C. BBuzyanu3zaus U aHaJIu3 MPOCTPAHCTBEHHOTO PACHIPEENICHHs SJIEMEHTOB B 00pasle He
IIO3BOJIMJIN BBIICIUTH TPEUMYIIECTBEHHOE pacIipeIe]ICHUE FIEMEHTOB.

it e
————— 3.0 pm IMG1(framel)

opoorm{ YaCTHIL 06psa, TO OO°, panpenenee EMEHTOB 6pa3ue
IITK-Mn/Cr

Pc.

Cnucok Jureparyphbi:
[1] Gorokhovsky A.V. J. Alloys Compd. V.586. P. 494-497 (2014).

[2] Tretyachenko E. V. Particuology. V.17. P. 22-28 (2014).
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Nanolaser and logic gates on carbon nanotubes for telecommunication range
Dzedolik 1.V.

V. |. Vernadsky Crimean Federal University, Physics and Technology Institute,
295007, Simferopol, Russian Federation

Theoretical models of the nanolaser and logic gates on carbon nanotubes (CNTSs) are
considered. The nanolaser on CNTs generates the coherent flow of plasmon-polaritons, and logic
gates "NOT" and "OR" on CNTs process these pulsed plasmon signals. The proposed nanolaser
and logic gates can be used in the range of telecommunication frequencies in plasmonic
circuitry.

Reducing the size of devices not only helps to save energy consumption, but also allows
increasing the density of nanodevices on photonic chips, which is especially important for high-
tech systems that require compactness and efficiency [1-3]. In this regard, plasmonic circuitry is
promising for wusing in various fields, such as nanoelectronics, nanophotonics and
nanoplasmonics. To implement plasmonic circuitry, it is necessary to have nanoscale sources of
plasmonic signals — nanolasers, as well as plasmonic logic gates [4].

In the nanolaser, it is proposed to use CNTs with zigzag chirality, which have
semiconductor properties (Fig. 1). Periodic surface inhomogeneities should be implemented at
the ends of the nanotube, forming the Bragg gratings, i.e. such nanotube is the resonator. When
the resonator of the CNT nanolaser is pumped by optical radiation, the coherent flow of
plasmon-polaritons at a telecommunication frequency, which is determined by the length of the
resonator, arises in it, when the generation threshold is exceeded. The flow of coherent plasmon-
polaritons from the nanolaser can be directed to a plasmonic waveguide based on CNTSs,
connected to the nanoresonator mirror. In addition, the CNT nanolaser can be used as a signal
amplifier in plasmonic circuitry.

The coherent plasmonic flow can be used in plasmonic logic gates. It is possible to create
the fully plasmonic logic gate "NOT" as a result of following plasmonic signals along different
branches of CNTs representing the Mach-Zehnder interferometers. The plasmonic logic gate
"OR" is implemented on the basis of Y-splitter made of CNTs (Fig. 2) [4]. The operation
principle of the logic gate “NOT” (Fig. 2(a)) is based on destructive interference with the
simultaneous input of two pulse signals into ports A and B of the logic gate: the clock pulse and a
signal pulse corresponding to a logical “unit”. The design of the logic gate “NOT” includes two
nanoplasmonic interferometers of the Mach-Zehnder type. The principle of operation of the logic
gate “OR” (Fig. 2(b)) is based on the unhindered passage of pulse signals received at port A or
port B of the Y-splitter. All CNTs in plasmonic logic gates have metallic properties: straight
sections of nanotubes with the armchair configuration of carbon atoms have chirality indices
(6,6), inclined sections have zigzag structure (12,0).
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Fig. 2. Plasmonic logic gates on CNTs: (a) NOT, (b) OR; A and B are input ports, Z is output
port.

The nanolaser on CNT generates the flow of coherent plasmon-polaritons when the gain
exceeds the threshold value. The flow can be output from the nanolaser into a plasmonic
waveguide. The length of the CNT nanoresonator determines the wavelength of the coherent
plasmon-polaritons, in particular, it is possible to generate the plasmon-polariton flow at the
telecommunication frequency corresponding to the wavelength of 1.55 um in air. The proposed
plasmonic logic gates "NOT" and "OR" represent a complete functional basis for binary logic for
plasmonic circuitry in the range of telecommunication frequencies.

The research was financially supported by the Russian Science Foundation grant No. 19-
72-20154, https://rscf.ru/project/19-72-20154.
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MoaudguuupoBaHHbIii MeTO XamMMepca Ui CUHTe3a okcuaa rpagena (GO) u
BOCCTAHOBJIEHHOT0 oKcuaa rpadena (rGO) ¢ KOHTPOIMPYEMO CTeNeHbI0 BOCCTAHOBJICHUSA

U MPOBOAALIINE MAThI HA UX OCHOBE

I'maskosa JI. A.Y, Cvupros E. A
lHayuyYyHbW yueHTpP WHPoxunumuA7IOlL,ZaundlepepdepriNT MO

I'paden, rpaden oxcun (GO) m ero BoccraHoBieHHas (opma (rGO) mpeacTaBisiOT
cO0OH TEepCHEeKTHBHBIC JIBYMEPHBIC CIOUCThIE HAHOMATEPHAaJbl, MMEIOIIUE TI'eKCaroHajJbHOE
pacIoio’keHue yriaepoaHbeix aToMoB B cTpykrype; GO u rGO umeroT GyHKIMOHATBHBIE TPYIIIIBI
(=0, -OH, -O-, -COOH) Ha nOBEepXHOCTH, KOJHUYECTBO KOTOPBIX s 000MX oTiauuactcs.|l]
bnaromapst KkucinopoacoaepKaumM IpymmnaM, XOpoIlo paCTBOPUMBI B MOJSIPHBIX PACTBOPUTEIISIX
U HUMEIOT BBICOKYIO MPOBOJUMOCTB,[2] YTO JA€NaeT UX YHUKAIbHBIMH IJi1 OMOMEIUIIMHCKHX,
9JIEKTPOHHBIX U SHEPTeTHUSCKHUX MPUMEHEHu# [3].

OmnuM u3 rnaBHbIX MeTofoB mnonydueHuss GO sBisgercs meron Xammepca[4] ¢
HOCJICAYIOIIMM BOCCTaHOBIIeHHEM uisi cuHTe3a rGO [5].

B pabore mnpemnoxxeHa MoAepHHU3AIMs MeToJa Xammepca ITyTeM HCIOJIb30BAHUS
rpadUTOBOTO CTEPKHS BMECTO MOPOIIKA IpaduTa I morydeHus 6osee KpynHbix xionseB GO,
a 3aTeM ero KOHTPOJIMPYEeMOro BoccTaHOBIeHUs 10 rGO mpH MOMOIIH BOCCTAHOBUTENEH, TAKUX
kak NaBHi, CsH7OeNa, NH>OH. IlonydeHHbple o0O0Opa3ipl OBLTH OXapaKTEPU30BAHBI C
UCIIONIb30BaHUEM METOJIOB peHTreHodazoBoro merona anamm3a (XRD), wundpakpacHoit
cnektpockonuu ¢ mpeodpazoBanueM Dypre (FTIR), tepmorpaBumerpuu (TG) u aromno-
cuiioBoit Mukpockonuu (AFM) koropsie noarsepaunu popmupoBanre GO/rGO. BapsupoBanue
cTeneHu BoccTaHoBieHUs rGO UCMONIB30BaNN ISl TIOCIIEAYIOUIETo MpeICKa3aHusl 3aBUCUMOCTH
CBOMCTB TUAPO(POOHOCTH/THAPODUIBLHOCTH, a TaKXKE JJIEKTPUUECKOW TMPOBOAUMOCTH OT
HATIOJTHEHHOCTH ()YHKITHOHATHHBIMHU TPYITITAMHU.

B Oymymiem MBI TUTaHUPYEM CO3/1aTh M3 TIOTYYEHHBIX 00pa3I[0B TOHKHE TOKOMPOBOISIINE
MaThl, YTO CTAHET BAXXHBIM IIIarOM B Pa3pabOTKE HOBBIX (DYHKIMOHAIBHBIX MaTEPUAIOB C
yIy4IIEHHBIMUA CBOMCTBAMH B 0OJIACTH SJEKTPOXUMHUH.

Cnmcok Jureparyphbi:
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[2] W. S. Hummers, R. E. Offeman Preparation of Graphitic Oxide, J. Am. Chem.
Soc. (1958)

[3] J. Kotakoski Atomic and electronic structure of graphene, Graphene Prop. Prep.
Charact. Appl. Second Ed. (2021)

[4] Lavin-Lopez, M. Del Prado Romero, A. Garrido, J. Sanchez-Silva, L.Valverde, J.
Luis. Influence of different improved hummers method modifications on the characteristics of
graphite oxide in order to make a more easily scalable method. Ind. Eng. Chem. (2016)

[5] Wu, Jiayang, Lin, Han Moss, David J. Loh, Kian Ping Jia, Baohua. Graphene oxide
for photonics, electronics and optoelectronics, Nat. Rev. Chem. (2023)
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MarHuTHbIN Pe30HAHC B HAHOTPAHYJISIPHBIX KOMIIO3UTAaX — Ha0JII0JIeHUe U CBOMCTBA
«IBYXKBAHTOBBIX» BO30Y KIeHUIl B (eppOMArHUTHBIX HAHOYACTHIIAX

JlpoBocekos A.B.%, JAmutpuesa M.YO.}?, CuraukoB A.B.>*, Hukomnaes C.H.%, PeutbkoB B.B.#°®

MHcTnTyT DU3amyeckux npobé6nNnem uUM. m. n.

Kan

HauMmoHanbHbLAN McCCcNnepoBaTeNbCKWUN YHUBEPCMUT

101000, Mo c K B a, Poccwus

SBOpOHEXCKUIN TocygapCTBEeHHbBIN TexXHUMYEeCKUR y
‘“HauvMoHanbHBLIW McCCNepoOBaTEeNbCKUN LEHTP «

123182, Mo c K B a, Poccwusd

SIHCTUTYT TeopeTMyYecKON MU nNpuknapgHomh 3

125412, MockBa, Poccwus

*OpA3ZmMHCKUIA punuman MNHCTUTYyTa paguoTexHUKMU

PAH, 19@]1 ®pa3uHO, Poccwusa

MeTonoM MarHMTHOTO pE30HAaHCAa UCCIENO0BAHbl IUIEHKHM METaJI-AU3JIEKTPUUECKUX
HaHorpanyispHbeiXx  KOMIo3uToB  (CoFeB)x(Al203)100x 1 (CoFeB)x(SiO2)100x ¢ pasmudHbIM
colepkanueM — Metaymdeckord  peppomaramtHOi  (DM)  (aser CoFeB x = 2060 ar.%.
DKCHEePUMEHTHI MPOBE/ICHBI IIPH KOMHATHOM TEMIIepaType B MIMPOKOM jauana3oHe 4actot (f = 7—
80ITu) npu pa3TUYHBIX OpUEHTAIMAX OH BHEIIHEr0 MArHUTHOTO TIOJIi OTHOCHUTEIBHO
IJIOCKOCTH IJICHKH.

OOHapyXeHO, YTO IKCIIEPUMEHTAIBHBIE CIIEKTPhl, TOMUMO MHTEHCUBHOTO curnaga ®M
pe3onanca (DMP), conmepkaT AOMOJHUTENBHBIN CNA0bI MUK MOTJIOUICHHS, XapaKTepU3yeMbli
yIIBOEHHBIM 3(()eKTUBHBIM g-(hakTopoM Qeff ~ 4. Oka3zanoch, 4To B OTJIMYHE OT 00b19HOr0o ®MP,
BO30Y)XJ1a€MOT0 NPEHMYIECTBEHHO IOMEPEUYHbIM BBICOKOYACTOTHBIM I0JIEM, MHTEHCUBHOCTh
JOTIOJTHUTEIIPHOTO MHKAa NPAKTHYECKU HE 3aBUCUT OT OpPHUEHTAllMUd MEPEMEHHOTo Mo
OTHOCHUTEJIBHO CTaTUYECKOTO.

[TosiBneHue B CIEKTpax HEOOBIYHOTO MHKA C YIBOEHHBIM g-(haKTOPOM MOKHO OOBSCHUTH
B paMKax KBaHTOBOMEXaHMWYECKOW KOHIIEMIUU «TUTAHTCKOIO CIIMHA» BO30YXJAEHUEM BHYTPU
@M HaHOrpaHyNl «IBYXKBAaHTOBBIX» IIEPEXOJIOB C U3MEHEHUEM IPOEKIMH cnuHa Am = £2. B
paMKax 3TOro IMOJAXOJa MOYKHO OOBSCHUTH Ooyiee sIpKOe MpOsBICHHE NHKA C Qeff ~ 4 B
IPO/IOJIBHOM T€OMETpPHHM BO30YXKJEHHs pEe30HaHCa, a TakkKe HaOltoJlaeMble HEMOHOTOHHbBIE
TeMIepaTypHbIE 3aBUCHMOCTHU €ro HHTeHCHBHOCTH [ 1-3].

WnuTepecHo, uro nogob6Ho obbiyHOMY nuky ®MP, nonoxeHne AONOJHUTEIBHOTO MHUKA
TaK)K€ 3aBUCUT OT OpPUEHTAIMM MAarHUTHOTO TMOJS OTHOCUTENBHO IIJIOCKOCTH IUIEHKH.
Okazasioch, 4yTO HabJI0JaeMble HAMH YaCTOTHO-TIOJIEBbIE U OPUEHTAIlMOHHbBIE 3aBUCUMOCTH ISt
NUKa C Qeff =~ 4 XOpOUIO ONHUCHIBAIOTCS C YYETOM HaJIM4YUs BHYTPU IUJICHKH TOJIeH
MarHUTOIMUIOIBLHON MPUPOABI — TOJIS «pa3MarHM4YMBaHusI» U «moiia JlopeHna». B atom ciayuae
3 PEeKTUBHOE YCPEAHEHHOE MAarHUTHOE T110JIe Ha IpaHyJjie UMEET BUJI:

Hers = H — NM + 41iM/3,
rne H — BHemHee MarautHOe mojie, N — TEH30p pa3MarHUYMBAHUS, ONpeenseMblil (hopMoit
oOpa3ua, M — cpeaHsisi HAMArHUYEHHOCTh HAHOTPAHYJISIPHOM CpPE/Ibl.

3ametuMm, uto B ycioBusix OMP B mieHke BO30YyXHaeTCsi KOT€PEHTHAs MPEIECCHUs
notHoM HamarandeHHoctu M. Tlpu sTom B ypaBHeHusx Jlanmay-JIudmmia, omuceBarOnmx 3Ty
MIPEIECCHUI0, BpallaTeIbHBIM MOMEHT, CBsI3aHHBIHN ¢ TiosieM Jlopeniia 4TiM/3, obpamaercs B HOJIb:
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[41iM/3, M] = 0. Takum obpa3om, mosie JIopeHiia He BXOJUT B M3BeCTHBIC Gopmyibl Kurrens,
ONMCHIBaOIIMeE IToBegeHne 00bIaHON JuHu OMP B TOHKUX IIEHKAX.

Hanpotus, npu Bo30yX/1€HUU «IBYXKBAaHTOBBIX)» I1€PEXO00B Ha YIBOCHHOM 4acTOTE LQ
¢aza mpereccuu rpaHysl Ha OCHOBHOM YacTOTE W = (Q/2 UMEeT CIIyJYalHbIN XapakTep. B aTom
Cllydae KOTepeHTHas Ipeleccuss HamMarHn4eHHocTd M He BO3HHKaeT, M 4acToTa WrQ
OTIpeNIeNIAeTCs] CTATHUECKUM 3HaueHHEM 3(P(GEKTUBHOTO MO Hefr:

W2Q = 2Y Herf,
rie Y — THUPOMAarHuTHOE OTHOIIEHHWE MaTepuaia TpaHyld. B yacTHOCTH, AN MPOCTHIX
SKCIIEPUMEHTAIIBHBIX T€OMETPUI «I10JI€ B IUIOCKOCTH» U «I10JI€ HOPMAIbHO IIOCKOCTH:
w?? = 2y (H + 411 NB), 022 =2y (H + 41t NB - 41T ML

Pucynok 1 nemoHcTpupyeT xopolliee corjache ONHUCAaHHOM MOJENU ¢ dKcrepuMeHToM. Bee
KpUBBIE alllIPOKCUMUPYIOTCS BCero IByms napamerpamu — Y U 470 MTakum oOpa3oM, Hannuue
nons JlopeHnia B HAHOTPAHYJSIPHOM IJICHKE NMPUBOIUT K HAOIIOIaEMOMY JOTIOJTHHUTEIHHOMY
CIIBUTY YaCTOTBI «BYXKBaHTOBOI» JTMHUU pe30HaHCA (Jeff ~ 4).

‘f;l_ru ]{rey’KB

QQF T T T T T T T T T T T T T T T T T I_I"I"I"
0r 6 ;
60 I ]
15_— .
: o
40 ofp OMP L
4 . |
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20 SE 20 ’,,r’ N
E.o..a-o-t-""_.’ ]
o v v A oL v v
0 5 10 15 20 0° 30° 60° 90°
H, xD 6, Tpajt,

Puc. 1. YacToTHO-TIOJIEBBIE (a) M OpHeHTaIMoHHBIE (6) 3aBucuMocTH juts muann DMP (w™R)

1 «IBYXKBaHTOBOTO» mHka (W) B maenke (CoFeB)so(SiO2)40. ToUKH — JKCTIEPHMEHT, IMHUH
— pacyer (CM. TEeKCT).

Cnucok Jureparyphbl:
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BHenpenne aHU30TPONHBIX HAHOYACTHII Ag B C-Si: MEXaHHU3M M ONITHYECKHUE
XapaKTepPUCTUKH.
XKaposa 10.A.}, Epmuna A.A.L, Bonsmrakxos B.O.%, Ipurona
K.B.}, Mapkos JI.I1.! Cononouenko H.C.!

TN um. A. . Nohp€EleTePH9DE, CarkKcwTA

WuTerpanus mia3MOHHBIX MAaTEpUAIOB U IOJYIPOBOJHUKOBON TEXHOJIOIMH OTKPBIBAET
HOBBIE BO3MOXKHOCTH ISl CO3JAaHUS KOMIIO3UTHBIX CTPYKTYp, OONagaroluX YHHKaJIbHBIMU
onTUYecKUMHU cBoicTBaMHu. CylECTBYIOT pa3Hble MOAXOIbl IS CO3/aHUS KOMIIO3UTHBIX
CTPYKTYp, I'Zi€ IJIa3MOHHbIE HAHOYACTUIBI BHEJAPEHBI B IOJYNPOBOJHUKOBYIO IOJJIOKKY [1-
4], Takue CTPYKTYphl 1[I0 CPAaBHCHUIO C AaHAIOraMH, TJ€ HAHOYACTHIBI PACHOJIIOKECHBI Ha
IOBEPXHOCTHU IOJYITPOBOJHUKOBON IMOJJIOKKH, 00JIaIal0T PsiIoM IpeumyniecTB. B uactHocTH,
BHE/IPEHME HAHOYACTHUI[ METa/Ula B MOJIYIPOBOJHHUK CIIOCOOCTBYET CHI)KEHHUIO MX JAErpajaluu
Ipy B3aUMOJEUCTBUU C OKpyxkaromiei cpemodt [1], u oHu Oonee yCTONYMBBI K BHEIIHUM
MEXaHUYECKUM BO3JCHUCTBUSAM, IOBPEXKIAIOUIMM CTPYKTypy MeTamia. Takum o0Opasowm,
KOMIIO3UTHBIE CTPYKTYpPbl HA OCHOBE BHEJIPEHHBIX B MaTPUIy MOHOKPHUCTAJUIMYECKOTO KPEMHUS
(c-Si) mIa3MOHHBIX HAHOYACTHUI] M MX ONTHYECKUE CBOMCTBA MPE/ICTABISIOT OOJBIION HHTEPEC B
001acTsX CHEKTPOCKONMUHM THraHTCKoro komOmHanumonHoro paccessaus (I'KP) ceera [1,3],
HEJIMHEHHOM onTuku [4] u poToBOIBTAMKH [5].

B Hacrosimieit paGote BHenpeHHble HaHodacTullbl cepebpa (AgHY) B c-Si Obuin
HOJY4YeHbl METOJaMM TIajbBaHMYECKOIO BBITECHEHHMs M3 BoJgHoro pacrsopa AgNOsz c¢
nobasnenreM HF B pa3inuuHbIX KOHLEHTpALUAX U TepMooOpadoTku mpu temieparype 1000°C B
aTMocdepe BoasHoro napa. [Ipennoxen MexanusM oObsicHsrOIUM nponecc BHeapenus AgHY B
C-Si, KoTOpbI OCHOBaH Ha npoueccax: (1) okucnenus c-Siu (2) quddysuu aromon Si u O. DTOT
MEXaHHU3M ObUT MOATBEPHKAECH SHEProAUCIIEPCUOHHBIMU PEHTTE€HOBCKUMU U TPAHCMUCCUOHHBIMU
uH(ppaKkpacHbIMU crieKTpockonusMu. Taxke mpu BHeapeHuu B kpemHuit AgHY mpuobperaror
aHM30TPONHYIO (hopMy, KoTOpas o0ycioBiIeHa KpucTautorpaduueckoii opueHraiuei c-Si. B
pesyinbrare noayyeHsl AgHY ¢ ¢opmamu (1) dyeTelpexrpaHHO#M nepeBepHYTOM mupamuisl, (2)
BBITSHYTOH «I0aKH», (3) yceueHHOro mepeBepHytoro tetpasapa B c-Si (100), (110), (111),
COOTBETCTBEHHO.

Hcnonb3ys Teopetndeckuil (popManu3M KBa3MHOPMAIbHBIX MOJ [6], ObUIH ompeieneHsl
MOJIO’KEHHUS MO/ JIOKAJIM30BaHHOTO I1a3MoHHOT0 pe3oHanca (JII1P) B Buaumom u Ommxaem MK
CHEKTpaJIbHBIX TUana3oHax B 3aBUCUMOCTH OT pa3Mepa u ¢opmbl AgHY ¢ ydyerom aucnepcuit
Ag 1 c-Si TOJITOKKH.

OnTuyeckre CBOWCTBA KOMITO3UTHBIX CTPYKTYp OBUIM MpPOAHATU3UPOBAHBI METOJAMU
cnektpanbHoil amumncomerpun  (CO) um  UK-cnekrpockonuu. IlpoBeneHo wuccienoBaHue
NeHCTBUTENBHOW <€1> M MHHMMOM <&2> yacTell ICEeBIOIMAIIEKTPUUYECKONH (DYHKIIMHU CTPYKTYD.
VYcraHOoBIIEHA 3aBUCHUMOCTh <€1> M <€2> OT KOHLEHTpPAlMU pacTBOpa, MCIOJIb3YEMOIO s
(dopmMHpoBaHUs MCXOIHON OCTpOBKOBOM TuieHKH Ag. Ilpm Manmbix konueHtpammsax (1:10)
ONTHYECKHE XapaKTepucTuku cTpykryp AgHY/c-Si 6mu3ku Kk XapakTtepucTukam c-Si AJis BCex
KpUCTAIIIOrpapUuecKux OpUEHTALMSIX, YTO 00YCIIOBIEHO YMEHbBIIEHUEM pa3Mepa HaHOUACTHUIl U
CHU)KEHHUSI CTETICHU IMOKPBITUS, B pe3yibTaTe yero Bo3pacrtaeT BkJag oT c-Si. C yBennueHueM
MOBEPXHOCTHOTO (akTopa 3anonHenuss AgHY nHabmonaroTcs MUKHU, CBA3aHHBIE C BO30YKIEHUEM
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oktynojbHOM Moabl JITIP, xoTopwie cnBurarotcs B OmmkHuii UK-amana3zon ¢ yBenmnueHueM
pasmepoB AgHY: npu xonnentparmu (1:5) mux ~ 430 um as c-Si (100) u ~ 460 am s (111),
npu KoHmentpauud (1:1) mux ~ 500 um mas c¢-Si (100) u ~ 640 um mis c-Si (111),
cootBercTBeHHO. 11 opuenTtaiuu c-Si (110) metogom CD BBISBICHO aHU30TPOITHOE MTOBEICHUE
ONTHUYECKUX XapPAKTEPUCTUK, B YACTHOCTU, U3MEHEHUE CIEKTpaibHOro nosioxkenus JIIP mid
AQHU30TPONHBIX B IUIOCKOCTH MOMJIOXKKM CTpykTyp AgHY (BeITSIHYTas «oxka»). beina
UCCIIEIOBaHa 3aBHCUMOCTb <€1> W <€2> OoT B3auMHOM opueHTammu AgHY B c-Si (110) u
IJIOCKOCTH maaeHus cBeta: 0O =0° (mapawiensHa guHHOW ctopone AgHY) um  90°
(meprieHIUKyspHA JUTMHHOM cTopoHe). s koHuenTpanuu (1:5) npu yrie 6 = 0° HaGarogaeTcs
cnabo BeIpaKeHHBIN MUK Ha 510 HM, CBSI3aHHBIN C BO30YXKIECHHUEM IUIa3MOHHOM MOJbI. B TO ke
BpeMs, Tipu 0 = 90° yetko BuaeH nuK Ha 380 HM, KOTOPBIH CMEIIEH B CTOPOHY KOPOTKUX BOJIH
[0 CPaBHEHUIO ¢ MUKOM Tpu O = 0°, 4T0 OOYCIIOBIEHO TE€M, YTO B JAHHOW I€OMETPUU pa3Mep
AgHUY 3nauntensHo MeHbIne npu 6 = 90°. s pactBopa (1:1) Bo30ykaeHHE MIa3MOHHOW MOJIBI
Habmogatorcs Ha 600 M nipu O = 0° u Ha 530 aM npu 6 = 90°. Casur JIIIP nabmogaercs ans
B3aUMHO OPTOTOHAJIbHBIX HanpasieHuid popmbr AgHY B c-Si.

Crpykrypelr AgHY/c-Si Obutn Takke wuccienoBanbl B kadectBe ['KP-momnoxek c
ucnoip3oBaHueM jnasepa Ha 532 uMm. Hccnenoanune I'KP mokazano HanexxHoe oOHapyKeHHE
10 umMonb/n1  BOAHOTO  pacTBOpa  TPUGEHUWIMETAHOBOTO  KPAaCUTENsl  KPHUCTaJUIMYECKOTO
duoneToBoro ¢ MakcumanbHEIM Kodddumuentom yeunenns (KY) ~ 108 KY cocrasun 4-10°,
3-10° u 1-10° mma  kpucramtorpadmueckoii opmentammm c-Si (100), (110) u (111)
coOTBeTCTBeHHO. Unciennoe Moaeauposanue nporaosupyer KY ~ 108,

B pesynpraTe ObLT pa3paboTaH HOBBIM METOJ CHUHTE3a KOMIIO3UTHBIX CTPYKTYp Ha
OCHOBE KpEeMHUS U cepedpa, OTIIMYAIOLIUICS TPOCTOTOM BBINOJIHEHU S, HU3KOH c€0€CTOMMOCTBIO
U BO3MOXHOCTBIO TOYHOI'O KOHTPOJSI HapaMerpoB. BaXHO OTMETHTb, UYTO IOJy4YCHHbIE
HAHOCTPYKTYPHI HE TOJIBKO IEMOHCTPUPYIOT YHUKAIIbHBIE ONTHYECKHE CBONCTBA, HO M 00JIaaroT
XapaKkTepUCTUKAMHM, JIEJAIOUMMU WX NEPCHEKTUBHBIMU JIJIS MCIONb30BaHUsA B KayecTBe ['KP-
MOJIOKEK, YTO PACIIUPSAET UX MOTEHIIMANI IPUMEHEHUS B CEHCOPHBIX TEXHOJIOTUSX.

Pabota BeinosHeHa nmpu noanaepkke Poccuiickoro HayuHoro ¢onna (mpoekt Ne 24-22-00334).
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HaHocTpykTypuUpOBaHHBIE yIiIepOAHbIe MATEPHAJIbI, B TOM YHcJje, JONUPOBAHHbIE
aTOMaMHM a30Ta, KAK HOCUTEJIH-acOPOEHTHI 1Jisl IPUTOTOBJIEHHS IeTepPoreHHbIX

6HOKaTaJIH33T0p0B HU3KOTCMIIEPATYPHOI'0 CHHTE3A CIOKHBIX 3(l)l/lp0B

Koganenko I".A.}?, ITepmunosa JI.B., ITogssuena 0.10.1, Kysnenos B.J1.12
MucTtuTtTyTtT kaTanumsa CO PAH, 630090

HoBOCUBUPCKUN yHUBepCcuUuTET, 630090

Ycnexu B TEXHOJOTMH IOJYIPOMBIIUIEHHOTO MOJNYYEHUs YIJICPOJHBIX HAHOTPYOOK
(YHT) ¢ koHTponupyeMbIMH MapaMeTpaMu (IuameTp, JUIMHA, KOJIUYEeCTBO Irpa)eHOBBIX CIOEB,
JUCIIEPCHOCTH) MO3BOJIMIM MEPEUTH K HOBOMY 3Tally NpPaKTUYECKOro ucnonb3oBaHus YHT,
BKJItoUas ux (pyHKumoHanmuzauuoo U noinydenue YHT-cogepxaimux KOMIO3UTOB C 3aJaHHBIMU
cBoiictBamu. Tak, KOMMIO3HUTHBIE yriepo-cuiukatHble Matepuaibl (KYCM) ucnonb3yioT B
pasualMOHHO-CTOMKHMX MaTepuaiax (71 KOCMOca U aTOMHOW HSHEPreTHKH), UCCICAYIOT IS
U3rOTOBJICHHS 3JIEKTPOIOB B LI-MOHHBIX OaTapesx © Cynep-KOHICHcATopax. YTJIEPOJHBIC
HAHOTPYOKH, (YHIMOHAJIM3UPOBAHHBIC IyTeM BBeAcHHs rerepoatomoB (N-, F-. P-),
NPEICTABISIIOT OCOOBI WHTEpeC KaK HOCHUTENH Ui aTOMapHO=IUCIIEPTUPOBAaHHBIX Me-
karanu3atopoB  (Pd). Yrimepoa-cuimukaTrHble KOMITIO3UTHI  SIBIISTIOTCS  OM(YHKITMOHATHHBIMHU
aJicopOCHTaMH TSI TIPOLECCOB OYHMCTKA M pa3lelieHHs, IOCKOJIBKY COYeTaroT (pHu3HKo-
XUMHYECKHE CBONCTBAa KOMIIOHEHTOB, TakMX Kak, ruapododOHocts YHT u ruapoduinbHOCTH
cuimkarens (SiO2).

PaznooOpa3zHubie ciiokHbie 3(UPBI, B TOM Yucie, 3()pUpbl MOHOKaPOOHOBBIX HACBHIIEHHBIX
(xupHbIX) C4-Cig KUCIIOT, SIBISIOTCS IIEHHBIMU MPOAYKTAMU OPraHUYECKOTO CHHTE3a, KOTOPhIE
UMEIOT JIOCTaTOYHO YCTOWYMBBIA M CTAaOMJIBHO PACTYLIMH CIIpoC Ha pbIHKE. Jlymucteie 3¢upbl
kopotkorenoueyHbix (Cz-Cg) OpraHuyecKuxX KHUCIOT W CIHPTOB IIUPOKO TPUMEHSIOT B
KOCMETUYECKOW W THUIIEBOW MpombiieHHOCTH. CioxHbie 3dupbl XUpHBIX Cs5-Co KHUCIOT U
paznuuHbIX  C4-Cs MOMMONIOB MPUMEHSIOT B KayeCTBE OSMYJIbraTOpOB B MPHUCAAKaX K
COBPEMEHHBIM CHHTETHYECKUM CMa304YHbIM aBTOMACIaM.

B nanHo#l paboTe HaHOCTPYKTYpHpPOBAaHHBIE YIJepOJHBbIE MaTepHajbl, B TOM 4YHCIE,
YHT, nmonupoBaHHble aroMaMM a3oTa, a Takxke YHT-comepkamine KOMITO3UTBHI M3y4arOT B
Ka4yecTBe HOCHUTENeH-aacopOeHTOB /ISl PUTOTOBJIEHUS TeTeporeHHbIx 0nokarannsaropos (bK)
HU3KOTEMIIEPAaTypHOTO CHHTE3a CIOKHBIX 3(QHUPOB. AKTHBHBIM KOMIIOHEHTOM JaHHbIX BK
ABIIIETCS MMMOOWJIM30BaHHAas Ha YIJIEPOAHOW TOBEPXHOCTH PEKOMOMHAHTHAsl JIMIa3a,
KaTaJau3upyroas peakuuio 3repudpukanuu npu 20+2°C B HEBOIHBIX cpefax (B reKcaHe).

s JAHHBIX HCCIEA0BAHUI MHOT'OCJIOVHBIE yIJIEpOAHBIE HAaHOTPYOKHU
(MYHT) monywaror B mporeccax  BbIcokoTemmepatypHoro  (500-700°C)  muponmsa
YIJIEBOIOPOAOB (3TuneHa, nponaH-0yTaHa) Ha HAHECEHHBIX
karanm3aropax Fe,Co/CaCOs u Fe,Ni/Al2O3 [1, 2]. AsorupoBanne MYHT mnpoBoasT myrem
BBEJICHUSI aTOMOB a30Ta B rpadeHoBbIe ciion ¢ nmomouisio ammuaka (NHs) B coctaBe ra3zoBbIx
cmeceit [2]. Comeprkanue BBEJCHHOTO a30Ta B YIJIEpOJIHBIX HaHOTpyOKkax cocramisger 2.1 u 5.1
Mac%. VYIiIepoJ-CHIIMKaTHbIE KOMIIO3UTBI C BAapbUPYEMBIM COCTABOM MOJYYaroT MyTeM
nporutkn MYHT cunmkasonem ¢ mocienyromiei mpokankoid B aprore npu 250-350°C [3].
Conepxanne Si02 B KOMITIO3UTaxX BapbUPYIOT OT 3 10 58 mac%o.
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B pesynbrare mpoBeeHHBIX HCCIEIOBAHUM MOKAa3aHO, YTO (PYHKIIMOHATM3ALUS MyTEM
BBejeHUsT atoMoB azora (N-MVYHT) npuBoauT K yBeIMUYEHUIO AKTUBHOCTH TI'eTEPOTE€HHBIX
OMOKaTaIM3aTOPOB B ~2,5 pasa [4]. Bo3amoxxHO# MPUYUHOU SIBJISICTCSI
TUAPOPWIN3ANNS YTIACPOAHOH  MOBEPXHOCTH U CO3JaHUE  ONArompusiTHOrO  BOJHOTO
MUKPOOKPYKEHUSI BOU3H aicopOupoBaHHOTO (pepmeHTa. B pesyrnbTare, KOIMYECTBO aKTUBHBIX
MOJICKYJT JIMIa3bl yBeTHM4HUBaeTcs (puc. 1, BeIIeneHbl cepbiM). MccnenoBaHus MOKa3bIBAIOT, YTO
BBEJICHUE aTOMOB a3ora B MVYHT HU3MEHSET TAKKE cyOCTpaTHYIO

crienupUIHOCTh OMOKATaIN3aTOPOB (puC. 2).

I GyTwun cTeapar
I ueTun renTaHoar

I o o =
'S = @ =}
1 I 1 1

OTHOCUTEeNbHas aKTUBHOCThL, ea.
R
1

MYHT (6ea N) N-MYHT-2,1%  N-MYHT-5,1%

Puc. 2. Usmenenne cyocTpaTHoOi
Puc. 1. [IDM-u300pakeHus UCXOTHBIX U yoetp

azotupoBaHHbix MYHT ¢ ancopOupoBaHHO#
JIUna3on

cnenuduynocty bK B peakiuu cunresa
3(UpPOB B 3aBUCUMOCTH OT COJIEP>KaHUs
asota B MYHT

TekcTypHble  XapaKTEPHCTUKHU MOJTYYEHHBIX  KOMIIO3UTHBIX  YIJIEPOJ-CHIIMKATHBIX
MaTepuaioB yKas3biBaloT Ha To, KYCM sBastoTcs Me30nopucTeiMU. Tak, MpU ONTUMAJIbLHOM JJIs
Ounokaranmu3za cogepkanuu  SiOz, paBHOoM 11£2 mac.%, mpeoOiagalOT TOPHI  pa3MepoM
20-35 am. Ha COM n300pakeHUsIX BUJIHO, YTO YeM HIDKE cojiepkanue Si02 B KOMIO3UTAX, TEM
oompmie mumHa MYHT, Beictynaronmx u3 SiOz-konrnomeparoB (puc. 3). Ilokazano, 49rto
a/1copOLMs JIMIA3bl MPOTEKAET UMEHHO Ha YTIIEPOJHOM MOBEPXHOCTH HAHOTPYOOK.

Puc.3. CoM
nzoopaxenuss KYCM-
7.4 (cneBa) u KYCM-
58.3 (cmpaBa) mpu
OJIMHAKOBOM
YBEJINYECHUHU.

B  mmdpe ykazano
coJiepKaHUe JIMOKCHJIA
KPEMHHUS B KOMITO3UTE

[TokazaHo, 4YTO KaTaIMTHYECKHUE CBOWCTBA TE€TEPOT€HHBIX OHMOKATaTN3aTOPOB, UX
(epMeHTaTUBHAs AKTUBHOCTh W ONEpallMOHHAs CTAOMJIBHOCTh B PEAKLUUU OSTepUPUKAINH,

3aBUCAT OT OTHOCUTEIBHOTO cojepkanust yraepogHoro (MYHT) w  cunmukatHoro
(Si0O2) koMmoHeHTOB B KOMMo3uTax [4]. OOHapyKE€HO, YTO MPH YMEHBIICHUH COAEPIKaHUS
MVYHT wu, cooTBeTCTBEHHO, yBennueHUU cojaepkanus SiO», BenuunHa agcopOunu GpepmeHTa u
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aKTHBHOCTh OMOKATaIN3aTOPOB MOHOTOHHO YMEHBIIAIOTCS, JOCTUTAs MAaKCUMAIIBHO 8-KPaTHOTO
MaJIeHUs TIPH COJICP KAaHUM TUOKCHIa KpeMHHus Bbiire 50 mac. %.

Cnmcok Jureparypsbl:
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HanocTpyKTypHBI€ yIilepoaHble JIEHKH, JJETHPOBAHHBIE OKCHAOM €BPOIHS.

lemuenko E.J.L, JlaBpeHtok A.CY2, Henépkun B.B. 12 Tloceimaes A.A. 2.

OreHYAOHE UK UT eRMINMIETC KUIA MHCTUTYT UM.

r . 4o H e ghemal@mail.ru

A

2pr6OY BO «JloHeUuKWW rocygapcCTBEeHHbLN YyHUBE

C MIOMOIIbIO DC-marnerpona meronom HMOHHO-IUIA3MEHHOI'O  PACHbLICHUS
KOMOMHHPOBAHHOU YTIIEPOJ-METAIOOKCUIHOM MHUIIEHH B atMmocdepe azoTa ObUTH MOTY4YEHbI
HAHOCTPYKTypHbIe yriaeponubie Tu€HKH CNyxEuyOz, nermpoBaHHBIE OKCHIOM €BpOMNUS, Ha
MOJIOKKAX W3 MOHOKPHUCTAUTMYECKOro TramosmHui-rameBoro rpanata (I'TT). Meroauka
HOJTyYeHHS TUIEHOK TOAPOOHO ONMUChIBaach B padotax [1-4]

[lonydyeHHble 00pa3ubl HUCCIEAOBAIUCH METOJAMH IMPOCBEUMBAIOILEH AJIEKTPOHHOU
cnektpockoruu  (IIOM) wu  atomHo-cunoBoii  muKkpockonuu (ACM), uHppakpacHOU
cnekrpockonun (MK-criekTpockonum) 1 METOJaMH JTFOMHHECIIEHTHOTO aHAIIN3a.
[IOM-n306paxenus minéHok CNx:EuyO; 6butn momydensl ¢ nomouibio Mukpockona JEM200A
bupmbl «JEOL» u ACM-u3o0paxkeHus - ¢ momolbio 30u10Boi naboparopun NTEGRA Aura.
O6paborky u anamu3 ACM-u300pakeHUH OCYHIECTBISUIM B MPOTPAMMHOM  ITaKeTe
«Image Analysis 3.5.0.16814». bbuio oOHapyKeHO, YTO MOJNyYeHHbIC MIEHKU MPEACTaBISIOT
co00# TNIOTHOYIIAaKOBAHHBIE MAaCCUBBI MHOTOCJIOWHBIX YIIIEPOIHBIX HAHOTPYOOK, Puc.1.

Xapaxkrepubie ACM — nzo0paxenus npeacTapieHsl Ha Puc.2.

Pucynokl1. Xapakrepusie [I9M-nu3o6paxenus miéHok CNx:EuyOz: a— Topen mi€HkH,
6 — OT/IeNbHO B3STHIC MyYKH HAHOTPYOOK.

CHeKTpBI JIOMHUHECHCHINN HU3MCPAINCH C ITOMOIIBIO ONTHYECKON CHUCTEMBI Ha OCHOBE
MoHOXpoMaTopoB M/IP-2. JlnnHa BOJHBI BO30YXJIEHUS BBIOMpaiach B IOJIOCE IOTJIOLICHHUS
noHa xucmopoma O2 m cocramsama (300+3) M. ITomydeHHBIE CHEKTPHI JTIOMHHECIEH IIHH
COOTBETCTBYIOT MIOMHHECIIEHIIH TPEXBATEHTHOTrO HoHa eBporus Euu 3aBucAT oT cTpyKTypHI
oOpa3iia — B aMOp(HBIX IIEHKAX AaMIUTUTyJa CIEKTpa Ha 3 TMOpsSaKa MEHBIIEe, 4YeM B
HAHOCTPYKTYpPHBIX oOpasuax, Puc.3.
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Pucynok 3. CriekTpsl JTroMUHecHeHInd HoHa Eu*® B unctom okcusie eBponus (cunuii rpaduk) u
B iiéuke CNx:EuyO; (kpacHblii rpaduk): a8 — amopdHas miéHka, 6 —
HAaHOCTPYKTYpHas IUICHKA.
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JudJaekTpuyecKue MUKPOCTPYKTYPBI 1J1s1 BO30Y:K/IeHHUsI CHHHOBOM JHMHAMUKH

TéparepuoBbIMM HMITYJIbCAMHU
3

JL FepBeﬂl, J1.0. Urnatsea®?, J1.B. Konpkos®?, B. bumok?, T. Meurepl, JI.M. KpHHeBCKHﬁZ’
C.A. Ecrurneesa’, I1.M. Beromko®, B.J. Benorenos®?, A.B. Kumens!

linstitute for Molecules anMaterials, 6525 AJ Nijmegen, The Netherlands
’MOCKOBCKMWUIN rocypapcTBeHHbBIN yHusBepcurtert

HenaBHue nocTikeHUs B MeToJAaX BO30YXKAECHHUS TEParepleBOr0 M3JIyYeHHs BbI3BAIN
3HAUUTENBbHBI MHTEPEC K HCCIEJOBAHUIO B3aMMOAEMCTBUSI 3TOrO M3JIyUYE€HHUS C MATHUTHBIMH
marepuanamu. Yacrora OOMEHHOW MOJABI MHOTHX aHTHU(EPPOMArHETUKOB HAXOAUTCS B
TEparepleBOM MM CyOTeparepleBoM Quana3oHe, IJe CIMHOBAs IWHAMHKA MOXKET 3(P(PEKTUBHO
BO30Y>KIAaThCsl C MOMOIIBIO pe30HAHCHOro MarHuTHOro mois [1]. Takoil moaxonx mo3BoisieT
reHepUpoBaTh KojeOaHUs HaMarHW4eHHOCTH OOJbIIOW aMIUIMTYIbl. bosee TOro, 3ToT Meron
n30MpaTebHO BO30YKIAeT TOJIBKO T€ MArHOHHBIE MOJbI, KOTOpbIE MONAJAIOT B CIIEKTPaIbHBIN
JMara3oH TeparepLeBoro NMITyJbCa.

Hanecenne QOTOHHOW CTPYKTyphl Ha MarHUTHBIM MaTepual MOXKET 3HauYUTEeIbHO
YCWJINTh B3aUMOJICHCTBUE MEXKAYy H3IYy4YeHHMEM UM HaMarHuueHHocTbio [2]. Panee yxe
UCCIICIOBAIIUCh PAa3IMYHble METAJUIMYECKHE CTPYKTYPBl, HO OHH OOJaJar0T BBICOKUMHU
TEIUIOBBIMH TOTEPSIMH. B oTiaMume OT HUX, [AWINIEKTPHUYECKHE (POTOHHBIE CTPYKTYPHI
npemiaralor  6osee 3PQPEKTUBHBI CIMOCOO yIpaBICHUS HAMarHHYEHHOCTHIO MAarHUTHBIX
Marepuaios [3].

B nanHOW paboTe Mbl 3KCIEPUMEHTAIBHO MCCIENyeM CIIMHOBYIO JMHAMHUKY B
MarHuTO()OTOHHOM CTPYKType, BO30YyX1aeMoi TeparepleBbiM UMITyJbCOM. MarHuTHas II€HKa
U3 KEJIe30 UTTPUEBOrO I'paHaTra, NTONMMPOBaHHAs MOHAMU BUCMYTa WM TaJlOIMHUS, HAHECEHA Ha
MOJJIOKKY U3 TaJI0JMHUI-CKaHIMEBOT0 IpaHaTa. Mexay MOHaMHM jKeJie3a U TaJloIMHUS MOXKHO
BO30yIUTh aHTHU(eppoMarHuTHyl0 Moay Ha dactore 300 I'Tm. Ha moamoxke BeITpaBieHa
nepuoandeckas pemrerka (puc. 1). [Tapamerpsl penieTkn MOIOUPATHCH TAKUM 00pa3oM, YTOOBI
gacTtoTa TE BOJIHOBOIHON MOJBI COBIIaAaja ¢ 4aCTOTON OOMEHHOI MO/IBI.

Puc. 1. Cxema (hoTOHHO# CTPYKTYpHl, HAHECEHHON Ha MarHUTHBIN MaTepuall.

IIpu opueHTalMu MarHUTHOTO MOJISI TeParepLeBOro UMITYJIbCa MEePIEeHIUKYIISIPHO LIEeNAM
peméTku Bo30yxaaercs TE-BoinHoBonHas Moaa. Ocoboe BHUMaHUE yIENSeTcs Cllydaro, Korja
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MarHuTHOE TI0JIe JTy4a HaKayKW MapajuielbHO BHENTHEMY MarHUTHOMY MO0 (puc. 2a). B aroii
KOH(HTypaluyd CIIMHOBAas JMHAMUKA MOXXET BO30OYIMTBCS TOJBKO 3a CYET MPOJOIBHOMN
KOMITOHEHTBI MarHUTHOTO TOJISl MAJal0IIero TeparepioBoro MMIysibca. JlaHHas KOMIIOHEHTa
oOpa3yercs Tpu BO30YXIEeHUU |E-BOJTHOBOAHOW MOJBI, MO3TOMY B TakKoW KOH(UTYpaluu
HAOMO/IaeTCsl CNHMHOBas JAWHAMHKA. HampoTuB, TpH OTCYTCTBHHM PEHIETKH WU  TPU
BO30YyKAcHHH | M-BOJTHOBOJHOW MOJBI CIIMHOBAas JWHAMUKa He HaOmromaercs (puc. 20),
MOCKOJIbKY OTCYTCTBYET MEXaHU3M OTKJIOHEHUSI HAMATHUYCHHOCTH OT TTOJIOKEHUS PABHOBECHSI.
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Puc. 2. CnunoBas pauHamuka u cnektpsl @Dypbe. BHemHee MarHuTHOe 10J€
NepIEHANKYISIpHO ImensiM  pemetkd. (a) Bo3Oyxnenne TE-BomHOBOmHOW Moabl, (0)
Bo30yxnenue TM-BosIHOBOAHOM MOJIBL.

KOFI[a BHCIIHECC MAIrHUTHOC T10JIC OPUCHTUPOBAHO IICPIICHAUKYIIAPHO HICIISIM peH_IéTKI/I, a
MAarauMTHOC IIOJIC JIyda HAKA4YKW IIPHUKIAABIBACTCA ITPOU3BOJIbHBIM 06p830M, PE3YIbTHPYIOIIAA
CIIMHOBAaA AJWHaMHKa B036Y)K,I[aeTC}I 0oJjiee CIOHBIM 06p8.30M. TE-xomnonenta Jyda HaKa4yKu
BO30YX/1aeT MPOJOIBHYIO COCTaBIISIONIYI0 MAarHUTHOTO TOJISI, HAPABJICHHYIO BJOJb TOJIIUHBI
MJIEHKU, B TO BpeMs Kak [M-KOMIOHEHTa CO3/1aéT TMOIMEPEYHYI0 COCTaBISIONIYIO TIOJIs,
JICKAIYIO B IIJIOCKOCTHU MJIEHKH. CJ'I@)IOBaTCJ'II)HO, CYMMapHO€ MAarouTHOC I10JIC, OTKJIOHAIOIICC
HaAaMaroHm4€HHOCTb OT IIOJIOKCHUSA PABHOBCECHA, ONPCACTIACTCIA BGKTOpHOfI CYMMOP'I 9TUX JOBYX
COCTABIAOIIIMX MArHuTHOI'O IIOJIA. Taxum o6pa30M, HU3MCHSA TOJIAPU3alHUI0 JIyda HAKa4dKWu,
MOXHO 3(1)(beKTI/IBHO YIIpaBJIATH HAIIPABJICHUEM OTKIIOHCHUA HAMAIrHUYCHHOCTH.

B 3aKJIOYCHUC OTMCTHUM, 4qTo JaHHOC HUCCIICAOBAHUEC  JIEMOHCTPUPYCT, qTo
AUDJICKTpHUYICCKaA peméTKa MOKET CIOCOOCTBOBATH YCUIICHHUIO TEParcpucBoro M3JIy4€HUd U
o0ecrieunBaTh OTKJIOHEHHE HAMAarHMYEHHOCTH CHCTEMBI B JIFOOOM MMPOCTPAHCTBCHHOM
HaIlpaBJICHHUH.

Pabora moxnepsxana PH® (rpant 23-12-00310).

CnucoK JIuTepaTyphl:

[1] Kampfrath, T. et al., Nature Photonics 5, 31-34 (2011).

[2] Zhang, Z. et al., Nature Communications 14, 1795 (2023).

[3] Ignatyeva, D. O. et al., Journal of Applied Physics 132 (2022).
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BiusinMe TeMnepaTypbl HA MATHHTHbIE CBOICTBA KOMIIO3HTOB HA OCHOBE reMaTHTA H
BOCCTAHOBJIEHHOT0 OKCH/Ia rpadeHa
Kypunosa A.B.12, AJI. Cyxaués®, O.C. MBanosa®* ,A. M. ITonosa?, K. B. Illynsra,
A JO. Jly6osux?, A. 3. Cokonos®*

HaynmoHanbHbI MCCNepgoBaTenNbCKkUh -Meaeneppegpre

Poccwus
CaHHlETEepbYPORKUMAXHMYECKUIN yHuUuBepcurtetT -MeTp
MeTepbypr, Poccwusa
SMHCTUTYT MU3IUKK UM, n. B. KnpeHckor o, oML K
‘iCnbupckunuit hepgepanbHbili yHuBepcuTeTt, 66

bnaromapsi cBoeli AByMepHOW CTpYKType rpadeH BbI3BIBAET HE3aTyXalolIUWd HHTEPEC K
M3YYEHHUIO €ro CBOICTB B HAYYHBIX Kpyrax, a ¢ OOHapy>XeHUEM B HEM MarHUTHBIX CBOMCTB 3TOT
UHTEpEC TONbKO ycuinuBaercs. Hamuume nedexkToB B CTPYyKType, BBEICHHE NpUMeEceH,
abcopOuus mMonekyl, nedopmanus 1 U3MEHEHHE MTapaMeTPOB PEIIETKU SBISIOTHCA KIIOYEBBIMU
daktopamu nnsi Habmronmenust ¢deppomarnetusma [1]. Cxoxxumu ¢ rpadeHOM CBOHCTBAMH
oOmamaer u ero wMoauQUKanusi, BOCCTAaHOBIEHHBIH okcuna rpadeHa (rGO), KoToOpbIid
XapaKTepU3yeTcss HAIMYMEM OCTAaTOYHBIX (DYHKIIMOHAIBHBIX TPYHI U OOJBIIUM KOJIMYECTBOM
HApYIICHUHA TEPUOAMYHOCTH CTPYKTYphl M CIIEOBATEIFHO 3aBEIOMO IPHCYTCTBYIOIIUMHU
MarHUTHBIMH CBOMCTBaMHU. Kpome 3TOro, SKCHEpUMEHT C «COHIBUY»- CTPYKTYpPOH H3 JIMCTOB
rpadena [2] mokazan BIUSHUE MarHUTHON MPOCIOWKHU HA CBOMCTBA rpadeHa U pPacKpbLI HOBBIC
BO3MOXKHOCTH ISl HAOMIIO/IEHUsI MarHeTu3Ma B TpadeHONOA00HBIX CTPYKTYPaxX M BO3ZMOXKHOCTH
MCIIONIb30BaHUS TAKUX CTPYKTYP B KAUECTBE SUEEK MATHUTHOU MaMSITH.

Pabora mocesieHa cO3MaHUI0 M KOMILJIEKCHOMY HCCIEIOBAHUIO CBOMCTB THOPUIHBIX
cTpykTyp a-Fe203/rGO, cuHTe3upoBaHHBIX METOJIOM «MOKPOTO CMELIMBaHUsA». B Oonee pannei
paboTe MBI NMPHUBOIMIN CIIEKTPHl MAarHUTHOTO KPYTOBOTO TUXPOW3Ma KOMIIO3UTOB Ha OCHOBE
HAaHOYACTHUI[ TE€MAaTHaT TOKPBHITHIX BOCCTAHOBJICHHBIM OKCHAOM TpadeHa Ipu KOMHATHON
temneparype [3]. B Texymeil paboTe Mbl chenaad OCHOBHOM yIoOp Ha HCCIeJOBaHHE
TEMIEPATYPHBIX 3aBUCHMOCTEHl HAMAarHUYEHHOCTH M MAarHUTHOTO KPYrOBOTO JUXPOU3Ma
koMmo3uToB 0-Fe203/rGO ¢ paznuunbiM cootHommenueM (1:1 u 2:3) manomnactua o-Fe203,
pactBopeHHBIX B | wmn aTanona, u mopomka rGO (Aldrich, I'epmanus). [Ins cpaBHeHus
MCIIONIF30BAJICS MOPOIIOK HAHOIJIACTHH TematuTa. [Ins Bcex Tpex oOpas3IoB OBLIM H3Y4EHBI
MOJIEBBIE W TEMIEpaTypHbIE 3aBUCUMOCTH HAMAarHMYEHHOCTH B IIMPOKOM JHAara3oHe TOJeH, a
TaKXe CIEKTPbl MAarHUTHOTO KPYrOBOTO AWXpOHW3Ma IPH pa3HBIX TeMmIepaTypax. THIHYHOE
M300paKeHHe MOJIYYEHHBIX CTPYKTYp IPUBEIEHO Ha pHC. 1.

TemriepaTrypHble 3aBUCHMOCTH KOMITO3UTOB UMEIOT HECKOJBKO KITFOYEBBIX OTIMYHHA OT
KpUBBIX [ ~ HAHOYACTHI[  Temaruta.  Bo-TepBBIX,  MaKCUMalbHBIE  3HAUYCHUS
HamarHudeHHocTu ansi a-Fe203 /rGO B HEeCKONBKO pa3 HIDKE TOKa3aTeled s 4acTull Oe3
o0osiouku, ganee mosBisieTcss nononHutenbHas Todka (Tg), B koTopoii 3aBucumoctu M(T)
UCTIBITHIBAIOT JIOTIOJTHUTEIBHBIA MEPEerud COOTBETCTBYIOMIMA MAaKCUMyMy M MUHUMYMY JUIS
3aBHCUMOCTEH ¢ MaccoBbIM cooTHomeHueM a-Fe203 /rGO kak 2:3 u 1:1 cOOTBETCTBEHHO.
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Puc.1. COM-u3o06paxenue kommosura a-Fe>03/rGO

B-Tperbux, cnBur temmepatrypbl mepexoja B ¢eppoMarHuTHyI (asy Takke HMeeT
TEHJCHIIMIO K CMEIIEHUIO, BO3MOXKHO, 3TO CBS3aHO C OoJjiee TUIOTHOW YMAaKOBKOW YacTHIl B
KJIaCTephl, UX arperanus B KOJIOHbl. OTMETUM, 4TO /Uit 00BEMHOrO MaTepuasa TOYKa Mmepexoaa
Mopuna = Temmeparypa, NMpu KOTOpOH HaOmromaercss CIUH-(DION TEepexoJl, WU IMepexoj
nepeoprueHTanuu cnuHa. Haxoautess okosno 260 K [4]. KiroueBble ToukH (a30BBIX MEPEX0JI0B
oTpakeHbl B Tabuie 1.

T a 6 n 1 Geamepdrypsr nepexoaa Mopuna (Tm) u momosHuTenbHOro neperuda (Tm) s
Kommo3utoB a-Fe203/rGO

CooOTHOIIIEHHE

aFe203co ™K TeX
1:0 215 -
1:1 220 175
2:3 230 167

[TosiBieHHne NOMOTHUTENBHBIX TOUYEK MIEPEX0/ia U HE MPUMEHUMOCTh METO/a aJIUTUBHOCTH TPHU
aHaJIN3€ TEMIEPATYPHBIX 3aBUCUMOCTEH yKa3bIBAIOT, YTO JIaXKe MPU Xa0OTUYHOM (HEOTHOPOTHOM
MO0 BCEH MOBEPXHOCTH) KOHTAKTE C MArHUTHBIMH HAHOYACTHUIIAMH BOCCTAHOBIICHHBIA OKCH]I
rpadeHa MOXKET «I10ACTPanuBaTHCS» MO/ CBOMICTBA MATHUTHOTO MaTepuara.

Chnmcox urepartypsbl:

[1] C. N. R. Rao et al. Chem. Science.V. 3.1. P. 45-52 (2012).

[2] R. Ramaswamy et al. Applied Physics Reviews. 5.3 (2018).

[3] A.B. Kypunosa u ap. UBBECTU S PAH. CEPUSI ®U3BNYECKASL, 86.5 (2022)
[4] 1. M. Obaidat et al. Current Nanoscience. T. 16. 6 (2020).
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CerperaiuoHHoe MoBeieHNe KOMIIOHEHTOB B HaHoyacTunax Au-Cu-Pd-Pt

Cepos C.B., Bepecos C.A., Casuna K.I'., Konocos A.1O., Henmmra H.1, Cno6usixos H.1O.

TBepCcCKOMN rocypapcTBEHHbBIN yHuUBepcurtTerT,

B Hacrosimiee Bpemsi MpOSIBISIETCS WHTEPEC K OMHMCAHUIO TMPOILIECCOB Cerperamuud B
MHOTOKOMITOHEHTHBIX HaHo4yacTulax [1-3]. B nannoii pabore Ha mpuMepe TpeX MPUHIMITHAIBHO
pa3HbIX  HavaJdbHBIX KoOHGurypauuii: a — (Cu200-Au600-Pt800)@Pd2400, 6 -
Cu200@Au600@Pt800@Pd2400, B - Pd2400-Pt800-Au600-Cu200 Hcclenyercs
CerperaloHHOe MOBEJICHUE KOMIIOHEHTOB B KOHEUHBIX KOH(UTYpAIHsIX, OTBEUAIOMIUX LUKITY
HarpeBaHusi HAaHOYACTHUI[ JIO0 IOJHOIO pa3yHOpSAOYEHHS U IMOCIEAYIOLIEro OXJAXACHUS [0
HavanpHOUW Temmeparypsl (300 K, ckopocts 0,25 K/mc). Ha puc. 1 mpeacraBieHbl KOHEYHBIE
KoHurypanuu, susyanusupoannsie B 110 [4]. Kak BuaHO U3 puc. 1 aTOMBI 30510Ta U Meau
ropaszio 0ojiee pe3ko U3MEHWIM CBOE MPOCTPACTBEHHOE MOJI0XKEHUE 110 CPAaBHEHUIO C aTOMaMU
najiiajus U IIATHHBL IPH Pa3iuIHOM BbIOOpE HAYANBHBIX KOH(MUTYPALIUHA.

Puc. 1. CerperauHOHHoe MMOBEJICHUE KOMIIOHEHTOB HaHouyactuax Au-Cu-Pd-Pt ()KeJ'ITBIe aTOMEI
— 30J10TO, KOPUUHEBBIEC — MEJIb, CHHHE aTOMBI — MaJUTaINH, CepPhI€ — TUTATHHA).

MccnepoBaHWe BbLNO/JTHEHO NpuW @GUHAHCOBOI

( npo ek 2300032 Https://rscf.ru/en/proje@4-23-00039/).

Chnmcox urepartypsbl:

1. C.A.BepecoB, K.I'. Capuna, A.Jl. BecenoB u np., OUMKO-XUMUYECKHE ACIIEKTHI
U3y4eHHs KJIACTEPOB, HAHOCTPYKTYpP U HaHOMaTepuanos. 14, 371 (2022).

2. AIO. Konocos, K.I'. Capuna, C.A. BepecoB u ap., OU3NKO-XUMHUYECKUE ACTICKTHI
U3y4eHHs KJIACTEPOB, HAHOCTPYKTYpP U HaHOMaTepuanos. 15, 432 (2023).

3. A.IO. Komocos, C.A. BepecoB, C.B. CepoB u jp., ®U3UKO-XUMHUYCCKUE ACTICKTHI
U3yUYEHHS KJIAaCTEPOB, HAHOCTPYKTYp U HaHoMmarepuaios. 16, 361 (2024).

4. A. Stukowski, Modelling and Simulation in Materials Science and Engineering. 18,
015012 (2010).
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System for magnetic visualization based on the solid-state iron-garnet magnetometers for
biomedical application
S. Evstigneeva®?, O. Lutcenko23, N. Koshev'4, P. Kapralov'?, I. Radchenko?!, M. Zharkov!®

1QLU, 121205, Moscow, Russia
2Russian Quantum Center, 121205, Moscow, Russia
3Moscow Institute of Physics and Technology, 117303, Moscow, Russia
4Skolkovo Institute of Sciencedafiechnology, 121205, Moscow, Russia
®> National Research Mordovia State University, 430005, Saransk, Russia

Magnetic imaging is an extremely promising direction in biomedicine, allowing non-
invasive measurement of ultra-weak magnetic fields of organs (brain, heart, muscles) with the
highest time resolution. The key advantage is that magnetic fields are practically not distorted by
biological tissues, which ensures high accuracy and depth of detection. Promising areas and
applications of magnetic imaging include magnetoencephalography (pediatric neurodiagnostics,
neurosurgical planning, study of brain networks, etc.), magnetocardiography (prenatal
diagnostics, portable screening devices for studying heart diseases), visualization using magnetic
particles (ultrasensitive angiography, early diagnosis of cancer, quantitative monitoring of
therapy), cellular and molecular visualization. Current quantum magnetometer (SQUID, OPM)
systems are exceptionally sensitive, but are often expensive and difficult to operate (requiring
cryogenic cooling). A promising alternative is solid-state magnetometers on iron-garnet films,
which can operate at room temperature and provide high sensitivity [1], which opens the way to
creating more affordable and portable systems for biomedical imaging.

Systems based on iron-garnet magnetometers for magnetorelaxation measurements
(MRX) are presented. This technology allows: resolving biological signals using magnetic
nanoparticles (MNPs) with different relaxation kinetics, provide quantitative detection of MNPs
and multi-component imaging tracking [2,3], work with nanoparticle concentrations in the range
of tens of nanograms (Fig.1). Key benefits of the system: high sensitivity of magnetometers (10
pT/NHz) with sub-millisecond recovery time (<1 ms), room temperature operation, no shielding
required.

Fig. 1. Measured signal of submicron FesO4 rods coated with sodium polyacrylate

References

[1] Koshev N. et al., Hum. Brain Mapp. 42, 15 (2021)
[2] A. Coene et al., Phys. Med. Biol. 62, 3139 (2017)
[3] M. Liebl et al., Phys. Sci. Rev. 8, 8 (2023)
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Towards synthetic dataset of the non-canonical base pairs
Glushenkov A. N.!

Physics and Technology Institute, Crimean Federal V.I. Vernadsky University, Simferopol,
Republic of Crimea

AlphaFold2 has been an inflexion point for the protein-folding problem [1].
Unfortunately, AlphaFold3, while being able to make predictions of RNA-motifs [2], has not
achieved similar impact on RNA-folding [3]. RhoFold+ [4], the primary competitor of
AlphaFold3, demonstrated slightly better results, although, ultimately, both models fall flat when
it comes to obtaining novel RNA structures [3]. Among the possible reasons are: lack of
experimentally confirmed non-canonical nucleobase pairs [5] -- which is closely related to the
fact that RNA molecule possesses far greater conformation capacity relative to proteins [6] --
ignoring the possibility of high-energy tautomers participation in the crystal structure [7],
inability to truly generalize from the learned data [8]. Solution to this problem can be found in
building theoretically predicted RNA structural motifs, especially, in regards to the non-
canonical base pairs [9].

Previous works successfully predicted ability of the nucleobases to form T-shaped
conformers in vacuum [9-12]. Experimental confirmation of these kind of structures for GC, GG,
CC base pairs has been reported in [13] at 2.5A resolution.

The discrepancies between the most energetically favorable cis-GC conformer 14 [12]
(Fig. 1a), which does not have hydrogen bonds between nucleobase and methyl-group, and
experimentally observed cis-GC/CG base pairs is due to the RNA crystal packing forces [14].

Same can be said about conspicuous differences between theoretically predicted trans
GG39 (Fig. 1b), cis-CC3 conformers (Fig 1c), and their experimentally observed interactions. It
must be noted, that even though T-shaped CC interactions are the least frequent [13], their
shapes were the closest to the observed in crystal form. That might suggest that pyrimidines are
less affected by the so-called “tyranny of the lattice” [15], unlike purines.

Y

a) b) 9]

Fig. 1: a) T-shaped cis-GC conformer 14; b) T-shaped trans-GG conformer 39;
¢) T-shaped cis-CC conformer 3, blue spheres depict natural van-der-Waals radii [17].

In the recent study [16] a hybrid use of molecular dynamics, and ab initio was used in
order to explain the structure of the RNA fragment of SARS-CoV2 virus. Author believes, that
this approach could be utilized along with already discovered non-canonical base pairs as the
hypotheses for getting precise atomic structures of the RNA motifs, therefore, solving the
problem of building synthetic dataset for the upcoming neural networks dedicated to the RNA-
folding problem.
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I'uapoo6o104Ka S-rTHAPOKCUMETHIIYPALNIIA - CYPPOTaTHOIO MapKepa MU eJTOHIHbBIX
3JI0Ka4eCTBEHHbBIX HOBOOOPa30BaHM i
Hernmuna C.H.Y, Hermun E. E.!

MOMK YOPUL PAH, 450075, r. Yda,

H3BecTHO, 4TO HEKOTOPbIE S-3aMellleHHbIE ypalluiia, HalmpuMep, S-TajJoreH3aMeIeHHbIe
ypaiuia, MOTYT BCTpauBaThCsl B CTPYKTypy HyKJIenHOBbIX kucioT (JJHK WM PHK) u BeI3bIBaTH
uX MoBpexJeHue. B mocnennue roapl ObLIO yCTaHOBJIEHO, YTO COEAMHEHHUE ATOro psaa — 5-
ruapokcumMetwiypaiia  (ShmU)  sBasietcss OoHMM M3  OHKOMApKEepOB IPU  MHUEIIOMIHBIX
3JI0KQUYECTBEHHBIX HOBOOOpa3oBaHMsX [1], mpu 3TOM Tak)Ke BBI3BIBACT WU3MCHCHHS B CBOMCTBAX
HYKJICMHOBBIX KHCJIOT: U3MEHSET CKOPOCTh TPAHCKPHUIIIUHU U JCNIAET MOJIEKYJIbl KUCIOTHI Ooliee
rubKoii u ruapoduibHON [2].

B pabGore uccienoBaiics BOJOPOIHBIM KOMILUIEKC, OOPa3yIOIIUNACS B BOJHOM PacTBOPE
MEXIy MoJIeKy10i ShmU u MoJiekyiiaMu BOJIbI M3 MIEPBUYHOM rHIpaTHO# 00omouku. Ha ocHOBe
SKCIIEPUMEHTANBHBIX JAaHHBIX, JAHHBIX pPAcue€TOB METOJAOM MOJIEKYJISIPHON JWHAMUKH U
pacueToB METOJOM CYIEPMOJEKYINbl OblT cMoJenupoBaH H-komrieke ¢ 7 MoJeKylaMu BOABI
(Fig. 1). Pacuer H-xommiekca Obul BeimomHeH MetogoMm B3LYP/6-311+G(d, p) ¢
UCTIOJIB30BaHUEM MoJienn TossipuzyeMoro koHTuHyyMa (PCM). Jlokanu3anuio CTannoHAPHBIX
TOYEK Ha TOBEPXHOCTH  MOTCHI[MAIbHOU
SHEPTUU OCYILIECTBIISUIH c MIOJIHOM
ONTUMU3AINECH BCEX F€OMETPUUECKHUX
nmapamMeTpoB W TIPOBEpPsUIM HA OTCYTCTBHUE
MHUMBIX  4acToT. Pacuer  3JIEKTpOHHOIO
cnektpa storo H-kommiekca meromom PCM
TDDFT B3LYP/6-311+G(d, p)  moxkasan
XOpolIEee BOCIPOU3BEACHHUE IIOJYYEHHOTO B
HacTodAlel  paboTe  SKCHEePHUMEHTAIbHOIO
cnektpa 5S5hmU B He#lTpasbHOM  BOJHOM
pacTBope. OTO CBHMJETENBCTBYET O TOM, 4YTO

cCMoJleIMpoBaHHas CcTpykrypa H-xommiekca

Fig. 1. H-komrutekc Mosexysasl ShmU Oymer OnuM3ka K OCHOBHOW  CTpPYKTYype

¢ 7 MOJIEKyJIaMH BOJBI. koMmIuiekca ShmU, oOpa3syrolierocss B BOAHOM

pactBope [3]. IlosBnenne B H-kommuiekce

5hmU  nomonHUTenbHOW MOJEKYJIbl BOIBI, CBS3aHHOW C THAPOKCWIIBHOM TpYMMOi, ™0

CPaBHEHHUIO C THMHHOM, 00BsicHseT TOT (hakT, uro JJHK comepxamias ShmU cranoButcs 6oiee
TUAPOPUIIbHAS.
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Polyphenols represent a broad class of naturally occurring biologically active compounds
widely distributed in plant-derived foods and beverages, particularly in green tea [1]. These
substances have attracted significant scientific interest due to their numerous beneficial
properties, with particular emphasis on their antioxidant [2], anti-inflammatory [3], and potential
antitumor activities.

In this study, we demonstrate that supramolecular assemblies based on melamine-
barbiturate (MBA) complexes can effectively incorporate green tea polyphenols (GT). The
resulting MBA-GT assemblies adopt a spherical morphology. Furthermore, we explore the

potential applications of these supramolecular systems as carriers for targeted drug delivery and
the development of functional materials.

MBA-EP

Fig. 1 Fluorescence micrographs and SEM images of MBA-GT, MBA, and MBA-Ep.

References

[1] S. Xiang, P. Yang, H. Guo, S. Zhang, X. Zhang, F. Zhu, and Y. Li. Macromol. Rapid
Commun. 38, 2 (2017).

[2] Tichonov, V. Roginsky, and E. Pliss. Eur. J. Lipid Sci. Technol. 112, 887 (2010).

[3] C. Chen, Y. Yang, J. Ke, Z. Yang, J. Li, Y. Zhang, G. Liu, Z. Liu, G. Yao, and G.
Bao. , Agric. Food Chem, (2024).

135

Pet
19



