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Ot pexpakuun

Bcepoccuiickas mikona-koHdepenius «[Ipobnaembl Gpuznku TBEPIOTO
TeJla U BBICOKUX JAaBJICHUI» MPOBOAUTCS MHCTUTYTOM (PU3MKH BBICOKHUX
naBnenniit PAH (mepBonauanbHo Illkona-cemuHap) Kakiaple JBa ToO/a,
HaunHas ¢ 1989 r. Tpaaunmonno takue KoHdepeHIIUN MpOXoasST OCEHBIO
Ha 0aze 000co0IeHHOTO nojipa3ieiaeHuss MOCKOBCKOTO roCyJapCTBEHHOIO
yHuBepcurera uM. M.B. JlomonocoBa — maHcuoHara MIY
«bypeBecTHHUK.

C TeyeHWEM BPEMEHM YBEIWYMBAJIOCH KOJWYECTBO MOJIOJIBIX
YYaCTHUKOB, MHTEpeC K ydacTuio B KoHdepeHlun mposiBis Bce Oosee
mupokuit Kpyr yueHbsix. B 2014 rogy Oprrkomurer KondepeHuu npuHs
pemienue ¢ 2015 roma nmpoBOAWTH AAHHYIO KOH(EPEHIIMIO €KEroJiHO,
opraHusys ee mo ouepenu cuiamMu MHcTUTyTa GU3MKKU BHICOKUX JTABJICHUN
PAH, ®usznueckoro nncturtyra PAH u MOCKOBCKOTO rocyJapCTBEHHOTO
yHuBepcuteta uM. M. B. JlIomoHOCOBa, IJii TOro, 4TOOBI OXBAaTUTh
OOJIBIIUKM KPYT MOJOJABIX y4eHBIX. Takum o0pazoM, mpoBogumas MDOB]J]
PAH B 2023 rony Kondepenmus Oyaer 22-i B o0mieM psay KoHpepeHImii
«IIpobneMbl (pu3MKKU TBEPAOTO Tella M BBICOKUX JaBICHUI» U Oyner
HOCUTh BCEpOCCUICKHM XapakTep.

Henssmu Kondepenumnu SBIISIOTCSA CO3aHHE YCIIOBUH,
CIOCOOCTBYIOIIUX H3YUYEHHUIO COBPEMEHHBIX JOCTIKEHMM B 00sacTu
(bU3UKHA KOHACHCUPOBAHHBIX CPEJl, B TOM UYHUCIIE, C IPUMEHEHUEM BBICOKHX
JABJICHUI; COJICUCTBUE PA3BUTHIO HAYUYHBIX HCCIIEIOBAaHUN B 00JacCTH
(U3UKN KOHJICHCUPOBAHHBIX CpeJl C MPUMEHEHUEM BBICOKUX JIaBJICHUMN;
MpuUBJICUCHHE €€ OONBIIEr0 KOJIUYECTBA MOJIOABIX YUECHBIX U COJICHCTBHE
Pa3BUTHUIO MX TBOPUYECKOW HAYUYHOW AaKTUBHOCTU. B TeueHWe mocieaHux
nBannaty et KondepeHiun opraHu30BpIBAIMCH TTpU nojaaepxkke PODU.
OCOOEHHOCTBIO HIKOJIBI-KOH(PEPEHIIUU SIBIAECTCS 00sS3aTEIbHOE YCTHOE
BBICTYIUJIEHHE C YCTHBIMM JIOKJIaJaMHU BCEX MOJIOABIX YYACTHUKOB.

JononHutenbHas uH@OpMaiusa, TE3UChl JOKIaAoB U ¢doTorpaduu
oynyt noctynHsl Ha caittax XXI| Kondepenunu:

http://hppi.troitsk.ru/meetings/school/XX11-2023/inform-23.htm

http://school.lpi.ru/
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AHU3O0TPOITHOE PACHIEIIVIEHUE OKCUTOHOB
B KBAHTOBbBIX TOYKAX U3 XAJIBKOI'EHN/10OB CBUHLIA

Asnees 1. I[.l’*, Hecroxion M. O.l, I'ynanos C. B.?
Y\OTH um. A.@. Hope, 2. Canxkm-Ilemepbype, yi. Honumexnuyeckas, 26
2Jackson State University, Jackson, Mississippi, USA
ivan.avdeev@mail.ioffe.ru

KBanroBple TOUYkHM #3 XalbKoreHugoB cBuHIA PbX, X=S, Se
SBIIAIOTCS ~ TMEPCHEKTUBHBIMU  MaTepualiaMu  Jajid  HUHQpaKpacHOM
ONTO3JIEKTPOHUKH [1]. XampKOoreHuApl CBHHIIA — 3TO MHOTOIOJIMHHBIE
MOJTYIIPOBOJIHUKHA C Y3KOW ITUPUHON 3alpelieHHON 30HBI, KyOWuecKoi
CUMMETPUEN M DKCTPEMyMaMH 30H PACIOJO0KEHHBIMA B YETBIPEX
aHU3O0TPOIHBIX L JoMHaxX (CM. pUCYHOK). 3a cueT OOJBIIOTO SKCUTOHHOTO
paavdyca U JIETKMX MAacC HOCHUTENIE B HHUX CHJIBHO BbIpaXeHbI 3 (PEeKThI
pa3MepHOro KBaHTOBaHHUSA [2], 4T0 1mM03BOISCT 3P (HEKTHBHO MEpECTParBaTh
IIMPUHY 3aMPEIIEHHON 30Hbl KBAHTOBBIX TOYEK MEHsI X pazmep. OaHako,
C YMEHBIIEHUEM pa3Mepa, B HUX HAYWHAECT MPOSABIATHCA TOHKAS
CTPYKTypa 3KcuToHa [3], KoTopas 00yCJIOBIIEHA JOJUHHBIM CMEIINBAaHUEM
¥ OOMEHHBIM KYJIOHOBCKHM B3aUMOJICHCTBHEM 3JICKTPOHOB U JBIPOK [4]. B
sKcriepuMeHTe  [5]  HaOmoganuch  Takke — HeOosbime — (~1M3B)
AHU3O0TPOIIHBIE PACIICTUICHUSI JIKCUTOHA, KOTOpbhIE OBUIM CBSI3aHBI C
BO3MOXHBIM HQJIMYUEM MOBEPXHOCTHBIX JE()EKTOB M HA CETOHSAIIHUI
JIEHb U3Y4YE€HBI HE JO KOHIIA.

B 310l paboTe HaMu UCCIEIOBAaH MEXAHU3M PACHICIICHHUS] SKCUTOHA
B KBaHTOBBIX Toukax u3 PbX 3a cyer aHmszorponuu ¢opmbl. be3 yuera
JOJIMHHOTO  pacUIeIUVIeHUs1 CTPYKTypa TaMUJIbTOHMAHA OOMEHHOTO
B3aMMOJICUCTBUSA MPUBOJUT K TOMY, YTO ONTHYECKH AKTUBHBIM B HUX
SIBJISIETCSI TOJIBKO OJIMH, CBEPXbBSIPKUM, TPUIUIET, COOTBETCTBYIOIIUN
CUMMETPUYHOM KOMOMHAIIMU JOJUHHBIX cocTosHui [4]. Hamu mocTpoeHa
aHAJIUTUYECKass MOJICNIb €ro aHU30TPOITHOTO PACHICIVIEHUS B KBAHTOBBIX
TOYKax ¢ ¢opmoil »3iuMnconaa BpamieHus (CM. PUCYHOK). Mojenb
aKKypaTHO  y4YWTbIBa€T KOMOMHAIIMM  JOJUHHBIX  COCTOSHUA U
aHU30Tponuio Maccel B L nonmHax. B paMmkax mpuOiImkeHust H30TPOIHBIX
JOJIMH HaM{ T[IOJy4Y€Ha YNPOUIEHHAs, JIMHEMHAs [0 MapaMeTpy
aHuzoTponuu [ (CM. pPHUCYHOK) QopMyna sl ciydas, Korja ocChb
IUIconia HanparieHa Baonb ocu [001], oguHAKOBO HAKJIIOHEHHOW KO
BceM L mosmmHaM.

Takke  HaMu  TPOBEJACHO  MOJCIMPOBAHUE  AHU3OTPOIHBIX
pacIIeryiecHui SKCHUTOHA B CEepOuAaIbHBIX KBAaHTOBBIX Toukax u3 PbX
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METOJOM CHJIBHOH CBsi3M [6]. MeToa CHIBbHOM CBS3H, B OTJIM4He OT K-p,
VUNATHIBACT JIOJIMHHOE CMCIIMBAaHWE W, KaK CJCACTBHE, JOJUHHOEC
pacIleryicHUE 3JIEKTPOHHBIX U JABIPOYHBIX COCTOSIHHUM, KOTOPOE HMPHBOIUT
K MPOCBETJICHHUIO APYTHX SKCHUTOHHBIX TPUIUIETOB [4] M UX aHHU30TPOIIHBIM
paciericHusIM. B pe3ynbrare aHM30TPOITHOE PACHICIUICHHE 3KCUTOHHBIX
TPUILIETOB, OCOOCHHO /IS MaJCHbKMX KBAHTOBBIX TOYECK, BO MHOIOM
OTIpeACIIACTCS JOIMHHBIM PACIICIUICHHEM — CHJIBHO OCHUJUIMPYIOIICH C
pa3sMepoM KBAaHTOBOW TOYKH BeJIMYHMHOW. [Ipm OodbIIMX pasmepax, Korja
OCHOBHOH BKJaa B ()OPMHPOBAHUE TOHKOH CTPYKTYpPbl SKCHTOHA BHOCHT
OOMEHHOE B3aMMOJICHCTBUE, aHU30TPOITHOC PACIICIVICHHE CBEPXBIPKOIO

6 .
a) b} p L ek

C) pacuienneHna aKGCUToOHa

MEeTOoJf] CUNLHOW CBA3U

k-'p Teopua

n=[111]

dE/u {meV)
NI

a=R(1- W3y  F v T T [ T T el
be R(1-2043) B T
°

3oHa bpunnioaHa | | T

M L-ponuHul PbX cdopma KT _24 3 12 16 20

D (nm)
TpUILICTA B C(I)epOI/II[aJ'IBHBIX KBAaHTOBBIX TOYKaxX COBIAAAacT ¢ CyMMapHBIM

pacHIeTUICHIEM YKCUTOHA U XOPOIIIO COTIIACYETCS C TEOPHEH.

Pesynbrarel pacdyeTa aHWU3OTPOIHBIX PpACHICTUICHUH 3KCUTOHA B
KBaHTOBBIX To4kax u3 PbS mpuBeaeHsl Ha pucyHke. CIUTONTHBIMA
JVHUSAMHU TI0Ka3aH pacuyeT CYMMAapHBIX aHHM30TPOIHBIX PaCIICIUICHHM
9KCHUTOHA B paMKaX aHM30TPOMHOM K- MOeu, MIpephIBUCTHIMU — pacyer
METOJOM CHJIbHOM CBsi3HM. CHMBOJIaMH «X>» TIOKa3aH pacyeT pacIlerieHUH
CBEPXBSIPKOTO TPHUILIETA C YYETOM JIOJMHHOTO CMEINMBaHWs. BenmmunHa
AHU30TPOIHBIX PACHICIUICHUH IpH HEOOJBIION aHW30TPONUH (OPMBI
cocraisieT ~1 M3B, uTO cornacyercs ¢ skcriepuMeHToOM [5].

HccnmemoBanue BEITTOIHEHO 3a cueT rpanTta PH® Ne22-72-00121.
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3D (H-0-¢) IMATPAMMA PACCESITHUSI HOCUTEJIEM 3APSIJIA
B AHTU®EPPOMATHETUKE CeBs C CWJIbHBIMU
JIEKTPOHHBIMHY KOPPEJISILIUAMM

Asapesnu A.H.', borau A.B.", [Jemumes C.B., Kpacropycckuit B.H.*",
[MIunesanoBa H.IO.3, ITomoBery C.E.3, dunumnos B.B.3, Boponos B.B.},
Cny4anko H.E.*
1HHcmumym ooweun ¢uzuxu um. A.M. Ilpoxoposa PAH, Mocksa,

Poccus
2HHcmumym Guzuxu evicokux oasnenuti um. JI.®. Bepewacuna PAH,
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3HHcmumym npobaem mamepuanoseoenus um. M.H. @panyesuua
HAHY, Kues, Yxpauna
E-mail: azarevich@It.gpi.ru

[Ipunsto  cumrtath, uto CeBg ¢ mpocToit  KyOMueckoit
KPUCTAJUIMYECKON  CTPYKTYpOH SBISETCS KJIACCUYECKUM IPUMEPOM
Konno-pemerku ¢ manoit remneparypoit Kongo (Tx = 1-2 K), cpaBHuMOi#
C TemIepaTypaMu JBYX MarHUTHBIX (pa30BbIX MepexoqoB npu Tq = 3,2 K
(opbutanbHOe ynopsipoueHue B aHTudeppokBaapynoibHoi (ADK) dasze)
u npu temreparype Heens Ty = 2,3 K (antrdeppomarautaoe (ADM)
cocrosiaue) [1-2]. Panee B [1] ObUIO YCTAHOBJICHO, YTO MPHU TEIUEBBIX
temriepatypax B AFQ cocrosaun CeBg HabmromaeTcss 3IEKTPOHHBIM
HeMaTu4yeckuil A3(p(PeKT, 4TO CBUAETENHCTBYET O HAPYIIEHUU KyOHUeCKO
CUMMETpUH B 3ToM Tekcabopuzae. B [3-4] Obuto moka3zaHo, 4YTO IpH
ONMKMCAaHUU MAarHUTHOTO OCHOBHOTO cocTosiHus CeBg HeoOxoaumo
YYHUTHIBaTh (opMHpoBaHue KiactepoB Ce HaHOpa3Mmepa, MpUyYeM, IO
MHEHUIO aBTOpOB [4], aHM30TpOmMS MarHUTHOW (a30BOH auarpaMMbl B
3TOM COCIWHEHHH C CHJIBHBIMH JJICKTPOHHBIMH  KOPPEISAIUSIMH
o0ycnoBneHa (QopmupoBanuem map Ce-Ce. Ilockonbky mapHbie
AJIEKTPOHHBIE KOPPENSMA M JIpyrue MHOro4yacTuuHble 3P EKTh B
3HAYUTETHLHON Mepe ONpeNesitoT 0COOCHHOCTH 3aps/I0BOrO TPaHCIOpPTa B
AD ¢paze CeBg, mpencraBiasier MHTEpeC HCCIENOBATh AHU3OTPOIHUIO
MarHeTOCONPOTUBIIECHUS TP U3MEHEHUHU HaIIPaBIECHUS U HANPSHKEHHOCTU
BHEIIIHEI0 MarHUTHOTO IOJIsA B pa3inyHbiX miockoctsx H//(100), H//(110)
u H//(111) u BocctanoButh 3D (H-6-¢) nuarpammy paccessHusi, CpaBHUB €€
C MOJIYYEHHOM paHee MO pe3ysibTaTaM HU3MEpEeHHU HamarHudyeHHoctu 3D
MarHuTHOM (pa30BOM JTHATPAMMOM.
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B cBsi3u ¢ 3TUM, 11€7BI0 HACTOSIEH PaOOTHI SIBUIIOCH MPOBEICHHE
NPEIM3UOHHBIX HCCIIeIOBaHUN MarHetoconpotusienus Aplp(H,p,0) npu
temriepatype 7=1.9 K B monsix no 80 k3O u nmoctpoenue 3D nuarpammsl
paccessHUsI I BBISICHGHHsI PEXKHMOB  3apsiIOBOTO  TPaHCIIOpPTa B
pasIMYHBIX MarHUTOymopsiaoueHHbIX (azax CeBg. s mpumepa Ha puc. 1
B MOJISIPHBIX KOOpIMHATAX MIPEICTABICHO MOBEJICHUE
MmaraeroconpoTusienus Ap/p(H,p) npu n3MeHeHnn HampaBiIeHUS BEKTOpPA
H B tinockoctu (110) (manenas a) B CONMOCTABJICHUU B MarHUTHOM (ha3zoBoM
H-¢p nmuarpammoii (maHens b). BelmonHeHHBIH B paboTe aHam3
pe3yIbTaTOB TPAHCHOPTHBIX m3MepeHuid B CeBg M03BOJSET yCTaHOBUTH

pexuMbl paccesHust Hocutened 3apsana B ¢dazax |-l u cBsazare ux c
MHOIo4aCTu4HbIMHU COCTOAHUSIMHA pa3HI/I‘-IHOﬁ IIPpUPOIBI.
Ap/p
0.030 [001] [001] dM/dH (G/Oe)
[-0.049 20 i;o_au
: - 0.28
- 0.127 0.26
15 - 0.24
— -0.206
[111] > [111] - 0.22
[ 0285 ') 10 L 020
kv = - 0.18
- -0.364 ~ — 0.16
- -0.443 I 0.14
5 - 0.12
I:n521 L 010
-0.600 — 0.08

[110] |f-o0s
0.04
0.02
0.00

Puc.1 (a) MarneroconporuBnenue Aplp CeBg B mmockoctu (110) u
(b) marautHas ¢azoBas H-¢ muarpamma npu 7=1.9 K B nmomsax g0 20 kD,
BOCCTAHOBJICHHAsT W3  aHajW3a NPOU3BOJHON  HAMarHUYCHHOCTH
dM/dH(H,p). llBeTtoM moKa3aHbl aMIuIMTyAbl 3(PQeKkToB. Pumckumu
nudpamu 0603HaueHbl MarHuTHbIE Pasbl: [1 — ADOK, 11T - AOM.

Ce''B; T=1.9K

HccnenoBanue BBITIOMHEHO MpH mojaepkke rpanta PH® (Ne23-22-
00297).
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BJAUAHUE MOJUPUKAIIUU ITOBEPXHOCTHU HA ®U3UKO-
MEXAHUYECKUE CBOMCTBA IOPUCTHIX CILIABOB HA
OCHOBE TINI

AnukeeB C.I'., KadrapanoBa M.U., Xonopenko B.H., Aptiroxosa H.B.
Tomckuu eocyoapcmeennusiil ynugepcumem, Tomck, Poccus
anikeev_sergey@mail.ru

K ucnone3yeMbiM B MemuiuHe UMIDIaHTarmoHHBIM TINI cruiaBam
NPEABSABISIOT psn TpeOoBaHuil. OHU JOJDKHBI OBITh OMOCOBMECTHMBI C
TKaHSIMHM OpraHW3Ma, HE BBI3bIBATh BOCIAJIWTENIBHBIX PEaKIuid, 001a1aTh

OIITUMAaJIbHBIMH @HBHKO-MCX&HI/I‘ICCKI/IMI/I XApaKTCPUCTUKAMH,
COOTBCTCTBYIOIIIMMHX HA3HAYCHHUIO MAaTCpHUaJla. K UnCiIy (I)aKTOpOB,
BJIMWAIOIIHUX Ha HN3MCHCHUC (bHBHKO-MeXaHI/I‘-IeCKI/IX CBOMCTB

UMITIAHTUPYEMBIX ~MaTEPHAIOB, OTHOCSTCS TEXHOJOTHS TOTY4YEHUS
nonypadpukaroB, koHueHtparuu Ni, TI u Jerupyrommx 3JeMeHTOB, a
TaK)kK€ MUKPOCTPYKTYPHBIE OCOOEHHOCTH MOBEPXHOCTH MUMILUIAHTHPYEMBIX
KOHCTPYKIMH. BakHbIM ycnoBueM Jito0oro ycoBepmieHCTBOBaHUs T INI
MaTepuia SBISETCS COXPAHEHHE 3aBUCUMOCTU MEXAY BEIUYMHOM
HampsbkeHus: U gedopmanuend, COOTBETCTBYIOUIEH TKAaHSIM B YCJIOBHSX
Harpy3Kud U pasrpy3Kd, a UMEHHO THCTEpE3UCHasi 3aBUCUMOCTb, KOTOpas
BBIpaXKaeTcsi B BO3Bpare jAedopMalid W BOCCTAHOBICHUW WCXOIHOM
dbopmbl TIpH CHATHUU Harpy3ku. OIHMM H3 CIIOCOOOB ONTHUMH3AIAN
MOBEPXHOCTH,  KOTOPBHIM  TO3BOJIAET  CO3JaBaTh  MHUKPOIIOPUCTYIO
MOBEPXHOCTh CTEHOK IMOP HEOOXOAWMYIO JJIi MHTETPAllud TKaHU BHYTPb
nopuctoro TiNi sBiusercs xumudeckoe TpaBienue [1]. B cBs3u ¢ atum
UCCJIEIOBAaHUE BIIMSIHUS crocoba MoaudUKauu TOBEPXHOCTU MyTEM
XUMHUYECKOTO TPaBJICHUS Ha (PU3HKO-MEXAHUYECKHUE CBOWMCTBA MOPUCTHIX
CBC cIutaBoB SIBIAETCA AKTYaJIbHOM 3aJaUEH.

[Topucteie CBC-matepuansl Ha ocHoBe TINI momydanu npu T=400
°C. Ilopomxku Ti u Ni cymmmu B BakyymMmHOM mmikady npu 1=60-70°C B
Te4eHue 7 4, 3aTeM 64 cMelmMBaIM B cMecuTenu. [IopomkoByo MUXTY
3aChIMAJIM B KBapIEBYIO KoJIOY, YIUIOTHsUIM 10 mopuctoctu 45-50%.
Konby ycranaBnuBanu B peakTop, HarpeBaiu a0 400° C, uHUIIMUPOBATIU
CB-cunres. [/lanee cruiaB oOpabaTeiBasii B pacTtBopax kuciot: Nel-HF (2
%) B Teuenue S muH nipu 1=20°C, Ne2 - HF + HNOj (1:3) B Teuenue 2 cex
npu T=80°C. HUccnenoBaHue NPOYHOCTHBIX M IUIACTUYECKUX CBOWCTB
BBITIOJTHSUTA Ha ycTaHoBKe Instron 3369 B ycnoBusix pactspkenus. Pasmep
uccaeayeMbIx o0pasioB coctaBisut 50x7x1,5 MM,
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[Tocme BBITpaBiuBaHus coctaBoM Nel kpymHbIX yactuil T i;NIi,
Ti4Ni,(0,C), npenen MpOYHOCTH MPU PacTsHKEHUH yBeawauics ot 120 o
155 MIIa. MakcumanbHas HakoIUIeHHas edopmalys Bo3pacTaer oT 4 10
6,4 %. IIpu 3TOM MakcuMalibHasl HaKOTUICHHAs AedopMalius JJis CIIJIaBOB,
o0paboTaHHbIX cocTaBoM Ne2, coctaBiseT 5,3 %. OTO OOBSICHSIETCS TeM,
YTO YacCTUIlbl, OOOTaIeHHbIe TI0 THUTaHy, BBITPABIMBAIOTCI MEHEE
WHTEHCUBHO, 10 CpaBHEHHIO ¢ 00paboTkoil coctaBoM Nel. B mopuctbhix
criaBax, oOpa0oTaHHBIX cocTaBoM N2, ocTaercsi OOJIBIIIOE KOJUYECTBO
4YacTull, OOOTalieHHbIX MO0 TUTaHy, OHHU SBISIOTCS HEKOI€PEHTHBIMU,
KPYIIHBIMH TI0 pa3Mepy, Xpynkumu. Ilpum paedopmManuu TpeHIMHBI
pacrpocTpaHseTcss HMEHHO II0 JTUM 4YacTHUIlaM, CHIKas ypOBEHb
mIacTUuueckoi nedopmaruu, mpu 3TOM TMpeaesa MPOYHOCTH OCTAETCS
MPAKTUYECKU HEM3MEHHBIM nopsiaka 128 MIla.

HccnenoBanue BBINIOJIHEHO TpU mojjaepkke IlporpaMmbl pa3BUTHS
Tomckoro rocynapcrennoro yausepcurera ([Ipuopurer 2030).

Jlureparypa
1. B.D. I'vontep, I'.I1. Hamb6aes, IL.I". u ap. MenunuHckue MaTepuaibl U
WMILUIAHTAThI ¢ MamMsAThio popmbl, Tom. yH-Ta, 1998.

MOIEJUPOBAHUE CTEKJIOBAHUSA C IIOMOIIbBIO
PACIHUPEHHOI'O METOJAA ®A30BOI'O I10JIA

AunxynunoB B. E., Bacua M. I.
Hncmumym ¢uzuxu evicokux oasnenuil
um. JI.@. Bepewacuna PAH, Mocksa
vladimir@ankudinov.org

B pabore mnpencraBieHa MaremMaThuyecKas MOJIENb, OINKUCHIBAIOIIASL
Mepexo] BEIIECTBA M3 >KUJKOIO COCTOSIHHSI B TBEPAOE B IIPOLIECCE €ro
PaBHOMEPHOTO OXJaxaeHus. Mojenb OCHOBaHa Ha KaJduOpOBOUYHOM
TeOpuu cTekyoBaHusa [1l], pacuiupeHHOW ¢ mOMOUIBID MeToAa (ha30BOTO
nons [2]. BbImoONMHEH YHCIACHHBIA pacdéT CHCTEMBI CTOXACTHYECKUX
nuddepeHIMaTbHBIX YPaBHEHUH, YIYUTHIBAIOIIUX TEIUIOBBIE (DIYKTYaIluu.
C mnoMOIIbI0 MPEIJIOKEHHON MOJEIM OMNUCaHa KOHKYPEHIHUS MEXITY
MpolecCaMi  KPUCTAJUIM3AIMA W CTEKJIOBAaHMS, IPOTEKAIOIIUMHU TIPHU
OXJIKJICHUHU JKUAKOCTH C Pa3HOMl cKopocThio. [Ipemnoxken mnapamerp
nopsigka (VXA), rme A-mosie, ONMUCHIBAIOIIEe YHOPSAOUYCHHE HATbHETO
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nopsigka  (kanuOpoBouHoe moiie). JlaHHBIT — mapameTp — mopslKa
XapaKTepu3yeT CTEeNeHb Iepexoja BellecTBa B CTEKOJbHOE COCTOSHUE,
uccienoBaHa 00JIacTh €ro MPUMEHUMOCTH, a TaKXe IOJYyYeHbl KPHUBBIE,
OTHCHIBAIOIINE JUHAMUKY dbopMupoBaHUs amopdHoit WIH
kpuctauimueckot  ($a3. I[lokazaHo, 4YTO mNpU BBICOKOM CKOPOCTH
OXJIQXKJICHHUS] MOJIENIb 3aMep3aeT B COCTOSIHUU C aMOpP(HON CTPYyKTypou
[Puc.1(a)]. VYMeHblIIEHHE  CKOPOCTH  OXJIAXKJECHUS  MPUBOJUT K
GOpMUPOBAHUIO MOJUKPUCTANIMUECKONM CTpyKTyphl [Puc.1(b)], nmubdo
YHOPAI0YEHHOM CTPYKTYpHI ¢ Aedekramu [Puc.1(c)].

| 1.5

Puc. 1. CHUMKY MTHOBEHHOTO pacrpeesieHus TapaMeTpa mopsiaKa
(VxA) [0003HaueHO [IBETOBBIM TPAAMCHTOM | JIJISl TPEX Pa3IMYHBIX
CKOpoOCTel oXJakaeHUs Voo B ABYXMEpHOM pacueTHoM oOmactu 100x100:
(@) Veooi=20e-4 6e3pasmepunix eaunmil [K/s], Bpems ¢pukcanuut=5000 [s];
(b) Veoor=2e-4 [K/s], t=7500 [s]; (€) Vo0i=0.25e-4 [K/s], t=28000 [s]. Ha
nanesnsix (D),(C) Takxke npuBeaeHO mosie A B BUJIE CTPEIIOK, TAKKe
yKa3bIBaIOIIlee Ha pacrpeiesieHne HanpsbkeHU B JOMEHE.

Paborta BemonHeHa mpu momnmepxkke Trpanta PH® Ne23-22-00168,
https://rscf.ru/project/23-22-00168/

Jluteparypa
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2. N. Provatas, K. Elder, Phase-Field Methods in Materials Science and
Engineering, 312 c., 2010
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CIHOCOB I'OPAYEI'O 'ABOCTATUYECKOI'O ITPECCOBAHUA

AHTaHOBHY A.A.
OI'FYH Uucmumym ¢huzuxu evicokux dasnenui umenu JI.@. Bepewacuna
Poccuiickoii akademuu nayx, Mockea, Poccus
antanov@hppi.troitsk.ru

['opsiuee  M30CTaTHUECKOE TPECCOBAHWE, 3aKIIOYaAONIeecs B
00paboOTKe MaTepuajioB  BBICOKMMU  JAaBJICHUSMH TPHU  BBICOKHX
TEeMITepaTypax, IIMPOKO HCIOJB3YIOT JUII 00paOOTKH METaUTMYECKUX H
KepaMHUYECKHUX MMOPOIIKOBBIX M3JEIHI, a TaK)Ke I MPOIMMTKH TOPHUCTHIX
MaTepHaOB PacIUIaBJICHHBIMHU BEIIECTBAMHU, HAIPHMEDP, JIETKOILIABKUMHU
MeTtautamu. IIpu sToM oOpabaThiBaeMble 3aroTOBKH MaTepHajia OOBIYHO
MIOMEIIAIOT B TOHKOCTCHHBIE METAIMYECKH KOHTEHHEPHhI, PaBHOMEPHO
nepeIaroniiue AaBjeHNE Ha MOBEPXHOCTh 3arOoTOBOK. B kadecTBe cpensl,
TepeIaroieil TaBJIeHNEe, B OCHOBHOM HCIOJB3YIOT Ta3000pa3HbIe aproH
wii a30T. OCHOBHBIMU HEIOCTATKAMH YCTPOWCTB IJIsi TAa30CTATUYECKOTO
IIPECCOBAHUS SBIISIOTCS B3PBIBOOTIACHOCTH, CJIOKHOCTH B 0O€CIICUCHUH
TEIJI03aIIUThl CTCHOK COCYJia BBICOKOTO JABJICHHS, a TaKKE€ B PCIICHHUU
3aJ1a4 CJIOYKHOTO TEIJI000MEHa.

C napyro CTOpOHBI, IS TPONMHMTKH YIJIEPOAHBIX KapKacoB
KaMEHHOYTOJIbHBIM TIEKOM C TIOCIIeTyIOIel KapOoHU3aIueld B TEXHOIOTHH
MIPOM3BOICTBA YTJIEPOA-YIIIEPOTHBIX KOMITO3UITMOHHBIX MAaTE€PHUATIOB MBI

. MPUMEHSIEM MOKa3aHHbIM Ha PHUCYHKE
B3PBHIBOOE30IACHBIN arrmapar BBICOKOTO
JABJICHUS THIA CUWIUHAP-TOPIIECHbY

JIBYXCTOPOHHETO C)KaTUs, B KOTOPOM CpEIO,
NEpPEaoIIel  JaBJIEHUS  CIYXUT  CyXOW
KBapueBblid mecok. Ilecok Takxke oOnamaer
JOCTATOYHO HU3KOW TEIUIONPOBOJAHOCTHIO U
CIIY>KMT XOPOIIEH TEIUIO3alIUTON BHYTPEHHUX MOBEPXHOCTEM armapara.
Kpome ToOro, mmda ycuiaeHHWss TENJIO3alIUTBI B CTEHKAaX ammapara
NPENYCMOTPEHA CUCTEMA BOJSHOIO OXJIAXIEHHUs. TakoW ammapaT MOXKET
TaKXE€ YCIEIIHO MPUMEHATHCS M JJIs NPONUTKH TMOPUCTBIX KapKacoB
KUIKUMHU  BemiecTBaMu  (Hampumep, rpadura  paciuiaBICHHBIMU
MeTaJIaMH) TOJ JIaBICHUEM, TaK KaK TMOPHUCTHINA KapKac B r€pMETUYHOM
KOHTEiHEpe OyJeT HaXOJUThCS B YCIOBUSIX TMOJHOW THUIPOCTATUKHU.
OpHako MpU MPECCOBAHUU TMOPONIIKOBBIX M3JIENIM  OOKOBOE JaBJIECHUE
IecKa B TaKOM amnmnapare Oyaer cocTaBiisith ~ 0,6 OT 0CEBOTO JaBJCHUS ,
YTO HE MOKET HE CKA3aThCs HA KAYECTBE IPECCOBKH.

Rl/adiEN T

|.\\ B e ol R
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JInsi CHUXKEHHS B3PHIBOOMACHOCTH Ta30CTATUUECKUX YCTAaHOBOK
BBICOKOTO JIaBJICHUS, YMPOIIEHHE CHUCTEMbl TEIUIO3Al[UThl CTEHOK U
yIIy4IIeHHUs TeII000MeHa MpeuiaraeTcsi yCTpOUCTBO BHICOKOTO JIaBJICHHS,
couerarliee B cebe dIeMEHThl KOHCTPYKIMM Tra3ocTaTa W Hallero
anmapara BBICOKOTO AaBieHus. OCHOBHasi OCOOEHHOCThH MpeIaraeMoro
ra3oCTaTU4eCKOro YCTPOMCTBA 3aKJIKOYaeTcsi B TOM, YTO BECh €rO
BHYTPEHHUI 00BEM 3alOJHEH KBapIEBbIM MECKOM WM UHBIM ChITYYUM
MarepuanioM. [lopuctocts necka cocraBisier 37-47% B 3aBUCUMOCTH OT
KPYITHOCTH W MPEUMYIIECTBEHHON (OpMBI 3€peH. DTO MO3BOJSIET Ooiee,
YyeM B JBa pa3a CHHU3UTh HEOOXOJUMOE KOJIMYECTBO Tra3a BBICOKOTO
JABJICHHS U, COOTBETCTBEHHO, CTENEHb B3PBIBOOIIACHOCTH.

3anoJiHeHHe CBOOOHOTO BHYTPEHHETO 00beMa yCTpOWCTBA MECKOM
MO3BOJISIET MOJIaBUTh KOHBEKTUBHBIM M PaAUallMOHHBIN TEMJI000OMEHBI U
obecneyuTh TEIUIO3allUuTy CHJIOBOM yacTu ycTpoiictBa. Hampumep, npu
HarpeBe KoHTernHepa nuaMmetpom 40 mm 1 BeicoToi 30 MM, coAepk amero
3aroTOBKY rpaduta W HaBECKy alIOMUHHMEBOIO CIUIaBa, B ammapare
BBICOKOTO JIaBJICHUSI ¢ BHYTPEHHUM JauameTpoM 150 MM 110 TeMmeparypbl
750 °@ teuenme 50 MMHYT C MOCHIEAYIOMIEH BBLIEPKKON IIPH DTON
TeMneparype B TeueHrne 10 MUHYT CHUJIOBOM KOPITYC Harpesics BCEro ~ Ha
50 rpamxycos.

Cxema npemjiaraemMoro arrapara BBICOKOTO JIaBJIEHUS
1 — cunoBoit Kopmyc, 2 — KOHTEIHEpP C 3aroTOBKOM, 3 — HarpeBaTeb,
4 — TOKOTIO/IBO/I, 5 — MIECOK, 6 — K BaKyyMHOMY Hacocy,
7 — K ra30BOMY KOMIIPECCOPY
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OBPATHBIN N30TOMMHBIN DOPEKT
B CBEPXIIPOBOJIUMOCTHU '/IPUIOB
MNEPEXOJHBIX METAJIJIOB

AntoHoB B. E.
Hnemumym ¢uszuxu meepooco mena PAH, Yeprozconosxka
antonov@issp.ac.ru

BricokoTeMiiepaTypHasi ~ CBEPXIPOBOJUMOCTh  «CYTEPTHUAPHUIOBY
METAJUIOB C aTOMHBIM OTHoIeHneM H/Me > 6, cuHTe3MpOBaHHBIX TpPH
BBICOKHMX JaBJICHHIX BOJOPOJia B TOCIEIHUE TO/IbI, XOPOIIO OMHCHIBACTCS
teopuerd DBKII wu, B 4YacTHOCTH, XapakTepu3yeTCs HOPMAIbHBIM
U30TOMHBIM 3P PEKTOM: TemIeparypa 1. CBEPXMPOBOJSIIEIO TEpexoja
MOHWKAETCsl MPU 3aMEHE MNpOTHUs Ha JAeUTepuid ¢ OOJbIIEH aTOMHOMN
Maccoi. Y dYeThIpex CBEpXIpoBOAsIMX ruapuaoB ¢ H/Me < 15/4,
UCCIICJIOBAHHBIX paHee, M30TONMHbIA 3pdexT Obul b0 oOpaTtHbIM (y
ruapunaos PdH [1], TiHg71 [2] m MoH;, [3]), mu6o orcyrcrBoBanm (y
rugpuaa ThgHys [4]). B mpemmaraemom mokmame mpeacTaBleH 0030p
TIOTIBITOK BBISICHUTH MPUYUHY ATOTO SIBJICHUSL.

B pesynbrare TpEMEPHO COPOKAJIETHErO AKCIEPUMEHTAIBHOTO U
TEOPETUYECKOTO HCCIICIOBAHUSI yTBEPIMUIIOCH MHEHHE, 4YTO OOpAaTHBIH
uzotonHeii 3Pdext B cucreme Pd—H/D oOycnoBineH B3aumojeiicTBHEM
AJIEKTPOHOB C CHJIBHO AHTAPMOHMYECKUMHU ONTUYECKUMHU KOJCOAHUSIMHU
aTOMOB  Bojopoda/aeiiTepus, W Hambojee SAPKUM  MPOSBICHUEM
aHTapMOHW3Ma  CYUTAJIOCh  3HAYWTENTHLHOE  OTJIMYME  OTHOIICHUS
ONTHYECKMX YacToT op/op =~ 1.5 B ruapuae wu aeirepuae ot
rapMOHUYECKOTO 3HAYeHUs /2 (cM., Hanpumep, padoty [5]). DTo MHeHHue,
OJTHAKO, OKAa3aJIOCh HECOCTOSATEIBHBIM, MOCKOJIBKY ONTHYECKHE CIIEKTPHI
PdH u PdD, uccnenoBanabie METOIOM HEYIIPYTOrO paccessHUs HEUTPOHOB
(HPH), mnpomemMoHCTpuUpOBalM TMOYTH TapMOHUYECKOE IIOBEJCHHUE, a
NPUYUHON OTJIMYMS OTHOLIEHMS YacTOT ®y/0p OT +/2 OBbLIO pasauuue B
CHJIOBBIX KOHCTaHTaX B3aumoericreus Pd—H u Pd-D [6,7].

OnTHyeckue CIIeKTPhI THApHIA U Acktepuaa moauodaeHa ¢ H(D)/Mo =
1.1 Taxke ObuTH MccnenoBanbl MeToqoM HPH m Takke okazanuch mouTu
rapMOHMYECKMMH, a OTHOIIEHHe wy/op = 1.44 Mano oTaMyanoch OT +2
[8]. NMmetromuecs pacuersl ab initio mis MOHOrHIpHAa ¥ MOHOACHTEpUIA
MOJMOJEHA Ml HENpPaBWIbHBIA 3HAK HM30TONMHOTO 3(ddekra — ObLIU
IOJIy4eHbI, COOTBETCTBeHHO, T, = 3.675 um 3.522 K [9] BmecTo
SKCIIEPUMEHTANIbHBIX 3HaueHui T, = 0.92 u 1.11 K [3]).
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HPH wuccnenoBanusi, TakuM 00pa3oMm, IOKa3ajau, YTO HU CHJIbHBIN
AHTapMOHU3M  PENIETOYHBIX KOJICOAHWH, HU CHJIBHOE OTKJIOHEHHUE
OTHOIIEHUS ®Op/®p OT TapMOHWYECKOTO 3HAYCHUS HE SIBJIAIOTCA
HEOOXOAMMBIMU  YCIIOBUSMH CYIIIECTBOBaHUSI OOpPATHOTO H30TOIMHOIO
sbdexra. Bo3zHUKAN 3aKOHOMEPHBIM BOMPOC — SBIAETCS WIM HET ITOT
3 dexT o0umMM CBOMCTBOM BCEX CBEPXIIPOBOJIAIINX THAPHUIOB C HE OUYEHD
BBICOKMMH (110 HBIHEITHUM MepkaMm) 3HaueHusmu H/Me < 15/4 = 3.75?
Brrsicauiiocs, uto He sBisiercs — y I'TLY Ttpuruapuaa UupKoHuUs, HEIABHO
cuHTe3upoBaHHOTO Tipu nasienuu 9 I'Tla, uzoronusiii 3QdexT okazancs
HopMajibHbIM: ZI'H3 u ZrD; umenu T, = 11.6 u 9.5 K [10] B mpekpacHoM
coracuu co 3HadeHusmMu T, = 11.7 u 9.21 K, paccuntanasiMu panee [11]
B NPEANOJIO0KEHUH, YTO 3TO COCIUHEHHE — CBEPXIIPOBOJHUK C OOBIYHBIM
BKIII Mmexann3Mom ciapvBaHus SJIEKTPOHOB.

OcraBanace €II€ BO3MOXHOCTb, 4YTO Yy THAPUIAOB C OOpaTHBIM
U30TONMHBIM  3P(HEKTOM HUMEIOTCS OCOOEHHOCTH B  aKyCTUYECKHUX
KOJICOAHUSIX KPUCTAUIMYECKON pEIIeTKH — 3Ta HU3KOIHEPTreTHYeCKast
4acTh (DOHOHHOTO CIEKTPA HU Y OJHOTO U3 HUX PAHEE SKCIEPUMEHTAIBLHO
HE M3yvajack. Pe3ynbTarhl HAIUX HENABHUX M3MEPEHUU TETIOEMKOCTH
PdH u PdD B wunrepBane temmeparyp 130-200 K, rme Bkiambl OT
aKyCTUYECKUX M ONTUYECKUX KOJICOAaHWU HMMEIOT CPaBHUMYIO BEIHYMHY,
OKa3aJIuCh, OJTHAKO, B XOPOIIEM COTJIACHH C pe3yJbTaraMu pacueta [/] B
rapMOHUYECKOM IPUOJIMKEHUU.

Takum 00pa3zoM, MPOUCXOXKACHUE OOPAaTHOTO U30TOIMHOTO (Ppdhexra B
CBEPXITPOBOJMMOCTHU THJPHUIOB MTOKA OCTAECTCS 3arajJikoil.

HccnenoBanue BBITIOIHEHO TNMpU nojepxkke rpanta PH® Ne 23-22-

00361.
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INPOHUIMAEMOCTD ITOPUCTOI'O CIVIABA HA OCHOBE
HUKEJIMJIA TUTAHA, TIOJTYYEHHOI'O METOJIOM CBC

AptroxoBa H.B., AnukeeB C.I'., Xonopenko B.H., Kaprapanosa M.,
[Taxonkuna C.A.
Tomckuu eocyoapcmeennwiil ynugepcumem, Tomck, Poccus
artyukhova nad@mail.ru

CmnaBel Ha ocHoBe TiNi 3a cueT NMPOTEKAIOUIUX B HX CTPYKTYpe
MapTEHCUTHBIX TMpeBpalieHuid oonamator 3pdekrom namsatTu GOopMbl U
CBEpPXAIaCTUYHOCTU. llopucThie cruiaBbl MMEIOT Pa3BUTYI0 OOBEMHYIO
CTPYKTYpy IIOPOBOTO MPOCTPAHCTBA. 3HAYMMOW  XapaKTEPHUCTUKOU
MOPUCTOMN CTPYKTYPHI SIBISETCS €€ MPOHUIIAEMOCTh, TOCKOJIbKY UMILIAHTAT
MOCJIe MHTErpallii B JKUBbIE TKAHM KOHTAKTUPYET C OMOJOTHYECKUMHU
KUJKOCTSIMH, UUPKYJUPYIOIIUMH Y€pe3 MNOPHUCTyr0 wmarpuny. I[Ipuuem
pacxo]l >KMJAKOCTH 3aBUCUT OT MHOTHX (DaKTOpPOB, BKIIIOUAsl €€ BA3KOCTh, a
TaKXK€  CTPYKTYpHbIE  OCOOCHHOCTH TIOPOBOTO  MPOCTPaHCTBA H
MEXIIOPOBBIX  mepembluek. llenpto  maHHOW  pabOThl  SBISETCS
UCCIICJIOBAHUE BIIMSIHUSI CTPYKTYPHBIX ocoOeHHocTe mnopuctoro CBC
Marepuaia Ha ocHoBe TiN1 Ha XapaKTEpUCTUKU MPOHUIIAEMOCTH.

[Tonyuenne mnopucToro MarepuasioB Ha ocHoBe TiNi1 mpoBoauIU
METOJIOM CaMOPaCIPOCTPAHSIOMIETOCS BBICOKOTEMIIEPATYPHOTO CHHTE3a
(CBC) B TpyOuaroit snexkrpuueckor meun tuma CYOJI B aTtMmocdepe
WHEPTHOIO Tra3a aproHa U3 MOPOIIKOB THUTaHa W HUkensd mapok [ITOM wu
ITHK-OT4, cootBeTcTBeHHO. CHHTE3 MPOBOJAWIM B KBapIeBOW TpyOKe
nrametpoM 50 mm. [TOpOMIKOBYIO MIMXTY YIDIOTHSUIM A0 TMOPUCTOCTH 45—
50 %. wm marpeBamu g0 300 °C. Jlms pacdyeta XapaKTEPHUCTHKU
NPOHUIIAEMOCTH ucnoib3oBanu  Gopmyny Japcu [1]. Kosddumuent
OPOHUIIAEMOCTH  ObLI  OmpefeieH B TpeX  MNEPIEeHAUKYJISIPHBIX
HanpaBleHUAX: Kiponi,  Kiporrs  Kionepr  CTPYKTYpHBIE  OCOOEHHOCTH
MOJYYEHHBIX MATEPUATIOB HCCIEAOBAIM METOJAMH ONTHUYECKONM U
pacTpOBOM 3JIEKTPOHHON MUKPOCKOIUHU, PEHTT€HOCTPYKTYPHOTO aHAJIN3A.

[Tonyuennsiii B pabore kpynHomopucteiii CBC Marepuan umeet
cpenauii  pasmepom mop 171 Mmkm um  mopucTocth 64%. IlopoBoe
npoctpancTBo CBC-Marepuana XapaKTepU3YETCS CJIOXKHOU CTPYKTYpOu
B3aMMOCBSI3aHHBIX TIOp. JlaHHasi CTpykTypa OOYyCJIOBJIEHAa MOCIOWHBIM
pPEeXKMMOM  CHHTE3a, HPOAYKTOM  KOTOPOTO  SBJISIETCA  IOPUCTO-
IIPOHMIIAEMBIN MaTepual ¢ BHICOKOW A0Jiel OTKpBIThIX mop. Habmogaercs
ApKasi aHU30TPONUSI CTPOEHUs MOpoBoro npocrpancrea CBC-marepuana.
3navenus kod(dunrenta npoHunaeMoctu: Ki,,1=588]] (cranmapTtHoe
otksoHeHne 6=8/1), K;pox=793 1 (6=161), Kyonep=254/1 (c=911).
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Hccnenoanue BbIMOJHEHO Opu mozjepxkke [Iporpammbl pa3BUTHS
Tomckoro rocynapcrsennoro yauepcurera ([Ipuopurer 2030).

Jluteparypa

1. H.E. JleoutheB OcHOBBI TeOpuu (HUIbTpaLMK: yaeOHOE mocodue. 2-e
u3a. / H. E. JleontbeB. — MockBa: MAKC Ilpecc, 2017. 88c.

AJIAMAHTAH B YCJOBHUSIX BLICOKHX JTABJIEHUM:
KAPBOHOTI'M3ALIUSA, TPAOUTUSALINA,
AJIMA3OOBPA3OBAHHUE

barpamos P.X.
Hnemumym ¢uszuxu evicoxkux oasnenuit umernu JI.®. Bepewaecuna PAH
bagramov@hppi.troitsk.ru.

HpiHemHui 1o — roJi CeMUASCATHUICTUS MEPBOr0 CHMHTE3a ajaMmasa,
OJIHAKO MEXaHW3MBI ATOTr0 MpPOIecca JO CHUX IMOP OCTAKTCS IMPEIMETOM
UCCIICIOBAHUN U JUCKYyCcCUH. JIoCTaTOYHO XOPOIIIO paboTaroIue TEOPUH U
MOJIETIM TIO3BOJISIIOT CHUHTE3UPOBATh aliMa3bl W ajiIMa3Hble MaTepHuajbl C
WCIIOJb30BAHUEM BBICOKHX CTAaTHYECKMX M JUHAMUYECKUX JaBJICHHM,
XUMHUYECKUX PEAKIUA M OCAXIEHUS U3 Ta30BOM (ha3bl, a TaKXKe IPYTrux
MeTo/I0B. TeM He MeHee, mpejcKazaTelbHas Cujia UMEIOIIUXCS Moieien
HenocTaToyHa. [losToMy pa3BUTHE METOJIOB CHHTE3a ajiMa3oB  C
UCIIOJIb30BAHUEM YTJIEBOJOPOJIOB B YCIOBHUSIX CTAaTHYECKUX BBICOKHX
nasienuii (HPHT) mpoucxoaut B OCHOBHOM 3KCIIEpUMEHTANIBHO [ 1, 2].

[IyTe mpeBpailieHus: YIriIeBOJAOPOJa B ajaMma3 yIoOHO pa3OouTh Ha
OTJENIbHBIC  OTallbl, BKJIOYas KapOOHHW3AIMIO, TpapuUTHU3AIUIO U
anmaszooOpa3zoBanue. Kpome Toro, HeoOXOAMMO  paccMaTpUBaTh
COMYTCTBYIOIIUE MPOLIECCH, TAKUE, KAK JCTHAPUPOBAHUE, TPAHCIIOPTHHIC
peakiuu, NepPecTpoiiky pemieTku, nud@dy3uto U apyrue. ITO MO3BOISET
U3yyaThb MX OTHOCUTEIBHO O0OCOOJIGHHO WU, B TOM YHCIE, C MOMOIIbIO
MOJIEIBHBIX KCIIEPUMEHTOB.

B wactosmedt pabore amamantaH (CioHyg), Tak Ha3zpiBaeMbIi
KapKacHBIA  YTJIEBOJIOPOJ, MCIOJB30BAJICS C OJIHOM CTOPOHBI Kak
MOJIEIbHOE BEIIECTBO, a C JPyrol — Kak OJHO U3 Hauboee
nepcrnektuBHbIX i HPHT cunaTe3a nHanoammaszos. llpuBopsarcs
HKCIEPUMEHTAIIbHBIE PE3YIbTAThI, JEMOHCTPUPYIOIINE BIUSHUE HA HTAIlbI
MpeBpaleHuss TepMoAWHAMUUYecKuXx mnapamerpoB P-T (nmaBnenue wu
TeMrepaTypa), a Takke HEYIJIEpPOJHOW COCTaBJISIIONIECH Cpelbl CUHTE3a —
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BOJIOpoJia. M3yuanoch Takke BIMSHUE TaKUX T€TEPOATOMOB, Kak OOp U
rajoreHBbl.

[Tokazano, yto mpu 12TTla u 1300°C anmassl 00pa3yroTcs u3
agamaHTaHa nOpsMmbiM  niepexojgoMm. Ilo-Bupumomy, Bbicokue P-T
napameTphbl UCKIIIOYalOT oOpa3oBaHue rpadura, a 00IbIIOE MEPECHIICHNE
OPUBOAUT K MAacCOBOM HYyKJealluu, U, KaK CIEJICTBHE, ajaMa3bl UMEIOT
HAHOpPA3Mep. Y CTAHOBJIIEHO CUJIBHOE THAPUPOBAHUE UX MOBEPXHOCTU. ITO
OOBSICHSIET TO, YTO aJIMA3HbIE 3€pHA HE CPACTAIOTCHI.

ITokazano, uyrto wuyucThli anamanTaH (CyoHig) mipu  nmaBiaeHum
2.0+7.0ITla nmpu 1400°C o6pa3yer rpaduT BBICOKOTO CTPYKTYPHOTO
COBepIlleHCTBAa. AMOp(]HBIE UCXOJHBIE YIVIEPOABl TPU TAKUX KE
napameTpax ocrtatorca amopdHbiMU. Takum oOpaszom, TrpaduTHzanus
MPOUCXOAUT TOJIBKO B MPUCYTCTBUU BOJOPOJIA.

N3 cMecu rpaduTa U aJjaMaHTaHa CUHTE3 ajiMa3a MPOXOAWIT MPAKTUYECKU
co 100% BexomoM npu gasineHusix okoisio 8 I'Tla m Temmeparypax nopsiaka
1500-1600°C. D10 CBUAETENBLCTBYET O TOM, YTO NPUCYTCTBHE BOAOPOIA
CHIKaeT HeoOxouMmble P-T mapaMeTpbl OTHOCUTENBHO MPSIMOTO TIEPEX0/a, a
rpadur, NO-BUAUMOMY, B IaHHOW CHUCTEME — «IIPOMEXYyTouHas» (aza nepen
CUHTE30M ajMasa. TakuMm o0pa3zoMm, BIUss Ha cTaauio rpadgutooOpa3oBaHus,
MO>KHO BJIMSATH Ha CUHTE3 aJIMa3a.

OKCIIEPUMEHTATIBHO TMOKA3aHO, YTO TaJOT€Hbl 3HAYUTEIBHO TOPMO3ST
rpaUTU3alMI0 UCXOHBIX YIJIEBOJAOPOJOB B YCIOBUSX BBICOKUX JIABICHU.
[lokazaHo, 4TO 100aBJIEHUE TAJTOTEHOB K MCXOJHOMY aJlaMaHTaHy MO3BOJISIET
MOJTy4yaTh HAaHOAIMAa3bl. JTO, MO-BUJUMOMY, CBSI3aHO C 3aTOPMOKEHHOCTHIO
CTaJIuu rpapuTU3aIMKi OTHOCUTENILHO HYKJI€AlUY ajiMas3a.

[TokazaHo, 4To OOp, U3BECTEHBIM KaK YCKOPUTENb TpapUTHU3aLIuK, TAKXKe
NO3BOJISIET CHWKaTh P-T mapamerpbl cuUHTE3a aiMasa Jake B OTCYTCTBHE
Bosioposia. IlomyuyeHHble B cucTeMe ajamMaHTaH+00p aiMasbl 3a BpeMeHa
NopsiJiIka CEKyHJ ObUIM MHUKPOHHOTO pasMepa. Kpome Toro, MUKpOHHBIE
KPUCTAUTBI OBUTM TOJTyY€HBI «IPSMBIM» TIPEBpPAIICHUEM OOPHUPOBAHHOTO
rpadura B anma3. ITO TOBOPUT, O TOM, YTO OOp, MO-BUAUMOMY, COJICHCTBYET
nepexoy rpapur-anmMaz Ha craaud rpadurtuzanmy. 3a  BEIIECTBAMH,
CHIDKAIONIMMU  TapaMeTphl ~ CHUHTE3a  ajmasza, 3aKpemwics TEepPMHH
«KaTaIU3aTOPbD).

Jluteparypa

1. V. A. Davydov, V. Agafonov, V. Khabashesku. J. Phys. C. C, 120
(2016) 29498-295009.

2. E. A. EKimov, M. V. Kondrin. Semiconductors and Semimetals. 103
(2020) 161-199.
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TEMIIEPATYPHOE U KOHHEHTPAIIMOHHOE U3BMEHEHHUE
BSA3BKOCTH PACIIJIABOB Al-Zn

baramosa E. A., Kamaesa JI. B.
Yomypmckuii ghedepanvuviii uccneoosamenvckuti yeump YpO PAH,
Poccus, 426067, Hocesck, yn. T. bapamzunou, 34
elizaveta.smagina.97@mail.ru

B mocnenuue roapl cruraBel Ha ocHOBe cucteMbl Al-Zn Bce uare
HCTIOJIB3YIOTCS B PA3JIMYHBIX OTPACIISIX TPOMBIIIIEHHOCTH. DTO CBSI3aHO C
MX OTJIMYHBIMU JIMTEWHBIMU CBOMCTBAMHU W HHU3KOM TEMIIEPATYpPOU
miaBieHus. OOHUM W3 TEPCHEKTUBHBIX HAINpPaBJICHUW HCIOIB30BAHUS
criaBoB Al-ZNn sBisercs BO3MOXKHOCTh pa3paOOTKH IMPHUIIEB Ha HX
OCHOBE. B OCHOBHOM 3TH CIUIaBbI HCMOJIB3YIOTCS B JIMTOM COCTOSIHHM,
YTO TO3BOJISIET U30€KaTh MOSBJICHUS TPEIIUH MPU XOJO0AHON 00paboTKe.
N3BecTHO, YTO MOpH TMpolieccax Iepexoja M3 KUJKOIO0 COCTOSHHUS B
TBEpI0€, Ha (POPMHUPOBAHUE CTPYKTYPHI CIJIABA HE MAJIOBAXKHOE BIIUSIHUE
OKa3bIBAET COCTOSHUE HCXOJHOTO paciuiaBa. KayecTBEHHO OIIEHUTh
W3MEHEHHE  MEKAaTOMHOI'O B3aUMOJICHUCTBUSI ~ TIPU  HU3MEHEHUU
KOHIICHTPAIlMX aTOMOB B METAJUTMYECKOM PACILIABE MOXHO IPU OMOIIU
aHalii3a CTPYKTYPHO — YYBCTBUTEJIBHBIX CBOMCTB. OIHMUM W3 TaKuX
CBOMCTB SIBIIIETCSl BSA3KOCTh, KOTOpas, KPOME TOTO, XapaKTepU3yeT
JUTEMHBbIE CBOMCTBA paciuiaBa. OIHAKO SKCIEPUMEHTAIBHOTO MaTepurala,
Kacaromierocss BsA3KOCTH paciuiaBoB Al-Zn, Ha cerogHsImHUA I€Hb
HEJO0CTATOYHO, 0OCOOCHHO B 00JIACTH COCTAaBOB, OOTaTHIX IIMHKOM.

[loatoMmy B  jmaHHOM  paboTe  HamMM  OBUT  MPOBEICHBI
AKCIEPUMEHTAIbHBIE HCCIIEIOBAHUSA TeMIEepaTypHOTO 51
KOHIICHTPAIIMOHHOTO ~ TOBEIEHUs Bs3KocTH  pacmiaBoB  Al-Zn ¢
coAepkKaHUEM IIUHKA OT 2,5 10 97,5 ar.% OT TemIieparypsl IUIABJICHUS 10
800°C.

Kunemarnueckass BsizkocTh (V) pacruraBoB  Al-Zn  m3mepsiiach
METOJIOM 3aTyXalolINX KPYTWIbHBIX KOJEOAHWW THUIJS C PaCIlJIaBOM B
BApUAHTE IIIBHIKOBCKOTO. DKCIEPUMEHTHI MPOBOIWIIH Ha
aBTOMAaTU3UPOBAHHON ycTaHoBKe, B atMmochepe He. Ilpu Harpese
00pa3IoB B YKUJKOM COCTOSIHMM HaOJI0JaJIOCh MHTEHCHUBHOE HCIApEHUe
Zn. 1ns oopasioB Al-Zn ¢ copeprxanuem 1uHKa 10 25 aT.% yCcTaHOBIICHO,
YTO IIPU TMOJIHOM ITUKJIE SKCIIEPUMEHTOB IOTEPH KOHIEHTpamuu ZN He
npesbimatoT 1%. B obnactu, 6oraTtoit Zn, u3MEeHEHUs1 COCTaBa pacIiijiaBa B
X0JIE BBICOKOTEMIIEPATypHOTO SKCIEPUMEHTA TakKKe HaxoIsuTcs B
npenenax 1-1,5 ar.%, ogHako moTeps Macchl 00Opaslia MpU ITOM
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cocraBisieT 10 15%, dYTO TOPUBOAUT K 3HAYUTEIBHOMY OTJIUYHUIO
JEKpEMEeHTa 3aTyXaHus. B pe3ynbrare, €ciii He yUUTHIBATh TIOTEPIO MACCHI
IIPU pacyeTe BA3KOCTH, TO 32 CUET U3MEHEHUS JIEKpeMeHTa 0011as omroka
ornpenenaeHus: BI3koctu coctapisieT 9%. [lpu Takoi ommbOke NMorydeHHbIE
MOJIUTEPMBI BSI3KOCTH B MPAMBIX U MONYJIOTapuPMHUUECKUX KOOpAMHATAX
HE HMMEIOT SPKO-BBIPAKEHHBIX OCOOEHHOCTEH M XOPOIIO OMHUCHIBAIOTCA
ypaBHEHHEM AppeHuyca B UCCIeIyeMOM HHTEpBaJie TEMIIEpaTyp.

[lo moMy4eHHBIM TEMIIEpaTypHBIM 3aBHCHMOCTSIM BSI3KOCTH OBLITH
MOCTPOCHBI €€ KOHIICHTPAIIMOHHBIE 3aBUCHUMOCTH TIPU  Pa3IMYHBIX
temriepatypax. [lo mMepe 3amenieHus: aTOMOB aJTIOMUHMS aTOMaMU ITUHKA
HaOJII0aeTCs YMEHBIIIEHUE BSI3KOCTH paciuiaBoB Al-Zn. DT1o u3MeHeHHe
KOHILICHTPALIUOHHOTO  TIOBEJEHUSI BA3BKOCTH HOCUT HEMOHOTOHHBIM
xapakrep. IIpu conmepxkanuu nunka g0 20 aT.% BS3KOCTh MCCIEIYyEMBIX
pacriaBoB MEHSETCs cl1a0o0, 3aTeM MPOUCXOIUT €€ PEe3KOE YMEHBIIICHHUE C
NOCHEeAYIOUUM yBeaudeHueM o 35 ar. % nunka. B pe3ynbTare B 001acTu
20 ar.% Zn wnHaOmojaercst sIPKO-BbIpaKEHHbIH MUHMUMYM. B o0Omactu
koHieHTpanuii oT 35 no 80 aT.% Zn BSA3KOCTHh PacIylaBOB HEMOHOTOHHO
YMEHBIIAETCH, nocjie  4ero OPOUCXOAUT €€  yBEJIMYCHHUE,
COMPOBOXKAAIONIEECS JIOKAJbHBIM MHUHMMYMOM TPHU 3BTEKTUYECKOU
koHueHtpauuu (87,5 ar.% Zn). OcobeHHocTh, OOHapyKeHHasi B 001acTH,
ooraToil aJltOMUHHEM, COOTBETCTBYET MPENebHON pacTBOPUMOCTH IIMHKA
B HU3KOTEMIIepaTypHOU a-(asze.

I/ICCHeI[OBaHI/Ie BBIIIOJIHCHO 3a CYCT I'paHTa Poccuiickoro HAay4YHOTI'O
donma Ne 22-22-00912, https://rscf.ru/project/22-22-00912/

CTPYKTYPA MAT'KUX KOJIEBATEJIBHBIX MO/l B
AMOP®HbLIX TBEPJbIX TEJIAX

Konrox /1. A., beapTiokoB 5. M.
DOTH um. A.D. Hogppe
ybeltukov@gmail.com

AmopdHBIE TBEpAbIe Tela OTIMYAOTCS OT KPUCTAIMYECKUX
HEYIOPSI0OYEHHBIM PACIOJIOKEHUEM aTOMOB, 4YTO NPUBOAUT K pSAY
CYIIECTBEHHBIX OTJIWYMM B MX CBOMCTBaX. B yacTHOCTH, TemmeparypHas
3aBUCHUMOCTh TEIJIONMPOBOAHOCTH aMOP(MHBIX TBEPABIX TEJ CYIIECTBEHHO
OTJIMYAETCSl OT TaKOW 3aBUCUMOCTH B Kpuctauiax. [Ipu 3ToM pasHuiia B
TETJIONMPOBOAHOCTH MOKET AOCTUraTh 4 TOpSAKOB MO BeauuuHe [1].
TennonpoBOAHOCT, aMOP(HBIX JAUAJIEKTPUKOB U MOIYIPOBOJHUKOB
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OmpeneNsieTcsl  MEPEHOCOM  BHEPTHMM  3a  CUeT  PacHpoCTpaHEHUs
KOJIeOaTeNIbHBIX BO30YKICHHIA.

CTpyKTypa U TpaHCIOPTHBIE CBOMCTBA K0JIeOATEIbHBIX BO30YKICHUI
B aMOp(HBIX Teiax SBIAETCS MPEIMETOM aKTUBHOTO MCCIEIOBAaHUS B
HacTosimiee Bpems [2, 3]. B yacTHOCTH, MHTEpEC MPEACTABISET YACTOTHBIM
muanazoH okojso 1 TI'm, B KOTOpOM HMEIOTCA TaK Ha3bIBaEMbIE
KBa3WJIOKAJIbHBIE KOJEOaHUs, KOTOPHIC OMPEACISIIOT OCHOBHOM BKJIAI B
paccessHMEe aKyCTHYeCKuX (OHOHOB W JAIOT CYIIECTBEHHBIM BKJad B
0o3oaHBIM TwmK [1]. KBa3sumokambpHbIe — KOJ€OQHHS  SIBIISIIOTCS
JOJITOKUBYIIUMH ~ KOJIEOAHUSIMU  HEOOJBIIMX TPYII aTOMOB, CJIado
CBSA3aHHBIX CO CBOMM  OKpyxeHuem. VccnemoBanue  mpupomb
KBa3WJIOKAJIBHBIX KOJEOaHUN SBISIETCS BaXHOM W TPyAHOU 3ajadyei,
OCIIO)KHEHHOU psiioM (aKTOpoM, B MEPBYIO OYepellb, UX creUPUIECKOn
cratucTukor. Kak mpaBmiio, KOJWYECTBO KBA3WJIOKAIBHBIX KOJEOaHWN B
CTEKJIaX 3aBUCUT OT MPOIECCOB OXJIAKJICHUS, BIUAIONIMX HA 00pa3oBaHUE
B CTPYKTYpE€ CTE€KOJ aHOMAJbHO MSTKHMX y4acTKOB [2]. Kaxaplid MsArkuu
y4aCTOK UMEET CBOIO XapaKTEPHYIO YaCTOTY, YTO BEJAET K PacCHpe/ICICHUI0
4acTOT KBa3WJIOKAJIbHBIX KoieOanuil. Ilpu sToM oxnaxaeHHash cucTeMa
OPUXOJUT K METacTaOMJIbHOMY TIOJIOKEHUIO PaBHOBECHUS, KOTOPOE
oOJylajlaeT CyIIECTBEHHON KOppeysiiueld ynpyrux KOHCTaHT cCBszed. B
CBS3M C JTUM, HU3Y4YEHUE BIUSHUS CTPYKTYPHOTO KOPPEIUPOBAHHOIO
Oecropsiika Ha KBa3WJIOKadbHBIE KOJIEOAHHWSI TIO3BOJUT PACIIUPUTH
MPEACTABICHHNE O MHUKPOCKOIMYECKNX CBOMCTBAX HU3KOYACTOTHBIX
KoJieOaHui B aMOp(HBIX MaTepraax.

Jlist u3ydeHusl MOCTABJICHHOTO BOMpoca Obljla MpUMEHEHa TEOopHs
KOPpPEJIMPOBAHHBIX CIIy4aitHbIX MaTpHull, oKa3aBIas CBOIO
abdexkTuBHOCTh sl omucanus kputepus WModde-Perens u apyrux
HanOoJsee 00IUX KoJjieOaTeIbHBIX CBOMCTB aMOP(HBIX TBEPABIX Tel [4, 5].
Konebanust BOJIM3M yCTOMYUBOTO MOJOKEHUSI HEYHOPSIZIOUEHHON CUCTEMBI
OMHCHIBAIOTCSA CIy9aliHOW JWHAMUYECKOW Marpuiied M, m B cioydae
CIJIBHOTO Oecropsiika, MPUCYIIET0o aMOp(HBIM TelaM, CTaTUCTUYECKUE
CBOMCTBAa JWHAMUYECKOW MATPHUIIBI HAMIIYYIINM OOPa30M OIHCHIBAIOTCS
MouHIMpOBaHHBIM aHcamOnem Bumapra M = AAT — BB'. Marpuna A
onpeessieT OCHOBHOM BKJaJ B AMHAMUYECKYIO Marpuily M, KOTOpBIA
onpenensieT YCTOMYMBOCTh cucTeMbl. OJIHaKo peanbHble aMOp(HbIE Tela
HAXOJATCSI B METacTaOWJIBHOM COCTOSIHUM, YTO NPHUBOAMT K HAIUYHUIO
BTOPOTO BKJIAJ[a, KOTOPHIN OMKCHIBACTCS MaTpHIlei B u ctpemMutcs cnenathb
CHUCTEMY MEHEee yCTOWYMBOW. MBI MIOKa3aliv, 9YTO B TAKOW MOJETH BOIN3U
opora yCTOMYMBOCTH BO3HUKAIOT MSTKHE KBa3WJIOKaJbHBIE KOJICOaHMS,
CTaTUCTUKA KOTOPBIX COOTBETCTBYET pe3yjbTaTaM  MOJEKYJISIPHO-
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JTUHAMUYECKUX PACUETOB pealbHbIX CcHUCTEM. M3yueHne CTpyKTyphl
KBa3WIOKAJIbHBIX KOJEOAHUM MOKa3a10, YTO OHU COCTOAT U3 5AJIpa, KOTOPOE
ONMHCHIBaeTCS ypaBHEeHUEeM Au(Pdy3ur, U O0O0O0JOUKH, KOTOpas Crajaaer
CTENIEHHBIM 00pa30M U OMHUCHIBAETCS YIPYTUM AUIIOJIEM.

HccnenoBanue BBITIOTHEHO TNMpU nojepxkke rpanta PH® Ne 22-72-
10083.
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IMNOBEPXHOCTHASI U AHU30TPOITHASI OFbEMHASI
CBEPXITPOBOJIVMOCTbD B ZrB,;, CO CTPYKTYPHOH "N
SJIEKTPOHHOU HEYCTOUYUBOCTBIO

borau A.B.l, A3zapeBuu A.H.l, Jlemuiien C.B.l, Boponos B.B.
[IumieBanoBa H.IO.Z, dunnmoB B.B.Z, Ciyuanko HE!
1HHcmumym ooweu guzuxu um. A.M.Ilpoxoposa PAH, Mockea, Poccus
2HHcmumym npobnem mamepuanosedenus um. U.H. @Ppanyesuua HAHY,
Kues, YVkpauna
E-mail: alex@It.gpi.ru

HemaBHO OBUIO yCTaHOBIEHO, YTO B CBEpPXMNpoBOAHHMKE ZIBj;
peanu3yeTcss SH-TEJUIEPOBCKAas CTPYKTYpHAs HEYCTOWYMBOCTH OOPHOTO
Kapkaca, 4TO TPHUBOJAUT K MOAYJSIIMUA IIMPUHBI 30HBI TMPOBOJUMOCTH H
BO3HUKHOBCHHMIO JTUHAMHYECKUX 3apsaoBBIX cTpairoB [1-2]. M3ydenwue
TPAHCIIOPTHBIX, MarHUTHBIX, TEIUIOBBIX XapakTepuctuk [1-2], a Taxke
ocobeHnHocTel uSR-criekTpoB [3-4] B 3TOM CBEpXITPOBOJIHUKE C AJICKTPOH-
(OHOHHBIM MEXaHHU3MOM CIIApUBaHUs NpHUBEO aBTOpoB [1-3] k BIBOgAM
(1) o nByxmieneBoW CBEPXMPOBOJAUMOCTH S-THIA B TPSI3HOM TIpenerne,
compoBOXKIaromiecs:  (2)  2JIeKTpoHHBIM  (Pa30BBIM  pacCIOCHUEM
HaHoMaciiTaba, (3) BO3HMKHOBEHHWEM TiceBaomenu u (4) CuIbHOU
AHU30TPOIHEH CBEPXIPOBOAAIINX XapPaAKTEPUCTHK.
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Puc.1. Vriosele (manenu a, D) m momeswle (C, d) 3aBHCHMOCTH

yAENbHOro conpoTuBiaeHuss ZrB;; B OKPECTHOCTH CBEPXIIPOBOJSIIETO
nepexojaa npu temmneparypax 2K u 4.18K. BepTukanbHbIM TyHKTHPOM Ha
naHensx (¢, d) oTMEUeHbI 3HaYEHUsT HAIPSHKCHHOCTH TOJIS, PU KOTOPBIX
OBUTH W3MEpPEHBI COOTBETCTBYIOIIME YIJIOBBbIE KpuBBIC (MaHeau a, D).
["'OpH30HTATBHBIA MYHKTUP COOTBETCTBYET OCTATOUYHOMY COMPOTHUBIICHUIO
ZrB;, nepen cBepXMNpOBOISIIUM NEPEXOIOM.

C 1enpio IeTaTbHOTO U3yUEHUS aHU30TPOITUH CBEPXIIPOBOAMMOCTH B
HaCTOsIICH paboTe BBHIMOJHEHO MCCIIEA0BaHNE HaMarHW4eHHOCTH M(¢) u
yACTHLHOTO COMpPOTUBJICHUS p(@) B cBepxmpoBojsimeld ¢ase ZrBi, mpu
IUTAaBHOM W3MCHCHHWM HANpPaBJICHUS BHEIIHETO MArHUTHOTO IO B
mupokoM nuana3zone yriao 0-360° B mmockoctsx H//(110) u H//(100).
[TonmyueHHble pe3ynabTaThl (CM., HampuMmep, puc.l) MO3BOJIAIOT cleiaTh
BBIBOJIbI, UTO HAOJIOJaeMas aHW3OTPOIHUS YICILHOTO COTPOTHBIICHUS B
MarHUTHOM TIOJie BOJW3M Tiepexoja B HOPMAJIbHOE COCTOSIHHC
00yCITOBJICHA KaK CHJIBHOW aHW30TPONHEH BEPXHETO KPUTHUCCKOTO IOJIS
H.,', mamenstomerocs B auarnazone 610-1050 D, tak ¥ MOBEpXHOCTHOU
CBEPXIIPOBOJUMOCTBIO HaOmomaeMoit mis HampasieHus H//[110]. B

-35-

0.0

p (nQcm)

p (uQcm)



IIMPOKOM JMamna3oHe yrioB B okpectHoctu H//(111) wnabmtomaercs
3HAYUTENBHBIA THUCTEPE3UC HaMarHW4eHHOCTH M(p) OTBeHarOIIHid
COMPOTHUBIIEHNIO, OOYCIIOBJIIEHHOMY JBWKeHUEM Buxpeil. I[lomydeHHsbie
pe3yabTaThl 00CYXIAlOTCd B TEPMHUHAX AaHU30TPOMHOWU JABYXIIEIEBOM
cBepxmnpoBoguMocTH 1.5 pona, cocymiecTBytoeid B ZrBj; ¢ HeoObIUHOU
IIOBEPXHOCTHOW CBEPXITPOBOIUMOCTBIO.

HccnenoBanue BBIOTHEHO TpU mojaepkke rpanta PHD (Ne 22-22-
00243).

Jluteparypa

A. Azarevich et al., Phys. Rev. B 103, 104515, 2021
B. Bolotina et al., Phys. Rev. B 105, 054511, 2022
. K. Kirschner et al., Phys. Rev. B 98, 094505, 2018
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NCCJIEJOBAHUE UHTEPMETAJIJINJIOB
CaCo,.Fe, (x=0.02-0.50) METOJAMMU PEHTTEHOI' PA®UU U
MIECCBAYAPOBCKOU CHIEKTPOCKOIIUU

IToxaTunos B.C.1’3, Pycakos B.C.z, I'amouka A.M.Z, Curos A.C.l,
bokoB A.B.3, Marununxkast M.B.3, LIBsmenko AB.:
'YMUPIA - Poccutickuii mexnono2uueckuti yHugepcumenn
2Qusuueckuil gdaxynomem MI'Y um. M.B. Jlomonocosa
?’Hﬂcmumym @uzuku evicoxux oasnenuit um. JI.d. Bepewaeuna PAH

E-mail: bokov@hppi.troitsk.ru

Hacrosimas paboTa MOCBSIEHA MCCIEAOBAHUIO KPUCTAUIMYECKON
CTPYKTYpbI, ()a30BOr0 COCTOSIHHS, JOKAJIBHOM aTOMHOM W MarHUTHOU
CTPYKTYpbl HHTepMeTaumueckoir cucreMbl CaCo,.Fe, (X=0.02-0.50)
METOJIaMU pPEHTreHorpaduu u MEccOAyIPOBCKON CIIEKTPOCKONUU TIpU
295 K.

Cunre3 oOpa3ioB npoBoauics moa aasienueMm 8 ['Tla u moapoOHO
ommcad B [1]. Kpucrammudeckas ctpykrypa obpasmnoB cuctembl CaCo,.4Fey
(x=0.02-0.50) wuccaemoBazach METOJOM IOPOIIKOBON PEHTTEHOBCKOMN
mudpaktomerpun Ha audpakromerpe MiniFlex 600 ¢ wmcnosb3oBaHKEM
CuK,-m3nydennss ¢ umHOW BOMHBI A = 1.54 A. ®azoBpiii  ananms3
IPOBOAWICS C ToOMoIIblo mporpamMmbl SmartLab Studio 1l (Rigaku
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Corporation) um 0a3el JaHHBIX
PDF-2. MéccbayapoBckue
CTIEKTpHI sigep ° F€ CHHMATHCH
npu Temneparype 295K B
r€OMETPpUU  TIOTJIOLICHUSI  Ha

N (%)
100

98

e cnektpomerpe MS1104Em (HUU
94 - # ¢uzuku, 1. PocroB-Ha-/lony).
-8 O6paboTka CIIEKTPOB
o OCYIIECTBIISLIIACH METOJ0M
‘n”'lg‘? _ MOJEIbHOW  paciMppoBKU  C
006 ] MTOMOIITBIO IPOTPaMMBbI
002 | SpectrRelax [2].
- Pentrenorpaduueckue

98.8
98.4

UCCIIEOBAHMS ITOKA3aJIM, 4YTO B
cucteme CaCo,.Fe, (x=0.02-

-] S 4 - 0 S 4 S 8 0 . 50) 06pa3YIOTC5I JBEC (1)33]51:
Velocity (mm/s) KyOuueckas daza JlaBeca
COCTaBOB CaCo,.4Fe, c

pocTpaHcTBeHHol rpymmoii O/ —Fd3m u  kyOuueckas ¢aza a-Fe.

[TapameTp pemierku ¢a3bl JIaBeca a ciaerka yBeau4unuBaeTcs Mpu pocTe X OT
a =741 A (x=0.00 [1]), mo 7.45 A (x=0.02) u 7.50 A (x=0.5). [Tapametp
pemmerku o-Fe a = 2.845 A He 3aBucur or cocrasa.

Ha pucynke mnpuBojasTCSA, B KauecTBE IpuMepa, mMeccOay’IpoBCKHUE
CIeKTpsI Ha sgpax - Fe B obpasmax ¢ x=0.02 u x=0.50. Touxu -
HKCTIEPUMEHTAIIbHBINA CIEKTpP, CUHSS JUHUS, MaplUUaIbHbIN CIEKTp IS o-
Fe u kpacHble TMHUU — MOJEIbHBIE MApUUATBHBIE CHEKTPHI JJIi aTOMOB
xKeesa, 3aMmernaroniux aromMbl Co B cTpykType (dassl JlaBeca.

OO0HapyXeHOo, 4TO TpU pocTe X N0 (a3bl JIaBeca ymMeHbIIAeTCsl OT
88% (x=0.02) mo ~25% npu (x=0.05) u 3aTeM ocTaeTcs MOCTOSTHHOM JI0 X
= 0.50.

ATOMBI KeJie3a B CTPYKTYPE PACMOJIOKEHBI B KPUCTALIOTpapUUECKU
SKBHMBAJICHTHBIX MO3UIMAX 16(d) — B BeplmmMHAaxX TeTpa’ApoB (TOUYCUHAS
CHUMMETpHS 3M) ¢ MHBEPCHOHHBIMHU OCAMHU CUMMETPHHU TPETHETO IOPSAKA
B Hanpasnenmsx [111], [111], [111] wu [111]. OG6paborka
HKCIIEPUMEHTAIIbHBIX CIEKTPOB OCYILIECTBISJIACH METOJOM HAMMEHBIIUX
KBaJ[paToOB C MOMOIIIBIO Tiporpammbl SpectrRelax [3] B pamkax TeH30pHOTO
noaxoAa K  ONHCAHUID  AHU30TPONUU  CBEPXTOHKUX  MArHUTHBIX
B3aUMOJICMCTBUM  SJIEP 'Fe B coequHeHusix RFe, ¢ kybOudeckoit
ctpyktypoit C15 [4]. B pesynprare yaanoch HAWTH ONTHMATbHBIC
3HAYEHUsT HMHTEPECYIOINX HAC CBEPXTOHKUX IapaMETPOB: H30MEPHOTO

-37 -



cABUra 0, KOHCTaHTHI KBaJpyNOJBHOrO B3auMojelicteus  €°qQ,
U30TPOMHOTO Ajs M aHM30TPOMHOTO A,, CBEPXTOHKHX TOJiel B oOnactu
PaCTIONIOKEHUS fApa, a TAKXKe a3MMYTAIBHOTO () M TOJSPHOTO & YTJIOB,
3aIafOIINX HAIPaBJIEHWE OCH JIETKOTO0 HaMarHWYWBAaHHUS OTHOCHUTEIHHO
kpuctamiorpadudecknx oceit. s daser JlaBeca momydeno: o = -0.06 +
0.01 mm/c; equ = -2,08 £ 0.09 mm/c; Ais = 197.2 £ 0.8kD; Ay = 6.0
0.2kD; @ =28°+2° 9§ =28°+5°

HccnenoBanue BBIMOTHEHO TpU mojaepskke rpanta PHD (Ne 22-22-
00806).  ABtopbl  paboThl  Takxke  Omaromapatr  MOCKOBCKHi
rocyJapCcTBeHHbI yHHBepcuTeT uM. M.B. JloMOHOCOBa 3a OOHOBIIEHHE
o0OpymOBaHUS JJISI HAyYHBIX HWCCIEIOBAHUN, WCIOIBb30BAHHOTO MpHU
BBITIOJTHEHUH PaOOTHI.

Jluteparypa

1. A.B. lIpsmenko u ap. [lucema B XKOTD, 68, 864, 1998.

2. M.E. Matsnev and V.S. Rusakov. AIP Conf. Proc., 1489, 178, 2012.
3. B.W. Huxomnaes u ap. M3B. AH CCCP. Cep. ®us., 54, 1681, 1990.
4. B.C. PycakoB u ap. ®PMM, 120, 366, 2019.

TAWHBI BOJbI U IPYTHX AHOMAJIBHBIX JKHJIKOCTEM:
«MEJUIEHHBI» 3BYK, PEJTAKCHUPYIOIIUE
C)KUMAEMOCTD ¥ TEILJIOEMKOCTD

bpaxkun B.B., /Tanuios U.B., [{uok O.b.
UDBJ] PAH
brazhkin@hppi.troitsk.ru

[lpoBencH aHamW3 TPUYMH CYIICCTBOBAHUS «OBICTPOTO» 3BYyKa Ha
TEparepIoBbIX YacTOTaX B PA3JIUYHBIX JKAIKOCTSX. IlokazaHo, dYTO
BEJIMYMHA CKOPOCTU «OBICTPOTO» 3BYKa XOPOIIO OIMHUCHIBACTCS OOBIYHOM
dopmyoii u3 teopun ympyrocti: Vi = ((B(w)+4/3G(w))p)*?, tme p —
IUIOTHOCTh KHIKOCTH, a B(w) m G(w) — Moxynu oObEeMHOTO CXKaTusl U
CIIBUTa HAa COOTBETCTBYIOIIMX YacTOTaX. B «HOPMaBHBIX» >KHIKOCTSIX
NPEBHIICHUE 3HAYCHHUSI CKOPOCTH «OBICTPOTO» 3ByKa HAJ CKOPOCTHIO
oObryHOrO 3ByKa cocraBisieT 10-20%, mpu 3TOM OHO HOYTH MOJHOCTBIO
onpenessieTcss BkiagoM monyis caBura G(w) Ha BBICOKHX YacTOTax H
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oOnymnsiercss Ha nuHUKM DpeHkemns. B To &e BpeMsl B TakKuX >KHIKOCTSIX
(mamee Ha3bIBAGMBIX «aHOMAJIBHBIMH»), TaKMX KaK BOJa W pacIjiaB
Temtypa, orpoMHoe (50-120%) npeBbllieHue CKOPOCTU «OBICTPOro» 3ByKa
HaJl CKOPOCThIO «HOPMAJIBHOTO» CBSI3aHO, TJIaBHBIM 00pa3oM, C CHIJIbHOU
YaCTOTHON 3aBUCUMOCTBIO MOAYJISI 00beMHOro cxkaTus B(w). AHOMabHO
HU3KWE 3HAYEHUS PEIaKCUPYIOLIEro MOYJIS CKaTUsl paHee ObUTH U3y4YEeHBI
HAMU JJI1 MHOTHUX OKCHIHBIX W XaJbKOTEHHUIHBIX CTEKOJ B 001acTH
Pa3sMBITBIX (DAa30BBIX TPEBpAIICHWA TMOJA JaBJICHHEM. B aHOMaTbHBIX
KUIKOCTAX TaKKe IPOUCXOAAT pa3MbIThie (Ha30BbIE TIPEBpAIICHUS B
IMIUPOKONM 00JIacTU TeMIlepaTyp W AaBICHUH, UYTO MPUBOJUT K PE3KOMY
CHI)KEHUIO MOJYJIed CKaTusi M CKOpocTed 3Byka. TakuM oOpaszom,
peKopAHO OoJblias pasHUIA MEXIYy CKOPOCTAMU «OBICTPOTO» H
«HOPMaJIBHOTO» 3ByKa B aHOMAJIbHBIX KUAKOCTSAX CBA3aHA HE C aHOMAJIbHO
«OBICTPBIM» 3BYKOM, a C T€M, YTO «HOPMAJIbHBI» 3BYK B TaKHX
KUIKOCTSAX SBISCTCS aHOMAJIbHO «MEIJICHHBIM», a MOJYJHA CXKATUS —
aHOMAJIPHO MAaJIBIMH. Y JIBTPa3BYKOBBIE HCCIICIOBAHUS aMOPQHBIX JIHIOB
H,O nuskoit tuotHoctm (low density amorphous - Ida) m BbICcOKO#
mwiotHoctu (high density amorphous - hda) moka3siBaroT, 4TO UX MOJIYJIb
CKaTHsi, NEUCTBUTENBHO, B 4-5 pa3 MpEeBHIIIAECT MOAYJIb CHKATHS BOJBI.
Pa3mbiThie (ha3oBble MpeBpallleHus] B BOJE U paciiaBe TEJUTypa MPUBOIST
TaK)K€ K aHOMaJbHO OOJIBIIMM 3HAYEHUSIM TEIUIOeMKOCTH — B 1.5-2 paza
BBIIIIE, YE€M Vy «HOPMAJIBHBIX» JKUAKOCTEH, T.e. [JII aHOMAaJbHBIX
KUJKOCTEH XapakTEpHbl HE TOJIBKO aHOMajbHOE (HEMOHOTOHHOE)
noBeJicHne (U3MYECKUX BEJIMYMH, HO W WX aHOMaJbHBIE aOCOJIOTHBIC
3HAUYCHHWs] 11 OOJBINIMHCTBA  JOCTYIMHBIX  METOAWK  W3MEPCHHS.
AHaNoOrMYyHOE aHOMAJIbHOE YBEIWYEHUE CKMMAEMOCTH U TEIUIOEMKOCTH
HaOIoAaeTCs, KaK U3BECTHO, JJIsl BceX (PIIIOMAOB B OJM3KON OKPECTHOCTH
KPUTUYECKOM TOYKH KUJKOCTh-Tra3. Ha TeparepioBeiX 4acToTax mpu 3TOM
HAOJTFOJAeTCsl aHOMATBHO «OBICTPHIN» 3BYK, YTO TAKKE CBS3aHO C PE3KUM
POCTOM BeMUYMHBI MOAYJIS cxkaTus B(w) Ha BbIcOKMX 4yacToTax. Bmecre ¢
TeM, JJIi aHOMAaJbHBIX J>KHIKOCTEH W CTEKOJ B OOJACTH pPa3sMBITHIX
($a30BBIX TpEBpaIeHUH BBICOKAs CKUMAEMOCTh M TEIUIOEMKOCTh, KaK U
OOJBIIIOE TPEBBIIICHUE «OBICTPOrO» 3ByKa HaJl «HOPMAJIbHBIM», HE
00s13aTENBHO CBSI3aHBI C OJIM30CTHIO KPUTUUYECKUX TOYEK U MUMEIOT MECTO
U JIFOOOM CLIEHAPUU PA3MBITOTO (Pa30BOTO MpEBpAIICHUS.

VccnenoBanue BBIMOJHEHO 3a cUeT IpaHTa Pocchiickoro Hay4yHOTO
donma Ne 19-12-00111

-39 -



SJEKTPOHHAS CTPYKTYPA, MATHUTHBIE CBOMCTBA
N IHOBEPXHOCTHBIE DOPEKTDI
B MOHOOKCHUJAE HUKEJIS NiO

Bam6ossx H.O.'2, Jleonos U.B.2
YYpansckuii pedepanvubiii ynusepcumem um. nepgozo Ilpesudenma
Poccuu b.H. Envyuna
2HHcmumym Guzuxku memannos um. M.H. Muxeesa, UOM YpO PAH
nikitavamb@gmail.com

Teopernueckre M SKCHEPUMEHTAIbHBIE MCCIEIOBAHUS CBOWCTB
OKCHJIOB TMEPEXOJIHBIX METANIOB M HUX IOBEPXHOCTEH MPEACTABIISIIOT
OoJbION (QyHAAMEHTAIBHBIN U TIpakTUyeckuil unrepec [1-4]. CpoiicTBa
JAHHBIX CHCTEM, KaK MPaBWIIO, TPOSBIISIOT BHICOKYIO YyBCTBUTEIHHOCTH K
MajgblM W3MEHCHHMSIM BHENIHUX TMapaMeTpoB, HYTO JaeT IIHPOKHE
BO3MOKHOCTH  JJIA  WCIIOJB30BAaHHS  JIaHHBIX  MaTepHaiOB B
TexHoJiornueckoil cepe. CBOMCTBA CUIBHO KOPPEIUPOBAHHBIX CHUCTEM C
JNaTbHUM MAarHUTHBIM TOPSIAKOM MOTYT OBITh KOPPEKTHO OIHCAaHbl B
pamkax npuMeHeHuss wmeronma DFT+U [5], B KOTOpOM  y4eT
KOPPEIALUOHHBIX 3((PEKTOB NPOBOJUTCA B paMKax CTATUYECKOIO
npubnmxkenus Xaptpu-Poka. B  manHOl paboTe OBUIO MPOBEACHO
UCCIIeIOBaHUE B3aMMOCBSI3HU MEXIY AIEKTPOH-3JIEKTPOHHBIMU
KOPpENALMsIMU W TOBEPXHOCTHBIMH 3 (dexTaMu B  KIACCUUYECKOM
KoppenupoBaHHOM audiiekTpuke NiO. B wyacTHocTH, ObLIa paccuuMTaHa
AJIEKTPOHHASI CTPYKTypa, MAarHUTHbIE U TOBEPXHOCTHBIE CBOMNCTBA
HenoysipabIx moBepxHocTed (001) m (110), a taxke momspuoi (111)
noBepxHoctu NiO. Jlns monsipHoit moBepxHoctu (111) NiO BcnmenctBue
YepeIOBaHMS TIOJIOKHUTEIIBHO U OTPHUIATEIIBHO 3apsDKEHHBIX TJIOCKOCTEH,
MOBEPXHOCTh UMEET PACXOMSNIYIOCS 3JEKTPOCTATUYECKYIO IHEPTUIo [6].
Kak cneactBue, 53TO MNPUBOJUT K CTPYKTYPHOM PEKOHCTPYKIIHMH
MOBEPXHOCTHBIX CJIOEB. B wacTHOCTH, B JaHHOU paboTe paccMaTpuBaiach
“octopolar” pexoncrpykius Ni u O TepMHUHHPOBAaHHOW MOBEPXHOCTH
(111) NiO p(2x2) tuna (cm. Puc 1). DFT+U pacueTsl 1al0T 3HAYUTEIbHOEC
YMEHBIICHUE YHEPreTUUYECKOUN IIENH I MOBEPXHOCTHBIX cioeB Ni(0, 1o
CpPaBHEHUI0O C OOBEMHBIMH KPHCTAUIAMH, YTO B OOJBIIEH CTEMeHU
OpOSIBJISIETCST B ciiydae moysipHOM — moBepxHocTH  (111).  DTo0
CBUIETEIHCTBYET O 00Jieé BBICOKOW KATAIUTHYECKOW aKTUBHOCTHU
noBepxHoctd (111) B cpaBuennu c¢ (001) u (110). B nmomonHenue B
pamkax DFT +U Owuta BbluMclieHa NoBepxHocTHas »Heprus mis (001),
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(110) m (111) NiO, a Takxe TPOBEJAEH aHaJIU3 3aBUCUMOCTH
MOBEPXHOCTHOW SHEPTHUU C W3MEHEHHEM JMUTAKCHAIBHOU aedopMammu
(cKaTuW/paclIupeHusl PEelIeTKU B IUIOCKOCTH pocTa ab) mienok (001),
(110) u (111) NiO. DFT + U pe3ynbTatrhl ajisi TOBEPXHOCTHBIX SHEPTHIA
MOKa3bIBatoT, 4To oBepXxHOCTH (001) NiO nmeet 3HAYUTEIIPHO MEHBIIIYIO
sHepruto, 4yeM (110) u (111) NiO, npu 5TOM pacTsHKEHUE B TJIOCKOCTH ab
IPUBOAUT K MOHOTOHHOMY YBEIWYEHHIO MMOBEPXHOCTHOW HDHEPTUH ISl

(001), (110) u (111) NiO.

(2) PekOHCTPYKITHS TOBEPXHOCTH (b) PexkoHCTPYKIHS TIOBEPXHOCTH, OOpe3aHHOM
o nonam Ni oOpe3anHoit mo nonam O

Puc. 1. p(2x2) ““octopolar” pekoHCTpyKIHUU IS pa3IuIHbBIX
noBepxHocTel (111) NiO. ATomMbl HUKEISI TOKa3aHBI CEPBIM IIBETOM,
aTOMBI KHUCIIOPOJA - KpacHbIM. [IepBbIe 1Ba TOBEPXHOCTHBIX CIIOS
cocTaBiAioT 25% u 75 % OT KOJIMYEeCcTBa aTOMOB B O00BEMHBIX CIIOSX,
COOTBETCTBEHHO.

Pabota BeimosineHa npu noaaepxke rpanta PH® Ne 22-22-00926.

Jluteparypa
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5. V. 1. Anisimov, J. Zaanen, and O. K. Andersen, Phys. Rev. B 44, 943 (1991).
6. P.W. Tasker, J. Phys. C: Solid State Phys. 12, 4977 (1979).
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O MIPUYMHAX MEJIJIEHHOM PEJIAKCAIIUU
PACCIIJIABOB Al-P3M ITOCJIE IIJIABJIEHUSA

Bacun M. F.l, [IxnseB K. H.2’3, JleGenes B. .23
1HHcmumym Quzuxu evicokux dasneruti um.Bepewacuna JI.®. PAH
2Vomypmexuii pedepanvhwiii uccredosamensckuti yenmp YpO. PAH

3Y0mypmc1<m7 20Cy0apCcmeeHublil yHugepcumem

dr_vasin@mail.ru

[lenapto paboThl SBISIETCS TEOPETUUECKOE OOBSCHEHUE TPUPOJIbI
MeuIeHHbIX, ~ 10* C, penakcarMOHHBIX MPOIECCOB, HAOMIOMAEMBIX MOCIE
IUTaBJICHUSI B HEKOTOPBIX CTEKJIOO0OPa3yIOIMIUX ABTEKTHUYECKUX paciljiaBax
[1-3]. Mp1 yTBepkmaeM, 4YTO BEPOATHONH MNPUYMHOW MEAJICHHOM
penakcanuu SBIAETCS HEIUHEHHOCTh AUG(PY3UOHHBIX MPOIECCOB B
TETEPOr€HHOM pAacCIUIaBE C BKJIIOYCHUSMHU TYTOIUIABKOM CTEXHOMETPHUH.
[IpuunHoOU HEJTMHEWHOCTH SABJISETCS TEPMOJINHAMUYECKAS
HEYCTOMYMBOCTb, TMOJAOOHAs TOM, KOTOpas HMEET MECTO IpH
CIMHOJAJILHOM pacraje, a He0OOXOAMMBIM YCIOBUEM — HEOJHOPOJHOCTH
WUCXOJHOTO pacruiaBa. s NOATBEPKICHUA HAIKMX MPEANOJIOKECHUN
paccMOTpeHa MOJIENb KUAKOIO pacCTBOpa OMHAPHON CUCTEMBI, 3BOJIFOLIUS
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Puc.1. ®azoBas nuarpamma Al-Y ¢ BeIeeHHON 00J1aCThIO
HEJTMHEWHOW MEJICHHOM peaKcaliiy B )KUJIKo# ¢asze.
Kpectukamu 0603HaueHbI TapaMeTPhl PacIljiaBOB, B KOTOPBIX
Ha0JII0/1a71ach MEJICHHAs peJlaKcallus.
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KOTOpOU ONMCBIBACTCS YpaBHEHUEM Kana-Xunnumapaa Cc
KOMOHMHHMPOBAHHBIM MOTEHIMaIoM ['mbOca B MPEeaNnoJIOKCHUN HaJIUYUs
OCTaTKOB TIOCJI€ TUTaBJIEHHUS CTexuomeTpuuecko ¢as3el. Ha mpumepe
criaBoB Al-Y u Al-Yb, ucnonb3ys noreHimansl [ mdb0ca u3 cranaapTHOM
0a3pl maHHBIX [4], Mbl TIOKa3pIBa€M, YTO IPH HAJIWYUU HAYaIbHOMN
HEOJHOPOJIHOCTH B 3THX CHUCTEMaX MOXKET pa3BUBATHCS HEYCTOWYUBOCT,
MPUBOAAIIAS K MEIJICHHBIM pelaKCallMOHHBIM MpoIieccaM, U ompesessemM
o0JlacT 3TOM HEYCTOMYMBOCTH Ha (Pa3oBbIX auarpammax (cMm. puc.l).
OueHka TPOCTPAHCTBEHHOI'O MaciTaba HMCXOAHBIX KOHIIEHTPAIIMOHHBIX
HEOJHOPOJHOCTEHW, HEOOXOAWMBIX JUIi  TPOSIBIICHUS  HEJIWHEHMHOMN
maddy3un, Xopomo corjiacyercs ¢ HaOMoJaeMbIMU  pa3MepamMu
WHTEPMETAUIMUYECKUX BKJIIOUCHUH B MCXOJHBIX oOpa3lax mepes ux
iasienneM, ~ 10°—10° m.

HccnenoBanue BBIMOTHEHO TpU mojaepskke rpanta PH® (Ne 21-13-
00202).

Jluteparypa

1.L. Son, M. Vasin, V. Sidorov, G. Rusakov, Journal of Alloys and
Compounds, 785, 1279, 2019

2. V.M. Zamiatin, B.A. Baum, A.A. Mezenina, et al., Rasplavi (in Russ.)
5, 19, 2010

3.V.l. Lad'yanov , A.L. Bel'tyukov , S.G. Menshikova, et al., Physics
and Chemistry of Liquids, 46, 71, 2008

4. URL.: http://cpddb.nims.go.jp/cpddb/periodic.htm 25.09.2018.

HUCCJEJOBAHUE MPOLIECCA ®OPMUPOBAHUS U
CTPYKTYPBI THIPATA METAHA METOJOM
MOJIEKYJISIPHOU JTMHAMUKHA

Bnacos P. B., Mokmun A. B.

Kazanckuii (Ilpusonscckuii) ghedepanvroviii ynueepcumem, Kaszanw, Poccus
roman.vlasoff@outlook.com

["a30BbBIE TUIpaAThl — KPUCTALINYECKUE COCIUHEHUS CTAaOWIbHBIE TIPU
HU3KOU TeMmIepaType M BBHICOKOM JIaBJICHUU. DTU COEIUHEHHS COCTOST U3
KJIETOK (XO03s5IMH), 00pa30BaHHBIX MOJICKYJIAMHU BOJIbI, U BJIOKEHHBIX B HUX
MoJieKysn raza (roctsb) [1]. MIHTE€HCHBHOE HW3y4€HHE Ta30BbIX THAPATOB
CBSI3aHO C WX IOTEHIIMAJIOM B AHEpPreTudeckoil cdepe, BO3MOKHOCTIMHU
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OTIPECHEHMs BOJBI, TA30pa3/IeTICHUs W TPAHCTIOPTUPOBKA Ta30B, a TAKKe
n3-3a MpoO0JeM THApaTOOOpa3oBaHMS B CTBOJax CKBaXKMH. Ha maHHBIN
MOMEHT TE€PMOAMHAMUYECKHE CBOMCTBA Ta30BBIX THUAPATOB JOCTATOYHO
U3YYEHBI U XOPOIIO YCTAHOBJICHBI [2], OJTHAKO OCTAETCS MHOTO OTKPBITHIX
BOIIPOCOB, CBSI3aHHBIX C MPOIECCOM UX 3apoKaeHus U popmupoBanus [3].

B pamkax monaenupoBaHUsS MOJEKYISPHOM NMHAMHKH HCCIETyeTCs
mporiecc Hykjieanuu u GopMupoBanus ruapara metada pu 1 = 250 K u p
= 50 MPa. YcranoBieHo, 4TO pOCT THApPATA MPOUCXOIUT Yepe3 aMOPhHYIO
dbazy ¢ moclenyromeil KpucTauIM3alued, YTo (PUKCUPYETCs Mo
napamerpam Topsinka F; m F4,. B pamkax kimacrtepHoro aHammza
onpeneieHbl THUApPATHbIE KIETKM B CHUCTEME€ W WX KOJHMYECTBO.
OO6HapyXeHO, YTO MPOUCXOAUT TpaHChOopMalus KIETOK MO MEpE pocTa
HOBOW (ha3el. Bpems 3apoxxaeHus: HOBoul rugpatHod ¢aszel T, = 10 ns
ompeiesieHo ¢ momoIbo meroaa MFPT.

HccnenoBanue BBIMOTHEHO TpU mojaaepkke rpanta PH® (Ne 19-12-
00022).
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UB gMP CHEKTPOCKOIIUS BHICOKOI'O PA3PEIIEHUS
BOPUPOBAHHBIX AJIMA30OB

Boukosa 3. H.', ®unonerko B. I1.7, barpamos P. X2, Kpacnopycckunii B. H.
1HHcmumym duzuxu memannos um. M.H. Muxeesa YpO PAH,
Examepunoype, Poccus
2HHcmumym Guzuxu evicokux oasnenuti um. J1.D. Bepewazuna,
Tpouyx, Mockea, Poccus
E-mail: volkovazn@imp.uran.ru

OTKpBITHE CBEPXIPOBOJUMOCTH B CHJIBHO JIETUPOBAHHBIX OOpOM
aliMa3ax BbI3BAJIO OOJBIION Bemiieck uMHTepeca. OHAKO, HECMOTpPS Ha
0O0JIbIIIOE KOJTMYECTBO HMCCIEIOBAHUN, B3AUMOCBSI3b MEXKY CTPYKTYpPOU U
¢bu3nYeCKUMU CBOMCTBaMH OOpPUPOBAHHBIX ajJiMa3OB JI0 KOHIIA HE
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ycraHoBieHa. B maHHoM koHTekcre weron AMP UB  BrIcOKOTO
paspeiieHusi (C BpallleHHWEM T0J, MAaru4ecKuM YTJIOM) HMEET 0co0o0e
3Ha4Y€HHUE, TIOCKOJIBKY TI03BOJISET BBISIBUTH JIOKaJbHBIE OCOOCHHOCTH
PacCIONIOKEHU aTOMOB 00pa B KPUCTAJUTMYECKOU CTPYKTYPE M UX BIIUSTHUE
Ha CBOMCTBA aJIMa30B.

Panee B [1] meTogom SIMP

a) OBILT0 MMOKa3aHo, YTO
CBEpXIIPOBOIUMOCTD
OOpUPOBAHHBIX aIMa3oB

CBsI3aHA C OOIIUM COACPKAHUEM
Oopa B pernieTke U HaboaaeTcs
B oOpasnax ¢ JEerupoBaHUEM
oonee 2%. B wHacrosmen
S) A paboTte FICCIIEIOBAIUCE
MHUKPOIIOPOIIKK anMa3oB Sl u
S2, CUHTE3UPOBAHHBIE B
YCJIOBHSIX BBICOKUX JIaBJICHUU U
TEMIIEpaTyp ©3  Pa3IMYHBIX
npekypcopoB [2]. CoaepxkaHue
6opa B S1 m S2 cocraBisiio

line-5

0 s @ ~1% u ~1.2% COOTBETCTBEHHO.
Xumudeckuii ¢BHT, ppm [IpyueM nUaMarHUTHBIA BKJIA]

Puc. 1. Cnekrper SAMP 11B, B BOCIPUUMYIHUBOCTD,
3alMCaHHble B MarHUTHOM moje 11.74 CBUICTENbCTBYIOIINH 0
T ¢ wacroroit Bpamenust 20 k[ HAIHTHHA CBEPXIIPOBOAAIICH
a) S1, b) S2. da3pl, OOHAapyX eH TOJBKO B

obpazie S2 ipu T < 3.2 K.

B nanHo# pabote mist anMazoB S1 u S2 UMITYIbCHBIM METOJI0OM OBLITH
3anucanbl cekTpsl AMP "B BBICOKOTO paspelieHus B MarHUTHOM I10JI€
11.74 T c wactotoit Bpamenusa 20 k[’ mpu BappupoBanuu napamerpa D1
(BpeMeHU MOBTOPEHUS MUKJIOB UMITYJILCHBIX TTOC/IeI0OBaTeIbHOCTEH) OT 50
ms g0 60 S. Ha puc. 1 npuBeaeHsl npuMephl CIEKTPOB, 3anucanHbie ¢ D1 =
10 s. YcraHOBJIEHO, YTO CHEKTPHI MPEACTABISAIOT COOOM CyNepro3UIIUIO
JMHUMN, COOTBETCTBYIOUIUX PA3JIMUHBIM OKPYKEHUSIM Oopa ¢ pa3IuyHbIMU
BpEMEHaMH CIHH-PELIETOYHON penakcauuu [;. Ha puc. 1 mnoxaszano
pazyiokeHue CrekTpoB S1 u S2 Ha KOMIIOHEHTHI, UMEIOIINE XUMHUUYECKUE
cauru: -4 ppm, 2 ppm, 28 ppm, 64 ppm u 14 ppm (line-1, line-2, line-3,
line-4 u line-5 cooTBeTCTBEHHO).

Line-1 wu line-2 mpexacraBiastior co0OM BKJIAaabl B CHTHAI OT
pUMECHBIX (Da3, COOTBETCTBYIOMMX Kapoumay 6opa B,C m xybmueckomy
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HuTpuy 6opa CBN. OcHoBHO# Bkian B cnekTpsl (line-3) coorBeTcTBYET
O0opy, 3aMemiaroIieMy aroM yriepoja B aiMa3Hoi pemieTke. OH uMeer
TeTparoHainsbHoe okpyxenune BC, wu, cormacmo [1], oTBewaeT 3a
IPOBOJIUMOCTD  (CBEPXIIPOBOJIMMOCTB), UYTO TMOATBEPKIAETCA CaMbIM
KOPOTKHUM BpEMEHEM CIUH-penieTouHoi penakcaruu (T, =~ 0.9 s). Bxuan
line-4 nmaetr Gop B TpuroHaibHOM rpaduronogooHoM okpyxkennn BCj,
MPEATNONOKUTEIIbHO HAXOMAIUNUCS PSAAOM C BakaHcued. JluHmio C
xumuaeckum capurom 14 ppm (line-5) B S2 M0kHO OTHECTH K OKPYKEHHUIO
Oopa ¢ aromamu kucioposa [3].

CpaBHEHHE WHTETpajbHONM WHTEHCUBHOCTH KOMIIOHEHT CIIEKTPOB
uccleayeMbIX 00paslioB TO3BOJWIO YCTAaHOBUTb, YTO B ajlMa3HOM
nopoiike S2 KoHIeHTparus O6opa B ocHoBHOM BC,; mosunum Ha ~30%
oomnpie, yeM B S1 mpu Oiam3KoM 00IIel KOHIEHTpauu Oopa B peIieTKe
anmaza. OToT (haKT, CKOpee BCEero, U OOYCIOBIMBAET TMOSIBJICHUE
CBEPXMPOBOIUMOCTH B S2 TIPW HU3KUX TEMIIepaTypax.

Takum o6pazom, meton SMP mokazan cBow 3>(DPEKTUBHOCTH B
onpeneiaeHuu (Ha3zoBOro cocraBa MCCIEIyEMbIX O00pa3lioB, MO3BOJIMII
YCTaHOBUTH, YTO HapsAy C OCHOBHBIM TETPArOHAILHBIM OKpYXEHUEM Oopa
BC, B anma3zax mpUCYTCTBYET JOCTATOYHO OOJIBIIOE KOJUYECTBO
TpuronansHoro BC3; Oopa, CBSI3aHHOTO C BaKaHCUSMH, & TaK)Ke BBHISIBHUTH
B3aMMOCBSI3b MEXKIy KOJMYECTBOM OOpa B OCHOBHOW TIO3WIIUHA W
CBEPXMPOBOSIIUMHU CBOMCTBAMH OOPUPOBAHHBIX aJIMa30B.
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OINITUYECKHUE CBOMCTBA
CKPYUYEHHBIX METAITIOBEPXHOCTEMN

Bsartkun E. C., [Tomakunckuii A. B., Tapacenko C. A.
OTUH um. A.@. Hogppe, Cankm-1lemepbype, Poccus

egor.vyatkin@bk.ru

B obnactu HaHO(POTOHHMKH, MCCIEAYIOIIEH YINpaBIIEHHE CBETOM Ha
HaHOMAacTImabax, B TMOCJIEIHUE TOJbl HAONIOJACTCS 3HAYUTEIbHBIN
nporpecc.  OcoOeHHBIE  HMHTEpeC  NPEACTABISAIOT  UCKYCCTBEHHBIE
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KUPAIbHBIE HAHOCTPYKTYpPbI, KOTOPbIE MOTYT OBITh HCIOJIb30BaHbI,
HalpuMep, Jisd peaiu3alliid UCTOYHUKOB IUPKYJISIPHO TMOJSIPU30BAHHOTO
ceeta [1]. OnHUM U3 TOMYJIAPHBIX TUIOB KUPATBHBIX (DOTOHHBIX CTPYKTYP
ABJISIFOTCSL CKPYYEHHBIE CTE€KM JBYMEPHBIX MaTEpUajOB, CBONCTBAMU
KOTOPBIX MOKHO YIIPABJIATh, BAPbUPYS YIroJl CKpyduBaHus [2,3].

B nanHo# paboTe TeopeTUuecKu HCCIENYIOTCS ONTUYECKHE CBOMCTBA
CUCTEMBbI, COCTOSIIIEH W3 JIByX HIACHTUYHBIX JUAJIEKTPUUYECKUX CIIOEB,
PacCToOJIOKEHHBIX Ha pacCTOSHMH O W TMOBEPHYTHIX IPYT OTHOCHTEIIBHO
Apyra Ha yroil ¢, cM. puc. 1 (a). Judnekrpudeckas HpOHHUIIAEMOCTb
KOKIOTO CJI0S B JAHHOM MOJENM  TOJIAraeTcs  MNEepHOINYECKH
MOJYJIMPOBaHHOM B (hopMe KBaJ[paTHOW PEHIETKU C TMEPHUOJIOM MEHbBIIE
JUIMHBI BOJIHBI cBeTa. lIpum MpOXO0XJEHUM TUIOCKOM BOJIHBI 4epe3
W30JIMPOBAHHBIN CIIOM €€ TOoJsIpu3alus HE MEHSETCS, OAHAKO IIpHU
COJIM)KEHUHU TIaphl CJI0EB OHM HAYMHAIOT B3aWMOJIEHCTBOBATh Yepe3 CBOU
ONM>KHUME  TOJisA,  MOpPEJCTaBiAONIMe  coboil  audparupoBaHHbBIC
HBAHUCIICHTHBIE BOJIHBl. OJTO TNPHUBOJAUT K MPOsBICHHUIO 3(PPeKToB
ONTHUYECKOW aHU3O0TPOINHUU — JUHEUHO MOJISIPU30BAHHBIN OMOPHBIN MYyYOK
IpU TMPOXOXKJCHUU YEepe3 CUCTEMY, BpallaeT IIOCKOCTh MOJISIpU3AINU
(onTuYecKkasi akTUBHOCTh) M MPUOOPETAECT AIUIUNTUYHOCTD (LIUPKYJISIPHBINA
nuxpousm). Jlanuele »dQexkTsl HanboJiee CUIBHO TMPOSBISIIOTCS Ha
4acTOTaxX COOCTBEHHBIX BOJHOBOJHBIX MOJI CHUCTEMBbl U JOTMOJIHUTEIHHO
YCUJIMBAIOTCS TIPU yriiax ckpyuuBaHus 0iau3kux K 30 u 60 rpamgycam (puc.

1 (b) u (c)).
(a) (b)

o)
(@]
—

5 1 1 : 1 '1: 7T/2 |
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!

o
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w/(ck) w/(ck)
Puc. 1. (a) CxemaTtnueckoe n300pakeHue paccCMaTPUBAEMOI CHCTEMEI.
CreneHb MUPKYJISAPHOMN MOJISPU3ALNHN TPOIIIEIIIEro CBETa B 3aBUCHMOCTH
(b) OoT YacTOTHI MAAAFOIIETO CBETA U PACCTOSHUS MEXKTY CIOSMHU U (C) OT
YacTOTHI M yIjia CKpy4YrBaHus. JINHUAMHU MOKa3aHbl YaCTOTHI COOCTBEHHBIX
BOJIHOBOJHBIX MOJ{ CHCTEMBI.
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Hanoxxenue mpOCTPAaHCTBEHHOW  MOIYJSLIMU  AUBJIEKTPUUECKOU
MPOHUIIAEMOCTH JIByX CJIOE€B NPUBOAUT K TMOSBICHUIO Myapa. llpu
JOCTaTOYHO MAJIOM YTJIE€ CKPYYHMBAHUSA PACCESIHUE HA Myape MPHUBOAUT K
BO3HMKHOBEHMIO IU(PParupoOBaHHBIX HA MaJbIi yroJ Jiy4yel, o01aaaronimx
JaCTUYHON IUPKYJSpHON mnoJsgpuzainueit. HTepdepeHius onopHoro u
nudparupoBaHHBIX Jy4yeld CTAaHOBUTCS MPUYMHON OCHWUISIUN CTENEeHU
HUAPKYJISIPHOU MOJISIPU3AIMA CBETA B INIOCKOCTHU CJIOEB.

Pabora BeimonHeHa npu puHaHcoBoM noaaepxkke rpanta PH® No 21-
72-10035.
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PAMAHOBCKAS CIIEKTPOCKOIIUSA ®EPPUTOB La,; SrFeOs.;

laBpuiinuena K. A., bapkanos O. W.
HUnemumym guszuxu meepooco mena um. FO.A. Ocunvana PAH,
Yepnoeconosxka, Poccus
xenia.gavrilicheva@issp.ac.ru

®epputhl nepoBckutonoooHoro tumna (ABOy), tne A — menoyHoi
(menoyHo3eMenbHbIN) KatnoH, B — 3d, 4d, 5d karnon metamia, O — aHHOH
KHUCITIOPO/Ia, BCE Yallle CTaId MPUMEHSTH B KaUeCTBE KaTOAHBIX MaTeprajioB
TOTUIMBHBIX JJIEMEHTOB, B CIIMHTPOHHMKE, MHUKpPOAJIEKTpoHUKe. OHH
SIBIITFOTCS KaTaIM3aTOPaMU U MOTYT OBITh MCIIOIb30BAHBI IPU YTHIIA3AIHH
OpPTraHUYECKUX OTXOIOB M PA3JIOKEHUHN YTIEBOIOPOIOB.

3amemenne B cTpykrype depputa La;,SrFeOs; noros La* ma Sr**
MO3BOJISIET  YBEJIMUMBATh  KOJMYECTBO BAaKAHCHUU  KHCIOpOJa TIpH
BakyyMHOM oTxkure. C poCTOM TeMIeparypsl BaKyyMHOTO OTXHUTa
IIPOMCXO/UT IEPEXo] BCeX HOHOB skeesa o Fe" k Fe** [1].
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CMelIaHHbIe

beppuThl

Lao.58r0.5FeO375

ObUIM  CUHTE3UPOBAHBI

30ib-reibp  MeronoM, ux KPC chnektpel mocine BaKyyMHOTO OTXHIa
IIPEACTABIICHBI HA pUC. 1.

WHTEHCUMBHOCTL HOpPMWPOBaHHanA (oTH. ef.)

400

450
500
650 °C 4 hrs

1650 °C 10 hrs
fad = o
paoU °L TV Nrs

200

800

1200

Yactota(cm?)
Puc. 1. KPC cnektpsl GpepputoB LagsSrosFeOs. [1]. OOpasibl omxuraim B
Bakyyme (107 MM pr. cT., 4 waca) mpu 400 - 650°C. IHTEHCHBHOCTH
CIIEKTPOB HOPMHUPOBAHBI HA AMILIATYIY MHKa TIpH ~ 670 cM ™

1600

2000

B pa6ote [2] meTtomom KPC criekTpockonuu ObLIH M3y4deHbI (heppPUTHI
PEIKO3eMENbHBIX AIEMEHTOB U MPpoBeeHbI pacueThl Ayt LaFeOs, koToprie
MO3BOJIMJIM OTHECTH HAOII0JaeMble B HACTOSIICH paboTe NHKH, TPH
gacrorax Hike 1000 cM™, K pa3IHdHBIM MoxaM koseGanuii Fe-O (Puc. 2).

MHTEHCMBHOCTb HOPMUPOBaHHaA (OTH. ea,.)

80
=

505

1600 |

800 1200
LaFeO, |
La Sr FeO”_.

05" 05

a s a3 1
200 300

P -
400

P
500 600

Yactora (cm1)
Puc. 2. KPC cnektpbl cMemanHbIx GpepputoB La; 4 SrFO3 5 ¢ monamu xkenes3a
Fe**. KpacHble BepTHKAIBHBIC IITPUXH 0003HAYAIOT dKCIIEPHMEHTATBHBIC
pe3ynbTaThl 111 LaFeOs, npencraBieHHsle B [2]; opamkeBast KpuBas — U3 [3].
Ha BcTaBke - CHIEKTPHI B IIMPOKOM JUAMA30HE YacTOT
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BoicokouacToTHble  muKH  (>1000 cM™)  GBUTH  OTHECEHBI K
JBYXMarHOHHOMY PAacCEeSHUI0 IO aHAJOTHH C aHTH(EPPOMArHETUKOM
LaFeOs.

C pocTom TeMmriepaTypbl BaKyyMHOTO OT)KHI'a YMEHbIIAETCS IIUPUHA
u pacrer ammuintyga nukoB KPC cnekTpoB, 4TO TOBOPUT O MOHMKEHHUU
CTEINEHH JIe(PEKTHOCTH KPUCTATUIMUECKON CTPYKTYpHI LagsSrgsFe0;-s.

[losiBIeHWe KHUCIOPOMHBIX BAaKaHCHM B CMEIMIAHHBIX (eppuTax
MPUBOAUT K 3aMETHOMY TOBBIIICHWIO YAaCTOTHI THKA JIBYXMAarHOHHOTO
paccestHUS (BCTaBKa, PucyHok 2).
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IODEKT SJIEKTPOHHBIX KOPPEJISAIIUMA U JAJTBHUN
MAI'HUTHbBIN MOPATOK B NIO 1O JABJIEHUEM

laidpyrauaoB F.M.l’z, Jleonos U.B.
1HHcmumym Guzuxku memannos um. M.H. Muxeesa, UOM YpO PAH
2 Dusuko-mexronocuueckull uncmumym, Yp@Y
georgy.gaifutdinov@gmail.com

B mnocnenHue HECKONBKO AECATUIETHN OOJBIIIOE BHUMaHUE OBLIO
VACJIEHO TMpoOsieMe MHUKPOCKONMUYECKOTO OOBACHEHUS (DU3NUECKUX
CBOMCTB U SBJCHUM, HAOMIOJaeMbIX B MaTepuallax C CHJIBHO
KOPPEIUPOBAHHBIMU 3JIEKTPOHaAMU. B JaHHBIX cHCTEMax peanu3yercs
CJIOKHAs ~ B3aUMOCBSI3b  MEXAy  3PEeKToM  MEXKIIEKTPOHHOIO
B3aUMOJICHCTBUS UM CIHUHOBBIMHU, OpPOUTAIBHBIMU U  PEIICTOYHBIMU
CTENEHSIMU CBOOOJIbI, YTO MPUBOJUT K OOIIMPHOMY MHOTIO0Opa3uio M3
CTPYKTYpHBIX (a3 u 3(PEKTOB CIHUHOBOTO, OPOUTAIHHOTO W/WIH
3apsimoBoro ymnopsgouenuit [1,2,3]. Kak pe3ynbTar, CBOWMCTBA JaHHBIX
MaTepUalioB  MPOSIBJIAIOT  OOJBIIYI0 YYBCTBUTEIBHOCTH K  MajbIM
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W3MECHEHHUSM BHEITHUX IMapaMeTpoOB, a CaMH MaTepuajibl 00JIagaloT
CIOXXHBIM  cTpoeHueM (a3oBoit guarpammbl. Bce 23To  jmemaet
UCCJIEIOBaHUSI CBOMCTB CHUJIBHO KOPPEJIMPOBAHHBIX COEIUHEHUN KpaiiHe
BOCTPEOOBAHHBIM Kak B IIaHe (pyHIaMEHTaJIbHBIX UCCIEAOBaHUM, TaK U B
paMKax pa3pabOTKu HOBBIX (DYHKIMOHAIBHBIX MAaTEpPHUAIIOB C 3aJaHHBIMU
CBOMCTBaMM JUIsI BO3MOXXHBIX TEXHOJOTHYECKHX NPUMEHEHUU B
COBPEMEHHOW MHUKpO-, ONTO- U HAHO-DJIEKTPOHUKE. BhUIO TOKa3aHoO, 4TO
UCIIOJB30BaHUE COBpeMeHHOro mnoaxoga DFT+Teopuss nuHamMuU4eckoro
cpennero oyt (DFT+DMFT) no3BosisieT BBIYMCIMTE MHOTHE CBOMCTBA
CHJIBHO KOPpEJIUPOBAHHBIX MaTepuaioB B corjacuu C
OKCIIEPUMEHTAIbHBIMA ~ JTAaHHBIMM —  OMPENETUTh OCOOEHHOCTH  UX
AJIEKTPOHHOTO CTPOCHUS, MapaMeTpPOB MArHUTHOIO YIHOPAIOYEHUS IpU
KOHCUHBIX TEeMIIepaTypax, a Takxke omnucarh Jiokanmm3anuio d- (wm f-)
COCTOSIHMM TIEPEXOHOTO MeTajuia BOMM3U mepexoga MoTra TUdJIeKTPUK-
Metaiur [3-6]. B gaHHOM paboTe B paMKax IIPUMEHEHHUS MeEToja
DFT+DMFT Opima wuccienoBana (¢a3oBas jJuarpaMma JaBji€HHE-
TeMreparypa CUJIbHO KOPPEIUPOBAHHOTO AUAJIEKTPUKA C MEPEHOCOM
sapsga, okcumga NiO [2]. B yactHoctn, B pamkax DFT+DMFT 6bLi0
IPOBEACHO MOJCIUPOBAHUE B3aUMOBIUSHUA d(pPeKTa 3IEKTPOHHBIX
Koppessaiuii 1 aanbHero MarauTHOro nopsaka (AFM) B NiO B oGnactu
BBICOKHMX JIaBJICHUI U TeMIiepaTyp. bbll mpousBeseH caMoCcoriiacOBaHHbBIN
DFT+DMFT pacuer 351eKTpOHHON CTPYKTYphl, MarHUTHOTO COCTOSIHUS,
BETMYMHB OOMEHHBIX B3aWMOJICHCTBHM W MMApaMETPOB YpaBHEHUS
coctosinua. B pamkax DFT+DMFT Obu1 npoBeneH moJipoOHBIN aHaAIU3
MOBEJICHUS MAarHUTHOW BOCIIPUUMYHBOCTH M CIIMHOBOTO COCTOSTHUSI HOHOB
Ni ¢ u3MeHeHueM JIaBlicHUS M TeMIleparypbl. IHTepeCHO, 4TO BILUIOTH JIO
cBepxBbicokux naBieHuii ~0.4 Vo NiO (¢ xyOMueckol KpUCTaIMYECKOM
pElIeTKOM) OcCTaeTcsi B JIUAJEKTPUUYECKOM COCTOSIHMU ¢ naibHuM AFM
MOPSIIKOM, B COTVIACHHM C JAHHBIMH KOMOWHUPOBAHHOW PEHTTEHOBCKOM
mudpakuu 1 dsmuccuonHoi crektpockornuu (XRD u XES) [7]. B To xe
Bpems, it NiO B mapamaramtHOM cocrossauu DFT+DMFT pacuets
MIPEACKA3bIBAIOT HaJIWM4HMe mepexoda MoTTa IUIIEKTPUK-METALT TIPH
ckatuu cBeie ~0.54 Vo, DFT+DMFT pesynbraThl CBUIIETEIBCTBYIOT O
HEMOHOTOHHOM TMoBesieHue temmneparypsl Heens (Ty) moa naBieHuem, c
makcumymom Tn~4 Ty (P=0 TI'Tla) mas V~0.5Vy, uto o0OBscHseTCs
KPOCCOBEPOM MEXAY JIOKAJIM30BaHHBIM cocTostHueM Motra s (P=0
[Tla) u cmabo KOppEeTUpPOBAHHBIM JIUDJICKTPUUYECKUM COCTOSTHUEM
CIIPTEPOBCKOro (30HHOTO) THITA (U1 cokaTths cBbime ~0.5 Vo).

PaGoTa BeimosHeHa mpu noaaepkke rpanta PHO Ne 22-22-00926.
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MNPOTHO3UPOBAHUE ®U3UKO-MEXAHUYECKHNX CBOUCTB
AMOP®OOBPA3YIOHIUX CUCTEM C IOMOIBIO METOA0OB
MAHNIMHHOI'O OBYYEHUASA

[anumssanoB b. H., Jloponnna M. A., Mokmua A. B.
Kaszanckuii (Ilpusonscckuii) ghedepanvhoiii yHusepcumem
bulatgnmail@gmail.com

CuHte3 aMop(dHOro METAUIMYECKOro CIJlaBa C  3aJaHHBIMU
MEXaHUYECKUMH CBOMCTBAMHM MOXXET MOTpeOoBaTh mnepedopa pa3iMuHbIX
KOMOMHAIIUA COCTAaBOB € MOCIEIYIONIUM MEXaHUUECKUM UCTIBITAHUEM. DTO
JI€JaeT TPOIECC CHUHTE3a HOBBIX CIIABOB YPE3BBIYAMHO CJIOXHBIM U
3HAYUTEIBHO YBEJIWYMBAECT 3aTparhl. B TO ke Bpems OypHOE pa3BUTHE
MH(QOPMAIMOHHBIX TEXHOJIOTUW W aBTOMAaTHU3allUdsl MPOIIECCOB cOopa u
XpaHEHUs] JaHHBIX CIIOCOOCTBOBAIM HAKOIUICHUIO U CHCTEMaTU3alNU
uHpopmanuu 0  (PU3MKO-MEXaHMUECKHMX  CBOWMCTBaX  aMOpP(HBIX
MeTajuimdeckux  cmiaBoB  [1].  Tlostomy  paspaboTka  MeTOIOB
KOHCTPYUPOBAHUSI aMOP(PHBIX METAJUIMYECKUX CIUIaBOB C 3aJlaHHBIMU
MEXaHUYECKUMHU CBONCTBaAMH, OCHOBAaHHBIX Ha 0O0pabOTKe OOIBIINX
JAHHBIX MOJICTISIMM MAIllMHHOTO OOY4YEHWs, SBJISIETCA OJIHMM W3 HauOojee
TIEPCIICKTUBHBIX HANPABJICHU COBPEMEHHOTO MaTepHaiioBeacHus [2-3].

B mnacrosiieit pabote mMpemioxkeH METOJ ompeneseHus amMop(HBIX
METAJUIMYECKUX CILIAaBOB C TPEOYyeMbIMH MEXaHUYECKUMHU CBOMCTBamH [4].
CxeMa peanu3allid d3TOTO MeToja mpencraBieHa Ha pucynke 1. C
MOMOIIIbI0  MCKYCCTBEHHBIX  HEMPOHHBIX  ceTeil, OOy4YeHHBIX Ha
byHIaMEHTAIBHBIX (PU3UYECKUX CBOMCTBAX XUMHUYECKHUX HJIEMEHTOB,
obut0 paccmoTpeHo ©Oosiee 50 000 aMoOpdHBIX CIJIaBOB Pa3IMYHOTO
coctaBa. Jlyiss HUX ObUIM OIleHEHbl MOAyJb FOHra W mpeaen TEeKydecTH.
Craructuueckass oOpabOTKa TMOJTYUYEHHBIX PE3yJIbTATOB MOKA3bIBAET, YTO
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HauOosee 3HAUUMBIMU  (akTOpaMu  SBISIIOTCS  (YHJAMEHTaJIbHBIE
¢du3nYecKre CBOMCTBA XMMUUYECKOTO 3JIEMEHTAa C HauOOJIbIIEH MacCOBOM
NOJIEN, BXOIAIIEH B cocTaB cIuiaBa. [loka3aHo, 4TO 3HAYEHHUS MOJYJS
FOunra u npenena rexyuectu amop(ubix criaBoB Ha ocHoBe Cr, Fe, Co, Ni,
Nb, Mo u W, nonydeHHbIX J00aBKaMHu MojiymeTaioB (Hampumep, Be, B,
Al, Sn), HemertaioB (Harpumep, Si u P) u tantaHonoB (Harpumep, La u
Gd) BbImIe, yeM IS CIIAaBOB JPYTMX COCTABOB. YBEIMUYEHUE KOJIMYECTBA
KOMIIOHEHTOB B CIUIaBe C 2 10 7 W W3MEHEHUE MacCOBOM 10T
XUMHYECKUX OHJIEMEHTOB HE OKa3bIBA€T CYIIIECTBEHHOTO BIUSHUS Ha
MIPOYHOCTHBIE XAPAKTEPUCTUKHU.
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Puc. 1. Cxema peanuzanuu MeToAa OnpeaeaeHus: aMoppHbIX
METaJUIMYECKUX CIJIaBOB M pacyeTa UX MEXaHUUYECKUX CBOMCTB.

PaGora BeImostHeHa ipu oepkke PH® (mpoekt Ne19-12-00022).
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SIAEPHBIV MATHUTHBIN PE3OHAHC B ®U3UKE
KOHJAEHCHUPOBAHHOI'O COCTOSIHUS:
OT UHTEPMETAJIJIMYECKUX CBEPXITPOBO/JHUKOB K
HU3KOPA3SMEPHBIM MATHETUKAM

Tummayc A. A2
L @usuueckuil gdaxyremem MI'Y um. M.B. Jlomonocosa
“OHAH um. IT.H. Jlebedesa
e-mail:gippius@mail.ru

JlaHHBI O030pHBIM JOKJIAJ COCTOMT W3 Tpex uactei. B mepBoi,
BBOJIHOM, dYacTH OyAyT pacCMOTpPEHbl OCHOBHBIE TEOPETUUYECKUE
MPUHIUIIBI U YKCIIEPUMEHTAIBHBIE METOJIbI COBPEMEHHOW CHEKTPOCKONUU
SIIGPHOTO MArHUTHOTO pe3oHaHca (SAMP) npumenutenbHo K (usnke
KOHJCHCUPOBAHHOTO COCTOSIHHS, & TAKKE€ OCHOBHBIE HJECH M METOJBbI,
JeXKalKe B OCHOBE CO3JAaHHUS M OKCIUIyaTalldd  COBPEMEHHOTO
cnektpomerpa SMP, mnpenHazHadueHHOro MJisi TPOBENCHUS HAYYHBIX
UCCleIoBaHUN B 001acT  (U3UKKA KOHJEHCHUPOBAHHOTO COCTOSIHHUSL.
[Tockonbky crnexkTpel SAMP TBEpAbIX Ten, Kak MPaBUJIO, MPEACTABIISIOT
coboit mmpokue (oT coreH K[ g0 gecarkoB MI'H) JWHHMH, YacTO €O
CJIO)KHOW  CTPYKTYpOH,  OOYCIOBJIECHHOM  MArHUTHBIMM  H(HJIH)
KBaJIPYIIOJbHBIMU B3aUMOJICMCTBUSAMHU, TO aMIumMTyaa curHaina SAMP,
KOTOPYI0 HEOOXOJMMO 3aperucTpUpOBaTh B SKCIEPUMEHTE, BECbMa Maja
(ot coten HB 10 aecsatkoB MKB). B cBsi3u ¢ 3TUM BakHeiilee 3HaUCHUE
npuoOpeTaeT MnpodiieMa YYBCTBUTEIBHOCTH crekTpomerpa. I[lomumo
anmapaTHbIX METOJO0B (MCIOJb30BAHUE MAJOLIYMSIIUX MPEAYCHIIUTEIEH,
noBblieHuss  pazpsaHoctd ALl wu T.m.) BaxkHeWmuM @akTopom
MOBBILICHUS YYBCTBUTEIBHOCTU SIBJISIETCSI TIOHWKCHUE TEMIIEPATYPHI
o0Opasia 710 reJIueBbIX TeMIEpaTyp.

Bo Bropoii uactu goknaga OyayT pacCMOTPEHbl KOHKPETHbBIC
IpUMEPBl  MCHOJB30BaHUs crnekTpockonuu SAMP B wuccienoBaHuun
Pa3IMYHBIX KJIACCOB CBEPXMPOBOJHUKOB. OCHOBHOE BHHUMaHHE OyIeT
YAENEHO BO3MOXHOCTSIM Merona SAMP nnsa ompenenenus mexaHuszma
CHApUBAHUS W XapaKTEpPUCTUK CBEPXMNPOBOJAIICH IIENW, KaKk B
kiaccuueckux ceepxnpoBogHukax BKII, Tak 1 B HEOOBIYHBIX: KYTPATHBIX
BTCII, tsoxenodepMHUOHHBIX U JKEJI€30COepIKAIMX CBEPXIPOBOIHUKAX.
bonee mompoObHO  OyayT  pacCMOTPEHBI  pe3yiabTaThl  HEJABHUX
AKCIIEPUMEHTAIBHBIX HCCIIEIOBAHUI HOBOT'O CEMENCTBA
UHTEPMETAUTMYECKUX CBEPXIPOBOJHUKOB Ha OCHOBe rayumus: Mo,GayoSh

)41 MOgGa4lsb.
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B Tperbeil, 3aKIIOUMTENLHOM, 4YacTU [IOKJIaa OyAyT TPUBEIEHBI
npuMepsl  ucnonp3oBanus SAMP  cnekTtpockonuu B MCCIIELOBAHUU
OCHOBHOTO COCTOSIHUSI PA3JIMYHBIX HU3KOPA3MEPHBIX CIIMHOBBIX CHUCTEM.
byner paccMoTpeHa yHUKalIbHAsl CUCTEMa TPUMEPOB MEAU B COCIUHECHUU
BasCuzlnsO1; ¢ 3-mepuoii pemerkoit Illactpu-Casepnenga (Shastry —
Sutherland). Kpome TOro, Oyaer mHnpoaeMOHCTPUPOBaHA BO3MOXKHOCTH
AKCIEPUMEHTAIBHOTO OOHapykeHus ¢ nomoupio SAMP renukouaanbHOM
MarHuTHOHM CTPYKTYpbI B coequuenuun LiCu,(VO,4)(OH),.

B pokmame  UCHONB30BaHBI  OKCHEPUMEHTAIBHBIE  PE3YJIBTATHI,
nonyueHHele B Jlabopatopuu SMP KOHIEHCHPOBAaHHOTO COCTOSIHHS
kageapbl  (GU3MKM  HU3KUX  TEMIIEpaTyp H  CBEPXIPOBOAUMOCTH
®dusnveckoro ¢akyaprera MI'Y um. M.B. JlomonocoBa u Jlabopatopuu
SAMP tBepaoro tena ®UAH um. [1.H. Jlebenera.

PaboTra BbINIOTHEHA TpU MOAJEPKKE rpaHTa MUHHCTEpCTBA HAyKU U
BhICIIIEro oopazoBanus Poccuiickoit denepanym, rpant Ne 075-15-2021-1353.

W3YUEHUE MAPAMETPOB HEOJHOPOJHOM
CBEPXITPOBOAMMOCTH C ITIOMOIIBIO
TPAHCIIOPTHBIX U3MEPEHUMN

I'puropnes I1. I[.l’z, Koues B. I[.z, Ceunnosn C. C.2, A.B. quOJ'IOBB,
Opios. A.I1.° u Cunuenko A.A.°
! Hncemumym meopemuyeckou ¢huzuxu um. J1.J]. Jlanoay PAH
142432, Yeprnoeconoska, Mockosckas o6a., Poccus
2 Hayuonanvuwiii uccneoosamenvckuii mexmoio2udeckull
yuusepcumem « MUCHCy, 119049, Mockea, Poccusi
3anmumym paouomexrHuxu u dnekmporuxu um. B.A. Komenvnuxosa
PAH, Mockea, Poccus
grigorev@itp.ac.ru

Habnromaemoe 4acTo aHM30TPOMHOE MAJEHUE COMPOTUBIICHUS BBIIIE
Tc, ¢ MakcuManbHBIM 3(PPEKTOM BJ0JIb OCH HAMMEHBIIIEH MPOBOJIUMOCTH,
HE OMKCBHIBAEMOE CTaHJApPTHOM Teopuen ¢aykryauuil [1], Mbl 00BsicCHIEM
HEOJHOPOJIHBIM ~ CBEPXMPOBOJISIIIIEM COCTOSIHUEM U OINKCHIBAEM B
npubnmxkenun  dpdexTuBHON cpeapl [2], 0000IIEHHOM HaMH Ha
AHU30TPOITHBIE MPOBOAHUKHU [3-6]. DTO MO3BOJAET ONPEAECTATH HA OCHOBE
JAHHBIX O TEMIIEPaTypHOU 3aBHCHUMOCTH aHU3OTPOIUM COMPOTUBIICHUS
00BEMHYIO JIOJI0 CBEPXIPOBOsAIIEH (ha3bl M yCPEAHEHHOE OTHOIICHHE
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pa3MepOB CBEPXIIPOBOISAIIMX OCTPOBKOB BJOJIb IIaBHBIX OCEM KpUCTAJLIA.
JlaHHBIE O JMAaMarHUTHOM OTKJIMKE BMECTE€ C TPAHCHOPTHBIMU
U3MEPEHUSIMU TI03BOJISIIOT OLIEHUTh Pa3MEpP CBEPXITPOBOSIIIUX OCTPOBKOB.

Eme Oonbmie uHbOpMalMd O HEOAHOPOAHOM CBEPXIPOBOISIIEM
COCTOSIHUM J1aeT aHM30TPOIUsS TEeMIEeparypsl 1C mepexoaa B HYJIEBOE
conpoTuBieHue, HabmogaemMas Hamu B FeSe [7,8], a Takke BO MHOTHX
OpraHWYeCcKUX cBepxmpoBogHukax [9-11]. Mel HaOmwogaem [7,.8] u
o0bsicHsieM [8], uTo TC u3MepeHHass MO CONMPOTHUBICHUIO BJIOJb OCH Z B
TOHKUX oOpasnax FeSe moBblaeTcst 0pu yMEHbIIEHUU UX TONIIHUHBI ¢ 300
10 50 am ¢ 8 go 11K. CpaBHeHHE HaIIMX YUCIECHHBIX pacyeToB [8,12]
mopora IMepKOJISIIIMA B 00pa3iiax KoHEYHbIX pa3MepoB B FeSe [8] u B
oprannueckux Mertaiax [12,13], MO3BOJsSET HE TOJIBKO OOBICHHUTH
HKCIIEPUMEHTANIbHbIE JaHHBIE MO aHU30TPONMUU U pocTy Tc, HO W Hdaer
uHPOpMaIMI0 O XapaKTEepHBIX pa3Mepax U GopMe CBEPXITPOBOASIIUX
OCTPOBKOB BJaJIM OT MOBEPXHOCTH 0Opaslla, HE JOCTYIHYIO APYTUMHU
HKCIEPUMEHTAIBHBIMU MeToaMu. Haim mMozenb u pacyeTbl MPUMEHUMBI
KO MHOTMM HEOJHOPOJHBIM CBEPXIIPOBOAHKMKAM, BKItouass BTCII.

s FeSe mbr monyuaem [8] pasmep dy~100nm cBepXmpoBOASIINX
OCTPOBKOB B IUIOCKOCTH X-Y, @ UX COOTHOIIEeHHue ctopoH d,/dy~0.15. DT0
CPaBHUMO C IIMPUHOM HEMAaTHUYECKUMX JOMEHOB M YyKa3blBaeT Ha
BO3MOKHYIO TIPUPOAY TOSIBJICHUS CBEPXMPOBOASIINX JOMEHOB TaKOIro
oonpimoro pasmepa B FeSe. B oprammueckux meTayiax MbI TOJYYHIIA
pa3Mep CBEepPXIPOBOIAIINX JOMEHOB Oobinie 2 MkM [13], uTo cornmacyercs
C JaHHBIMHA OO YTJIOBOHM 3aBHUCHMMOCTH MarHuTocornportusiieHus [10]. Mbr
npemaaraeM [14], dYro TpUYMHA TIOSABICHUS TaKWX JOMCHOB B
OpraHUYEeCKUX CBEPXIPOBOJHMKAX — (ha30BBIA MEpPexoJ]l MEepPBOro poja
MEXAY BOJHON CIMHOBOM TUIOTHOCTH U METAJUNIMYECKUM COCTOSHUSIMHU.

HccnenoBanue BBIMTOTHEHO TpHU mojjepkke rpanta K2-2022-025 B
pamkax (enepanbHoit mporpammbl Ilpuopurer-2030 HUTY «MHUCuCp,
PO®U No 21-52-12027, u rpanta Ne 22-1-1-24-1 ¢douma pa3Butwus
TeopeTnueckoil puzuku u marematuk «bA3UC.
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PACYET ITPOBOJUMOCTH JOIIMPOBAHHBIX
MAHI'AHUTOB OBJAJAIOLIUX D2PPEKTOM
KOJIOCCAJIBHOI'O MATHUTOCOITPOTUBJIEHUA

I'youn C.A.
1HHcmumym Guzuxu memannos umenu M.H. Muxeesa YpO PAH,
Examepunoype, Poccus
e-mail: gudin@imp.uran.ru

OTkpbITHE B MaHTaHUTaX abdexra KOJIOCCAJIbHOTO
marHutoconpoTtuBiaeHus (KMC) crano BBI30BOM ISl CYIIECTBYIOIIEH
ANIEKTPOHHOW TEOPHM BellecTBa. XOTs 3a NPOLIEAIINe 25 JIET HalKUCaHBI
TBICSYM CTaTEW, MOCBSIIEHHBIX ATON MOpoOJieMe, TaKk W HE TMOJYYEHO
TEOPETUYECKOE OMUCaHue temneparypHor 3apucumoctu KMC, anexkBaTHO
OMUCHIBAIOIIEE IKCIEPUMEHTAIIBHO HAOII0/1aeMO€ TTOBE/ICHUE Ha IIUPOKOM
TEMIIEpaTypHOM HWHTEpBaJe. [lo3TOMy, OCTaercss akTyallbHOM 3ajava
TEOPETUYECKOTO aHaliM3a W ONUCAHMS DKCIEPUMEHTAIBHBIX JTaHHBIX I10
TEMIEPATYPHOMY ITOBEICHUIO CONPOTUBIECHHUS B MAarHUTHBIX IOJSAX B
JOMUPOBAHHBIX MaHTaHUTaX, rae BeanunHa KMC 0nur3ka K peKopIHOM.

B mukie pabot [1] — [9] mpoBeneHBI TEOPETUYCCKUE HCCIICIOBAHUS
CBOMCTB JIONUPOBAHHBIX MAHraHuTOB, oOnagaromux 3¢dexrom KMC, B
MarHuTHBIX OJAX 0T O 70 90 kOe u B nuanaszone temmneparyp ot 4 no 400
K. Pazpaboran MeToJ pa3ieneHus: BKJIAJ0OB B MarHUTOCONMPOTUBIICHUE OT
HECKOJIbKUX MEXaHHM3MOB [MPOBOJUMMOCTH, OIMCAHO HAOJII0/IaeMOe
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MarHUTOCONpPOTHUBIICHUE (C BennunHOW mpebimaronieit 1000) Manranura
La; ,Sr; sMn,0; B nmamazone temmepatyp 4-300 K, momyueHo otaudHOe
COTJIACHE€ PACYETHBIX M O3KCIEPUMEHTAIbHBIX JaHHbIX. [lokazaHo, 4TO
MarHuTOCOIIPOTUBIICHHE ONpPENEIISIETCS «CIUH-TIOISIPOHHBIMY U
«OpDUEHTAIMOHHBIM»  ME€XaHuW3MamMu  npoBoaumoctd, T.e.  MC
ONpENEIIETCS HW3MEHEHWEM pa3MEpOB M HAIpPABICHUM MarHUTHBIX
MOMEHTOB MAarHUTHBIX HEOJIHOPOJHOCTEH (CIIMHOBBIX MOJSPOHOB).
BriunciieHsl TeMinepaTypHble 3aBUCUMOCTH pa3Mepa CIIMHOBOTO MOJSPOHA
(B oTHOCUTENBHBIX enuHuIax). [TokazaHo, 4TO BeIMYMHA KOJOCCATBHOTO
MarHUTOCONPOTUBIIEHUSI O00ECIeUnBAETC 3a CYET YBeJIW4YeHus (BIOJb
MAarHuTHOTO TIOJIsI) JIMHEMHOTO pa3Mepa CIOUMHOBOIO TMOJISIPOHA, T.€.
OCHOBHYIO pOJb B BEIMYMHY KOJOCCAJIBHOIO MarHUTOCONPOTHBIIEHUS
BHOCHUT U3MEHEHNE PAa3MEPOB MArHUTHBIX HEOJHOPOIHOCTEN KPUCTAILIA.

B rpanynmpoBanHOM KepamuueckoMm MaHraHuTe LaggAge1MnO; mpu
UCCIICIOBAHUM BIIUSIHUS BBICOKOTO THAPOCTATHYECKOIO JaBJICHUSA N0 8.5
[Tla Ha TpaHCHIOPTHBIE CBOICTBA ObUIa OOHApyXkeHa U OOBSICHEHA
aHOMAJIMSl B BHJE H3JIOMa JIMHEWHOTO XO0Ja OapHuecKOM 3aBUCUMOCTH
cornporuBiienus npu P~=3.85 I'Tla [9]. IToka3aHo, 4TO OOHAPYKCHHBIH
nepexoJ B TOUke P U3 OJHOTO JIMHEWHOrO0 M3MEHEHHUs OapruuecKoro xoaa
yAEIBHOTO COMPOTHUBJICHUS B Apyroe (MOCTPOECHHBIN B JorapupMUuecKoM
MaciTabe) OAHO3HAYHO CBsI3aH C CYIIECTBOBAaHHMEM B KEepaMUUYECKOM
oOpa3nie JBYX TMIPOIIECCOB  paccesiHus, — BHYTPU3EPHOBOIO U
npurpanuyHoro. Bomusu Pc 00a npornecca paccestHus BHOCST CpaBHUMBIE
M0 BEJIMYMHE BKJIAJbI B YJIEJIbHOE COMPOTUBJIEHUE. [{JI NaBiIeHU MEHbIIIE
3.85 ITla mnpeobnagaeT BKJIAJ B CONPOTUBICHHE OT MEXAHU3MOB
paccessHus B TPUTPAHUYHBIX CIIOAX 3€PEH, a JJISI BBICOKMX JIaBIEHUU
npeoOaagaeT BKIa] OT 00JIaCTH OJHOPOIHOTO 3€pHA.

PaGora  BBINONHEHA B  paMKaX  I'OCYJApCTBEHHOTO  3aaHus
MUNHOBPHAVYKU «KBaut» No 122021000038-7.
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NOJININUCITEPCHBIE KOJIVIOUJIHBIE CUCTEMbI BO
BHEIIHUX YIIPABJIAIOINUX SJIEKTPUYECKUX ITOJIAX

['ypckui K /L., [ememko .M., Kproukos H.II.
MI'TY um. H.3. baymana, yn. 2-a baymanckas, 0.5, Mockea, Poccus
kruchkov_nkt@mail.ru

[TonuaucriepcHOCTh  SIBIISIETCS TUIWYHONW OCOOEHHOCTBIO CHUCTEM
MSTKOM  MaTe€puu  KaK  TPUPOJHOITO TaK M MCKYCCTBEHHOTO
MPOUCXOXKJICHUSI, B KA4ECTBE MNPUMEPOB MOXKHO TMPUBECTU CHUCTEMBI
OakTepuil M KIJIETOK, dMYJIbCUHU, KOJUIOMIHBIE CUCTEMBbI, MmoaumMepsl [1].
Paznuuust B pa3zMepax 4acTHI[ MOTYT OKa3aTh 3HAUMUTEJHLHOE BJIUSHHUE HA
KUHETUKY CaMOCOOpPKHM U PEe3YJbTUPYIOIIUE CTPYKTYpPhl B CHUCTEMax
MSITKOM MaTepuun Cc yIIpaBISIEMbIMU B3aUMOJECHCTBUSIMU,
WHIYLIUPOBAHHBIMU MPU MOMOIIM BHEIIHUX MEPEMEHHBIX MArHUTHBIX WJIN
NeKTpuyeckux mnojed [2]. OpgHako, HeCMOTps Ha TO, YTO
MOJUAUCIIEPCHBIE CHUCTEMBI M YIpaBisieMas caMOocOOpKa JOCTATOYHO
AKTUBHO HUCCIIEIOBAINCH MO OTJAEIBHOCTHU, CIIy4all X KOMOWHAIINY U3yUYEH
cimabo. Hacrosimas pa®ora mocBfAlllEHAa aHaNU3y KUHETUKH CamMOCOOpKHU
JBYMEPHBIX KOJUIOUAHBIX (WMJM SMYJIbCUOHHBIX) CHUCTEM BO BHEIIHUX
YIPABJISIONIUX BPAIIAIOMINXCS SJIEKTPUUECKUX MOJISIX.

B mpencraBieHHoit  paboTe  OPOBEACHO  CHCTEMaTHYECKOE
MOJIETTUPOBAHUE CAMOCOOPKU JABYMEPHOM IMOJUIUCIIEPCHON CHUCTEMBI TIPU
MOMOIIIKM METOJIOB MOJICKYJAPHON AMHAMUKHU. B3anmoaencTBHEe MEXIY
YaCTHIIAMH COCTOUT W3 JBYX KOMIOHEHT: (i) OJmKHEe KOHTaKTHOE
OTTAJIKUBAaHUE YaCTHUIl, OMUChIBaeMoe B (Qopme mnoreHimata Bukca—
Yananmepa—AHJaepcoHa, KOTOPBIM OJM30K IO CBOEH JKECTKOCTH K
noreHnuany JleOas-XrKKels B 3KCIHEPUMEHTAIBHBIX yciaoBusx [3]; (ii)
M30TPOIIHOE JMIONBHOE NpHTsDKeHne B ¢popme U = €0;° 0;° /13, te « —
MapaMeTp MarHUTYAbl B3aUMOJICUCTBUS, ONIPEAEIIEMbIA BHEITHUM TOJIEM,
Gij — JuaMeTpbl B3aMMOJEHCTBYIOINIMX YacTUL. Pa3sMmeprsl dacTuig
3aJIaBajJIUCh CJIyYallHbIM 00pa3oM B COOTBETCTBHU C paclpejeicHueM
['aycca ¢ MmatemMarnyeckuM oxkuaanuem | u pucnepcueit ot 0 mo 0.2. [dns
pacuera JUHAMUKHM YaCTHUI[ MCIOJb30Balicss TepMmocrtar JlaHkeBeHa. B
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paMKax paboThl pacCCMOTPEHBI 3HAUYCHUS TTapaMeTpa ¢ B auama3zone ot 0.5
no 3, oOecrnedynBarIIMe CaMOCOOPKY KJIAcTEepOB. 3aTreM MPUMEHSUICS
anroput™M (pa3oBoro pacmoszHaBaHus [4] a7 BBIAEICHHUS KJIacTEpOB M
NPOBOAWICS pacdeT (PYHKIMI paclpenesieHUsi 4acTUll MO pa3MepaM B
3aBUCUMOCTH OT “‘TJIyOMHBI” HaxXxoXJeHuss B kiactepe. [lpumep
pacrpeiefieHus] 4acTHIl 10 pa3MepaM sl (PUKCHUpOBAaHHOW “‘TIIyOWHBI”
nokasaH Ha Puc. 1.

120
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60

N,number of particles

4ok

20p

0 | —— k l

0.4 0.6 0.8 1.0 1.2 1.4

g, particle size

Puc. 1. Pacnipenenenne pazMepoB 4acTUIl B €AMHUYHOM CJI0€

B pe3ylibTarC aHalin3da YCTAaHOBJICHA 0COOEHHOCTh, KHUHETHKU
CaMOC60pKI/I MOJIUAUCIICPCHBIX CHUCTCM — MCHBIIHUC H, COOTBCTCTBCHHO,
0osee nerkue qaCTHUIbI B OOJBITUHCTBE CBOEM HaxoIATCsa Yy HOBCPXHOCTH
KJIaCTcpa, B TO BPCMA KaK TAKCIIbIC YaCTHULBI CTPCMATCA BFJ'IY6B KJacTepa.

HccnenoBanue BBIMIOJHEHO Npu Toanaepkke Tpanta PH® 20-72-
10161 na 6aze MI'TY um. H.D. baymana.
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KBABUKJTACCHUYECKASA CIIMHOBASI IUHAMHWKA B
MNPUCYTCTBUU MATHUTHBIX ®JYKTYALIUU B CUJIBHO
KOPPEJIMPOBAHHBIX DJIEKTPOHHBIX CUCTEMAX

C.B.lemuien
Hncmumym oowen gpusuxu um. A.M. [Ipoxoposa PAH, 119991 Mockea,
ya1. Basunosa, 38

demis@lIt.gpi.ru

KBa3zukiiaccuueckre ypaBHEHUS CIMHOBOW JUHAMUKHU (ypaBHEHUS
Jlannay-JIndmuia, JIJI, u I'nnebepra, [') urparoT UCKIIIOYUTEIBHYIO PO
B MOJEIMPOBAHUM MATrHUTHOIO OTKJIMKA MArHUTHBIX HAHOCTPYKTYp U
pelICHUH  Pa3IMYHbIX  3aJa4 CHUHTPOHUKHU. Jlpyroilt  o0Jsactbio
IIPUMEHEHUS KBa3UKJIACCUYECKON CIMHOBOM JWUHAMUKHU SIBIISIIOTCS CUJIBHO
KOpPpEJIUPOBAHHBIE DJIEKTPOHHBIE CUCTEMBI, InI: KOTOPBIX
IIEPBONPUHIIUITHBIN pacuer JTAHAMHUYECKOU BOCIPUMMYHUBOCTH
OKa3bIBAETCSI UCKIIIOUUTENBHO CIOKHBIM U ObUI peaju30BaH JIUIb B Psie
cnenualibHbiX ciiydaeB [1]. B Hacrosimeit pabote paccmarpuBaeTcs
MOJU(UKAIMS KBA3UKIACCUYECKOW CIMHOBOW JIUHAMUKUA B MPUCYTCTBUU
bayKTyauuii HaMarHUM4EHHOCTU U JIOKAJIbHOTO MAarHUTHOTO MOJsl, B TOM
yucne (GayKTyaluii, UMEIIMKNX KBaHTOBY mnpupoay [2]. CrangapTHBII
cnoco0 yuera GIyKTyalluidi MOpU PacCMOTPEHUHM KBa3UKIACCUYECKOU
CIIMHOBOM JIMHAMUKHU CBOJUTCS K Iepexony K ypaBHeHusIM thna dDokkepa-
[l;manka 11 BEpPOSATHOCTM HANPABICHUS HamMarHudeHHocTu. [Ipu sTtom
paccMaTpuBaeTcsi 00beKT, HAMAarHUYEHHBIN /10 HAChIlleHUs. B oTiauumne ot
TaKOro0 TMOAXO0Ja, MBI pPacCMaTpUBAa€M YPaBHEHUS Ui YCPEIHEHHOU
OCIUJUIMPYIONIEH HAMarHWY€HHOCTH B OOJACTU JUHEWHOTO MarHUTHOIO
OTKJIMKA, KOTOPhIE UMeeT BU MoauduimpoBanoro ypasaenus JUI v [ ¢
3 PEeKTUBHBIMU MapaMeTpamMu, 3aBUCSAIIMMHU OT aMIUTUTYAbl (DIyKTyaruit
v ux tuna. [lonydeHHble ypaBHEHNS IPUMEHUMBI K PACYETy JIEKTPOHHOIO
[IApAMAarHUTHOTO pE30HAaHCA B CUCTEMAax C CUJIbHBIMU CIWHOBBIMU
baykryanusmu.  IlokazaHo, dYTO y4eT MAarHUTHBIX  (PIIyKTyauui
OKa3bIBA€TCA IPUHLMUIIMAIBHO pa3iuyHbiM s ypaBHenunn JUUI u T,
MpUYEM JaXKe CUUTAIONIEECS OOMIETPUHATHIM (POpMaTIbHOE COOTBETCTBUE
MEXKIY OTUMH  YPaBHCHHSIMH  OTCYTCTBYET. Y CTAaHOBIICHO, 4YTO
MoaupuimpoBanHoe ypaBHeHue JIJI Hanbosiee TONHO COOTBETCTBYET
KaueCTBEHHOM KapTUHE BIUSHUA (QIIyKTyalHMOHHBIX d3(QeKToB Ha
MarHuTHBIN pe3oHaHc. [Ipenckaszan psin HOBbIX 3((EKTOB, B YaCTHOCTH
BO3MO>KHOCTb MPEBBILICHUSI HHTErPAIIBHON MHTEHCUBHOCTBIO JIMHUU D[P
CTaTUYECKOM HAMarHM4EHHOCTH B pE3yJbTaTe BIMUSHUSA KBaHTOBBIX
bnykryauuii. [lokazaHo, 4To B paccMaTpuBaeMOW MOJEIM BO3HHKAET
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YHHUBEpCAJIbHAS CBSI3b MEXKY CIHH-(DIYKTYAI[HOHHBIM BKJIaJ0OM B ITUPUHY
maann OIIP AW u cnBurom g-dakropa Ag Buma AW/AQ =aksT/ug, Trie
KO3 UIIMEHT a cjabo 3aBUCUT OT MArHUTHOTO TOJSI M IapamMeTpOB
Marepuasia. Y CTaHOBJIIEHO, YTO AHU30TPONUS CIHUHOBBIX (DIyKTyaluil
OPUBOAMT K CIMHOBOM JauHaMuKe C 3(G(EKTHBHBIM aHH30TPOITHBIM
BPEMEHEM peJIaKCallud, JUIsi KOTOPOW XapaKTEpHA CHUJIbHAs 3aBHUCHUMOCTH
MarHUTHBIX KOJCOAHWW OT HaNpaBIICHUS JIMHEWHO IOJSIPU30BAHHOTO
MHUKPOBOJIHOBOTO M3iydeHHUs B reomerpun Dapanes [3]. B atom ciygae
BO3HUKAIOT CHENU(DUYCCKUE MArHUTHBIC KOJIeOaHUS, OTJIUYHBIC OT
CTaHJAPTHOTO KPYTrOBOI'O BpAIICHHS BEKTOpPa HAMAarHUYEHHOCTH BOKPYT
HaNpaBJICHUS BHENTHET0O MarHUTHOTO TOJs. B o0mieM citydae TpaekTopus
KOHIIa BEKTOpPa HAMArHUYCHHOCTH MPEJICTABIAET CO00# JINOO BBITSHYTHIN
KBa3UAJLIUIIC, MOJIOKEHUE TIIAaBHOM OCH KOTOPOTO 3aBHCHT OT BEIIMYMHBI
BHEIITHETO MAarHUTHOTO IIOJISI, JUOO MAarHUTHBIC KOJCOAHUS MOTYT
npHOOpeTaTh TOYTH JIMHEHHBIM xapakTep. OOcyXkmaercs TPHUMCHCHHE
NPE/UI0KCHHOTO MOJICJIBHOTO OIUCAHUS Il OOBSICHCHHS Pe3yJIbTaTOB
OIIP SKCIIEPUMEHTOB B CHUCTEMax C CHJIBHBIMH  3JICKTPOHHBIMH
xkoppessiuamu (CeBg [4], MnSi [5], nerupoBannbiii CuGeOs; [1,3]), a
TaKXke JUI UACHTU(HUKAIMKU (Ba3 CO CKPBHITBIM MAarHUTHBIM TOPSIKOM H
CIMH-(QIIYKTyaIl[MOHHBIX ITePEX0I0B.
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MOJIEKYJIAPHO-IMHAMNYECKOE NCCJIEAOBAHUE
TEIIVIOBbIX CBOUCTB UHTEPMETAJUINJIOB Ti; Al A Zr;Al
CO CBEPXCTPYKTYPOMH L1,

Honrymesa E. b.
Yomypmckuii ghedepanvuuiii uccreoosamenvckuti yeump YpO PAH,
Poccus, 426067, Uxcesck, yn. T. bapam3unoi, 0. 34
elena@udman.ru

B pamkax wmeroma ™odekyisipHor auHamuku (MJ) ¢ mHOTrO-
YAaCTUYHBIMUA TOTEHIMAJAMHU MEXAaTOMHOrO B3aumojeuctsus [1,2],
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MPOBEAECHBI UCCIEIOBAHUS TEPMOJNHAMUYECKAX CBOVWCTB YIOPSAIOYECHHBIX
uaTepmerauaoB TizAl, Zr;Al co crpykrypoit tTuna L1,. B onpenenennn
TEIUIOBBIX CBOMCTB PELIETKU: TEIUIONPOBOAHOCTh, TEIJIOEMKOCTh H
TEIJIOBOE pAacCIIMPEHHE, BAXHYIO pOJb HWrpaloT KojeOaHUs aTOMOB.
OcoOblif MHTEpeC BBI3BIBAIOT CBOMCTBA COCIUHEHUM B KOJeOATEHHBIX
CIIEKTPAX KOTOPBIX UMEETCSI UHTEPBAJI YaCTOT C HYJIEBBIM BKJIAZIOM - <ILIETbY.
Pesynbratet MJ[ pacdyeToB KOI€OATEIBHBIX CIEKTPOB M TEIUIOBBIX
CBOWCTB HMHTEPMETAIUIMJIOB CPABHUBAIOTCA C JIAHHBIMH, IOJTYy4YEHHBIMHU

MIEPBONPHUHIIMITHBIMU MeTOAaMHu | 3,4].

Energy, K
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Puc. 2. TemneparypHasi 3aBUCHMOCTb PEIICTOYHOMN TEIJIOMPOBOIHOCTH
Koi(T) : (a) — TizAl; (b) — Zr;Al. Kpyxkamn 0603HaueHbI 3HaYEHUS,
TOJTYYCHHBIE JIJISI KPUCTALTUTOB JTMHOM 96 U.C.,
KBaJipaTukamMu — JjiuHou 48 U.C.

N3 puc.l crnenyer, 4to B 00OHMX CiIydasX CIHEKTPhl IMOXO0XH IO
MOp(dOJIOTHHM, HMEIOT HHTEPBAIbl 3alpPEHICHHBIX 3HAYEHUM YacToT.
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Onnaxko, ecau B TizAl mupuHa «iiean» cornocraBuMa B pacuerax 000MMHu
METOJaMH, TO B CHUCTEME C UHUpKOHMEeM MJI pacuersl HalOT IIUPUHY
«IETn» MPUMEPHO B 2,5 pa3a 0oJibliie, Y4eM NIEPBONPUHITUITHBIE.

[lo cxeme pacuera, paHee npoTecTupoBaHHOM Ha Al[5], mpoBeneHbl
BBIYMCJIEHNS] PEIETOYHOM TEIUIONPOBOJHOCTH, OCHOBAHHBIE HA METOJME
HEpPaBHOBECHOM MoJeKyJsipHOM nuHaMuku[6]. IlocTpoensl rpaduku
TeMIIEPaTypPHOU 3aBUCUMOCTH ko3 duimeHTa pEILIETOYHON
TEIUIONPOBOTHOCTH CTPYKTYPHUPOBAHHBIX HHTEpMETALTHIOB TizAl n Zr3Al
U1 KPUCTAIIATOB cedeHneM 12x12 m mymmHamu 48 u 96 sneMeHTapHBIX
saeek (u.c.). B cucreme Zr;Al Ha rpadukax Kp(T) nHabmronarorest «mmmatox»
B wuHTepBasie  temmeparyp 200K<T<300K, rme koaddunmeHt
TEIUIOMPOBOJHOCTH MPAKTUYECKH HE HM3MeHsiercs. [Ipenmosaraercs, 4To
3Ta aHOMAaJIMSI CBA3aHa C U3MEHEHUSIMH KOJeOaTeIbHOTO CIIEKTPa aTOMOB B
obnactu «uienuy. [Ipu yBenmuueHun temmnepaTypbl B TUTAHOBOUM CHCTEME
«enby ucuesaet npu 200K, a B mupkoHeBoit oHa Habmoaercs 10 400K.

PacueTsl BBINIOJTHEHBI C MCHNOJbB30BaHHWEM KiacTtepa "YpaH" CKIJ
UMM VYpO PAH B pamxax temsr HUP VYam®OUL[ YpO PAH
Ne 121030100005-1.
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AHAJIOT'OBOE KBAHTOBOE MOJIEJIMPOBAHUE B 3AJJAUAX
®N3NKU KOHIEHCHUPOBAHHOI'O COCTOSIHUS U
KBAHTOBOM OIITUKHA

A.A. EnuctparoB
Bcepoccutickuii nayuno-ucciedosamenvbcKuti UHCMUmMym asmomamuKy
um. H.JI. [lyxosea, Pocamom, Mockea
andrei.a.elistratov@mail.ru

Pa3BuTne KBaHTOBBIX TEXHOJIOTMHA, B YaCTHOCTH KBAHTOBBIX
BBIYUCJICHUM, TIPUBEJIO K BO3HUKHOBEHUIO TaKUX HWHCTPYMEHTOB
HCClIeIOBaHUs (PU3UUYECKHUX CHCTEeM, Kak IH(pPOBOE (aIrOpUTMHUUYECKOE)
KBAHTOBOE MO/ICJIMPOBAHKUE U aHAJIOTOBOE KBAHTOBOE MOJECIHPOBAHUE.
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AmnanoroBoe kBaHTtoBoe mojaenupoBanue (AKM) — 3To HampaBlieHHE
UCCIIEIOBAHUM, B  KOTOPOM  CJIOKHAs W MalOAOCTyIHas  JJIst
HKCIIEPUMEHTAILHOTO HAOIOJEHUSI KBAaHTOBAsI CHCTEMa 3aMeHseTcs Ooliee
MPOCTOM W KOHTPOJHUPYEMOW  KBAHTOBOM  CHUCTEMOW, HWMEIOUIEH
Ka4E€CTBEHHO aHAJIOTUYHOE MTOBE/ICHUE.

AKM mnoka3zano cBO0 NOTEHIUAIbHYIO 3(P(HEKTUBHOCTH BO MHOI'MX
pazaenax Gu3MKM — OT (U3UKU KOHJCHCUPOBAHHOTO COCTOSIHUS 10
KOCMOJIOTUU. B (u3uKe KOHJIEHCHUPOBAHHOTO COCTOSHUSI 3TO MOJEINb
Xab0apja, CIIUHOBBIE MOJENH, HEYHOPSIOUYECHHBbIE U (PPYCTPUPOBAHHBIE
CUCTEMBI, CIIMHOBBIE CTEKJIA, CBEPXIPOBOJUMOCTb, TOIMOJIOTHYECKHM
MOPSIIOK, METaMaTepHalibl, KBAHTOBBIE (DA30BbIE MEPEXOIBI.

B kauecTBe KBAaHTOBBIX CHCTEM, Ha KOTOpbIX ocymiecTBisiercss AKM,
Yalle BCEro HMCIOJb3YIOTCS XOJIOJHBIE aTOMbl B ONTHYECKUX pELIETKaX,
WOHBI B JIOBYIIKaX, (OTOHBI B ONTHYECKUX MPOIECCOPAX, CHUCTEMBI
CBEPXITPOBOSIIUX JIEMEHTOB, B YaCTHOCTH, KyOUTOB.

[TepBoe w3 HanpaBiennn AKM, KOTOphIM 3aHMMAETCs Halla
UCCIeI0BaTeNIbCKas rpynmna coBMecTHo ¢ rpynmnoit O. AcradpreBa, MOTU
— 3TO CHUCTEMbl UCKYCCTBEHHBIX aTOMOB Ha OCHOBE KyOWTOB-TPaHCMOHOB
U1 MOJEIUPOBAHUS MPOLIECCOB B KBAHTOBOM omNTHKE. B wacTHOCTH, MAET
HKCHEPUMEHTAIIBHOE U TEOPETUUECKOE U3YUEHNE BOJTHOBOIO CMEIICHHS HA
ONVMHOYHOM aTOM€ W CHUCTeME JByX aroMoB. Jliusg onucaHus
DKCIICPUMEHTAIBHBIX JAaHHBIX HaMHM NPEIJI0KEHbl KAaK CTaHAAPTHBIN
MOJYKJIACCUYECKUN TOAX0/I C UCIIOJIb30BAHUEM YIPABIISIONIETO YPABHEHHUS
Ha MAaTpully IUIOTHOCTH, TaK W HOBBIA KBAHTOBBIM TMOJIXOJ C
VCTI0JIb30BaHUEM TEOPUH MATPHUILIbI PACCETHUS.

Bropoe nHanpasinenne AKM, K pa3BUTHIO KOTOPOTO MBI IPUCTYITUAIIN B
COTPYJHHUYECTBE c Hay4HO-00pa3oBaTeIbHbIM LHEHTPOM
«DynkunoHanbabie Mukpo/Hanocucremsry MI'TY um. H.D. baymana —
3TO MOJEIUPOBAHUE SIBJICHUM B CIMHOBBIX CTEKJIaX C HCIOJIb30BAaHUEM
IEMOYKU KyOUTOB C UCKYCCTBEHHBIM Pa30OpOCOM MapaMeTpOB.

TEOPETUYECKOE U DKCIIEPUMEHTAJIBHOE
NCCIEJOBAHUE ®PU3NYECKOI'O MEXAHU3MA
CAMOIIPOABUKEHUA PBIBOITIOAOBHOI'O
MHOI'O3BEHHOI'O I'MBKOI'O POBOTA

EnuctparoBa A. A.
HUAY MUDU

B nacrosiee BpEMA aKTUBHO PA3BUBACTCA MATKasA pO6OTOTCXHI/IKa -
O6J'IaCTB, ITOCBAIIICHHAsA YCTpOP’ICTBaM, CoAcpKallinumM ruOkue smeMeHThl. Mx
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HaJIMYKWE TO3BOJSCT CAENAaTh JBUKCHUE HENPEPBHIBHBIM U IUIABHBIM. OTH
CBOMCTBA OCOOCHHO BaXXHBI MPHU CO3JaHUU OMOMOJ00HBIX POOOTOB. B
YaCTHOCTH, J@HHbIE  TEXHOJOIMM  IIUPOKO  HCIOJB3YKOTCS IS
BOCITPOM3BENICHUS [JIBMJKEHMSI BOJHBIX >KMBOTHBIX, TaKUX Kak pBHIOHI,
MOJUTFOCKH, MEY3HbI.

Hapsany ¢ npeumyliecTBaMH JTaHHOTO PELIEHUS, CYIIECTBYET
HECKOJIbKO (DyHJIaMEHTaIbHBIX MPOOJEM, CBSI3aHHBIX C YMOpPABICHUEM
YCTPOMCTBOM. B3anMHO€ pacroioKeHUE 3IEMEHTOB KOHCTPYKIIMU CUIIBHO
3aBUCUT OT BHEUIHUX YCJIOBUW, B CBA3M C 4eM s 3PEGEeKTUBHOTO
JBIKEHUSI HEOOXOJIMMO pa3paboTaTh MOJENb, OMUCHIBAIONIYIO BHEIIHEE
BO3JICHICTBUE.

B nganHOoil paboTe OBLIO TEOPETHUECKM U IKCIEPUMEHTAIBHO
BOCIIPOM3BE/ICHO JBIDKEHHME, XapaKTepHOE [JIsi KUBBIX pbIO. s
BBIYMCIICHH ObUla HCmoJb30BaHa Mojenb T. By TOHKOW IJIacTUHBI,
KOJIEOTIo1Ieicst B TOTOKE. {151 TEOpETUYECKOTO ONpeIeSICHUs TTOJIOKEHUS
TOYEK TeJa MO/ JECUCTBUEM JABJICHUS KUIKOCTH ObUI UCIIOIB30BAH METO/]
MICEeBJOTBEPAOTO Teja. B pamkax paboThl ObLIO ompejeiaeHo, Kak ¢gopma
NBIWO)KCHUSL BIMSET HA TUAPOJWHAMUYECKHE XapPAKTEPUCTUKH CHCTEMBI;
OLICHEHO BIIUSIHUE BUXpeoOpa3oBaHus Ha 3PHEKTUBHOCTh MPOIBIKECHHUSI.

JIist moATBEp KACHUS TOJYyYEHHBIX 3HA4eHUN ObUl cO3/1aH THOKUM
pOOOT, COCTOSIIINMA U3 JBYX CHIIMKOHOBBIX IJIACTUH U CEPBOIPUBOIOB. ITO
POCTEUINAass KOHCTPYKITHS, TIO3BOJIAIONIAS PEan30BaTh S-00pa3HyIo
dbopMy IBUXKEHUSI MPU PaA3HBIX YACTOTaX. DKCHEPUMEHTAIBHO HAMICHBI
3HAYEHUS TATH U CPEIHEN CKOPOCTH ABHXKEHUS MPU PA3IUYHBIX PEKUMAX
naBanus. McciaegoBana peakius TMOKHUX 3JIEMEHTOB KOHCTPYKIIMU Ha
pas3Hbie BXOAHbIE mapameTpol. OnpeneneHa MmomHoCcTh U KIT/] cucremsi.

BOJAOPO/ B ITOJIbIX CHUJIMKATHBIX HAHOC®EPAX

Edumuenko B.C., KopotkoBa M.A., Meneros K.I1., Macanos B.M.,
Cyxunnna H.C., Emenbuenko I'.A.
Hncmumym ¢uszuxu meepooco mena umenu FO.A. Ocunvana PAH
efimchen@issp.ac.ru

PasMernienre BoJopojJia B TOJBIX MHUKpochepax KBaplEBOTO CTEKIIa
paHee mpejyraranach Kak OJMH U3 BO3MOXKHBIX CITOCOOOB €ro XpaHeHus [1].
[TomuMoO 3TOTO, pa3IMYHBIC IEHTEpOCOAEpkKAIIUe MHUKPOChEephl TaKKe
npeyiaraeTcs MCIOoJb30BaTh KaK TOILIMBHBIC MHIICHW B WHUIIMUPYEMBIX
Ja3epOM TEPMOSJICPHBIX peaknusx [2].
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JIyist TOTO 94TOOBI M3yYUTHh BO3MOYKHOCTH BHEAPECHHS BOJOPOa BHYTPh
MOJIBIX ~ KPEMHE3EMHBIX W JINTUW-CUJIUKATHBIX HaHochep U  ero
nocJyenyolee yaep:xanue npu atMochepHoM JaBiIeHUH, ObLIO TPOBEACHO
ux rugpupoBanue mnpu P=7.5 TTla u T=140 °C. Jlna HachIeHUs
BOJIOPOJOM HCHOJIb30BAIMCH OIAJIOBBIE MATPHUIIbI, COCTOSIIUE W3 TOJIBIX
HaHOcep KpeMHe3eMa U CuiuKara nutug auamerpoM 300 HaHOMETpPOB.
Ha neBoit manenu pucynka 1 nokazaHo u300pakeHUE MOBEPXHOCTH OJTHOM
U3 TaKUX MATPHII, COCTOSIICH U3 KpEeMHE3EMHBIX HaHOC]ED.

[lo gaHHBIM  TepMojecOpOLUM, TUJPUPOBAHHBIE  HaHOC(HEPHI
comepxkann ot X=0.72 (cuaukat nutus) g0 X=0.94 (kpemHezem) mouei
BOJOpOJa Ha OJIMH MOJb BellecTBa. B 000ux ciyyasix, BblIAENICHUE
BOZIOpOJa MPOUCXOAWIIO TIpU Temriepatypax oT [=-196 mo 0 °C. Ilpu
XpaHEHUU B JKHUJIKOM a30T€ KOJWYECTBO PACTBOPEHHOIO BOJOpPOJa B
KPEMHE3eMHBIX TOJIbIX HaHocdepax yMmeHbImmiock 10 X=0.8 B TeueHwme
TpeX AHEW U B TaJIbHEHIIIEM HE U3MEHSIOCH.

LN B B S R B B B B B B B R B B B B B

- - | |
Mag = S000KX 300 EHT = 5,00k Signa A= SE2 omamw;2 4140 4160 4180 4200 4220

WD= 8mm — Aperture Size = 3000 ym  Signal B = InLens Time 13:36:26 . 1
o W W T o e —— Raman shift, cmr

Pucynox 1. (Jlesas nanenv) H3zobpasicenue nosepxHocmu onaiosou
mampuywl uz SiO; nanocgep 6o emopuunvix snekmponax. (llpasas
nawnens) Cnexkmp kKomounayuornno2o paccesinus noawvix SiO; nanocgep,
HacwlueHHbIX 86000podom npu P=7.5 I'Tla u T=140 °C. Yepnas runus—
IKCHnepuUMeHmanbHulll cnekmp, coopannsii npu T=-190 °C u
ammocgeprom oasnenuu. Cunue 1UHUU NOKAZLIBAIOM Pe3)Ibmam
Pa3Nodicenuss IKChepumeHmaivHo2o cnekmpa. Kpacnas nunus
uzobpasicaem o2ubarOuyyo NPOCYMMUPOBAHHBIX CUHUX JTUHULL.

CnexTpbl KOMOWHAIMOHHOTO pACCESHUSI CBETA, W3MEPEHHBIE MIPHU
temneparype -190°C u atMmocpepHOM J1aBI€HUN MOKa3aldu, YTO BOJIOPO/I B
HaHoc(pepax KpeMHe3eMa U CHIIMKATa JINTUSI HAXOJUTCS B BUIE MOJEKYIL.
Yactp cnektpa KPC, HachllieHHBIX BOJOPOAOM HaHOC(Eep KpemMHe3eMa B
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o6macti uactor 41404240 cM™, okasaHa Ha IPaBOi MAHEIN PUCYHKA 1.
Kak BuAHO W3 pHCYHKA, JIMHUA  BHOpPAIIMOHHBIX  KOJICOAHUI
MOJIEKYJISIPHOTO BOAOPOJA, COIAEPKUT HECKOIBKUX MUKOB C Pa3IU4YHOU
HIAPUHOW M 4aCTOTOW. MBI MpearonaracM, 4To MUPOKUN MUK C YaCTOTOU
4181 cM™’ COOTBETCTBYET MOJEKYISIPHOMY BOJOPOAY, PACTBOPCHHOMY B
KpPEMHE3eMHOM 000J10UKe 10JIOM HaHOC(hEephl, a MHTEHCUBHBIN y3KUH MUK C
qactotoii 4185 cM© COOTHOCHTCS ¢ razoo0pa3HbIM  BOJIOPOJIOM,
BHEJIPEHHBIM BHYTpPb €€ MOJIOCTH.

CrexTpbl KOMOMHAITMOHHOTO pacCesiHus CBETa TUAPUPOBAHHBIX
JUTUN-CWIMKATHBIX HaHOChEp TakkKe COoIepX alu JIMHUU MOJIEKYI
BOJZIOPO/Ia, HaxXOASIMUXCA B 000J0uke M mojocth HaHochepwl. I[lomumo
3TOTO, ATU CIEKTPhl TAaKXKE COJEpPkKaIu MAIOUHTCHCUBHBIE JIMHHH,
cooTBeTcTBYOIIME KojeOanusm Si-H u Si-OH cs3eii.

HccnenoBanue BeIMOIHEHO TIpH mojaepkke rpanta PH® (Ne 23-23-
00426).
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TEPMOSIISPHOTO TOPIOYETo W JASAIIUXCs 3jeMeHToB // IlpenpuHT.
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YIAPHOE IIVIABJIEHUE U KPUCTAJIVIM3ALIUA B TUTAHE
MOCJIE YJIbTPAKOPOTKOI'O JIABEPHOI'O BO3IEVCTBUSA

YKaxosckuii B. B."?, Kono6os IO. P.3, Amtkos C. U2,
HNnuoramos H. A.4’1’2, Henacos U. B.3, Manoxus C. C.3, XoxJiosB B. A.4,
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* Unemumym meopemuueckoti usuxu PAH, 142432 Yeprozonoska
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[lepcniekTuBHOM TEXHOJIOTHEH 00paboTku METaUTMYEeCKUX
MaTepUaJIOB JJISI TEXHUYECKOTO U MEIUIIMHCKOTO MPUMEHEHUS SIBISETCS
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Moau(duKkaus UX pabodeil MOBEPXHOCTU MPHU MOTJIOIMIEHUU HMIYJIbCOB
sHepruu. Bo3znelicTBue a3epHbBIMU UMITYJILCAMH YJIBTPAKOPOTKON (ITHKO-
U (PeMTOCeKyHAHOW) IIUTEIBHOCTH MOXKET OBITh MCIOJIB30BAHO IS
MUKPOCTPYKTYPHOU MOAU(PUKAIIMU MPUTTOBEPXHOCTHOTO CJIOSI HA TIIyOUHY
NOPSAKa MUKPOHA, YTO BEJET K MOBBIIICHUIO MOBEPXHOCTHON TBEPAOCTH U
WU3HOCOCTOMKOCTH, YBEIIMUYEHUSI COMPOTUBIICHUS KOPPO3UHU W YIYUILICHHS
JIPYTUX CBOWCTB MaTEPUAIIOB U U3JICITHUMN.

B  dokyce mHamero wuccienoBaHus ~ HpPOIECCHl B TUTaHE,
VHUIAAPYEMBbIE MOTJIOIIEHUEM MOIIHOTO JIa3€pHOTO MMMYJbCA C JJIMHOU
BoJHBI 1240 HM u mmurenbHOCTRIO 110 dc. Tlornmomennas sneprus 5.5
JIk/cM® pacrpesnensieTcss B TOHKOM MOBEPXHOCTHOM CIIO€, YTO CO3IAeT
KOpPOTKYIO yaapHyto BojiHy (YB) ammmurtymoit okosno 1 TIla, koTtopas
UJET B TIyOUHY ropas3zo ObIcTpee TEIIONPOBOJHOCTH B TUTAHE. Y JapHbBIN
HarpeB U IUIABJICHUE MPOUCXOAUT HpsiMO Bo (ponte YB, Oerymieit co
CKOPOCTBIO MpUMEPHO 15 KM/C, a 3aTeM pacIiaB pa3rpyKaercs, OCThIBAET
U KpUcCTaLTM3UpyeTcs. M3MeHeHHsT B MUKPOCTPYKTYpE€ THUTaHa B ITUX
Mpoleccax HCCIEAYIOTCS OKCIEPUMEHTAIBHO, W AHAJIU3UPYETCS C
MTOMOUIBIO THAPOJUHAMUYECKOTO U aTOMUCTUYECKOTO MOJIETTUPOBAHHS.

C wuCnonb30BaHUEM PACTPOBOM W MNPOCBEYMBAKOLIEH SJIEKTPOHHOMN
MHUKPOCKOIIUM TOHKHUX IUIACTHH, BBIPE3aHHBIX CO JIHA KpaTepa, MbI
OOHapy»Xujii,  YTO MO  TiOyOmHe  oOpa3yrTcs  JBa  CJos
MoaudunmpoBanHoro TuTaHa [1]. bBeicTpas kpucraumzanus  Cios
paciuiaBa, 00pa3zoBaHHOTO B YB ckauke, popMupyer nmpunoBepXHOCTHBIN
MOJUKPUCTALIMYECKUI CJIOM M3 HaHOpa3MepHBIX 3epeH. B  Oonee
rIyOOKOM CJioe, T/I€ yAapHO€ IUIAaBJICHHE CTaj0 HEBO3MOXHBIM U3-3a
ocnabnenuss YB, mpoucxoauT miacTudeckoe aAeQpopMHUpPOBaHHE TUTAHA C
NOCJIEIYIONIEH peKpUCTAIIU3alell, Beayme k dopMupoBaHuio Oosee
MEJIKUX 3€pEH, UeM B UCXOAHOM oOpaslie. [ uapoarnHaMruieckue pacyeTsl ¢
WCIIOJIb30BAHUEM  JUCIOKAIMOHHOM MOJIENIA TAaKXK€ YKa3bIBAlOT Ha
U3MEIbYEHUE 3E€PEH JI0 TITyOUHBI, HA KOTOpOoil YB cTaHOBUTCS yNpyrou.

MoJekyJISIpHO-TUHAMUYECKOE MOJIEITUPOBAHUE [1,2]
MOHOKPHUCTAJUNIMYECKOTO o0pa3iia TUTaHa Mokaszayio, yTo ¥YB ckauok maxe
nocjae ero ociabjcHHus HIKe KpuBo# tuiaBieHus Tm(P) mpomomxkaer
miaButh. OrpoMHOe caBuroBoe HampspkeHue ~12 I'lla B y3kom YB
CKAauKe, KOTOPOE COOTBETCTBYET KPUTHUYECKOMY HampsbkeHuto Dpenkens
JUTs1 CBOOOJTHOTO CKOJIBYKEHHUSI ATOMHBIX TJIOCKOCTEH, MPUBOJUT K TIOJIHOMY
pa3pyLICHUIO KPUCTAIUTAYECKOU pELIEeTKH 151 00pa30BaHUIO
NEPEOXJIAXKICHHOTO MeTacTadMiIbHOTO paciiasa. lIpouecc XomomHoro
MEXaHMYECKOIO IUIABJICHUs ObUT OOHAPYXEH paHee MPU MOJICTUPOBAHUU
CTallMOHAPHBIX Y B B MOHOKPHUCTANTMYECKOM aJTFOMUHUH [3].
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OO0Opa3oBaBIIMICS paciiaB KPUCTALUIU3YETCA B Pa3rpy304HOM XBOCTE
YB 10 tex mop, MOKa €ro CHUXKAKLIAACA TEMIIEpaTypa HE IEPECceueT
Tm(P) u3-3a 6onee ObicTporo naaenus nasicHus. [1o3ke KpucTaIu3anus
MIPUTIOBEPXHOCTHOTO CJIOS TPOAOJDKUTCS TOCJE€ TOCTEIIEHHOTO CTOKa
Teryia Briyob oOpasma. [locime ocnabneHus CIBUTOBOTO HAMpsDKEHUS B
yAapHOM CKA4Ke HIKE KPUTUUECKOTO X0JIOJTHOE MEXaHUYECKOE TIJIaBJIICHUE
MPEKPAIAETCs, U HAYMHAETCS MJIacTUYeCcKoe Je(hOpMUPOBAHUE PEIIETKH, a
TaKX€ BO3MOXKHAs PEKPUCTAIIU3AIUSA Yepe3 Mepexoabl a——a MexIy
¢dazamu TBepaoro TutaHa. Moaudukanus TUTaHa MO TIIyOMHE OrpaHUYEHA
ociabnenneM YB 5o ympyroro mpenena, mocie JOCTHXXEHHUS KOTOPOTO
o0pa3oBaHKE HOBBIX JUCIOKAITUN U Je(PEKTOB YITaKOBKH MpEKpaIiacTcs.

[TonydeHHbIE SKCIIEPUMEHTAIBHBIE U PACYETHBIE PE3YJIhTAThl XOPOIIIO
COTJIaCYIOTCSI W pacKkpbiBaloT 0a30Bble  (U3WUYECKHE MEXaHU3MBbI
YOPOUYHEHUS TOBEPXHOCTH METAIOB YJIbTPAKOPOTKUMHU JIA3€PHBIMU
UMITYJIbCAMU.

Astopsl (B.B. XKaxosckuii, C.1. AmmmtkoB, H.A. Mnoramos, B.A.
Xoxnos, [.C. CutHukoB) 0marogapsat Poccuiickuii HaydHbId (GOHJ (TpaHT
#19-19-00697, npoyieHHBIN) 32 MOIIEPKKY.
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INOBEPXHOCTHAMSA ITPOBOANUMOCTD
BSmBs A Sml-bexBe (XSO.I)
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BbIpoKieHHEe COCTOSHHMH HOHAa camapus ¢ pa3HbIM uuciaoMm 4f-
AJIEKTPOHOB B SMBg [1] npuBOAMT K HEIEIOYUCICHHON BaJCHTHOCTH
v(SM)=~2,5-2,6 [2] ¥ kK CHUIBHBIM BJIEKTPOHHBIM KoppessiusMm B 4f- u 5d-
30HaX, TMOPHUIN3AINS KOTOPBIX, B CBOIO OYepeib, HHUIIMUPYET OTKPHITHE
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mesiu B 30HHOM crektpe mpu T<40 K (g5~19 3B [3]). Onnaxo, npu T<3 K
yAEIbHOE CONMPOTHBIICHHE B SMBg BBIXOAWT HA MOCTOSHHBIE 3HAYCHUS
p~10-100 Om:-cMm (B mepecuere Ha OOBEMHBIC €IUHMIILI), HEXapPaKTEPHbBIC
JUISL  HEBBIPOXKICHHBIX  MOMYNpPOBOAHWKOB.  CorjacHO  MOJENH
KOppeIMpOBaHHOTO Tomosiorunueckoro wu3onsaropa (KTHU) [4] Takas
KOHEYHAasT MPOBOJANMOCTh B OCHOBHOM COCTOSSHUM SMBg MoxkeT OBITH
00yCJIOBJIEHa TTOBEPXHOCTHBIMU JJICKTPOHAMH C JHPAKOBCKUM CIIEKTPOM,
BO3HHMKAIOIIUMH U3-3a HETPUBUAIBHOM TOTMOJIOTHUN €r0 30HHOM CTPYKTYPHI.
JIOMUHUPYIOMIMI BKJIaJ TMOBEPXHOCTH B AJIEKTPOHHBIM TPaHCHOPT MPH
HU3KUX TeMIeparypax TMOATBEPKAACTCS JTaHHBIMU (HOTOIMUCCUOHHOM
CIEKTPOCKONIMU C YIJOBBIM  pa3pemieHueM [5-6] u  addexramu
HEJIOKaJTbHOUM mpoBoauMocTH [7-8]. IloBepXHOCTHBIE cocTOosiHUS B SMBg
COXPAHSIOTCS W TP HEOOJBIINX KOHIICHTPAIMIX HEMAarHUTHOW MpPUMECH
[9], paccesHHMe Ha KOTOPBIX TOIABISACTCS M3-3a JKECTKOW CBSI3U MEXKIY
CIIMHOM ¥ UMITYJIbCOM DJIEKTPOHA.

B pabote uccienoBaHo BIMSAHHE OPUEHTAIMU U CIIOCO0A MOJATOTOBKHU
MOBEPXHOCTU HA DJIEKTPOHHBIN TpaHCHOPT B SMBg U TBEpIbIX pacTBOpax
3ameneHuss SMy, Yb,Be (X<0.1). MoHoKpHucTaInueckue oopasiel SmBg u
Smy,YbBs (X<0.1) BeIpe3anuch B (popMme mapajuiescnuneaa ¢ rpaHsIMH,
OPHMEHTUPOBAHHBIMU IO OCHOBHBIM KPHCTALIOTPA(QUUECKUM IIJIOCKOCTSIM
(100), (110) wmmm (111). I'panu MOHOKPHCTAIIOB ITOJMPOBAINCH Ha
alMa3HoOM alpasWBe C TOCIIEIO0BATEIbLHBIM YMEHBIICHHEM 3€PHHUCTOCTH
(Bruioth 110 0,3 MKM), TMOCJE€ cepud M3MEpeHui oOpasilbl TPaBUIUCH B
BogHOM pacTBope HNOj;. [Ins moimpoBaHHBIX W TpaBJIECHHBIX 00pa3IloB
BBITIOJIHSUTUCh M3MEPEHUSI YJIETbHOTO CONMPOTUBJICHUS p U KO3 (PduUllMeHTa
Xomna Ry mpu remnieparypax 1.8-300 K B MaruutHbIX 1ossix g0 8 To.

HccnenoBanue TOBEPXHOCTEM MOHOKPHCTALIMYECKUX  O0Opas3IoB
METOJOM aTOMHO-CHJIOBOM MHMKPOCKOTIHH TIOKA3aJi0, YTO IIEPOXOBATOCTH
MOBEPXHOCTH TPU TOJUPOBKE alIMa3HBIM aOpa3sWBOM MPAKTUYECKH HE
3aBHCUT OT €€ OpPHMEHTAIlMH, Iepenaj BhICOT penbeda He mpesbimiaet 20
HM. XHUMHUYECKOE TPABJICHUE YBEJIMUYUBAECT IIEPOXOBATOCTh MOBEPXHOCTH,
Tak 1 HenojsipHbiX moepxHoctedt (110) m (111) oGHapyxuBaercs
HEperyJsIpHbIA penbed ¢ mepenanoM BbICOT penbeda Oomee 100 HM, Ha
noJisipHbIX moBepxHOCTAX (100) mposBIsAIOTCSA TETpadApUUYECKUE KpaTephl
MUKPOHHOTO paszmepa, IiiyomHou mnopsanka 150-200 HM U HaKJIOHOM
rpaneit okoio 9°.

ComocTaBiieHHe JaHHBIX [JI1 OOpa3loB C TOJUPOBAHHBIMH H
IPOTPABICHHBIMUA TPaHSAMH I[I0KAa3aj0, YTO HaWOOJBINE PA3THIUS
napamMeTpoB DJIGKTPOHHOIO TpaHCIOpPTa HAONIOMAIOTCA B  pPEKUME
noBepxHOCTHOM npoBoauMocTu npu 1<3,6 K. B cinyuae SmBg TpaBienue
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noBepxHocTy (100) mpuBoguT K pocty p B 8 pa3, a Ry — B 150 pa3 [12].
Cxokee MOBeacHHE HaOmomaercss W a1 SMy,YDBe, 11 xoToporo
3HAQYEHUS P MOCJE TPABJICHUS MOBEPXHOCTU pacTyT B 16 pa3 npu 1,9 K, a
MarHUTOCOINIPOTUBIICHUE  OINHUCHIBACTCS  OTPUIIATEIBHBIM  JIMHEWHBIM
BKJIAJIOM Ap/p=BH2 C B=—1,76-10'3 kD1, HeobsraHoE [IOBEIECHIE
TPAHCIIOPTHBIX CBOMCTB CBsi3bIBaeTcsa ¢ d(ddexTamMu, BbI3BAaHHBIMU
M3ruOOM 30H MOJ BIHUSHHUEM T[IOTEHIMANa IOBEPXHOCTH, a TaKXKe C
BO3MOXHBIM  HM3MEHEHHEM  CTPYKTYpbl  CHEKTpa  BO30YXKICHMI
TOIOJIOTUYECKOTO U30JIITOPA B PEKUME 3apsIOBBIX (PIIyKTyarui.

HCCJ’IGI[OBaHI/Ie BBIIIOJIHCHO 34 CUCT I'paHTa Poccuiickoro Hay4YHOT'O
donma Ne22-22-00990, https://rscf.ru/project/22-22-00990/
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MOIEJUPOBAHUE ITPOLHECCA ®OPMUPOBAHUA
KOMITAKTHBIX NIOPAKAIOIINUX 9JIEMEHTOB

3ano3ssiii B.A., 3anopoxuenko . U., Kpacaukosa A.T.
DI'VII « CKTE «Texuonoey
Zar1992raz@mail.ru

CpenctBa mnopaxkenus (mamee — C®D3) ¢  UCHOIB30BAHUEM
KOMIIAKTHOTO  TOopa)karomiero ajemeHta (mamee — II9) -  »3t10
Pa3HOBUIHOCTh KYMYJISTHBHBIX CPEJICTB TMOPaKCHHs, 00eCIIeUnBarOINX
TanbHOOOWHBIE  KYMYJISTHUBHOE JICHCTBUE, IIPeAHA3HAYCHHBIX  JIS
MOpaKCHUsI OPOHMPOBAHHBIX IIeJiel, TAaKWX KaK TaHKH, CaMOXOJHBIC
apTWICPUICKAE  yCTAaHOBKHM,  OOEBBIE  MAIIMHBI  TIEXOTHI U

-72 -



OpoHeTpaHcnopTepbl. B mpeacraBieHHOM  paboTe  pacCMOTPEHO
MOJIETUPOBaHUE Tpoliecca (GOpPMUPOBAaHUS KOMIAKTHBIX [1D ¢ BBICOKMM
OTHOCHUTEIBHBIM YUIMHEHUEM U CTa0WIM3aIed Ha TpaeKTOpHHU OJiaroaapsi
Pa3BUTON FOOOYHOM YaCTH.

I[195  dopmupyrorcs U3  KyMYJSTHUBHBIX  OOJHMIIOBOK U3
BbICOKOIUIOTHOTO craBa [aW10, oOnamaromiero BBICOKUM TIPEIEIOM
MMPOYHOCTH YW OTHOCUTEIIBHBIM Y/UIMHEHHEM. MarepuaiaMu CHApSHKECHUS
C®3 Obui TpuU B3pHIBYATHIX COCTABa: INTAaTHBIA cocTaB okdon 3,5,
HIAPOKO HCHoNb3yeMbli B coBpemeHHbIX [ITYP cocras IIJAT wu
MEePCIIeKTUBHBIN pa3zpadbaTeiBaeMblil coctaB OTd-1.

Jlns Bcex HCHOJIb3yeMbIX B pabOTe€ COCTAaBOB pPAaCUYETHBIM ITyTEM
MOJIyYCHbl KOHCTaHThl ypaBHEHUs J[koHca-YwuikuHca-JIn. KoHCTaHTBI
MOJy4YEHbl HAa OCHOBAaHMM TEPMOIMHAMHUYECKOIrO IOJIX0Ja B MpOrpamme,
WCTIOJIB3YIOIIEH YpaBHEHUE COCTOsIHUS bekkepa-KuctsikoBckoro-Yuiacona
10 CXeMe MpeTokKeHHOMH B [1].

[IpoBoamioch 4ucleHHOE MojienupoBanue padoTel CD3: mporecca
dbopmupoBanus [19 u BHenapenus [1D B craibHyro nperpaay TOJIIUHOU
npesbimaronieit kanuop C®3. Pe3ynbTarhl YUCICHHOTO MOJCTUPOBAHUS
CPaBHUBAJINCh C  AKCIEPUMEHTAIBHBIMM  JaHHbIMH. [losydeHHBIE
pe3yJIbTaThl MO3BOJISIOT 00OCHOBAThH BHIOOP MaTepuaia cHapsbkeHuss CO3.

Jlureparypa

1. Aymenok C.A., 3anopoxkuenko S.M. u np. UucimeHHoe AByMEpHOE
MOJIeIUPOBaHNE (PYyracHOTO JEUCTBUS B3phIBA B BO3JIYXE PA3TUUYHBIX
BB wmaccoii 1-2 xr u skcnepuMeHTalbHbIE JaHHble / Dus.-xum.
aCIEKThl TPEACIbHBIX COCTOSIHUA M CTPYKTYPHBIX MpPEBpalllCHUN B
CIUIOIIHBIX CpEeJax, MaTepuaiax U TEXHUUYECKUX cucrtemax: Bbim. 2,

2018.

TP UICTOYHUKA U TPU COCTABHBIX YUACTH YCHOEIIIHOM
HAYYHOMH NNIYBJIUKAIIUA

3axapona E. B.1?
YUnemumym o6weii pusuxu um. A. M. IIpoxoposa PAH
2Pedakyust scyprana « Yenexu uusudeckux Hayky
elena.zakharova.office@gmail.com

[lyOnukamusi  Hay4HBIX  CcTared —  BaKHasg  COCTaBIAIOIIAs
JEATeIbHOCTH  Hay4yHOro paboTHHKAa. B COBpEeMEHHBIX  YCIOBUSX
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CYIIECTBYE€T  OOBEKTHMBHAs  HEOOXOJIUMOCTh  CO37aBaTh  OOJBIIOE
KOJMYECTBO MAaTEPHATIOB «OTYETHOTO XapakTepa», 4YTo, B peE3yJbTare,
IPUBOANT K CHIDKCHHIO KadecTBa MyOsmkaruii. TeM He MeHee, I TOro,
qTO0Bl HMMETh BO3MOXKHOCTH YCIICITHO padoTaTh, YUYEHBIH JOJDKEH
CTPEMHTCS K CO3JaHHUIO TaKWX IPOM3BEICHUN HAyIHOW MBICIIH, KOTOPHIC
[IO3BOJIMJIM OBI JTOHECTH BaXKHOCTH M HEOOXOIHMMOCTH €ro MCCJIENOBAHUN
HE TOJIBKO JO €ro KOJUIeT, HO W JO pPa3IU4YHBIX CTPYKTYp, KOTOpPHIC
MOTEHITMAIBPHO MOTJIM OBl TPHWHATH ydacThe B (PMHAHCUPOBAHUU ITHUX
uccnenoBanuii. [Ilpu 3TOM xemarenbHO, YTOOBI PE3YIbTATHI €r0 TpyHAa
ObLTH ObI BOCTPEOOBAHBI HAYYHBIM COOOIIIECTBOM €IIIe JJOJITHUE TOIbI.

B nmoxnane paccMaTpuBarOTCsS OCHOBHBIC HCTOYHHUKH M HEOOXOIUMBIS
YCIIOBHS YCHEITHOW HaydYHOW myOnukamwu. llomguepkuBaeTcss BaKHOCTH
KOMITETCHTHOCTH aBTOpa CTaThbH B TOW OOJIACTH, KOTOPYIO OH OCBEIACT;
OCBEJIOMJICHHOCTh B HOBEHIINX HMCCICJIOBAaHUAX B BBIOpAHHOM 00JIaCTH
3HaHWH; SCHOE W3J0KCHHE Marepuaia, JOCTaTo4YHas CTETeHb HAayIHOU
HOBHU3HBI HCCJIENOBAHMUS, 3HAYUMOCTH BCEX DJJIIEMEHTOB CTaTbU — OT
Ha3BaHUS W AHHOTAlMM JO CIOUCKA IUTUPYEMOW  JUTEPaTypHl.
PaccMarpuBaroTcs 3Tarmbl MOATOTOBKHU U ITPOJIBMIKCHUS PYKOIIUCH, a TaKKe
NPOJBIKCHHS CTaTbW TIociie myOnukamwu. JlaroTcs TMpakTHYECKHE
PEKOMEH/IAIIMKM TI0 TOJATOTOBKE KAaYeCTBCHHOW HAYYHOW MyOJWKaIWH, B
TOM 4YHCJIe M TpH paboTe C pEIEH3NEeH HE3aBUCUMOIO peIleH3CHTa,
KOPPEKTYypOH U APYTUMHU BOKHBIMU dTallaMy MOATOTOBKH PYKOIHCH.

ABTOp BhIpakaetr OsarogapHocTh mpodeccopy C. B. JlemumeBy u
K.(p.-M.H. M. C. AKCEHThEBOH 3a MOJIE3HbIE 00CYKICHUS.
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CTPYKTYPHBIE OCOBEHHOCTH BBICHIEI'O BOPHUJIA
BOJIb®PAMA

3ubpos N.I1., dunonenko B.I1.

Hnemumym ¢uszuxu evicoxux oasnenuni um. J1.D. Bepewacuna PAH
zibrov@hppi.troitsk.ru

B 1961 roay Beimuta mepBas paborta [1], mocBseHHas CHUHTE3y W
CTPYKType BbIciiero 6opuaa Boiabppama WB,. B crienyromnimue HECKOIBKO
jger ObulM OmyOJMKOBaHBI emie 3 cTatbu [2-4], MOCBSIIEHHBIE 3TOMY
coenuHeHno. B aTux paboTax paccMaTpuBaluCh HE TOJIBKO pa3IudHbIC
MOJIETIM CTPYKTYphl B paMKax OJHOW mpocTpancTBeHHOU rpymmbl (ILT),
Ho u paszneie I[LI.. Ilpu stom OGop oOpazoBeIBan rpadeHONOT00HbIE
IJIOCKOCTH, @ TAK)Ke JUMEPHI TUOO0 OKTadIphl. JIMCKyCCHU TIPOIOKIINCH
B 2000-¢ u 2010-e rogpl HE TOJBKO MO MOBOAY CTPYKTYPbI, HO U COCTaBa
Beiciiero Oopumma. B 2015 romy Beimuta paGora [5], B koTOpoil ¢
WCIIOJIb30BaHUEeM JUGPAKINY HEHTPOHOB OBLIM YTOYHEHBI MO3UIIUU Kak
aromoB W, Tak u B B pamkax moxaenu ctpykrypsl B IL.I". P6/mmc. Cocras
coenunennsi WB,, U3-3a 4acTUUHON 3aHATOCTU OJHOU U3 2-X no3uuuii W
U ofHOM u3 2-x mo3unuii B, a Oop oOpa3oBbiBaeT rpadeHOnoa00HbIe
IJIOCKOCTH MEX/TY CIOSIMU aTOMOB BOJIb()pama U TPUMEPHI B CIOSIX AaTOMOB
Bosb(ppama. J[Be Teopetuueckue padbotel [6,7], omydmukoBanHbIe B 2018
r., MpeJicKa3alii CylecTBoBaHue ceepxtrepaoro oopuaa WBs, umeromiero
NICEeBJIOTEKCArOHaIbHYI0  poMOuueckyto  sueiiky (ILI.  Pnnm) wu
crabmwibHOro npu AasieHuu Boimie 1 ['Tla. B cTpykType mpucyTcTBYIOT
TPEYroJIbHUKU U3 aTOMOB Oopa B BOJb(PpaMoOBBIX IIOCKOCTAX. Bce
BBIIIENIEPEUNCIIEHHOE SIBUJIOCH MOTHBALIMEN MJii HAac B MPOBEICHUU
CHUHTE3a BBICHIETO OOpHuIa BoJib(PpaMa B YCIOBHSIX BBICOKHUX JABJICHUHN U
YTOUYHEHHUSI €TO CTPYKTYPHI.

Cuntes nposoaunu npu T=1000-1400 C u P=1.5-7.0 I'Tla u3 cmecu
nopomkoB coctaBa W:B=1:7. ®a3oBbIiii aHanu3 o0Opa3oOB OCYIIECTBISIN
Ha Imaging Plate Guinier Camera G670 d¢upmer Huber (Cu Koy
uznydenue). Bece oOpasnbl coctosiiu u3 Beiciiero oopumaa u WB,. s
CTPYKTYPHOTO aHaiu3a ObLI BbIOpaH oOpasell, conepxamuii 86% WBs, u
14% WB,. [ns cpaBHeHusT pa3IMYHBIX MOJENEH CTPYKTYphl C
OKCIIEPUMEHTAIbHBIMA ~ JTAHHBIMHA ~ WCIIOJIB30Ba  TTOJTHOMIPO(UITHHBIH
ananmu3 (Rietveld refinement). Beur mnpoBeneH aHaIW3 HECKOJIbKHX
JIECSATKOB MOJENe CTPYKTYphl, 3 W3 KOTOPHIX IMOKa3aHbl Ha Puc.l.
[TonHonpoduabHbBIN aHanu3 2-X Jy4IIMX Mojenied, Haubosee OIM3KO
COOTBETCTBYIOIIMX SKCIEPUMEHTY, TaKKe MOKa3aH Ha 3TOM PUCYHKE.
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Puc.1. Mogenu ctpykrypsl WBs.: a) P-6m2- WBs; b) WB4g6; C) WBy4.15.
YTounenue ctpykrypbl mozenei B IL.I. P6s/mmc d) WB4gs; €) WB41s.
DKCIepUMEHTAIbHbIE TOYKH (+), pacCunTaHHasi KpUBasi (CILJIONIHAS JTUHUS)
U Pa3HOCTh MEXIY M3MEPEHHBIMU U PACCUMTAHHBIMU WHTEHCHUBHOCTAMH
(HmxHsAST KpuBasi). Bce Bo3MOXkHBIE Op3rroBckue pedIeKCchl MOKa3aHbI
BepTUKaIbHBIMU Mapkepamu: WB,-sepxuuii psin, WBs_-HKxHUN psi.
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JIABEPHBIE TEXHOJIOI'MX U BBICOKHE JIABJIEHUSA

Muoramon H. A.1'3, KaxoBckwuii B. B.2’3, ITetpos IO. B.1’4, Xoxyos B. A},
AmmtkoB C. I/I.S, Pomarnesckuii C. A.°, CUTHUKOB 1. C.S, Xumenko K.
B.3'6, Komo6o0B IO. P.5, Hemacos W. B.5, Manoxwun C. C.5, [llenenes B. B.
1HHcmumym meopemuyeckou gusuxu um. J1./[. Jlanoay PAH,

142432 Yepnoeonosxa, Poccus
2Bcep0ccudcmﬂ HAYMHO-UCCTIC008AMETbCKULL UHCIuUmYm agmomamuku um. H.JL
Lhxosa Pocamom, 127030 Mocksa, Poccua
306veounertwi uncmumym svicokux memnepamyp PAH, 125412 Mocksa, Poccus
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7HHcmumym asmomamuzayuu npoexmuposarust PAH, 123056 Mockea, Poccust
nailinogamov@gmail.com

B ouare nma3epHOro BO3JEHCTBUS HA UCCIECAYEMYIO METAIIMYECKYIO
MUILICHb JIETKO CO3Jar0Tcs JaBieHus nopsaka 10 Mo6ap [1]. Dto Tak, ecnu
NENUCTBOBATh C TOMOIIBI0 (PEMTOCEKYHIHOTO Ja3epa C OOJydYeHHEM
MUILIEHH Yepe3 BO3AYyX HOPMalbHOIO AaBieHus. [IpruuemM MHTEHCUBHOCTh
U3JIyYEHUs] OTpaHUYEHA CBEpPXY ONTHYECKUM mpoboeMm Bo3ayxa. Takwue
PEXKUMBI TIPEJCTABISIIOT HWHTEPEC [Jis MPAKTUYECKUX MPUIIOKEHUH,
NOCKOJIBKY HE TpeOyeTcss TmoMelleHuss o0padaTbiBaeMO J1a3epom
MUIIEHU/U3/CNINS B BAKYYMHYIO Kamepy.

B cMmbIcie TnpuioKEeHWH, 34eCh peYb HMAET O JIa3€pHOM KOBKe. B
TEXHOJIOTHUSIX JIA3€PHOM KOBKH JIa3€pHas BCIBIIIKA M KPATKOBPEMEHHOE
MOBBIIICHUE JABJIICHUS B IOBEPXHOCTHOM CJIO€ H3IEIUS IMPUBOJIHUT K
VIYUYIICHUIO  XapakTepUCTUK  u3fenusa.  Bo3pacraer  TBepAOCTb,
MOBBINIAETCS COMPOTUBJICHUE YCTATOCTHOMY Pa3pYIICHUIO U KOPPO3UHU.

Hasnenus nopsjaka 10 MOap CyiiecTBEHHO MPEBBIIAIOT T€, KOTOPbHIE
JOCTMXKMMBI B ajIMa3HbIX HakKoOBalIbHAX. (KaTue MeTalia MOXET
COMPOBOXKAATHCS MOTUMOPPHBIM (a30BBIM MEPEXOJA0M, HAPUMED, albda-
SIICUJIOH TIEPEXOJIOM B Cilyyae Kejes3a [2] uiau mepexoJoM B OMera HiH
oeTa ¢azy B ciIydae TUTaHa.

OKCIIEpUMEHTAIbHBIE ~ M3MEPEHUST  BO  BpeMs  MPOTEKaHUs
yIbTPAKOPOTKOTO UMITYJIbCA CJIOXKHBL. XOTSI B NPUHLMIE TaKue
BO3MOXHOCTH HMEIOTCST — pump-probe metoauku. Jlaxke B ciaydae
NPUMEHEHUS TAKUX METOJIUK, PE3yJbTaThl HOCSAT KOCBEHHBIM XapakTep.
[loaToMy nns TOHMMaHUST  PE3yJbTaTOB  HEOOXOJIMMO  CO3/IaHHE
bu3HYecKUX MoIeNiel U YHCIIEHHOE MOJIETUPOBAHHUE.
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B pabote mnpuBOAUTCS MPUMEP TAKOTO TEOPETUKO-UUCICHHOTO
noaxona. [Toaxon anpoOUpyeTcst CBEpKOM ¢ JaHHBIMH HAIlUX OMBITOB [3].
JlazepHasi KOBKa € IOMOLIBIO YJIBTPAKOPOTKUX JIA3EPHBIX HMMITYJIHCOB
(VKJIN) HCCIENYETCS METOIaMH TUJIPOJIMHAMUYECKOTO u
aTOMUCTHYECKOTO MOJICIMPOBAHUS, a TAaKXKE »OKCIEpUMEHTaIbHO [3].
[Ioka3zaHO, 4TO B OTVIMYKME OT TPAAULUMOHHBIX HAHOCEKYHHBIX UMITYJIbCOB,
YKJIM mo3BonsieT MOTHATH YPOBEHb CO3JaBaeMbIX JaBieHUNW Ha 2-3
nopsigka ¢ 1-10 I'Tla mo 1000 I'Tla (1TIIa). ITpu sTom (usuka siBICHUIN
MEHSIETCS] TPUHIUITUAIBHO,

VYnapueie BosHbl (YB) ¢ naBieHHs MU, MPEBBIMIAIONIUME OOBEMHBIN
MOZYJIb CXKaTHsl METaula, IUJIAaBSAT €ro. BriepBble MOKa3zaHO, 4TO MPHU
napinenusix ~1 TIla rinyOuHa yJoapHOro TIUIaBIEHUS Ha MOPSAOK
NPEBBIIAET TOJUIMHY CJOS paciylaBa 3a CYET TEIIONPOBOAHOCTH.
M3y4eHO BO3HMKHOBEHHE, PACPOCTPAHEHUE U 3aTyxaHue [3,4] niaBsiieit
VB B amoMuHMM U TUTaHE. 3aTyxaHue YB mo3BossieT MoauduimrpoBaTh
MOANOBEPXHOCTHBIM CJIOM, B KOTOPOM IPOUCXOAUT CMEHA PEXKUMOB
IJIaBJICHUS. OT ObICTpOro B YB-ckauke K MEIJIEHHOMY pacinpOCTpPaHEHUIO
(dbpoHTAa IIJIaBJICHHS B XBOCTE pa3rpy3ku 3a YB.

DKCIEPUMEHTAIIBHO MTOKa3aHo, 4TO pu CBEpPXOBICTPOI
KpUCTAJUTM3AIMKA paciuiaBa (OPMUPYETCSE TBEPJIbINA CIOU CO CTPYKTYpPOil,
PE3KO OTJIIMYHOM OT TOM, KoTopas Obuta 10 BozzaekcTBus [3]. U3mepenHnas
TJIyOMHA 3TOTO CJIOSl XOPOIIIO COTIacyeTcs ¢ pacueTroM [3].

Astopel (C.A. PomameBckuii, C.1. Ammutkos, J[.C. CUTHUKOB -
skcniepumenT U B.B. XKaxosckuii, H.A. NHoramos, B.A. XoxJioB - Teopus
U YUCIICEHHOE MojenupoBaHue) OmarogapsaT Poccuiickuii HayuHbld (OHJT
(rpanT #19-19-00697, mpoaneHHBII) 3a TOAIEPKKY.
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BJIMSIHUE IABJEHUSI HA OGPA3OBAHUE
KBA3UKPUCTAJJIMYECKUX ®A3
B CILIABAX AL-CU-(FE,CO)

Kamaesa JI. B.", bponHukoBa 0.1, Cycnos A. Al bpaxkun B. B.2
YYom®HUL] VpO PAH
2H®BJ] PAH
lara_kam@mail.ru

CrutaBel Al-Cu ¢ mo6aBkamu Fe wim CO OTHOCATCS K JIMTEWHBIM
CIUTaBaM, B KOTOPBIX COYETAaHWE IPOYHOCTH U  IUIACTHYHOCTH
obecnieunBaeTcsi  popmupoBanreM B Al  MaTpuile  ynpOYHSIOIIMX
UHTEPMETAUTHIOB. [109TOMYy BO3MOXHOCTH TIOBBIIICHUS MEXaHHUCCKHUX
CBOMCTB ATHX CIIJIAaBOB 3aKJIIOYAIOTCS B yIIpaBlieHWH (POPMOH W COCTaBOM
WHTEPMETAIUTUIOB B TPOIECCE HAIMPaBIEHHOW KpHUCTALIM3auu. Takke
3TU CUCTEMBI HHTEpEeCHBI 0O0pazoBanueM B HUX mpu 20-30 at.% Cu u 10-20
atr.% Fe wim CO paBHOBECHBIX KBa3MKpHUCTALIMYeCcKuX (a3, i-dpa3sr B Al-
Cu-Fe u d-daser B Al-Cu-Co ¢ mKOca’ApHYSCKUM U JieKaroHaJbHBIM
YIOPSIOYCHUSIMHA COOTBETCTBEHHO.

B pabote mpoBoauTcs aHain3 MHKpOCTPYKTYp ciiaBoB Al-Cu-Fe u
Al-Cu-Co mocne ux 3aTBepAeBaHMs IIPH HOPMAJIbHOM U BBICOKOM (J10
8I'Tla) naBnenusx. McciemoBaHuss MNPOBOAWIM B IIMPOKOHM 00JacTH
KOHIICHTPAllUi,  BKJIIOYAIOMUX  CTEXHOMETPUYECKHE  KOHIICHTPAINH
KBa3UKpUCTALIMUECKUX  (pa3 ©W  0o0nacTu € HBTEKTUUECKOU
KPUCTAJUTH3AIIMCH, TIPH PA3IMIHBIX YCIOBUSIX OXJIAXKICHUS pacIuiaBa.

Tepmudeckuii aHaau3 CIuIaBoB  (IuddepeHIInaTbHO-TEPMHICCKU
anamuz ([JATA) u nuddepeHnmnanpHas CKaHUPYIOMIAsS KaJOPUMETPHUSI)
MIO3BOJIMJIM TIOCTPOUTH KOHIIGHTPAIIMOHHBIC Cpe3bl TPOWHBIX JUATPaMM
cocrostus mipu 25,5 at.% Cu (2,5-25 ar.% Fe), 5,8 u 12,5 at.% Fe (15-40
at.% Cu), a Taxxe npu 15 at.% Co (10-30 ar.% Cu) u 25 ar.% Cu (2,5 -
20 at.% Co0). Anaim3 tepmorpamm oxjaxaeHus B ycioBusx JITA ¢
HeOonpmmmu (0,1-1K/c) ckopocTsMu oXJTaKaeHUs MO3BOJIUI ONPEACIUTh
yCIIoBHUs 00pa3zoBaHus i- u d-(a3 npu HOpMaJIbHOM JaBICHHH.

[TpoBeneHHble HccaenOBaHus Tokaszainu, uyto B cucteme Al-Cu-Fe
crexuoMeTpus i-a3pl COBIAJgaeT ¢ HHBAPUAHTHBIM PABHOBECHEM B
CHUCTEME, KOTOpOE€ MPHUBOJWUT K HW3JIOMy Ha JWUHUW JIMKBHJIyCa B 3TOU
obnactu konneHtpaumii. B cucreme AIl-Cu-Co Taxke HaOIIOmArOTCS
paBHoBecHs L+Al;3Co4— L+B(CuzAl(Co)) mpu 17 at.% Cu u 15 at.% Co
u L+d— L+ mpu 25 at.% Cu u 10 at.% C0, HO B 00J1aCTH CTEXHOMETPHH
d-dba3el  MHMM JIMKBUAYyca TiagkWe.  McciemoBaHWe — MPOIIECCOB
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3aTBEPACBAHUS IPU HOPMAITHHOM JABJICHUU TTOKA3bIBAET, YTO U B CHCTEME
Al-Cu-Fe, u Al-Cu-Co »BTekTHYeCKas KpUCTa/UIM3aIs HaOII0JaeTCs IS
criaBoB, 6orateix Al mo konnentparuii Cu, Fe u CO, COOTBETCTBYIOIIHMX
WHBapUAHTHBIM TpeBpanieHusM. CleayeT OTMETHTh, 4To B cucteme Al-
Cu-Co B aToit obmactu koHnentpamui (2,5-10 at.% Co, 25 at.% Cu) Ha
TICPBOM 3Talle 3aTBEpJICBaHUs JODKHA oOpa3oBwiBaThes d-aza. OmHako
PEHTTE€HOCTPYKTYPHBIC " MeTautorpapudecKue WCCJICIOBAHUS
MOKa3bIBAIOT, 4TO oOpa3oBaHue d-(a3wl B CIuTaBaX HAOJIOMAETCS TOJIBKO
npu  Maibix ckopoctsax oxnmaxacHus (<0,1 K\c). Ilpm ckopocTsax
oxnaxaenus 0,1 — 1 K/c d-da3a obpasyercs B crutaBax ¢ KOHIEHTpAIHEH
Co 11 ar.% u 6onee, o NepuUTEKTUYECKON peakiuu u3 B-daszpl. B obnactu
CTEXHMOMETPUH 1-(pa3bl BEIMUMHA MEPEOXTKICHUS, B YCIOBUAX KOTOPOTO
HAYMHAETCS 3aTBEP/IEBAHKE, B 3aBUCUMOCTH OT cOCTaBa u3meHsiercs ot 20
no 65°C. Kpucramnuzanus CIuiaBoB ¢ cojaepkanueMm meau ao 25,5 at.%
HayMHaeTcsi ¢ oOpa3oBaHus uUHTepMeTauaa AlsFe, npu KoHUEHTpanuu
oT 25,5 no 35 ar.% Cu Ha mepBOM CTaAuM BBIJICISAIOTCS KPUCTAJLIBI
TBepAoTro pactBopa Ha ocHoBe CusAl. B oGnactu KOHIEHTpaluii, rae i-
daza 3apoxnaercs mnepBod u3 pacmiaBa (Al95,5+xCu35,5-xFe5,8, rue
x=0-15), BenMuMHAa TEPEOXTKICHUS U XapaKTep KpUCTALIU3ALMU
3aBUCSAT OT TEMIlepaTypbl paciuiaBa nepen oxjaxzaeHuem. llpu
oxyaxaeHun ot temmepatyp <1050°C crutaBel 3aTBEpACBAIOT B YCIOBUSIX
HEOOJBIINX  TEPEOXJIAXIACHUH  COTJIACHO  JuarpaMme  COCTOSTHUSA
(KpucTayuTH3aIsl HauWHAeTCs ¢ oOpa3oBaHus I-da3bl). [Ipu yBeaudeHnn
TEMITepaTypbl pacijiaBa XapakTep 3aTBEpACBaHUS PE3KO W3MEHSETCS, B
yclIoBHsIX Oonpmmx mepeoxnaxkaeHuin (6omee 60°C) kpucTammm3anus
npoTekaeT 6e3 00pazoBaHus 1-(ha3bl.

PCA u meramiorpadusi criaBoB, MOJYYEHHBIX MPU 3aTBEP/ICBAaHUU B
YCIOBUSIX BBICOKMX JIaBJICHMM, T[IOKa3ajud, 4YTO B 00JacTH CBOE
crexuomeTpun (25 ar.% Cu, 13 ar.% Fe) i-¢a3za taxxke obOpasyercs 1o
MEPUTEKTUYECKON PEaKIUH, OJIHAKO OOIMMIA XapaKTep KPUCTAJUTH3aIluN
mensieTcsi. Ha mepBoM aTane u3 paciiaBa oopasyrorcs ¢assl AlFe u CuszAl,
KOTOPBIE COXPAHSIOTCS 0 KOMHATHOM TeMIlepaTypbl, TP ATOM JOJA i-
¢da3bl 3HaYMTEIBHO BBIIIE B ciUiaBe, coaepxkaieM 15 at.% Cu, yem npu
25.5 at.% Cu. Ilpu 3aTBepAeBaHUU CIUIABOB C HEOOJBIINM COACpPKaHUEM
Fe B ycloBUSIX BBICOKHMX JaBJICHWW KBa3UKpUCTaUIMUecKas (aza B UX
COCTaBE COXPAHSAETCA O KOMHATHBIX TEMIIEPATYD.

I/ICCHGILOBaHI/Ie BBIIIOJIHCHO 3a CYCT I'paHTa Poccuiickoro HAay4YHOTI'O
donma Ne 22-22-00912, https://rscf.ru/project/22-22-00912/
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B3APIMOI[EI>1CTBPIE CIIMHOBOI'O U ABPUKOCOBCKOI'O
BUXPEHN B 1OIIMPOBAHHOM TOITIOJIOI'MYECKOM
MN30JIAATOPE

KamnpanoB A. B., Ak3suosB P. I1I., PaxmanoB A. JI.
BHUUA um. H. JI. [[yxosea
MDTU
kapranov.av@phystech.edu

Tak Ha3pIBa€Mbl€ TOMOJOTUYECKUE CBEPXIPOBOJHUKHU MPOSBIISIOT
MHOXECTBO  HEOOBIYHBIX  CBOMCTB,  KOTOpbIE  MPEACTaBISIOTCS
WHTEPECHBIMU JIJIsl TPWIOKEHUI B 00JIACTM CIUHTPOHUKU W KBAHTOBBIX
BBIYMCIIEHUHA. B d4acTHOCTHM, B 3THUX MaTepuaiax MOPEJICKA3aHO U
HKCIEPUMEHTAIBHO TOJTBEPXKJICHO CYIIECTBOBAHUE BO30YXKIEHUM THUIIA
dbepmuoHoB Maiiopansl. B Hamielt paboTe Mbl NPEIJIOKWIA OJUH U3
BO3MOKHBIX CIIOCOOOB c03/1aTh pepMuOHbl MaliopaHbl B TOMOJIOTHYECKUX
cBepxmnpoBojHuKax [1]. B kauecTBe KOHKpETHOM CHCTEMBI, B KOTOPOU
peanu3yeTcss TOMOJIOTMYECKasi CBEPXIIPOBOJAMMOCTb, HAMH PACCMOTPEHBI
JOTIMPOBAHHBIC TOIOJOTHYECKHE H30JATOphl Thra Bi2Se3. Ha ocHoBe
ATUX MATEPHUATIOB YK€ CO3]aHbl BHICOKOKAYECTBEHHBIE MOHOKPHUCTAILIBI, B
KOTOPBIX HAJIE)KHO YCTAHOBJIEHO CYIIECTBOBAaHME TOIMOJIOTHYECKOMN
CBEPXIIPOBOJUMOCTHU C BEKTOPHBIM HEMATUYECKUM MapaMeTPOM MOPSJIKa.

B TomosornueckoM CBEPXIPOBOJHHUKE B PEXKUME HEMATHYECKOU
CBEpXMPOBOAUMOCTH B Eu mpencraBieHUd BO3MOXHBI Pa3jIndHbIC THUIIbI
Buxpeil. [lepBpiif TUIT CBSI3aH C 3aBUXPEHHOCTHIO B YACTUYHO-IBIPOYHOM
IPOCTPAHCTBE M COOTBETCTBYET BUXpIO AOpukocoBa. Brtopoit Ttun
COOTBETCBYET 3aBUXPEHHOCTH B CIIMHOBOM MPOCTPAHCTBE U HA3BIBAETCS
CIIMHOBBIM BUXPEM.

B naHHOM fOKiaje MOKa3aHO, YTO CIMHOBOM BUXPh M BUXPH
AOpUKOCOBa MNPUTATUBAIOTCA JAPYr K JPYry M, KaK CIEICTBUE, UMEIOT
oOmuit  kop. OHM 00pa3ylOT aHajlor CHMH-MAacCoOBOTO  BUXPS,
CYLIECTBYIOIIMM B JKUJAKOM  renmud.  Hcmons3ys — ypaBHEHUsA
MUKPOCKONIMYECKON Teopuu (0O0O0OIIEHHBIE HA CIy4ail TOMOJOTHMYECKOM
cBepxnpoBoguMocTi boromoboBa-ne Kena) nis uzydeHus 3JIEeKTPOHHBIX
COCTOSIHUMA B HEMATHUYECKOM CBEPXIIPOBOJIHUKE CO CIUHOBBIMU BUXPSMHU
[1]. [TosryyeHO, 4TO B Ciay4ae CIMHOBOT'O BUXPS CYIIECTBYIOT PEIIEHUS C
HYJICBOM SHeprue BOJMM3UM KOpa BHUXPSA M OTU COCTOSIHUS MOXKHO
UJIEHTU(PUIIUPOBATH KaK apbl Maiiopana-Kpamepca. B
KOMOMHHUPOBAHHOM BHUXPE JIOKAJIM30BAHHBIX COCTOSIHUH C HYJIEBOU
sHeprueu Her [2].

Paborta BeinmosiHeHa B pamkax nmpoekta PH® Ne22-72-00032.
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KBAHTOBBIE TOYKHN U CUCTEMbI ObPABOTKH
NHOOPMALIIMAN

Kanyrkuna H. E.l, Anraiickuii M. B.2
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«MUCuCy, 2. Mockea
2HHcmumym Kocmuueckux ucciueoosanuil PAH, 2. Mockea
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HUccnenoBanuss CUCTEM HCKYCCTBEHHOIO HWHTEJUIEKTAa AKTHBHO
pa3BHBAIOTCS B MocieAHee BpeMmsa. B kadecTBe »jaeMEHTHOM Oa3bl s
KBAaHTOBBIX BBIYMCIUTEIBHBIX CHCTEM MOTYT HCIIOJIb30BATHCA CKBUIBI,
VOHHBIC JIOBYIIKH, MOJYIIPOBOAHUKOBBIE CTPYKTYphl. K mpeunmyiiectBam
cucteMbl kBaHTOBBIX Touek (KT) mist npuMeHeHust B cucteMax oOpaboTKH
uHpopMaIruu MOXKHO OTHECTHU MacIITadupyeMOCTh TEXHOJIOTHHU
npounsBojicTBa MaccuBoB KT, MHHUATIOPHOCTH OTIEJIBHBIX 3JIEMEHTOB,
HU3KOE HEPronoTpeOsieHue U OTCYTCTBUE HEOOXOJIUMOCTH OXJIAXKICHUS
JI0 CBEPXHU3KHUX TEMIIEPATYP, @ TAKkKE BO3MOKHOCTh KOHTPOJHUPOBATh MX
COCTOSIHUE TyTEM IMPUIOKEHUS BHEIIHUX SJICKTPUUECKHX W MATHUTHBIX
noJIeN. Y CTaHaBJIMBas ONTUYECKUE M dJeKTpudeckue cBs3zu mexnay KT,
MO>KHO KOHTPOJIMPOBATh KOPPEISIIIUA MEXKIY COCTOSHUSIMU OTIEIbHBIX
KT. BzaumopencTtBue MeXJIy OTACIbHBIMA TOYKAMH B MAacCCHUBE,
BBIMIOJIHEHHOM HA OCHOBE IOJYNPOBOJHMKOBON TE€TEPOCTPYKTYPHI,
OCYILIECTBIISIETCS IMyTeM (OPMUPOBAHUS YKCUTOHOB M MX B3aWMOJICUCTBUS
c (poHoHamu rerepocTpyKTyphl. [IpoBOIUINCH YMCIEHHBIE UCCIIEI0BAHUS
JTUHAMUKA JIByX- U TPEXKYOUTHOM KBAHTOBOM CHCTEMbI Ha OCHOBE
MacCHBa M3 KBAHTOBBIX TOYEK, B3aMMOJCHCTBYIONIEH ¢ (QIYyKTYUPYIOIIUM
okpyxeHueM. Jlns maccuBa W3 JBYX KyOUTOB  C JMIOJIb-JIUIOJIbHBIM
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B3aUMOJICUCTBUEM MEXJIYy HUMH M OOIIMM TEPMOCTATOM 3BOJIOLIMS
HAYaJIbHOTO CUMMETPUYHOIO COCTOSIHUSI MPUBOJUT K PABHOB3BEIICHHOM
CMECH TpPEeX CUMMETPHUUYHBIX COCTOSIHMN Oa3zuca bemna, He cMemMBasCh
CUHTJIETHBIM cOocTOsitHuEM. sl MaccuBa M3 TpeX KyOMTOB aHAJIOTHYHBIC
abdexTsl HaOMIOMAIOTCS B  KBAPTETHOM cocTosHMHM. KorepeHTHbIE
OCHWIISIMA MEXIY pa3IuYHbIMU KBAaHTOBBIMU COCTOSIHUSIMU MOTYT
COXPAHSIIOTCSI BIUIOTh JI0 TEMIIEPATYp B HECKOJBKO JECSATKOB T'PaayCoOB
KenbBuna. HaGmromaemsiil ahpekT nepenyThiBaHus Mpu ciaboM JUIONb-
JUTOJIBHOM B3aUMOJICHCTBUU U CUJILHOW JUCCUIIALINY TIEPCTIEKTUBEH  JIsSt
MacCCHBOB KBAaHTOBBIX TOUEK, pabOTAIOLIMX B KaUeCTBE HEMPOHHBIX CETeH U
KJIETOUYHBIX aBTOMaToB. Mcmomnb3ys pa3inuuHble KOHOUTYypaluu CBSI3EH,
MOKHO TOJYYUTh pa3iuvyHble KiIacCU(pUKAIMU MPOCTPAHCTBA KBAHTOBBIX
COCTOSIHUI TPEXKYOUTOBOTO perucrpa, T. €. peann3oBaTh
KIacCU(PUKAIUOHHYI0  (DYHKIHMIO  KBAHTOBOM  HEUPOHHOW  CETH.
[IpoBoauuCH YUCJICHHBIE u aHAJTIUTUYECKHUE UCCIIEIOBAHUS
3 PekTUBHOCTH  OOy4YeHUsT KBAHTOBBIX CHUCTEM B  IPUCYTCTBUU
tepMoctara. [lokazano, uto 3¢ghexTuBHOE 00yUE€HHE BO3ZMOXKHO TOJBKO B
npejiesie  KJIACCHYECKOTO OO0y4YeHHs, KOTJla M3MEHEHHE COCTOSHUS
oOyyJaromieicss CUCTEeMbl HE MPUBOAUT K CYIIECTBEHHOMY HW3MEHEHHIO
COCTOSIHMSI YUUTENS.
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MAPTEHCHUTHBIE ITPEBPAIIIEHUA B IIOPUCTBIX CIINTABAX
HA OCHOBE TINI IIOCJIE MOAUPUKALIUU ITOPOBOI'O
HPOCTPAHCTBA IYTEM XUMHUYECKOI'O TPABJIEHUSA

Kadrapanosa M.I/I.l, XO0JI0pEHKO B.H.l, AHukeeB C.F.l, ApTioxoBa H.B.!
YTomexuii eocyoapcmeennwlil yHusepcumem, Tomck, Poccus
kaftaranovami@gmail.com

[TopucTo-nipoHUIiacMbie CIIaBel Ha ocHOBe TINI IpUMEHSIOT B
KauecTBE JHJIONPOTE30B B PEKOHCTPYKTUBHOW MmeauiuHe. Pa3paboTaHbl
HOBBIE METOJIbl JICYEHUS B XUPYPrUH, TPABMATOJOTHUH, CTOMATOJIOTHH,
OpTONEANN C HCIOJIB30BAaHUEM JaHHBIX MaTepuanoB. VX mpakThueckoe
UCIIOJIb30BaHUE  TpeOyeT TIYOOKHUX  MCCIENOBAHUN  CTPYKTYPHBIX
O0COOEHHOCTEH, MOP(OJIOTUU TOBEPXHOCTU MaTepHuana, XapaKTEPUCTUK
MapTeHCUTHBIX npespamieHuid (MII) u ¢usuko-mexaHUYEeCKUX CBOMCTB.
[Ipouecc B3aMMOAECHCTBUA TKAaHEM OpPraHU3Ma C HUMIUIAHTHPYEMBIM
YCTPOUCTBOM  ompenensercs  MOp(O-XMMHUYECKUMHU  MapaMeTpamu
NIOBEPXHOCTH CTEHOK mop. [lopucteiii marepuanm Ha ocHoBe TINI,
nostydeHHbI MeTogoM CBC, umeeT pa3BUTYIO TPEXMEPHYIO MTOBEPXHOCTbD.
Crenku mop coxaepxar MHoxecTBo uacTtuil T1pNi u TisNi(O,N,C) [1].
Metoa MoauduUKaIMy MOBEPXHOCTH MyTeM XxuMuueckoro tpasieHus CBC
CIUTaBa M3-3a HAJIWYHS OTKPBITHIX, B3AMMOCBSI3aHHBIX TMOP M BO3MOKHOCTHU
JOCTyIIa B TIOPOBOE TMPOCTPAHCTBO SIBIIAETCS OJHUM W3 Hambosee
NMEPCHIEKTUBHBIX METOJOB JJISI CO3JaHUS MHUKPOTIOPUCTON CTPYKTYPHI
MOBEPXHOCTH CTEHOK TMOp. B pesymbrare XUMHUYECKOTO TpaBICHUS
bOpMUPYIOTCS MHUKPOMOPHI, pa3Mep KOTOPBIX COOTBETCTBYET pa3zMepy
BBITpaBiIMBaeMbix 4vactuill. OpHako J00oe u3MeHeHue  (Ha3oBo-
XUMUYECKOTO COCTOSIHMS ~MaTepuajia OTpakaeTcsli Ha MPOSBICHUU
MapTEHCUTHBIX TpeBpalieHuii. B cBsS3W ¢ 3THUM HCCIeOBaHUE BIUSHUS
MoAU(UKAIIUM TIOBEPXHOCTH TIyTEM XWMHUYECKOTO TpaBJICHUS Ha
MPOSIBJICHUE MAPTEHCUTHBIX TPEBpAIlCHU B MaTepHaie SBISCTCS
aKTyaJIbHOW 3aJ1a4yeH.

[Topucteie oOpasuel mosyuensl MetogoM CBC. IMopomku Ti u Ni
MPEBApUTENIBHO CYIIWIIA B BakyyMHOM Iikady npu T=60-70°C B TeueHue
7 4, 3aTeM 64 cmemmuBanu B cmecutenu. Lllnxty 3aceimanm B KBapIieByIo
kKonO0y wu ymwiotHsuin 10 tnopuctoctd 45-50%. Konby c¢ mumxToit
yCTaHaBJIMBald B peakTop, HarpeBain 10 400° C, maunuupoBanu CB-
cunte3. llonmydeHHslii cmiaB oOpabaThiBalM MIYyTEM XUMHUYECKOTO
TpaBieHusi B pactBopax kuciotr: Nel-HF (2 %) B Teuenue 5 mMuH mnpu
T=20°C, Ne2 - HF + HNO; (1:3) B Teuenne 2 cex npu [=80°C. MII
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UCCIEIOBANIA MYTEM HU3MEPEHUSI YJIEJIBHOTO 3JEKTPOCONPOTUBIICHUS
YETHIPEXTOUCYHBIM METOJ0M TMPU TOAJACPKAHUU TMOCTOSIHHOTO TOKa,
POTEKAIOIIETO Yepe3 0opaszell.

Anamu3 kpuBbix p(T) mokazan wu3MeHeHue Temiepatyp MII,
ocoOeHHO B ciydae o0paboTku coctaBoM Nel. Ilpu wucnonp3oBaHUU
coctaBa Nel mpoucxoaut Tpasnenue B2-da3wr, orBeTcTBeHHON 32 MII, 1
ee oOelHEHUE IO TUTaHy, YTO MPUBOAUT K CHIDKEHUIO TEMIIEpPaTypPhl
Havyana npsimoro MII u3 B2—R. B cinydyae npumenenus coctaBa Ne2
obenHeHus no Tutany B2-dassl He Mpoucxoanio u 3Ha4eHue r 0CTAIOCh
HEU3MEHHBbIM. OTIMYUTENBHON 0CcOOeHHOCThIO KpuBod p(T) mocne
00paboTku coctaBoMm No2 siBsieTcsl BIpakeHHbBIN niepexon B2—R. Kpome
TOTO, 00padoTKa coctaBoM Ne2 mpuBesa K pacClIMPEHUI0 Kak MpsiMOTo, Tak
u 00patHOro uHtepBaia MIL.

HccnenoBanue BbIMOJHEHO Opu mozjaepxkke [Iporpammbl pa3BUTHS
Tomckoro rocynapcrennoro yausepcurera ([Ipuopurer 2030).
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Kpucramnmuueckass crpykrypa coeauHeHus MoOBr; MoxeT ObITh
MpeJICTaBlIeHa B BUJE HaOOpa OPTOTOHAILHBIX JIPYT APYry OECKOHEUHBIX
nectHul; atoMmoB Mo (Puc. 1) [1]. Kaxnapiii noH Mo, B CBOIO ouepe/p,
HAaXOJUTCA B OKTa’Jpe M3 4YETHIPEX aTOMOB OpoMa M JBYX aTOMOB
kuciaopoaa. C MOMOIIbI0 IEPBONMPUHIIMITHBIX PACYETOB HA OCHOBE TEOPHUU
dbyHKIIMOHAA AJIEKTPOHHOU IUIOTHOCTH ObLIN OoOHapy>KEeHbI
JOTIOJTHUTENbHBIE (OTHOCUTEIIBHO paHee MMEBIINXCS CTPYKTYPHBIX
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JTAHHBIX) WCKAXCHUS: COHAIpaBJICHHBIE CMEIIeHUus aroMoB Mo wu3
MJIOCKOCTU aTOMOB OpoMa B JIECTHHIIE (COCEAHUE JIECTHHIIBI HMEIOT
IPOTUBOMOJIOXKHBIE cMelleHus Mo).

«Hora»

& b

Puc. 1. Kpucramnuyeckas ctpykrypa MoOBrs.

TemmeparypHas 3aBUCUMOCTb oOpaTHOM MarHuTHOM
BOCIIPUMMYUBOCTH  JIEMOHCTPUPYET  IOBEIECHUE, COOTBETCTBYIOLIEE
JOMUHUpYIOIIEMY (EeppOMarHUTHOMY OOMEHHOMY B3aUMOJCHCTBHUIO
(6~25 K). Cucrema ynopsigoueHa MmaruutHo Hroke Ty = 33 K. Pacuerst u3
NEPBbIX MPUHIUIIOB Aat0T (eppOMAarHUTHOE OOMEHHOE B3aMMOJICHCTBHE
Mexay aroMamu Mo B oaHoil snectHuue (J; = -10 M3B mist «ctynenm»
JIECTHUIIBI B CJIy4ae OKTa’ApOB (MoOzBr4)3+ ¢ obmuM pedbpom Br-Br u J, =
-1 MdB 1ia «HOTM» JECTHMIIBI — OKTad3JIpoB (MoOzBr4)3+ ¢ oOmen
BepmimHOM  O). DOTO CBfI3aHO C  MEXaHU3MOM  CBEPXOOMEHHOIO
B3aUMOJICHCTBUS uepe3 P-opOuTanu atomMoB Br. MarHuTHble MOMEHTHI
aToMOB MO U3 COCEIHUX JIECTHHUI[ YHNOPSAOYEHBl aHTU()EPPOMAHUTHO C
Jinter = 0,2 M3B.

VY4ér cnuH-OpOUTAIbHOTO B3aMMOJICUCTBHS MTOKa3all, YTO MarHUTHBIC
MOMEHTBI HOHOB Mo Jie’KaT B MIIOCKOCTH TIJIAKETKH U3 aTOMOB Br.

ABTOpBI 0J1aro1apHbl pOCCUUCKOMY HaydyHOMY (POHAY 32 MOANEPKKY
(mpoext PH® 23-12-00159).

Jluteparypa

1. M.G.B. Drew, I.B. Tomkins, The Crystal and Molecular Structure of
Molybdenum (V) Oxytribromide, Acta Cryst. B26, 1161, 1970.
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CBOMCTBA AJIMA3HOM METANIOBEPXHOCTH UK
IUATIAB0HA, CO3JAHHON METO/0M JIABEPHON
ABJISILIAA

Kominenok M. C.l, Kypounnkuii H. I[.l, Cenos B. C.l, Kimamenko O. A% 3,
Hmutpuena O. A.1’4, Tuxonees C. rte
1HHcmumym ooweu guzuxu um. A.M. Ilpoxoposa Poccuiickoul akademuu
Hayk, Mockea
2Croaxosckuii uHcmumym Hayku u mexnonozuu, Mocksa
SQusuneckuil uncmumym um. I1L.H. Jlebedesa Poccuiickoul akademuu HAyK,
Mockesa
*Dusuueckuii gdaxynomem MI'Y um. M.B. Jlomonocosa, Mocksa
komlenok@nsc.gpi.ru

YopaBneHne NOMSpU3ANMEN W CIEKTPpaJbHBIMA  CBOMCTBAMU
mnyueHusa B UK nuamasoHe sBIAETCA BaXHOMW 3aJadyed Ui pa3jIWYHbBIX
MpPaKTUYECKUX NpuioxkeHu. OMHO W3 OKOH MPO3PAYHOCTH aTMOCKhEphI
pacroyiaraeTcs B MHTEpBaje JUIMH BOJH 8-13 MKM, B 3TOM K€ Jlhana3oHe
HAXOJATCSl JIMHUU TOTJIOLIEHUS KOJeOaTeNbHBIX MEPEXOJOB MHOTHUX
MOJIEKYJI, YTO JA€T BO3ZMOXXHOCTh OCYILIECTBIATH MOHUTOPUHT aTMOC(EPHI.
Kpome Toro, B cpennem MK nuamna3oHe akTUBHO BeAyTCS pa3pabOTKH
MOIIHBIX JIA3€PHBIX UCTOYHUKOB, JJISI YIIPABJICHUS U3JIYYCHHUEM KOTOPBIX
TpeOyeTCsl CO3/JaHhe HOBOM paIMAIlMOHHO-CTOMKONW onTUKH. [Toaxoasimmm
KaHAUJAATOM  JiJI1  3TOM  1enuM  SBIsAETCS  alMa3,  OOJaJaroliuil
MPO3PAYHOCTHIO, JIYYEBOM CTOMKOCTBIO, XUMHYECKOM HHEPTHOCTBIO U
PEKOpAHON TerIonpoBOoAHOCThIO. Ha ocHOBe anmasza pa3zpabaThIBaloTCS
BOJHOBOABI B cpeaHeM UMK nauanasone, misi CTPYKTYPUPOBAHHS
MOBEPXHOCTH KOTOPOTO HCIOJB3YETCS JOBOJIBHO TPYAOEMKHI MPOILECC
TpaBJCHUS B WHIyKTUBHO-CBSI3aHHOW mia3me [1, 2]. AnbTepHaTUBHBIM
METOJIOM OO0pabOTKHU ajmasa SBJISIETCA METOJ] PEAKTUBHOTO HMOHHOTO
TpaBieHus [3] win TpaBieHUE C MOMOIIBIO CHOKYCHUPOBAHHOTO MOHHOTO
nyuka (FIB) [4]. B paGore mo cosmanuto 2D ¢oToHHOrO KpHcTamia
UCIIOJIB30BAJIOCh JIA3€PHOE M3JIYyYEHUE [IJIi PUCOBaHUSA TpadUTOBBIX
CTpYKTYp B oObeme anmasza [5]. B maHHO# pabore mnpemyiaraercs
UCIOJIb30BaTh JIa3epHOE M3JIyueHue s mnepdopanuu  aaMasHoOu
MemOpanbl. Jist UK npunoxxeHuit HE0OXOIUMO HCIIOIB30BaTh ajMa3HbIC
MeMOpaHbl ¢ amneprypoil okoso 1 MM u  TOMmMMHON 4-5 MKM,
oOecnieunBalONIe  PacpOCTPAHEHHE  KBA3WBOJHOBOJHBIX  MOJ B
YKa3aHHOM BbIIlI€ Juarna3oHe. (g 3Tux 1eneil B paboTe HUCIOIb3YyeTCs
IJIEHKa HaHOKpucTammyeckoro anMasza (NCD). Jlns co3maHusi CKBO3HBIX

-87 -



OTBEPCTHUI UCCIEAYIOTCS TaKHE YCIIOBUS JIA3€PHOr0 OOJIy4eHHs, KOTOPbIE
HE BBI3BIBAIOT PACTPECKMBAHUE TOHKOW aaMa3HOM MieHKH. OnTU4eckue
CBOMCTBA IMOJYYEHHBIX ONTUYECKUX JIEMEHTOB U3y4€HBI ¢ nomoltbo NK-
cnektpomerpa. B pabore mpoBOAMTCS CpaBHEHHE SKCIEPUMEHTATBHBIX
CIEKTPOB U CMOJETUPOBAHHBIX.

HccnenoBanue BBIOTHEHO TpU mojaepkke rpanta PHD (Ne 22-22-
00961).

Jluteparypa

1. X. Wang, et al. Anal Chem, 86(16), 8136, 2014

2. M. Malmstrém, M. Karlsson, P. Forsberg, Y. Cai, F. Nikolajeff, F.
Laurell, Optical Materials Express, 6(4), 1286, 2016

3. M. P. Hiscocks, K. Ganesan, B. C. Gibson, S. T. Huntington, F.
Ladouceur, S. Prawer, Opt Express, 16, 19512, 2008

4. P. Olivero, S. Rubanov, P. Reichart, B. C. Gibson, S. T. Huntington, J.
Rabeau, A. D. Greentree, J. Salzman, D. Moore, D. N. Jamieson, S.
Prawer Adv Mater, 17, 2427, 2005

5.T. V. Kononenko, P. N. Dyachenko, V. I. Konov, Opt Lett, 39(24),
6962, 2014

BJIMAHUE SJEKTPUYECKOTI'O I1OJISI HA
JANIJIEKTPUYECKHUE CIHHIEKTPbI KEPAMUKHAU
MAI'HOHUOBATA CBUHIA

Kopouesa E. IO.l, CoixkoBa IO.H.Z, A.MOJ‘IOKOBl, A.F.BaKy.TIeHKOZ,
Baxpymes C.'
Y OTH um. A. . Hodpe
2CII6ITY Iempa Beaukozo
e.yu.koroleva@mail.ioffe.ru

OI[HI/IM N3 KIIFOYCBBIX MOMCHTOB B (1)I/I3I/IKC PCIIaKCOPOB ABJIACTCA HX
peaknudg Ha IPHUIIOKCHHOC IIOCTOAHHOC  JJICKTPHUYCCKOC  IIOJIC. B

MOHOKpHCTAJLIC MarHoHuoOara CBUHIIA (PMN) noJIsipHast
cerHeroaniektpuueckas (CD) ¢asza peanusyercss TOINBKO BO BHEIIHUX
MOJISIX, ~ MpUYeM  MPUIIOKEHHBIX  TOJIBKO B OMNPEIETEHHBIX

Kpuctajuiorpadpuueckux HampapieHusx. [loaToMy, BOMpOC BO3MOKXHOCTH
UHyIMpOBaHUs nojsipHol (asbl B kepamuke PMN mmpoko o0cyxkiaercs.
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Ham ynanocs maanynupoBats CO COCTOSIHME B KEPAMHUKE B MOJISIX BBIIIE
3kB/cm.  TlomyueHbl  NETIM  TUCTEPE3UCA,  XAPAKTEPHbIC IS
CETHETORJIEKTPUUECKOTO COCTOSHHUS.

HccnenoBana 1oneBas ABOJIONUSA  JIUAJIEKTPUUYECKUX  CIIEKTPOB
kepamukn PMN Ha HeCKOJIbKMX TemIepaTypax B 00JacTH MaKCHMyMa.
Jlist omucaHus pellaKCallMOHHBIX TIPOLIECCOB MCIOJIb30BaHA (PYHKIIUS
Koyma-Koyna, mo3Bossiromias oOmuChIBaTh MPOLECCHI, YIIMPECHHBIE IO
cpaBHeHUIO ¢ J[30aeBckuM. [lomydeHsl MoJieBbI€ 3aBUCUMOCTH TTAPaMETPOB
HU3KOYACTOTHOTO pENaKCalMOHHOIO porecca. Hab6nronaercs
YMEHBIIEHNE NTUAJIEKTPUUECKON CUIiIbl mpoliecca Ag MPUOIU3UTENHHO B 2
pa3a OpH YBEJIMYEHUM BHEIIHETO 3JEKTpUYeckoro mnois. Kpome Toro,
HaOJIIOAAaeTCsl Y’KECTOUEHHUE CIIEKTpa BPEMEH pelaKkCalllu, T YMEHbIIAeTCs
Ha 3 mopsiaka npu yBenuueHuu nojs ot 0 go 6 kB/cm. Cam cnekTp npu
TOM CYKaeTCA.

[IpoBeleHO CpaBHEHUE PEIIAKCAIIMOHHBIX MPOIECCOB B KEpaMUKE U
MoHokpuctaiuie PMN. OOHapyXeHO, YTO XapakTep 3aBUCHUMOCTEH HE
MEHSIETCS, HO HAKJIOH BCEX 3aBUCUMOCTEH JIJIsl KEpAMUKHU MEHBIIIE, UEM JIJIsI
MoOHOKpucTaiia. HaOmiomaemble OTIWYMS B TOBEICHUM KEPAMUKU U
MOHOKPHUCTAJIJIa MOTYT ObITh OOBSICHEHBI PA3JIMYHON OpUEHTAIUEN 3epEeH U
BIIMSIHUEM TPaHULL.

PabGoTa BbimonHeHa npu noxanepxkke rpanta PH® Ne22-12-00328,
https://rscf.ru/en/project/22-12-00328/.

IMEPEXO/I OT HEIPSIMOM K ITPSIMOM 3AITPEIIIEHHOM 30HE
B TOHKHX CJIOSIX B-InSe

Kotosa JI.B."?
'\OTH um. A.@. Hoppe, Canxm-ITemepbype
*Vuusepcumem UTMO, Canxm-Ilemep6ype
kotova@mail.ioffe.ru

AxtuBHOe pasButue 2D-martepmanoB TmpuBENO K  TMOSBICHHUIO
HECKOJIbKUX KJIACCOB CIIOMCTHIX MaTepuanoB. Hanbomnee nepcreKTHBHBIMU
MOJYIPOBOJTHUKAMU CUUTAKOTCA JUXAJIbKOTECHUIBI IEPEXOJHBIX METAJIOB
(AIMM) u monoxanbkorenuapl MetayioB III rpymmer (M(IIIA)X). JAIIM
U3BECTHBl YHHUKAJIBHBIMU ONTHYECKHUMH CBOMCTBAMM MOHOCIIOEB. B
oriimunre oT HUX, MoHocion M(IIIA)X uMeroT HenpsAMyro 3amnperneHHyo
30HY, KOTOpasi C YBEIWMYECHHEM KOJWYECTBA CJIOEB NEPEXOJHUT B MPSAMYIO
nosiocy. IlapaGonuueckas pucnepcusi, XapakTepHas i1 OOBEMHBIX
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M(IITA)X, B MOHOCHOSIX TpPEBpAlIAETCs B JAUCIHEPCUI0 «MEKCUKAHCKAs
nuisinay. OJgHako, HECMOTPS HA 3HAYUTEIBHBIA MPOTrpecc B U3YUYCHUH
CBOMCTB M HCIOJIb30BAHUU ITUX MATEPUAJIOB, TOUHOE KOJIHWYECTBO CIIOEB
M(IITA)X, mipu KOTOPBIX MPOUCXOJIUT NEPEXOJ, IIHUPHUHBI 3alPEHICHHON
30HbI OT HENPSIMOW K TNPSAMOM, HE OMNpeAcTIcHO. MOHOCION HMEET
HEMPAMYIO 3alPENICHHYI0 30HY THMNA «MEKCUKAHCKOW HUISIIBD), a TOCIHE
TOJIIMHBI ~10 CII0€B OHA CTAaHOBUTCS NMpsSIMOM 30HOM [1], 0OTHAKO TOYHBIM
MOMEHT MEPEX0/Ia OCTACTCSI HEU3BECTHBIM.

[IpoBeaeHO AKCTIEpUMEHTAIBHOE UCCIEAOBaHUE TOHKUX cioeB PB-InSe
IUISl OTIPENIENICHHUs] KOJIMYecTBa cioeB InSe, mpu KOTOPBIX NPOUCXOIUT
nepexo] K MOpsIMO30HHOW CTpyKType. TOJIIMHY HCCIENyEMBIX YElIyeK
ONPENEIISIOT € MOMOIIBI aTOMHO-CHIIOBOM MUKPOCKONHH. Vicrionb30BaHue
Hu3KoTemmepatypo p-OJI mo3BoMiIO OOHAPYKUTH TONIIMHY, MIPH
KOTOpOM BO3HUKAeT (HOTOJIOMUHECLICHIIUS, CBSI3aHHAs C IPSIMbIM
MEX30HHBIM MepexooM. PaboTy BbIXOJa M BU3yaIM3alMI0 HU3MEHEHUS
AJIEKTPOHHBIX CBOMCTB HAHOCTPYKTYp Ha OCHOBe InSe wucciemoBanu c
nomonplo KenbBuH-30HI0BONM MHKpockonuu. [lokazaHo, 4TO MOMEHT
NOSIBJICHUST (POTOTIOMUHECIIEHIIMM COOTBETCTBYET CKAuKy pabOThl BBIXOJAA
npu ToNIKUHE 8 cioeB. Takum 00pa3oM, FKCIEPUMEHTAIBHO yCTAHOBIICH
MOMEHT TpaHchopMalMy 3alpenieHHON 30HBI, YTO JaeT BaKHYIO
uH(OpMAIIKIO 1711 U3TOTOBJICHUS YCTPONCTB Ha ocHOBE InSe.

Pa6ora BemosnHeHa npu noauepkke PH® (rpant 21-12-00304).

Jluteparypa

1. Rybkovskiy D. V., Osadchy A. V., Obraztsova E. D., Physical
Review B. 90 (23) (2014) 235302.

SKCHEPUMEHTAJIBHOE UCCJIEJOBAHUE CAMOCBOPKH
KBA3HUJIBYMEPHBIX KOJIJIONJHBIX CTPYKTYP B
YCJIOBUAX KOHOAMHMEHTA

KoxaHoBckas A. B.l, [IIupokoBa A.A.l’z, Kproukos H. H.l, Skosies E. B.!
"MITY um. HO. baymana, yn. 2-a baymanckas, 0.5, Mockea, Poccus
2 HUDBJ] PAH, Kanyscckoe wi., 0.14, Mockea, Poccus
yakov.egor@gmail.com, sashakv7@gmail.com

HccnenoBanusi KOJUIOMJIHBIX CYCHEH3UM  OTKPBIBAIOT — OOJIbIINE
BO3MOKHOCTH B U3y4YCHUU MOJIEKYJISIPHO-TIOJOOHBIX SIBJIEHUI
(KpucTaIU3aIuy, TUIaBJICHUN, KOHJCHCAIIMU U T. J.), NPOUCXOISIINX B
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HAHO- H MHKPOMETPOBBIX MacmrTabax. [IpemmymiecTBo cHCTEMBI
MUKPOYACTUI[ B TOM, YTO €€ MOXHO PETHCTPUPOBATH C IOMOIIBIO
BUJICOMUKPOCKOIIMH, YTO HEBO3MOKHO B CHCTEMaX aTOMOB WMJIM MOJIEKYI.
KpomMe TOro, B KOJUIOMJHBIX CHCTEMax BO3MOXHA «HACTPOUKa»
B3aMMOJICCTBUI MEXAy YacTUIIAMU TPU TOMOIIM BHEUIHUX IMOJeH, B
OTJIMYUE OT CTaHJAPTHBIX MEXATOMHBIX B3aumojeicTBuii [1-3]. Takum
oOpaszoM, (GyHIaMEHTaIbHBIE MPOIECCH Takue KakK (ha3oBbIE TEPEXOIbI,
CTpYKTypooOpa3zoBanue, auddy3us, TENIONPOBOAHOCTh M T.JA., MOTYT
OBITh PAacCCMOTPEHBI HA YPOBHE OTACIbHBIX dacTull [4-6]. BaxabiM
IPEUMYIIECTBOM HCIOJIb30BAHUS BHEIIHUX TMOJIEH SBIISAETCS BO3MOKHOCTD
BMECTO YacTHI[ MCIOJIb30BaTh OHOJOTMYECKHE KIETKHU, HaIpaBieHHas
caMOOpraHu3alMs KOTOPBIX JIEKUT B OCHOBE MEPCHEKTUBHON TEXHOJIOTUU
— OMOTNIPUHTHUHTA.

Wzyuenne mporecca caMOCOOPKHM KOJUIOMAHBIX CYCHEH3UH BO
BHEIITHEM BEPTHUKAILHOM MAarHUTHOM TIOJi¢ B YCIOBUSX KOH(paWHMEHTa
SBJISIETCSl aKTyaJIbHOW 3a7jadeil B 00JacT MsTKOW Marepuu. BBumy Toro,
YTO TOJ00HBIE CHCTEMBI paHee HE PacCMaTPUBAIUCH IKCIEPUMEHTAILHO,
oOHapy>KeHbI€ PE3yJIbTAThl HOCIT YHUKAJIbHBIN XapakTep. DKCIEPUMEHTHI
IPOJIEMOCTPUPOBAIA  MHOTO0OOpa3e BO3MOXKHBIX  KBa3H-JIBYMEPHBIX
CTPYKTYp, paHee HEJOCTYNHBIX B OJKCIEPUMEHTAX C KOJUIOMIHBIMU
CYCIIEH3UMHU C HaCTPauBaeMbIMH B3aUMOICUCTBUSIMHU.

B Hacrosmieit pabote mjis 3TOM IENH HKCIOJIb30BaIUCh OOBEMHO
HAMlOJTHEHHBIC  OKCHUJIOM  JKeJlie3a  CyleprapaMarHUTHBIE  YaCTHIIBI
MOJINCTHPOJIA, TUCTIEPTUPOBAHHBIE B IEMOHN3UPOBAHHOU Bosie. CycrieH3us
MOMEIIAJIaCh B KIOBETY MEXKIY JABYX IMOKPOBHBIX CTEKOJ C THAPOGHOOHBIM
MOKPBITHEM, Pa3ACIICHHBIX TOHKON MPOCIONKON, TAKOM YTO BHICOTA MEXKIY
CTeKJaMu Oblla MEHbIlIE, YeM JBa JauaMmerpa dvacTull. [Ipu BHeceHuu
KIOBETHI ¢ 00paslioM B BEPTUKAIBHOE MArHUTHOE MOJIE, MUKPOYACTHUIIbI
MOJISIPU30BAIMCh, H  MEXKIy HHUMH B  MOHOCIOE  TOSIBJISUIOCH
B3aMMOJICHCTBHE — OTTaJKuBaHue. Ho Mpu JOCTaTOYHBIX 3HAYEHUSX TOJIS
JacTUIlaM BBITOJHEE OOpa30BBIBATh BEPTHUKAIBHBIC CTPYKTYpHL. BBUIY
TOTO, YTO BEPTUKAIBHBIH KOH(GAWHMEHT OTpaHUYMBAECT BO3MOXKHOCTH
MUKpPOYACTHUI[  BBICTPOUTHCA  APYr HaJd JAPYrOM, MHUKPOYACTHIIbI
00pa3oBbIBAIM CTPYKTYPHBIE Maphl, TJI€ OJHA YacTHIA BBINIE, a Japyras
Huxke. Takue CUCTEMBbl B OJKCHEPUMEHTaX OOpa30BBIBAIM 3MEEBHUIHBIC
CTPYKTYPHI (CXeMaTUYHO U300pa’keHbI Ha BCTaBKE puc.1).

B pesynpTaTre paboTHl MyTeM HW3MEHEHUS IIJIOTHOCTH CYCIEH3UH U
MarHUTYIbl MArHUTHOTO TIOJIs1 OBLITH TIOTYYEHBI Pa3IndHbIe KOH(DUTYpPAITHH
CUCTEM MHUKpOYACTHUII (IpUMEP MPEACTaBIEH Ha puc.1).
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Puc.1. 3MeeBI/II[HLIe CTPYKTYpBbI B BepII/H(aJIBHOM MarHUTHOM TIOJIE C CJION TOKa 1,55

Takum oOpa3oM, TOHUMAHUE TOBEICHHS YaCTHI] B JAHHOM COCTOSTHUU
paCIIUPHUT MPUMEHEHHE TAKWX MOJEIBHBIX CHCTEM IS TMOWCKOBBIX U
TEXHOJIOTHYECKUX HCCIEAOBAaHUN B COBPEMEHHBIX HayKaX, a TaKXKe IS
CO37aHUsI HOBBIX MaTEpUAJIOB.

Pabota Beimonuena npu nojaepxkke ['panra PH® Ne 22-72-10128 na
6aze MI'TY um. H.O. baymana.

Jluteparypa
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5. Ryzhov V. N. et al., Phys.-Uspekhi., 60, 9, 857, 2017
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OLLEHKA PASMEPOB CBEPXITPOBOAAIIIUX OCTPOBOB
HA ®OHE BOJIHBI CIMHOBO# IIJIOTHOCTH B
OPTAHNYECKUX METAJIJIAX

Koues B. JI.', Cennos C. C." u I'puropses I1. J1.>*
1 HayuonanvHulil uccne0o8amenbCKuli mexHo102UYecKull yHugepcumem
«MUCHUC», 119049, Mockea, Poccus
2Uncmumym meopemuueckou puzuxu um. J1J]. Jlanoay PAH
142432, Yepnoeonosxa, Mockosckas o6a., Poccus
vd.kochev@misis.ru

B BBICOKOTEMIIEpPATYpHBIX CBEPXIPOBOJHHMKAX, M B YAaCTHOCTH B
OpraHMYecKHX MeTaiax, (pa3a BOJHBI 3apsAI0BON/CHHMHOBON IUIOTHOCTU
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(BIT) 3avactyro KoHKypupyeT co cBepxnpoBoasimeit ¢azon (CII).
B nepaBHel paboTe MbI IPOAHATIM3UPOBAIIA TAPAMETPHI MMPOCTPAHCTBEHHOMN
dazoBoil cerperanuu  Tpu  nepexoie nepBoro poxa Mexay CII wu
cocrosaueM BIl B KBa3HMOJHOMEpPHBIX MeETallaX C HECOBEPIICHHBIM
HECTHHTOM, XapaKTEePHBIM JUISI OPraHMIECKUX MeTaylioB [1].

& (nm)
0.20 ¢
Z - &«
L 1, =0951,
01sp "
T &
0.10}
L &
0'05:- r},=45K<<rb .
0-00-...1.,,|§}:..1
0 2 4 6
Puc. 1: TemneparypHas 3aBUCUMOCTb JJTMHBI KOrepeHTHOCTH BII
¢ BJI0J1b IBYX TJIABHBIX OCEit (7" — MapaMeTp «aHTUHECTHHIAY).

3enénas U opanxkenas TUMHUKA COOTBETCTBYIOT (TMTSF),PFq nipu
HOPMAJIbHOM JaBJIEHUU.

cb_c I

04 ¥
N T * [) I
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Puc. 2: 3aBUCHMOCTb OPOTa MEPKOJIALMHU ¢h. 1O Pa3HBIM OCSAM OT
pasmepa CII ocrpoBa d B (TMTSF).PFs. UnTepransl orBevator
BeposATHOCTU nepkossinuu p € (0.1, 0.9). [Ipu d < 2 MkM nopor
NEepPKOJSALMM 1O BCEM  OCSAM  CXOAMUTCS K  M3BECTHOMY
U30TPONMHOMY mopory ¢ = 02895, B TO BpeMs Kak Wu3
KCIECPUMEHTA  M3BECTHO, 4YTO  CBEPXMPOBOJMMOCTH B
(TMTSF):PF¢ 3apoxknaercst aHu30TPOITHO.
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B pamkax paznoxenusi ['mu3zOypra-Jlanmay mo mapamerpy mnopsjka
BIl mbl nmomyuwnu aHanuTuyeckue GOpMynbl Il  TeMIlepaTypHOM
3aBHCHMOCTH JUIMH KorepeHTHocTr BII Bmonb rinaBubix oceit. ITpu T/T, - 1
~ 0.01 g (TMTSF),PFg (T, = 12.1 K) namra onenka 1aét & = 0.16 MKM u
&y = 0.08 MKM cooTBETCTBEHHO (CM. pHc. 1).

I'pybas omenka HwkHed rpanunbl pasmepa CII  ocTtpoBa
CKJIaabIBaeTcs u3 aiuH korepeHTHocTH ¢a3 CIT u BII, 1. e. dy > 2(&sc + &)
~ 1 MKM, 4TO XOpOIIO COIJacyeTcsi C AKCIEPUMEHTAIbHBIMU JIAHHBIMHU.
DTy OLEHKY Mbl TaKk€ MOATBEPAMIM C MOMOIIBK) YHMCIEHHOTO pacuéTa
nopora mnepkossiiuu B momenu CII  octpoBoB BHYTpu oOpasia
(TMTSF),PF¢ koreunoro pa3mepa (cm. puc. 2).

HccnenoBanue BBIMOJHEHO Tpu Tojajaepkke rpanta K2-2022-025 B
pamkax ¢enepanbHoii mporpammel [puoputer-2030.

Jlureparypa
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CAMOCBOPKA HEINNOYEYHBIX CTPYKTYP B KOJJIOUJTHbIX
CUCTEMAX C YIIPABJISIEMBIMHA B3AUMOJIENCTBUAMHAU

Kproukos H.I1., HaceipoB A.Jl., [HnmkoB M.H., Koxanosckas A.B.,
SxosneB E.B.
MI'TY um. H.D. baymana, yn. 2-a baymanckas, 0.5, Mockea, Poccus
kruchkov_nkt@mail.ru

CamocOopka JABYMEPHBIX KOJUIOUJIHBIX CHUCTEM IMpPU HAJIWYUAU
pEryJIUpyEeMbIX  B3aWMMOJCHCTBUI, HWHIYLUHUPOBAHHBIX TIPU  IMOMOIIHU
BHEITHUX JJICKTPUUYCCKUX [l] mam MarHUTHBIX [2] mojel, a Takke HuX
KOMOWHAIIUM, SBJISETCS AaKTUBHO pa3BUBAONIEHCS 001acThio  (U3UKHU
MsArkod wmarepuu. Hanuume KoHpailHMEHTa B  CHCTEME  MOXET
3HAYUTEIBHBIM 00pa3oM CKa3aThCad Ha (GOPMHUPYIOIIUECS CTPYKTYpPhI IPH
ynpasisieMoil camocOopke. OHaKO, HECMOTPSL Ha POCT MHTEpeca K PoH
KOH(paHMEHTa B CBOWMCTBaxX pa3iM4yHbIX cucteM [3,4], ero BiausHHE Ha
yIOpaBlsieMyl0 caMocOOpKy u3ydeHo cnabo. Hacrosimas pabota
MOCBSIIIIEHA M3YYEHHIO CaMOCOOPKHM KOJUIOMHBIX YaCTHUI[ BO BHEIIHEM
YOPaBIAIONIEM TI0JIE B YCIOBHSIX  ECTKOTO  KBa3UJBYMEPHOTO
KOH(pallHMEHTA.
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Puc. 1: [Ipumepsl cTpyKTYyp, GOPMUPYIOIMIMECS B YCIOBUSIIX
KBa3UABYMEPHOI0 KOH(altHMEHTa PU HAJTMYUHU YIIPaBISIEMbIX
B3aUMOJICHCTBUH

[IpoBeneHO CHCTEMATHYECKOE KOMIIBIOTEPHOE MOJICIUPOBAHUE
CUCTEMBbl 4YacTUI[ B YCIOBHSIX JHWHAMHUKH JlaH)keBeHa METOAOM
MOJICKYJISIPHOM JWHAMUKU. KOHTakTHOE B3aMMOJCHCTBHME YaCTHUI] B
MOJICIM  OIKMCBHIBAaeTCs  NoOTeHunaioM  Bukca-Uenmiepa-AHaepcoHa,
KOTOPBIHN SIBISCTCS MPHUOIMKEHUEM MOJEIN TBEpAbIX cdep [S5] u 61m30k
M0 JKEeCTKOoCTH K mnoreHuuany JleOas-Xiokkenass B paccMaTpUBAEMBbIX
HKCIEPUMEHTAIBHBIX YCHOBUSAX [6]. Hns anmpOKCUMAaLUH
WHIYUAPOBAHHBIX B3aUMOJEHCTBUM BCEM YacCTULAM [PHUCBAWBAJICS
BEPTUKAIBHBIA JUIOJIBHBIN MOMEHT [, KOTOPBIM HE HU3MEHSJICA BO
BPEMEHHU, a CaMU YaCTHUIbl B3aUMOJECHCTBOBAIM JAUIOJb-JAUNOIbHBIM
oOpazom.  Yactuipl  CUCTEMBl  pa3MEIIATUCh  MEXAYy  JAByMs
TOPU30HTAIBHBIMU TUIOCKOCTSIMH, PACIIOJIOKEHHBIMH Ha paccTOssHUM N, u
B3aMMOJICUCTBOBAIM € HHUMM 10 mnoTeHuuany Bukca-Uengnepa-
AHpepcoHa.

B pamkax pa®oTbl paccCMOTpEeHBI pa3inyHble KOMOWHAIIMKY 3HAYCHUI
IJIOTHOCTU CUCTEMBI, MAarHUTY/IbI HHIYIIUPOBAHHBIX (JUIOIb-AUIOIbHbIX )
B3aMMO/JICUCTBUA W 3HAYEHUW MIMPUHBI BEPTUKAIHLHOIO KOH(paWHMEHTA.
BrisiBieHO, 4TO cucTEMa JAEMOHCTPUPYET JIOCTAaTOYHO OOraThiil CIEKTP
CTPYKTYp HW  JIMHAMUYECKUX  peXUMOB.  IIpumepbl  CTpyKTyp,
oOHapy>XeHHbIE€ B MOJIEIMPOBaHUM Toka3zanbl Ha Puc. 1. B pesynbrare
NOCT-00pabOTKM  OBLIM  CHUCTEMAaTHUYECKH PAacCUMTaHbl 3aBUCUMOCTHU
PA3JIMYHBIX XAPAKTEPUCTUK CUCTEMBI, BKIIFOYAs: SHEPTUU B3aMMOAECHCTBUS
YaCTUIBI-YAaCTULIBl U YacTUllbl-KOH(DaHMeHT, auddy3us, mnapaMmerpsl
psi4...psi6, xapakTepHble pa3Mepbl M 3aKpPYYCHHOCTh IIEITOYCYHBIX
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CTPYKTYp. OTO TO3BOJUJIO OIEHUTh JIMHUUA TEPEXOJIOB  MEXKITY
pa3IMYHBIMU HAOII0/JaeMbIMU (ha3aMu.

Pabota BeinonHeHa npu nojaepxkke rpanta PH® Ne 20-72-10161 u
npu uHpacTpykrypHout noaaepxkke MI'TY um. H.O. baymana.
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BABOYKA XOPIITAATEPA: YPOBHU DOHEPT'M
BJOXOBCKHUX JEKTPOHOB B JIBYMEPHOM PEIIETKE
N HNEPIIEHAUKYJIAPHOM MAT'HUTHOM I10JIE.
TEOPUSA U DKCIIEPUMEHT (OB30P)

Jlapuonos U. A.
Hncemumym ¢uszuxu, Kazanckuti (Ilpueonowcckuii) @edepanvhbiil
Yuusepcumem, 2. Kazano 420008, yr. Kpemnesckas 18
E-mail: Larionov.MRSLab@mail.ru

babouka Xodmranrepa — ppakTanbHas CTPyKTypa ypOBHEU dHEpruu
OJIOXOBCKHUX DJJEKTPOHOB B MAarHUTHOM TIOJie, MEPIEHAUKYJISIPHOM
IUIOCKOCTH JByMepHO# (2D) (W3HauanbHO KBaJpaTHON) PEIICTKH Kak
(GyHKIUSA O MAarHUTHOTO MOTOKA Yepe3 AJIEMEHTAPHYIO sSYeiKy, ObuLia
otkpbiTa Jlyrmacom Xodmraarepom B 1976 romy [l]. 3naueHus
JOTIYCTUMBIX YPOBHEH JHEPTHH AJICKTPOHA Ha JIBYMEPHOHN pEIIETKE Kak
GyHKIIMM MAarHATHOTO TOJISI 00pa3yioT CTPYKTYPY, HBIHE M3BECTHYIO Kak
dbpakTtan u SBIAETCS OJHOW M3 HEMHOTHMX pealu3aluil (QpakTaioB B
¢usuke. IlpumedarenbHo, 4To TepMHH «dpakTam» ObUT BBeleH benya
ManngensOpotoMm B TO ke camoe Bpems [2,3]. BosnelictBue
NepHeHANKYISIPHOTO MarHuTHOTO noJis Ha NEePUOIUYECKUI
IEKTPOCTATHYECKUH  TMOTEHIWAl  MPUBOJUT K  CaMOIOJAO0HOMY,
PEKYPPEHTHOMY, DJHEPreTHYECKOMY CHeKTpy ypoBHeW Jlangay 2D
3JIEKTPOHOB, HarlOMUHaroeMy 0abouky. To ecTs pacnpesenenrue ypoBHen
DHEPTUM JJII MaJbIX MAacITabOB MArHUTHBIX TIOJIEH PEKYpPCHBHO
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NOBTOPSIET  KapTUHY, HaOJII0JaeMyl0 Ha  KPYIHOM  Maciirade.
MaremMaTr4yeckoe OMNUCaHUE CIIeKTpa OBLI0O YacCTUYHO pa3paboTaHO
M. 4. AzbGenreM B 1964 rony [4] Ha OCHOBE LIETTHBIX POOEH.

DKCIiepUMEeHTaIbHO Ha0monath 0abouky Xodimraarepa J0BOIBHO
cinoxHo. Illenn ¢pakTanbHOro CrekTpa BEIUKU, KOTJa MAarHUTHBIM MOTOK
CpPaBHUM C KBAaHTOBBIM MOTOKOM, JAPYIMMHU CIIOBaMHM, MarHuTHas JIMHA
ls=(h c/eB)1/2 Toro e MOpAAKA, YTO W IEPHOI DIEKTPOCTATHUYECKOIO
noteHmana broxa. g pealbHOro KpucTaiia TakKoW TNEpPHOJl €CTh
MOCTOSIHHASI PEUIETKH, KOTOpas HMEET TOPSJIOK BEIWYMHBI MEHEe
HAaHOMETpPA W JJIsI KOTOPOM, CIJIe/IOBATENbHO, TPEOYIOTCS YpPE3BBIYANHO
Oosbiiie MarHuTHbIe 1oJst cBhimie 1000 Tin, 4TO SKCEpUMEHTAIBHO B
1abopaTopHBIX yCiIoBHsIX HenocTkuMO. B 1990-x rogax ObLIN MOTyYEHBI
AIEKTPOCTATUUECKHUE MOTEHIIUATBI ¢ HAMHOTO OOJIBIIUMH NIEPUOIAMH, YEM
NOCTOSIHHAsT ~ pemieTkd, nopsaka 100 HM, myTeM  HM3rOTOBJICHUS
JaTepalibHbIX, JUTOrpapuueckd CHOPMUPOBAHHBIX CBEPXPEUIETOK IS
JBYMEPHOTI'O 3JICKTPOHHOIO rasza B rerepoctpykrypax GaAs/AlGaAs [5,6],
B KOTOPBIX HAOMIOJANUCh MPHU3HAKKA CHEKTpa Xoduiraarepa mOpu
TPaHCTIOPTHBIX U3MEPEHUSX.

OpaktanbHbli  criekTp Xodumraarepa ObUT  TakKe  HAMISIAHO
peanu3oBaH B  MHUKPOBOJIHOBOM  BOJIHOBOJAE C  IEPUOJUYECKUM
pacnoJjiokeHreM pacceuBateneii [7]. B aToli (hoTOHHON crcTeMe MaTpHiia
IPOIMYCKaHUsI HUMHUTHPYET TaMUJIbTOHMAH OJIOXOBCKHX JJIEKTPOHOB B
MarHUTHOM TIOJ€ W TakkKe NPUBOAUT K YpaBHEHHIO Xaprepa H
dbpaktanpHOM 0abouke Xodmranrepa. O TOA00HOW peanu3anuu
raMujibTOHHMaHa XodQIuTajarepa TakXkKe COo00Ialoch B  ONTHYECKUX
pelieTkax ¢ yJbTPaxoJOJHBIMH aToMaMH [8] W B CBEpPXIPOBOJISIINX
kyowurax [9].

@pakTalibHbIe CIIEKTPbl XO(DIITaATepa MOKHO HAOIIO/IaTh HE TOJBKO
B KBaJIpaTHOM, HO ¥ B F€KCAaroHaJIbHOM pEelIETKE, YTO OBLIO PEaIM30BaHO B
reTepPOCTPYKType rpad)eH Ha rekcaroHajabHOW peméTke Oop-a3zoT (hBN:
graphene/hexagonal boron nitride (hBN) heterostructure) [10,11,12], npu
U3MEPECHUH (MarHeTO- )CONPOTHBIICHUS (MIPOBOIMMOCTH) U EMKOCTH.
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SJEKTPOHHBIN TPAHCIIOPT HA MEJKY3EJbHBIX
COCTOSAHUSAX B QJIEKTPUIE Ca;N

MazannukoBa M. A., [llopukoB A.O., Koportun /I. M., HoBocenos /I. FO.
Hnemumym ¢uszuxu memannos ¥YpO PAH, Examepunbype, Poccus
E-mail: mazannikova@imp.uran.ru

ONeKTpuabl — O3TO  MaTepualbl  COAEpKAlIue  DIJICKTPOHBI
JOKaJIU30BaHHbIE B MEXKY3€IbHBIX MEPUOAUYECKH  PACIOIOKEHHBIX
NyCTOTaX M HE MpHUHAJIeKAINe KOHKPETHbIM aroMaM. B aBymepHOM
anektpuae Ca,N naBieHrne UHAYLUPYET CTPYKTYPHBIE Mepexoabl u3 (a3bl
c cummetpuerd R-3m B Fd-3m ¢azy, a 3arem B 1-42d, 4uto conpoBoxkaaercs
YMEHBIIIEHUEM Pa3MEPHOCTH SJEKTPUIHOTO MoJnpocTpancTtBa ¢ 2D-1D-
OD cootBerctBeHHO. IIpm 53TOM DIKCIIEpUMEHTAIBLHBIE H3MEPEHUS
IEKTPUYECKOTO  COMPOTHUBJICHUS  JEMOHCTPUPYIOT  TMEpexod U3
METaUTMIecKo ¢a3pl B TOJYIPOBOJHUKOBYIO, COTPOBOXKIAIOITUNCS
kosmiaricom  o0béma  [1].  Tlockonmbky Mexy3elbHBIE 3JICKTPOHHBIC
COCTOSIHMSI ~ PAcroJIOKEHbl B OKPEeCTHOCTH ypoBHS Depmu u
XapaKTEePU3YIOTCSl 3HAYUTENIbHBIM JJIEKTPOH-3JIEKTPOHHBIM KYJIOHOBCKUM
OTTAJIKUBAHWEM, TMPUBOMSIIUM K CYIIECTBEHHBIM KOPPEJISIIMOHHBIM
s dexram [2], TO K3MEHEHHE CTCIICHU UX JIOKATU3AIMH MOXKET IIPHUBOIHTH
K pEe3KOMYy M3MEHEHUIO HAOJI0/1aeMbIX CBOWCTB, BKJIOUAs TPAHCIIOPTHBIE,
CTPYKTYPHBIC 1 MATHUTHBIC.

JIist onucaHusi SMEKTPOHHBIX COCTOSHUM OBLIM MOCTPOEHBI (PYHKIUMH
Banwse (®B), nmokanu3oBanHbie B Mexa0y3nusx. [anee, myTtéMm pemieHus
MOJIYKJIACCUYECKUX ypaBHEHUN mepeHoca boibliMaHa, ObUIM paccUMTaHbI
NEKTPOHHBbIE  TpaHcmopTHble  cBoiicTB  CayN. bbum  mosydeHsl
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3aBUCHUMOCTH MPOBOJAUMOCTU U K03 duimenta 3edeeka 0T XUMMUYECKOTO
noteHnurana npu T=300 K (Puc. 1). Pacué€rsl TpaHCHOPTHBIX CBOWCTB
MOKa3aJid, YTO CTPYKTYpPHbIE MEPEXOAbl MO/ JABJIECHUEM COIPOBOKIAIOTCS
najeHueM npoBoguMocTu (Puc. 1a), B COOTBETCTBUM C IKCIEPUMEHTOM
[1]. U3 rpaduka 3aBucHuMOCTH KO3 duineHTa 3eedeka 0T XUMHUYECKOTO
noteHnuana (Puc. 10) Bunno, uto 2D u 0D ¢a3sl uMeroT pa3Hble THUIIBI
HocuTenend 3apsga, a B 1D-daze nyrém HeOODBIIOTO JErupoOBaHUS
JIEKTPOHAMH WJIH JBIPKAMU MOKHO MEHSThH THUIT HOCUTEIICH 3apsiia.

B nonyyennom Oazuce @B Obl1 MOCTPOEH ramMWIbTOHUAH MAaJIOH
pasmepHocTH. Pemas qaHHbIM raMuabToOHUAH ¢ momoIsio DMFT u BBOIs
JOTIOJIHUTEIFHOE ~ PACHICTUICHHE KPUCTAJUIMYECKMM TI0JIEeM 3a  CYeT
UCKOKEHUS JIOKAJIbHOTO OKPYXKEHHSI DSJEKTPUJIHBIX COCTOSIHUM Mpu
CTPYKTYpPHOM  Iepexojie, ObUl  BOCHPOM3BEAEH  HaOMIOJaeMbIii B
skcepuMente nepexon mexay 1D u 0D dazamu, a Takke KauyeCTBEHHO
noJIydeH Kosutarnc oobéMa. Kpome toro, 0bu10 0OHApYXEHO, YTO JaHHBIN
TIePEX0] COMPOBOKIAETCS CITMHOBBIM MEPEXO0IOM U PE3KUM YMEHBIIICHEUM
MarHUTHOTO MOMEHTA.

03 T 0.4

Rim R3m

Fdim 0.35 Fd3m
m N 1d42

0.25 | 442 / 03 |
N\ ‘*

/ ! 025

0.2

0.15

0.1 v

0.1 \ 0.05 }
\

005 |7
= L~ \ 0,05 |

~ 0.1 s ‘ ‘
1]
1 05 0 05 015  -01  -0.05 0 005 01 0I5

(a) ©)
Pucynok 1. 3aBucuMocTh IpOBOAMMOCTH (a) U KodddunneHTa 3edbeeka
(6) oT XuMHUECKOro ToTeHIWMAaa T a3kl ¢ cummerpueii R-3m, Fd-3m u [-42d.

015

o/t 10°%(Qms)”!
-
S (mV/K)

Taxum oOpazom, uctonk3ys ammapat GyHkiuil Banbe, mokazaHo, 4To
MeKy3ellbHas aekTpoHHas nojcuctema Ca,N oTBeTcTBeHHa 3a majeHHE
JIEKTPOHHOW TMPOBOAMMOCTH TIPH  CTPYKTYPHBIX IEpexoaax IoJ
JABJICHUEM, COIPOBOXKIAEMBIX TOHIKCHHUEM pPa3MEPHOCTH DJEKTPHUIA.
OOHapyKeHO, YTO MEXaHW3M OHKCIEPUMEHTAIbHO  HAOJII0/1aeMOTo
nepexo/ia METaUI-TIONYIPOBOJHUK TPU CTPYKTYpHOM Tmiepexonae u3 1D-
¢a3er Fd-3m B 0D-da3zy 1-42d 00ycnoBieH KoppesiOHHBIMEA 3P heKTaMu
Ha MEXKY3€IbHBIX MJIEKTPOHHBIX COCTOSHUSX.

PaGoTa BbINIOJIHEHA [TPU TOJEPIKKE MOJIOJIEAKHOTO HAYYHOTO IIPOEKTa
NOM YpO PAH m 7-22.
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MOJAEJIb BESBUHBEPCHUOHHOI'O TEPAI'EPLIOBOI'O JIABEPA

Makcumos T. B."?, Kyp6akos U. J1.?, Jlozouk 0. E.>*?
1@edepaﬂbnoe 2ocyoapcmeennoe yrumapuoe npeonpusimue BHUUA um.
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S3@edepanvroe 2ocydapcmeennoe 6iodxcemnoe yupesicoenue nayku MCAH,
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TeparepuoBoe uznyuenue 3anumaet auanazon 0.1 — 30 T (3 mMm —
10 mkm). M3nyueHne 3Toro AuanasoHa 001a1at0T YI0OHBIMU CBONCTBAMU:
MMEET BO3MOKHOCTh IPOHMKATh dYepe3 OOJIbIIOoN Ha0op MaTepuajoB,
TaKMX KaK IUIACTHKHU, KepaMUKa, TKaHU; MOXXET MPOHUKATh Ha HEKOTOPYIO
TUIyOMHKY B OpraHUYECKHE MaTEPHAIbl, U, B OTIUYHE OT PEHTTEHOBCKOTO
U3JIy4eHUsl, SBIAETCS HepaspymarnmM. OHO 00Ja7aeT BO3MOXKHOCTHIO
BIIUATh HA TIOBEJICHHE KOJUICKTUBHBIX MOJ IOJYIPOBOJAHUKOB M
JE€TEKTUPOBATh XMMUYECKYIO CTPYKTYPY Ia30B, MMOCKOJIbKY UMEHHO B 3TOM
Jara3oHe HaXOMSITCS CHEKTPhl KOJUICKTHMBHBIX M KoJie0aTelbHO-
BpamarenbHbix MoJ. O01acTh TepareploBOro HM3Ty4YeHUs] Ha3bIBACTCS
«TepareproBbIM MPOBAJIOMY», MOCKOJBKY I HU3KOYACTOTHBIX METO/OB
MOJTydCHUST M3IIyYeHUs JUIMHA BOJHBI TIT-M3TydeHHs CIMIIKOM Maja, a
JUISl JTa3€pHBIX METOJOB MOJYYEHHS W3IydeHus yactota Tl u-uzmyueHus
ciuimkoM Maina (TerioBble (uykTyaruu Beimie 7 — 10 K yHHUTOXAaroT
WHBEPCHUIO 3acelIeHHOCTH) [1].

OnHyUM W3 BapUAHTOB, KaK MOXKHO OOOWTH 3Ty MpoOJeMy, SIBISETCS
OC3UHBEPCHOHHOE MOJyYeHUE KOTEPEHTHOTO H3YyYEeHHUsS IMPU TMOJYYECHUU
dboToOHHOTO KOHJeHcaTa. Hawamo pa3paboTrke TeMbl (hOTOHHOTO
KOHJIeHCcaTa TTOJIOKHUIIN AKCIIEPUMEHTHI TPYIIIbI Kiaepca,
onyoOnukoBanHbie B 2010-2011 romax [2]. OnHuM  HakayuBaIu
nonycepudeckuii pe3oHaTop, 3arloJHEHHBIM pPacTBOPOM KpaCHUTEs,
ONTHUYECKUM JIa3epoM M HaAONIOJaIM 3a XapaKTePUCTHUKAMHU H3Ty4YCHUS
dboToHOB W3 pe3oHaTopa. bmUIO MOKa3aHO, YTO TPH JOCTHKEHUH
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HEKOTOPOW KPUTHUYECKOW MOIIHOCTH HAKAYKH, PACHPEACICHUE U3ITYUYCHUSI
MEHSUIOCh OT CTaHJAPTHOTO TEIUIOBOTO TayccoBa K SIBHO 3aMETHOMY
MMMKOBOMY H3JIYYEHHIO, COOTHOCAIIEMYCS C OJIHOW W3 MOJI OCHOBHOTO
COCTOSIHUS (POTOHOB B pe30oHATOpe. OTOT OKCIEPUMEHT TOKa3al
IKCIIEPUMEHTAIBHYIO BO3MOKHOCTD TTOJy4YeHHsI 003e-KOHAeHcaTa (POTOHOB
B ONITUYECKOM JHaIia3oHe.

Mbl npepnaraem [3] HCIOJNB30BaTh KBa3u-2D 3JIEKTPOHHBIM Ta3
(2DEG) B nepneHIuKYyJSIPHOM MAarHUTOCTATUYECKOM  TOJIe  JJIs
peanm3anny NepecTpanBacMoOro KOrepeHTHOro uctoynuka TI'n usnydyenus
Ha OCHOBE TMOJTyueHHUsI 003e-KOHJieHcaTa TeparepiioBbix ¢poToHoB. 2DEG B
MEePIEeHIUKYJISIPHOM MarHuTHOM oJie UMeeT JTUCKPETHBIN
AKBUJMCTAHTHBIN DHEPreTUYECKUM CIIEKTp, YTO TIO3BOJSIET YIIPABISTh
PE30HAHCHBIM TOTJIOIIEHUEM U Tepeu3aydeHueM (OTOHOB 3JICKTPOHAMU
IIpU OTHOCUTEIBHO clla0oi Hakauke. HeobOxonumoe yciioBue o0pa3zoBaHUs
BEC - mocTtossHCTBO ymcaa 0030HOB - MOXET OBITh 000OIIEHO HAa BpeMs
XKU3HU 0030HA, KOTOPOE JOJDKHO OBITh HAMHOTO OOJIbIIIE BPEMEHU €ro
penakcauuu. [Ipu nHanpspxkenHoctu mosist ~1-10 Tin pa3HocTh 3HEprum
MeXIy coceqHuMH ypoBHsAMU Jlanmay B 2DEG HaxomuTcs B Juana3oHe
TIa. Dt1o nemaer 2DEG »ddexktuBHONM cpegoit s  HEympyroro
B3auMoJIeicTBUs ¢ poroHamu TI'l M UX TepMalM3alUK TIPU COXPAHCHUU
qucia TeparepoBbix (POTOHOB. ITOT MPOIIECC TePMAIU3aIMU 00YCIIOBJICH
KOMOUWHAIIMOHHBIM PACCESTHUEM, IPU KOTOPOM 3JICKTPOHBI EPEXOISAT

MEX]ly paBHOYAAJICHHBIMU COCEHUMH YpoBHsIMU Jlannay, normorias
U ucmyckasi GOTOHBI OJIHOW YaCTOThI, a (DOTOHBI HEYNPYTO PACCEUBAIOTCS,
MOTJIONIAACh W TYT K€ BHOBb MCIYCKasiCh 0€3 W3MEHEHUs] HCXOIHOU
qacTOThl. TakuMm o00pa3oM, KBa3MpaBHOBECHOE 003€-3UHINTEHHOBCKOE
pacnpenenenue GoToHoB TI11 MOXET ObITh YCTAHOBJICHO MPU MOCTOSTHHOM
gyuciae (GOTOHOB M HEHYJIEBOM XHMMHYECKOM IMOTeHImane. Torma, Kak
TOJIBKO KOHIIEHTpalusi (POTOHOB MPEBBICUT KPUTHUYECKYIO, B CHUCTEME
yctanoButcs (GoroHHbii BOK, rnme «ddextuBHas wmacca 0030HAY,
ompenesieMasi MOMNEPEYHBIM  Pa3MEPOM  pPE30HATOpPa, 3HAYUTEIBHO
MEHbIIIE, YeEM MAacChl MHBIX 0030HHBIX KBazuudactull. bOK TeparepiioBbix
GOTOHOB MOKET OBITh HMCTOYHHUKOM KOTEPEHTHOTO TeparepiioBOro
U3ITyYEHUS.
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POTOT'AJIBBAHUYECKUE SABJIEHUSA B
CBEPXITPOBOJHUKAX: YIIPABJISAEMBIE CBETOM
MAKPOCKOIINYECKHUE KBAHTOBBIE COCTOAHUA

Mensaukos A.C."%, Muponos C.B.?, bysmuu A.U. %, ITytunos A.B.2,
IInacrosen B./I. 2’3, ToxmaHn I/I.I[.Z, Becnanos A.A.°
1 y - .
Mockosckuti uzuxo-mexnuyeckuti Mncmumym, /{oneonpyoHuviii
2HJmeumym Quszuku Mupocmpyxkmyp PAH, Husxcnuii Hoszopoo
*Universite de Bordeaux, Talence, France
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B noknane mnaHupyercss AaTh 0030p HEKOTOPBIX OCOOEHHOCTEH
doToranpBannueckux A(P(PEKTOB B CBEPXMPOBOIALIMX CHUCTEMax B
CpPaBHEHUU C HOPMAJIbHBIMU (HECBEPXIPOBOASIIMMU) METaNIaMu. byayT
00CYKJIEHbI TPOCTEUIITNE TEOPETUUECKUE MO/IETU, TO3BOJISIONINE OMUCATh
MEXaHU3Mbl TeHepaluu (POTOMHAYIHPOBAHHBIX TMOCTOSHHBIX TOKOB,
MarHUTHOTO MOMEHTa W BUXpel AOpPUKOCOBa B CBEPXIPOBOJHUKAX U
MEPEKIIOYEHNE CBEPXIPOBOISIIMX TOKOBBIX COCTOSHUM MOJ JEHCTBHEM
ANEKTPOMATHUTHOM BOJHBI  Pa3IMYHOU MOJISIPU3ALIN Y. byner
npoaHaIu3upoBaHa CBs3b (pororampBaHudeckux 3¢dexkToB ¢ 3pdexTom
XoJijla B CBEPXMPOBOJHUKAX, OCOOCHHOCTSIMU HEPABHOBECHOW TUHAMMKHU
CBEPXIPOBOSAIIETO KOHACHCATA U MOTEHIHANA 3JIEKTPOHHO — ABIPOYHOTO
3apsiI0OBOTO pazdajiaHca B MOJIE JIEKTPOMArHUTHOU BOJIHBI.

B  uactHOCTHM, OyAeT WBJIOXKEHO TEOPETHUYECKOE  OIMHUCAHUE
doToranpBannueckux 3P(HEKTOB B CBEPXIPOBOISAIIMX KOHJIEHCATAX B
paMKax HecTtanuMoHapHoW wmoxenu [wH3Oypra - Jlammay (I'JI).
PaccmatpuBatorcst paznuuHble BapuaHThl Teopuu ['JI, cOOTBETCTBYIOIIME
KaK TOJIHOCThIO OECIENIEBbIM CBEPXITPOBOJAHUKAM, TaK M YUYUTHIBAIOIINE
KOHEYHYIO BEIIMYUHY CBEPXITPOBOJSIICH IIECIH W CHIBHYKO 3JEKTPOH -
dboHOHHYIO penakcaiuio. [lokazaHo, 4TO reHepainusi MOCTOSIHHOTO TOKa U
BO3HUKHOBEHHE MArHUTHOTO MOMEHTA B T0JIE AJIEKTPOMArHUTHOW BOJIHBI
pa3IMYHON TOJspu3aluu (JIMHEHHOW WM IUPKYJISPHOM) CYIIECTBEHHO

-102 -



OTIpeIesAeTC MHUMOW 9acThI0O KOHCTAHTHI pesiakcanuu B ypaBHeHuu [J1.
Jlist Temmepatyp HUXE KPUTUUECKOW TEeMIIepaTyphbl CBEPXITPOBOJISIIETO
nepexoja  pacCMOTPEHbl  cleaylolue  3anayu:  (a)  reHepaunus
(GOTOMHAYUUPOBAHHOTO TOCTOSIHHOTO TOKa B TOHKOM IUIGHKE U
MOJIYIIPOCTPAHCTBE B T0JI€ JIMHEHHO MOJSPU30BAHHOM 3JIEKTPOMArHUTHOM
BOJIHBI; (0) TeHepalys BTOPOM TapMOHUKH B YKa3aHHOW reomeTpuu; (B)
TeHepamnusi MarHUTHOTO MOMEHTa CBEPXIIPOBOJSINIETO KOHJIEHCATa IO
JNEUCTBUEM LHUPKYJISAPHO MOJAPU3OBAHHOM DJIEKTPOMArHUTHOW BOJIHBI
(oOpatnbIit 3¢ dext Dapajnes); (r) 3agada 0 BOSHUKHOBEHUH COCTOSIHUS C
OTJIMYHOM OT HYJIA MOJHOMN 3aBUXPEHHOCTHIO, 3HAK KOTOPOU onpeiensiercs
HaAlpaBJ€HUEM BpallleHUs MOJSAPU3ALUU  BJIECKTPOMArHUTHOW  BOJIHBI.
O6cyxnaercs cBsi3b ¢ dpdekrom Xoma B CBEPXIPOBOIHUKE,
OCOOEHHOCTSIMU THUJIPOJAMHAMUKH CBEPXIIPOBOJIAIIEIO KOHJEHCATa, ¢
MexannuaMoM Kub6na - 3ypeka, OTBEYAIOIIETO 3a TEHEPAIUIo
(bIYKTyalMOHHBIX Map BUXPbh - aHTUBUXPH, C PE3yJIbTaTAMH JPYTUX TPYIII
no QororaapBaHndeckuM 3P dexTaM BO (PIYKTyallMOHHOM PEXUME BBIIIIE
KPUTUYECKOW TEMIIepaTypbl, a TakKe B TMOJHOCTHIO HOPMAIBHOM
(HECBEPXIPOBOASIIEM) COCTOSHUU.

HccnenoBanue BbINOIHEHO TpU nojaepxkke rpanta PH® (Ne 21-72-
10161).

MOJAEJIUMPOBAHMUE AJPA 3EMJIN

Bamuynun B. 3.,"%° Muxeenkos A. B.,"*® Illenkaues H. M."*
YUnemumym usuku evicokux dasnenuti PAH
*Mockosckuii (pusuko-mexHueckuti UHCmumym
3PH[[ «Kypuamosckuu uncmumym

mikheen@bk.ru

Joknan coctout u3 AByX vacteu. [lepBas 4acTp — KpaTKUM, U IIOTOMY
HENU30E€KHO MOBEPXHOCTHBIN 0030p COBPEMEHHOTO MOHUMAHUS CTPYKTYPhI
3eMiau, B YacTHOCTH, €€ siapa. Bo BTOpoil H3JI0XKEHBI HEKOTOPHIE
PE3YJIbTAaThl YACICHHOTO MOAEIUPOBAHUS SIAPA 3EMIIH.

B cooTBeTcTBUM C COBpPEMEHHBIMH MPEACTABICHUSMU OO0 HCTOPUU
wiaHeT, [Iporozemiist oOpazoBasiack U3 MEK3BE3HOTO BellecTBa (13 Oosee
MEJIKUX KOCMUYeCKHX Ted paHHed CoiaHeYHOM cucTtembl, JIMOO MyTeMm
aKKpeluu KocMuuyeckoil mpuin). [1o JoCTHXKEHUU JOCTATOYHOTO pa3Mmepa
[IpoTo3emiii rpaBUTAIIMOHHBIN HATPEB MPUBEN K IMUIABJICHUIO €€ BEIIECTRA.
Tspkenple  KOMMOHEHTHI (TJIaBHBIM — 00pa3oM  JKelie30) U XOPOIIo
pacTBOPUMBIE B HUX AJIEMEHTHI CTalud TOHYTh B IIyOWHY, 00pasys siApo
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3emiu, ocTaibHOE CHOPMHUPOBAIO MAHTHI0O M Kopy. Takum oOpazowm,
0a30BbIE TPEICTABICHUS O COCTaBE Sapa OCHOBAaHBI Ha JAaHHBIX O
pacpoOCTPAaHEHHOCTH  XMMHUYECKUX  JJIEMEHTOB B MEX3BE3AHOM
POCTPAHCTBE M HA CPABHEHUHU COCTABA «CBEKUX» METEOPUTOB C COCTABOM
BEpPXHHX ciioeB 3emin (cM, Harpumep, [1]-[7]).

3amaua ke Oojee [ETaNbHOIO ONpEAeNieHHUs COocTaBa  sjpa
MPEACTABISIETCS HETPUBUATLHOM.

[IpsiMble BKCIIEpUMEHTANIbHBIE JaHHBIC O SIAPE MAJOYHUCICHHBI, 3TO
TJIaBHBIM 00pa3oM pe3yJbTaThl CEHCMUYECKHX W3MepeHuil. B mpurImme,
CIOJIa ’K€ MOKHO OTHECTH aHAJIN3 aHHUTWISIIMN KOCMUYECKUX HEUTPUHO C
aHTUHEUTPUHO, OOpazyroumMuca mpu OeTa-pacnajne Kanug-40 sjapa
3eMJIH, HO TaKhe YKCIIEPUMEHTHI TOJIBKO HaYMHArTCA [8].

JlabopaTopHOe BOCHPOM3BEICHHUE TMapaMeTpoB sjapa 3eMiid —
nasnenue 150-350 T'Tla u Temmeparypa 4000-6000 K - Bpsm am
JTOCTIXKUMO. ECIi MO OTAEIRHOCTH ATH MapaMeTPhl €IIe MOKHO TOTyYHTh
B CTAaTHYECKOM BapuaHTe (IIpHYeM IO JaBJICHUIO — B aJIMa3HBIX KaMepax ¢
HUYTOXHBIM O0BEMOM 00pasiia), TO UX COUYETAaHUE BO3MOXKHO JHIIL BO
B3PBIBHOM SKCIIEPUMEHTE.

B takux o0CTOATENHCTBAX MMEHHO UYHCIECHHBIE METOAbl CTAHOBSTCS
petaruMu, MPUYEM 3TO JOJKHBI OBITh YHCIIEHHBIE METO/IbI, CHOCOOHBIE
KOPPEKTHO ONMKUCHIBATH MHOTOKOMITOHEHTHBIE CIUIABBI.

SAnpo 3emuu, TouHee, 00€ €ro 4acTH — JKHUJKas BHEIIHSS M TBepJas
BHYTPEHHSISI — MMEET MHOTOKOMIIOHCHTHBIA COCTaB. [ JJaBHBIE AJIEMEHTHI
sapa: xene3o, ero He MeHee 80% mo Macce, U HHUKENIb, OKoJio 5%. Ho
HaOmogaeTcss AedEeKT Macchl sjapa, MO OIEHKaM, OHO JIEr4e YeMm
00pa30BaHHOE TOJIBKO YKEJIE30M, UITH KEJIE30M U HUKEIIEM.

Takum oOpaszoM, B sijpe HEOOXOAMMO MPUCYTCTBYIOT OOJiee Jerkue
aneMeHThl. [lo-BuammMomy, MOXKHO CYUTATh HAAEKHO YCTAHOBJICHHBIM
MPUCYTCTBUE TISATH — TO Cepa, KPEMHHUM, KUCIOPO, YIJIEPOI U BOJIOPOI.
OpHako B JuTeparype NPHUBOASATCS apryMEHTHI M B TIOJNB3Y JAPYTHX
IPETEHACHTOB, Yallle BCETO 3TO a30T, KAl 1 MarHuH.

[Ipudyem 5erkuwe >JIE€MEHTHI, MPUCYTCTBYS JaXXe B HE3HAYUTEIIbHBIX
KOJIMYECTBAX, MOTYT CYILIECTBEHHO BIIMATH Ha CBOMCTBa sAnpa. Spkuii
npuMep — paauoakTUBHBIN Kanui-40 (a, 3HAUUT, U OOpazyloluUica npu
€ro pacmnajae Kajibliuii). SIcCHO, 4TO Hajau4ue paguoaKTUBHOTO 3JIEMEHTA
MO>KET 3HAYUTEIHHO U3MEHUTD TETIOBOM Oaslanc 3eMIu.
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MEXCJIOEBASA ITPOBOAUMOCTD B CJIOUCTBIX METAJIJIAX
B YI'VIAX AMA/I’KH B CUWJIBHOM
N CJIABOM MATHUTHOM ITOJIE

Morumok T. . T'puropses I1. ik
‘HUI] Kypuamoscxuu uncmumym, Mockea, Poccus
2HHcmumym meopemuyueckou uzuxu um. J1.J{. Jlanoay, 142432,
Yeprnoeconosxa, Mockoeckas obracme, Poccus

YIrioBblE OCHWUISAIMA MEXKCIOEBOTO MarHETOCONPOTHUBIEHUA —
XapakTepHass 4YepTa CWIbHO AaHU3OTPOIHBIX CIOHUCTBIX MPOBOJHUKOB,
JAlolle IIEHHBIE CBEICHMS 00 MX DJIEKTPOHHBIX CBOWCTBAaX. YTJIOBBIE
OCIUJUISIIIUA MAarHETOCOMPOTUBJIEHUS YACTO UCIOIb3YIOTCS JJISI U3YUYEHUS
TAKUX CJOWUCTHIX MAaTEpPHAIOB, KaK OpraHWYecKhue MeTaisl [1-7],
BBICOKOTEMIIEPATYPHBIE CBEPXNPOBOAHUKH [8—12], reTepocTpykTypsl [13],
WHTEPKATUPOBAHHBIA TPAPUT, THUKTUALI U T. . YTJIOBbIE OCHUUISIIUU
MarHeTOCOINpPOTUBIICHUS  BIIEpBBbIe  ObUIM  OOHapyxkeHol [14] B
KBa3UJABYMEPHOM CHIJIBHO AaHU30TPOITHOM OPTaHUYECKOM METAJLIE.

[lepBoe oOBsicHeHue [15] TakuMX OCHMJUISIMHA OCHOBBIBAJIOCH Ha
FEOMETPUUYECKUX OCOOEHHOCTSIX MoBepXHOCTH Depmu roGpuUpoOBaAHHOTO
HWJINHIPA, COOTBETCTBYIOIIEr0 CHJIBHO aHU30TPOITHOM 3JIIEKTPOHHOMN
JTUCTIEpCUU. AMITIUTYa KBAHTOBBIX OCIWJUIAIIMNA MarHeTOCOMPOTUBIICHUS
YMEHBIIIAETCS B TaK HA3bIBAEMBIX «yTJax SMaku», T. €. B MAaKCUMyMax
VIJIOBBIX OCHWUISIMMKA MarHeTOCONMpOTUBIICHHS. [lns KBagpaTUyHON
W30TPOITHOM  BHYTPHUCIIOEBOW  JUCIEPCHUM  DJIEKTPOHOB  SMamku
OOHApyXXWJI, YTO MUHUMYMBI MEXKCJIOEBOW MPOBOAMMOCTH OTHOCATCS K
nyasMm  ¢yakuun  beccenst  Jo(Kedtan®), kg —BHyTpHCIOCBOM HMITYJIBC
®depmu, d — MeXKCIIOEBOE paccTOsHUE, O — yrom Mexay MPHIOKEHHBIM
MarHATHBIM TOJIEM W HOPMaJbI0 K MPOBOJSIIMM IUIOCKOCTSIM. KMMes
JAHHBIE O MHUHHMYMax MEXCJIOE€BOM MPOBOJUMOCTH, MOXHO OLIEHUTh
umnyibc ®Depmu  crmouctbix MeTaioB. C MOMOIIBIO BBIPAXKEHUIN U3
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pabotel [16] HaMu HalijileHbl BBIPAKEHHUS I KBAHTOBBIX OCHMIUISIIAN
MEKCJIO€BOM MAarHeTONMPOBOJUMOCTH B yriax SMaiku s JIOPEHIIOBOU
GbopMBI YPOBHEH, I CAMOCOTJIACOBAHHOTO OOPHOBCKOTO MPUOJIMKEHHS U
TSl TPUOIMKEHUS HEMEPECEKAIOIMMXCSl TPUMECHBIX JTUHU.

HccnenoBanue BBIMOJHEHO TIpU mojjiepxkke rpanta u PODU Ne 21-
52-12027.
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KPOCCOBEP KHAKOCTb-’)KHAKOCTb:
KHUHETUKA BOJOPOJHBIX CBA3EN

Mok A. B., Biacos P. B.

Ka3zanckuii (Ilpueonsicckuti) gpedepanvrwiii yHusepcumem
anatolii.mokshin@mail.ru

Jns KpUCTaUIMYECKUX TBEPJBIX T XapaKTepeH MNOoIUMOphU3M:
BO3MOXKHA peanu3alus paBHOBECHBIX (ha3 C pa3MyHON CTPYyKTypou. B
OTJIMYUE OT ITOT0, B KUAKOCTAX, KAK PABHOBECHBIX U MEPEOXIIAKICHHBIX,
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nOJIMMOP(U3M MPOSIBISIETCS Uepe3 orpeaensieMble Ha (a30BON TuarpaMMe
TepMOJANHAMUYECKHUE 00JIACTH, HA KOTOPHIX OJMKHUN M CPETHHM MOPSII0K
(JlokanbHasi CTPYKTypa) SIBISIOTCS pa3HbIMU. ['paHuIa mnepexoaa Mexmy
3TUMHU 00OJIacTAMH Ha (Pa30BOM JuarpaMme OIPENENseTCs XapaKTepoM
MEXMOJIEKYJISIPHOTO ~ B3aUMOJECHCTBUS UM  BEJIMYMHOW JaBJICHUS, a
COOTBETCTBYIOIINE 3TUM 00JacTsAIM (a3bl 0003HaYAIOTCS KaK (a3bl HU3KOU
¥ BBICOKOU TUIOTHOCTEH. B ciiydae BOABI TaHHBIN TIEPEX0]] COOTBETCTBYET
napneHusm nopsiaka 108 + 109 ITa. B okpecTHOCTH mepexona TUHAMHUKA
MOJIEKYJI BOJBI MEHSETCS CYIIECTBEHHBIM 0O0pa3oM, 4TO, B YaCTHOCTH,
oToOpaxkaeTcsi B JIOCTIDKEHHMH  Koddduimentom  camoauddysuu
MaKCUMaJlbHBIX 3HaueHuUU. Kpome TOro, M3MEeHEHHUs CTPYKTYphl TaKKe
HPOSIBJISIIOTCS B M3MEHEHUSX B KHUHETHKE (HOPMUPOBAHUS BOJOPOJIHBIX
CBsI3€H, UTO (PUKCHUpYETCs B 3HAUEHUSX TaKUX BEJIMYUH KaK CpeHee BpeMs
BOJIOPOJHOM CBSI3HU, CPEAHUE BPEMEHA PA3IUIHBIX KOOPAUHUPOBAHHOCTEM,
a TakKe YacTOThl M3MEHEHHS pa3IMYHbIX KOOPJAMHHPOBAHHOCTEH.
[Ipenyioxkena wHTEpHpeTauss KUHETUKH BOJOPOJIHBIX CBS3€H B paMKax
KOHIICTIIINY JIaHamadTa CBOOOTHON SHEPTUU B MPOCTPAHCTBE BO3MOKHBIX
KOOPJAMHUPOBAHHOCTEH.

HccnenoBanue BbINOIHEHO TpU nojaepxkke rpanta PH® (Ne 19-12-
00022).

BJIUAHUE TAPAMETPA JEMIIMHI'A HA ®A30BOE
PACCJIOEHHUE BbI3BAHHOI'O AKTUBHOCTbBIO HACTHUIL B
YCJTOBUAX TMHAMUKHU JTAH)KEBEHA

HaceipoB A /L., I'ypcknit K. /1., Kproukos H.II.
MI'TY um. H.D. Baymana, yn. 2-a baymanckas, 0.5, Mockea, Poccusi
nasyrovarturl51998@gmail.com, kruchkov_nkt@mail.ru

AKTUBHasE MsrkKasi MaTepus SBISETCS OBICTPO pa3BUBAIOIICHCS
00y1acTbi0 (PU3MKH, B IIEHTPE BHHUMAHHUS KOTOPOM HAXOJIATCS CHCTEMBI
CaMOJIBIKYIIUXCS YACTHII, KaKk Omosiornueckoro [1-2] (kietku, Oakrepuu,
MJIEKOMUTAIONINE), TaK M CHUHTETHYECKOro [3-6] (sSHyCc-4acTHIbI,
MUKpPOPOOOTHI) TPOUCXOXKJICHHUSA. Takue CHCTEMBI pPacCIpOCTPAHEHBI B
YKUBOM TIPUPOJIC U UMEIOT IIUPOKUHN CIEKTP MPAKTUYECKOTO NMPUMEHECHUS,
B TOM 4YHCJE B 00JaCTH MEAMIIMHBI W MarepuayioBegeHus. CHCTEMBI
AKTUBHOM  MSTKOM MaTepuu JIEMOHCTPUPYIOT psii  XapaKTEpPHBIX
HEPABHOBECHBIX siBJeHUM. OJIHMM H3 HauOojee H3YYEHHBIX SBIISCTCS
¢dbazoBoe paccioeHue, oOycIOBIEHHOE akTUBHOCTHIO (MIPS, motility
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induced phase separation) [7-9], mpu KOTOpOM MOHO HaOJIIOJATh pacHa
CUCTEMBI HAa 00JJACTH C HU3KOW U BBICOKOW IUIOTHOCTBIO AK€ €CIU
MEXYACTUYHBIE B3AUMOJIEUCTBUSA ABJISIFOTCSA YUCTO OTTAJIKUBAIOIIIAMHU.
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Puc. 1: (a) 3aBUCUMOCTH HOPMUPOBAHHOW BOCITPUUMUYUBOCTHU
KUHETUYECKOM YHEPTUH /YT, HOPMUPOBAHHOMW JTUCTIEPCUN KUHETUYECKOM
sHeprur D[K]n = D[K]/max(D[K]) u norapudma HopMHUpOBaHHOA
BOCIIPUMMYMBOCTH KUHETUYECKOM sHeprun In(y/yr) mist Bcex 3HaueHui yt [7].

MIPS xopo1io u3ydeH B ciiydae OpOyHOBCKOW JUHAMUKH, B TO BpEMs
Kak ciy4dail JIaH)KeBEHOBCKOUM JUHAMUKHU U3ydeH cinabo. B nanHol paboTte
C TTOMOIIIBIO KOMITBIOTEPHOTO MO/JICIUPOBAHUS uccleyercs
BO3HUKHOBeHHE MIPS u ero »Booui0 B JByMEPHOW CHUCTEME aKTHUBHBIX
yacTUI] Tpd WU3MEHEHMM TlapaMmeTpa JeMmIuHra. B kauecTBe
MEKYACTUYHOTO B3aMMOJICHMCTBUS HCHOJIB3YETCS YUCTO OTTAJKUBAIOIIMI
noteHnuan |IPL12. YcraHOBI€eHO HaJM4Me MHOTOCTAIUMHOTO CIIEHApHs
dbopmupoBaanss MIPS. B mpomecce dopmupoBanus MIPS  moxHO
BBIJICIUTh 5 oO0JacTell ¢ pa3IMYHBIMU JUHAMUYECKUMHU PEKUMaMHU,
TpaHUIBl MEXAY KOTOPBIMU MOXHO TMPOCIEIUTh Ha 3aBUCUMOCTH
MPOM3BOJHOM KHHETUYECKONW DHHEPruM CHUCTEMbI 110 aKTUBHOCTH U
JTUCIIepCUM  KuHeThudeckod »Heprun Puc. 1. OOHapyXeHO, YTO OTOT
ahdext Hanbosee YyCTOMUHUB B CPEHEM JWala3oHe 3HAaUYCHHUH MmapameTrpa
JEMIIMHIA, B TO BpEMs KaK MPHU MaJIbIX 3HAYCHUSX T'PaHUIIbI MEPEXOJI0B
CTJIAKUBAIOTCS, a TIPU OOJIBIINX 3HAYEHUSIX TTapaMeTpa JEMIIMHTa CUCTeMa
CTPEMUTCSI K OpPOYHOBCKOMY pEXKHMY, U PETHOHbl HAUYMHAIOT
CXJIONbIBAThCA [7].

HccnenoBanue BBITIOJTHEHO npu MOJICPIKKE rpaHTa
PH® 20-72-10161.
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TOHOJOI'MYECKHU 3AINMIINEHHBIE COCTOsSHUA B
I'EJIMKONJAJIBHOM KPUCTAJIJIE

Huszos P.A."#, Apucros J[.H."*, Kauoposckuii B.1O."
1HH[[ Kypuamoscxuu Uncmumym — [TUAD, [ 'amuuna
2 @usuro-mexruueckuii uncmumym um. A.®. Hogpde PAH,
Canxm-Ilemepbype
niyazov_ra@pnpi.nrcki.ru

Mpb1 uccnenyem reaukonaanbHbi Kpuctan (I'K), ocHoBaHHBIN Ha
TYHHEJIbHO-CBSI3aHHBIX KpaeBbIX COCTOSIHUSAX B JIBYMEPHOM
TOIOJOTUYECKOM H30JIITOPE, COCTOAIIEM U3 YHOPSJAOYEHHBIX AHTUTOYEK
(AT). Cxoxwue cuctembl OBUIM HCCIEIOBAaHbI B HKCIEPUMEHTAIBHOU
paborte [1]. TparcopT B otaensHoi AT ObuT M3y4eH panee [2]. B manHoi
pabdoTte Mojenu paccMmarpuBaiach mojaeiab 1D MaccuBa 'K, momMemeHHOro
B MarautHoe moie [3].

bruta paccuutana ero 30HHas CTpykrypa. [lokazano, 4To mpu LENBIX
Y TIOJYLEJIBIX 3HAYECHUSX MAarHUTHOro MoToka 4depe3 AT 3ampelnieHHbIe
30Hbl ['K 3akppIBarOTCSA, a mpH MajaoM OTKJIOHEHMM MAarHUTHOTO MOTOKa
BO3HHMKAIOT  MaccuBHble  jaupakoBckue KoHychl (JK). [upuna
3aMpEIICHHBIX 30H 3aBHCUT OT pa3IiM4Msl OCE KBAHTOBAaHHS CIIMHOB
3eKTpOHOB B cocequux AT, a paccrosiHue 1o s3Heprun mexay JK moxHO
KOHTPOJIMPOBATH 3aTBOPHBIMH JICKTPOJAMH.

[Ipu nHamuuun aedexktoB B 'K, Takux Kak CTEHKU MEXAY OOJACTIMU
KOJICI] C Pa3HbIMU PAAUyCaMH, BO3HUKAIOT TOIMOJOTMYECKU-3aIIUILICHHBIE
JIOKaJIN30BaHHbIE COCTOSIHUS (KyOuT). WX SHepruum Jexxar B cepeauHe

- 109 -



3ampemeHHbix 30H MaccuBHbIX JIK. Pacmienmenne Mexnay ypOBHAMU
SHEPruil KyOMTa MOXKHO KOHTPOJIMPOBATh KaK MAarHUTHBIM MOJIEM, TaK U
YUCTO BJIEKTPUYECKU. Takhe COCTOSHUS MOTYT OBITh MCIOJIb30BaHBI IS
KBAaHTOBBIX BBIYMCIICHHM.

Pabora BrITioTHEHA Tipu huHaHCOBOM moauepkke PH® (rpant Ne 20-
12-00147-11)

Jluteparypa

1. J. Ziegler, PhD thesis, Regensburg University, 2019

2.R. A. Niyazov, D.N. Aristov, and V. Yu. Kachorovskii, npj
Computational Materials 6, 2020

3.R. A. Niyazov., D. N. Aristov, V. Yu. Kachorovskii,
arXiv:2305.08242, 2023

AJIEKTPOHHO-IITYYKOBASA OBPABOTKA ITIOPOLHIKOBOI'O
MATEPHUAJIA HA OCHOBE HUKEJIUJAA TUTAHA

[Taxonkuna C.A., AnukeeB C.I'., Aptioxoa H.B., Xonopenko B.H.,
Kadrapanosa M.H., Mama3zakupos O.
Hayuonanvnwiii uccneoosamenvckuii Tomckuti 2ocyoapcmeenHblil
yuugeepcumem, Tomck, Poccus

pakholkina200362@gmail.com

BBEJEHMUE. Crnasel Ha ocHoBe TiNi o0manaroT s dexrom maMsaTu
GOpMBI, CBEPXAJACTUYHOCTH 3a CUET pealn3aluud MapTEHCUTHBIX
npeBpailieHnii. buoMexaHudeckass COBMECTHUMOCTh  OO€CHe4YuBaeTCs
JUCCUTNIATUBHBIMU MOTEPSIMU SHEPTUH TTPU MAPTEHCUTHBIX MPEBPAIICHUSX,
a OMOXMMUYECKasi COBMECTUMOCTh O0ECIEUUBAETCS CJIOEM OKCHJA TUTAHA
[1-4]. TlopucTeiii MaTepuall Ha OCHOBE HUKEIHMIAa THUTaHA SIBIISCTCS
HamOoJiee TMEpPCIEeKTUBHBIM [UJIi PEKOHCTPYKIMKU KOCTHBIX TKaHEH
opraHusma, 3a CYeT pa3BUTOM OOBEMHOM TIOPUCTOM CTPYKTYpPHl U
POHUIIAEMOCTH.

JlonroBe4yHOE MPUMEHEHKE B MeauInHe n3aennid u3 TiNI MoxeT ObITh
OTPaHUYCHO M3-3a PEAIM3aAlNU KOPPO3UOHHBIX MPOIecca: CTPYKTYpHO (B
MeCTax JIOKAJIU3allMy YacTUI] BTOPUYHBIX (pa3) U MUTTUHTOBOU KOPPO3UU
(Bo31eHcTBYIOIIAs HA MaTEpPHaJl B MECTax BBHICTYNOB U BHaauH). OTHUM U3
CrOCO0O0B yJIaJI€HUSI YaCTUIl C MOBEPXHOCTH METALIUYECKUX MaTEPHAIOB
ABJISIETCS 00paboTKa MX MOBEPXHOCTU HU3KOIHepreTuueckum (10-30 k3B)
cuIbHOTOYHBIM (10-25 kA) snexktponnsiM nyukoM (HCOII). Ucxons us
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ATOTO, LEJIbI0 JaHHON PalOOThI SABJISIETCA U3YUYCHHUE BIUSIHUS 3JICKTPOHHO-
Iy4YKOBO 00pabOTKM HA CTPYKTYpYy MOPOIIKOBOIO MaTepuaja Ha OCHOBE
HUKEIUAAa TUTAHA.

SKCIIEPUMEHTAJIBHAS YACTDb. s HUCCJIENOBAHUS
UCTIOJIb30BaJICS MOpoInoK Hukenuaa tutana (TiNi), moaydeHHBIH MeTOI0M
TUIPUIHO-KAIBIMEBOTO BoccTaHOBieHUsT Mapku [IB-HS55T45. JInanazon
pasMepoB 4dactull nopomka coctaBmi 0-100MkM. DIEKTPOHHO-ITYYKOBYIO
00pa0OTKy TOJYYEHHBIX 3aroTOBOK MPOBOJAWIM C JJIUTEIBHOCTHIO
uMmiyibca 2-4 wmkc. OOpasubl 00Jydalauch TPU  BBICOKOW HHEPIUU
ANEKTPOHOB, paBHOW 30 k3B, MpM 3TOM IIOTHOCTH SHEPTUU COCTABIISIIA
E=6 Jx/cM®, KOJIHYECTBO HMITYJIbCOB 00paGoTku paBHO 30. M3ydeHne
Makpo- M  MHKPOCTPYKTYpPhl  IPOBOAWIM  METOJaMH  PacTpPOBOM
ANEKTPOHHOU Mukpockonuu (POM) Ha cuctemMe C S3JIEKTPOHHBIM H
chokycupoBaHHBIM HOHHBIM myukamu Quanta 200 3D. DneMmeHTHBIN
coctaB (a3 omnpenensyii ¢  MOMOIIBIO  AHEPrOJAUCIEPCUOHHOTO
cnekrpomerpa EDAX ECON 1V,

PE3YJIBTATBI. Iloka3aHo, 4TO 3JEKTPOHHO-IIyYKOBasi 00pabOTKa
nopomkoBoro criaBa  TINi, TOJIYY4EHHOrO METOJOM THJPHUIHO-
KaJIbLIUEBOTO BOCCTAHOBJICHUS, NPHUBOAUT K (OpMHpPOBaHUIO Ooliee
OHOPOAHOM CTPYKTYphl MOBEPXHOCTHM MaTe€pualia MO CPABHEHHUIO C
MCXOJHOM MAKpPO- M MHUKPOCTPYKTYpou. Bo3aeucTBHE 3JIEKTPOHHBIM
My4YKOM HPUBOJUT K TUIABJICHUIO MOBEPXHOCTHBIX CJIOEB TOJIIMHON 10-
15 MKM, MOATOMY OTMEUaeTcsi U3MEHEHHE MOP(OJIOTHH TOBEPXHOCTU
OT/CNIbHBIX YacTUll mnopoika. HaOmomaeTcs mnepeHoc BellecTBa
BcleqicTBUE MU (y3UU aTOMOB IO MMOBEPXHOCTH OT BBIMTYKJIBIX YYaCTKOB K
BOTHYTBHIM IMOBEPXHOCTSIM TEPEUIENKA, YTO BBIPAXKAETCA B CIIIAKHUBAHHUU
penbeda TMOBEPXHOCTH W 3ajeuMBaHUU Je(EKTOB (MOPbHI, TPEIIUHBI).
OonapysxeHno pactBopenue yactui] BropuuHbix (a3 TioNi u TigNi(O, N,
C) B mporecce MEPEeKPUCTALIU3AMNN. IDTO JOHKHO TOJIOKHUTEITHHO
MOBJIMATh HAa KOPPO3MOHHBIE CBOMCTBA MaTepuana, TaK KakK JIaHHBIE
YaCTHUIIbl  SIBJISIFOTCS ~ MCTOYHUKAMHU  MUTTUHTOBOM  KOPpPO3UM  TIPU
3HAKOMEPEMEHHBIX Harpy3kax B arpecCMBHBIX CpellaX, K KOTOPBhIM
OTHOCSITCS TKAHEBBIE )KHIKOCTHA OPraHU3Ma YEJIOBEKA.

HccnenoBanue BBIMOJHEHO 3a cUeT IpaHTa PoccHiicKoro Hay4HOTO
dbonma Ne 19-79-10045
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MEXAHUYECKUE U JEMII®UPYIOIUE CBOMCTBA
OBBEMHO CTPYKTYPUPOBAHHOI'O AIIOMUHHUEBOI'O
CIIVTABA AK6, CUHTE3UPOBAHHOI'O CEJIEKTUBHbBIM
JIABEPHBIM IIVTABJIEHUEM

IletpoBa A.H.l, bponosa I/I.F.l, Knenos A.I/I.z, [ TunpmmkoB AAZ
Ldeoepanvroe cocydapcmeennoe 6100xcemuoe yupescoeHue Hayku
HUnemumym guzuxu memannos umenu M.H. Muxeesa Ypanvcrozo
omoenenusi Poccuiickou akademuu Hayk
*Poccuiickuii Dedepanvhviii Adepnwiii Llenmp - Beepoccuiickuii HayuHo-
UCCTIe008aMENbCKULL UHCIUMYM MeXHUYeCKOU (PU3UKU UMEHU aKaoeMuKa
EU. 3ababaxuna
3Crearcuncruii pusuro-mexnuueckuii uncmumym Hayuonansnoeo
uccne0o8amenbcko2o si0epHo2o ynusepcumema « MHUDHy
petrova@imp.uran.ru

B Hacrosimiee Bpemsi aKTHMBHO BeAyTCsS pabOTBl MO OCBOSHUIO
QIIUTUBHBIX TEXHOJIOTMM [UI1 W3TOTOBJICHUSA JeTajled  CJIO0XKHOM
KOH(pUTYpallid W3 CIUIABOB HAa OCHOBE AJTIOMHUHUS TPUMEHHUTEIBHO K
HOBBIM M3JICNMSIM MaliMHocTpoeHus. Haubomee pacnpocTpaHeHHBIM
METOJIOM aJIIMTUBHOIO IIPOU3BOJICTBA SIBJISIETCA CEJIEKTUBHOE JIA3€PHOE
mnasnenne (CJIII). BaxxHbIM ImpeuMylIecTBOM Marepualia, MOJyYEHHOTO
MetooM CJIII, sBiseTcs BO3MOKHOCTb JOCTHKEHHUS 3aJJaHHBIX CBOMCTB 3a
CYET YIPABJICHUA €ro CTPYKTYPHBIM COCTOSIHUEM C IIOMOIIBIKD Kak
mapaMeTpoB CHHTE3a, TaK W TMOCIEIYIOIIEH TEepMHUYECKOM 00pabOTKH.
N3BecTHO, 4uTO Marepuanbl, nojydeHHsie metogoM CJIII, 3HaunuTenbHO
OTJIMYAKOTCS TI0 CTPYKTYPE OT CIMTKOB, IOJYYECHHBIX TPaAULIMOHHBIMU
METOJaMHU. Takoe pas3nuuue CBSI3aHO C BBICOKMMH CKOPOCTSAMU
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kpuctaumzanuu npu CJIII, a mocnenyromas tepmudeckass oOpadOTKa
MOXET TPUBOJUTh K (OPMUPOBAHUIO CTPYKTYPbI, HE TUINUYHOW ISt
aHAJIOTUYHOTO  TEPMHUYECKH O00paOOTAaHHOIO CIJIaBa, IMOJYYEHHOIO
TPaAUIIMOHHBIMU CTIOCOOAMU JIUThSI 1 00PAOOTKHU AaBICHUEM.

JI7ist 3aIUThl KOHCTPYKIMM OT BO3JEHCTBUS TUHAMUYECKUX HATPYy30K
1er1ecoo0pa3Ho HMCMHOJb30BaTh BBICOKOMOPUCThIE Marepuainbl. OJHUM U3
BAPUAHTOB CO3J]aHUSI TOPUCTBIX CTPYKTYp SBISIETCS CO3/JaHUE CETYATOU
cTpyKTypsl MeTooM CJIIT.

B pabote wucciaegoBaHbl CTPYKTypa M JUHAMHYECKHUE CBOMCTBA
cetyaThix o0OpasnoB Al-Mg-Cu-Si cmiaBa, CHHTE3MPOBAHHBIX METOJIOM
CJIIT na 3D npuntepe mo meramny Realizer SLM100. Kontponupys
PEXKUMBI CHHTE3a, MOJY4YEHbl 00pa3llbl pa3HOW IUIOTHOCTH B JIMANa3oHe
700-1900 xr/m°’, ¢ pasaMyHON 0OGBEMHO-TIEPHOLHYECKOI CTPYKTYpOH, a
UMEHHO, C KyOMYECKOW SYEWKOHM, a TakKe TOIMOJIOTUM THUIa TEPOUJl C
pa3IMYHBIM COOTHOIIIEHWEM pa3Mepa SMEHKHM U TOJIIMHBI CTEHKHU.
Onpeneneno, 4ro mnpu womHocTH Jnazepa P=200 Bt u ckopoctn
ckanupoBanust 400 Mmm/c B criaBe GopMuUpyeTcsi onTUMalIbHasi CTPYKTypa
C MHUHUMaJIbHOM JedekTHOCThI0. [l ceTyaThiX 0O0pa3lOB BaKHBIM
napamMeTpoM TakKe SIBJISIETCS TOJIIMHA ciog mnopomika npu 3D medarw.
HccnepoBaHo BiIMsHUE TapaMETpPOB CHUHTE3a, HAIMPABICHHUS CHUHTE3A,
Tr€OMETpUU  TOCTPOCHMS, IUIOTHOCTH CETYATOTO MarepuajaHa Ha
JTUHAMUYECKHE MEXaHWYECKUE CBOWCTBA CILJIaBa B JIMANA30HE CKOPOCTHU
nedopmanuu 10%-10% ¢t JlnHaMHUYeCKHe MEXaHWYEeCKHE CBOMCTBA Ha
coKaTue ONpeeNsiii Ha yCTaHOBKE COCTABHBIX CTEpKHEW ['OnKuHCOHa.

[IpoBenena cepusi HSKCIEPUMEHTOB IO HArpPY>KEHHYK CET4aToro
Marepuaia ¢ OOBEMHO TMEPUOJAMYECKON CTPYKTYpOWd THUIA TepOun
yAapHbIMU BOJIHAMH. B pe3ynbTaTe npousBeneHa oleHka AeMnupoBaHUs
yAapHOM BOJIHBI B 3aBUCUMOCTH OT IUJIOTHOCTH U TMepuoAa SUYEHKH
CEeTYaThIX O0O0pa3loB, a TaKXe TOJIIMHBI JeMI(UPYIOIIETO HKpaHa.
Y CTaHOBIEHO, YTO aMIUIMTYAa yIapHOW BOJIHBI cHHKaercs ¢ 33.3 I'Tla mo
23.9-27.6 I'Tla mpu TPOXOXKICHWH YIAPHOW BOJIHBI 4Yepe3 CeTJAThIN
matepuan. Cpeau HCCIEIOBaHHBIX O00pa3LOB, CETYaThIi Marepuan c
NEepPUOJIOM pEHIeTKH 3 MM U TONMMHOW cTeHku 0.2 MM oOecrieuyuBaeT
HauOoJIbllIee 3aTyXaHUe yAapHON BOJIHBI. Y BEJIWYEHUE TOJIIIMHBI IKpaHa C
9 MM 110 15 MM yMeHbIIIaeT JaBJICHUE YIapHOU BOJHBI Ha 24%.

PaGota BbIMOJHEHA B  paMKax TrOCYJAapCTBEHHOTO  3aJaHUs
MUHOBPHAVYKMU Poccun, rema «Ctpykrypay, Ne 122021000033-2.

CTpyKTypHBIE HCCJIEJOBAaHUS  BBIMIOJHEHBl C  MCIOJIb30BaHUEM
obopynoBanust LKII «HMcnelTaTenbHbIA IIEHTP HAHOTEXHOJIOTUH U
nepcnekTuBHBIX Matepuanos»y UOM YpO PAH.
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JUHAMUYECKASA TPOYHOCTDb HOBOI'O AL-CU-MN
CIITABA AJITOK

[TerpoBa A. H., Pactiocuenxo /l. }O., Acradber B. B.
Deodepanvroe 2ocyoapcmeenHoe 0100icemuoe yupedcoerue HayKu
HUnemumym gusuxu memannos umenu M.H. Muxeesa Ypanvcrozo

omoenenusi Poccuiickou akademuu Hayk
petrova@imp.uran.ru

B pabote nccneqoBaHbl CTaTUUECKUE U JUHAMUYECKHUE MPOYHOCTHBIE
CBOMCTBa  JIUTOTO KPYITHO3EPHUCTOTO u  1ehopMUpPOBaAHHOTO
menko3epauctoro cimiaBa AJITOK cucremsr Al-Mn-Cu-Zr-Cr (Al-1.53Cu-
1.66Mn-0.382r-0.15Cr-0.15Fe (macc. %)).

Jlutoit cmmaB JepopMUPOBATM  METOJOM pPaJguaibHO-CIABUTOBOM
npokatku (PCII) ¢ @40 mm 1o 924 mm npu Temneparype 350 °C 0e3
MPOMEXYTOUHBIX  OTXKUrOB. CymMapHbli  KO3((PUIUEHT  BBITSKKU
coctaBun pu=3.4. MerogaMu TPOCBEUMBAIOIIEM U CKAHUPYIOLICH
AJNIEKTPOHHOW MMKPOCKONUHU, PEHTTEHOCTPYKTYPHOTO aHaiu3a ObUIH
U3y4YeHBbl CTPYKTypHO-(pa3oBbie mpeBpaimieHus B cmiase AJITOK B
npouecce PCII, omnpeneneno BinusHue Aedopmalldid Ha CTaTHUYECKUE U
JMHAMUYECKHE CBOMCTBA CIIJIaBa.

DKCIEPUMEHTHI TI0 HArpy>KeHUIO0 yJapHBIMU BOJHAMH MPOBOJMIUCH
pu KOMHATHOM Temmneparype u mnpu temmneparype 400 °C. YpaphHbie
BOJIHBI CoKaTUsl T€HEpUPOBAIMCHh B oOpasmax toimuuon 0.1 — 4 mm npu
COYJapCHUU C aTOMHUHUEBBIMU yaapHukamMu ToiamuHon 0.05-0.95 mw,
Pa30THAHHBIMU C TIOMOIIBIO MTHEBMATUYECKOHN MyHIKH Kanuopom 50 MM 110
ckopoctu 335 £10 w™/c. B mporecce Harpy>XeHHss IMPOBOJUIIACH
peructpanusi npopuiasi CKOPOCTH CBOOOJHOM MOBEPXHOCTH OOpaslioB -
Uts(t) ¢ TTOMOIIBIO JIA3ePHOTO JOMIUICPOBCKOTO HHTEP(PEPOMETPHUSCKOTO
m3mepurens ckopoctd VISAR ¢ BbIcokuM mpocTpaHcTBeHHBIM (~0.1 MM?)
U BpEMEHHBIM pa3penieHueM (~1 Hc). Bennunny nuHamuyeckoro npejaena
YOPYrOCTA W OTKOJBHOW MPOYHOCTH OMPEACISUIM U3 aHaiau3a npoduieit
CKOPOCTH CBOOOJHOM MOBEPXHOCTH 00Pa3IIoB.

B pesynbrare mNpOBENEHHBIX HKCIEPUMEHTOB OMPENEIEHO, YTO
CTPYKTypa JIUTOTO CIlJIJaBa HEOJHOPOJHA U MPEJICTaBIIEHa PaBHOOCHBIMU
JTUCTIEPCHBIMHU 3€pHAMH JTUAMETPOM OKOJIO 2 MM B IEHTPAJIbHOW YacTH
CIIUTKA W 00Jiee€ KPYMHBIMU BBITSHYTHIMH B pPaJUajbHOM HaMpaBICHUU
3epHamMu pazmepamu 4-6 mm no nepudepuun. [lo rpanunam 3epeH u
JCHAPUTHBIX sideek oOpasyrorcs wuHTepMeTauuaabie ¢asel AlL,Cu wu
Alg(Fe, Mn). Tlokazano, uro B pesynbrare PCII peanusyercs
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3HaYUTEIbHAs (hparMeHTaIus 3€pPEHHO-CY03epEHHOM CTPYKTYPHI CILIaBa, U
dbopMupyeTCs MPEUMYIIECTBEHHO IOJIOCOBasi CTPYKTYypa, COCTOAIIAs M3
cy03epen co cpeaHum pasmepoM 1.5 mxM. HecmoTps Ha 3HauMTENbHOE
U3MENIbYCHUE 3EPEHHOM CTPYKTYphl, Jedopmaius CIjlaBa MNPUBOJIUT K
YMEHBIIIEHUIO JIUHAMHUYECKOTO TMpelesia YIPYrOCTH NpPH COXPaHEHUU
OTKOJIBHOM TPOYHOCTM HA YPOBHE JHUTOr0 coctosHus. Ilpu s3ToM
CTaTUYeCKasi MPOYHOCTh Je(POPMUPOBAHHOTO CIIaBa yBeauuuBaeTca Ha 30
% Mo CpaBHEHHUIO C JIUTBIM COCTOSTHUEM. CTaTUYECKUN YCIOBHBIA MPEAET
TEKYYECTH CIUIaBa U3MEHAETCA OT 571 nutoro criasa a0 76 Mlla nocie
nedopmaruu 1 npeaen npoyHoct ot 166 go 251 MIla. YcraHoBieHo, 4TO
pocT TemmepaTypbl HcHbITaHui 00pa3ioB g0 400 °C cmocoOCcTByeT
3HAYUTEIBHOMY CHWKEHHIO OTKOJBHOW IPOYHOCTH W JUHAMHYECKOTO
npejesia yOpyrocTd cCiuiaBa Kak B JMTOM, Tak U B JAedOpMUPOBAaHHOM
COCTOSIHUMU.

Tabmuua 1. Jlmnamudeckue cBoiicTa cmiaBa AJITOK.

JIuton TTocne PCIT 350 °C

o, [Tla Cgp» I Tla o, [ Tla Ogp» I Tla
Temneparypa
20 °C 0.15 1.09 0.14 1.01
400 °C 0.12 0.45 0.07 0.49
g, 10° ¢’ 0.6-0.8

HccnenoBano BIUMSHUE YIAPHO-BOJIHOBOT'O HATPYKEHHS HA CTPYKTYPY
U TBEPJIOCTh COXPAHEHHBIX 00PA3IIOB.

DKCIMEPUMEHTHI MO HArPY>KEHUIO yAapHBIMU BOJHAMU BBITIOJHEHBI B
paMKax TOCYJAapCTBEHHOTO 3aJaHus MUHHUCTEpCTBA HAYKH WU BBICHIETO
obpazoBanus PD (tema Ne AAAA-A19-119071190040-5), cTpyKTypHBIE
UCCJIEIOBAaHUSl M aHalM3 BOJIHOBBIX MPOQUICH BBHINOJHEHBI B paMKax
npoekta PH® Ne22-23-00904.

CTpyKTypHBIE HCCIEIOBaHUS  BBIIIOJHEHBl C  MCIOJIb30BaHUEM
obopynoBanust LKII «McnelTaTenbHbId IIEHTP HAHOTEXHOJIOTUH U
nepcneKkTuBHBIX Matepuanos»y UOM YpO PAH.
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YCTOMYUBOCTH MATHUTHBIX CKUPMHUOHOB B
CUHTETUYECKUX AHTU®EPPOMAT'HETUKAX

ITorknna M.H., Jlo6anos U.C., Y3aun B.M.

Ynusepcumem UTMO, Canxkm-Ilemepoype, Poccus
potkina.maria@yandex.ru.

MarnuTHble CKUPMHOHBI TPEACTABISAIOT COOOM  TOMOJIOTUYECKHU
YCTONYUBBIE CTPYKTYPbI, KOTOPBHIE B HACTOSIIIEE BPEMsI pacCCMaTPUBAIOTCS
KaK BO3MOKHbIE OWUTHI WMH(OpPMAIlMKM B HOBOM ITOKOJEHUM MarHUTHOM
namsTH [ 1]. Ilons pasmMarHnuMBaHus OKOJIO CKUPMHUOHOB YBEIIMUHUBAIOT UX
PAaBHOBECHBI pa3Me€p M MPUBOAIT K B3aUMOJICUCTBUIO  MEXKIY
OTIIETbHBIMU OWTaMHU, YTO SABJISIETCS HETraTUBHBIM 3¢ deKToM aid
npuioxeHuuid. Ilons pa3smMarHuyuMBaHUs MOTYT OBITh 3HAYUTEIHHO
YMEHBIIIEHBI, €CIU TOIMOJOTUYECKUE CTPYKTYpPbl HAXOJATCS B aHTU(EPPO-
(AD) unu beppUMarHUTHBIX MHOTOCIIONHBIX cucTeMax. B Takux cucremax
HAaHOPA3MEPHbIE MArHUTHBIE CKUPMHOHBI OKA3AJIUCh CTAOWUJIbHBIMH JIaXKe
npu KomMHaTHOUM Temmeparype [2]. OmgHako OOHapy»KEeHHE IBYMEPHBIX
CKUpMUOHOB B AD cpenax, a Takke B (eppuMarHeTukax BOJU3H TOUYKU
KOMIIEHCAIIH SBJISIETCSl 00Jiee CIOXKHOM 3amaueid, yeM uX HaOJIoJeHUE B
®M crnoe. DTO CcTajno OJHOW HM3 MPUYMH HHTEPECAa K TOIMOJOTHYECKHUM
ctpyktypam B cuHTeTuueckux A® (CAD) [3]. Takas cucteMa cOCTOUT U3
JIBYX TOHKHUX IUIeHOK DM, pa3aeleHHBbIX CI0EM TSKEIOrO0 MeETasla.
TonmuHa HEMAarHUTHOTO CJIOA BbIOpaHa TakuM 00pa3oM, YTOOBI
obecnieunTh aHTU(HEPPOMATHUTHYIO OOMEHHYIO CBSI3b MEXKIY MAarHUTHBIMU
cinosiMu.  TsDKeNbId MeTa/ul C CHUJIBHOW CHUH-OpPOUTANIBHON CBS3BIO
WHIYUUAPYET B3aUMOAECUCTBUE J[3AT0MMHCKOTO-MOpHUsS B MarHUTHBIX
IJIEHKax. B pe3ynbrare B JBYX MAarHUTHBIX CJIOSIX MOTYT BO3HHKATh
KUPAIbHBIE TOMOJOTHYECKUE MArHUTHBIE CTPYKTYpPhI C MPOTHUBOIMOIOKHO
HanpaBJeHHbLIMA MarHUTHBIMH MOMeHTaMu. B pabote [4] coobmianock 00
HKCIEPUMEHTAIbBHOM HAOJIFOJEHUU CKUPMHUOHOB pa3MepoM 0kojio 10 HM B
CA® npu komHaTtHOW Temmeparype. JlanHas paboTra mMoOCBsAIEHA
TEOPETUYECKOMY UCCIEAOBAHUIO BIIMSIHUS BHEIITHETO MAarHUTHOTO TIOJISI HA
YCTOMYMBOCTh CKMPMHUOHOB B TakoW cHucTeMe. MexaHu3Mbl pacnaja
CKHPMHOHHBIX CTPYKTYp M DJHEpPrus aKTUBAIlMM TaKUX IPOLECCOB
U3y4ajach B paMKax TEOPUHU NEPEXOJIHOTO COCTOSAHUS HAa OCHOBE aHaIU3a
MHOTOMEPHOM HHEPreTUYECKOM MOBEPXHOCTH CHUCTEMbl U TMOCTPOCHHUS
nyTel ¢ MUHUMAJIbHBIM MEPENAOM SHEPTUU MEXKIY COOTBETCTBYIOUIUMHU
coctosHusiMu  [5]. IlokazaHo, 4To HaubOoJiee BEPOSTHBIM MEXaHU3M
KOJUIalica CKUPMUOHHBIX TMap MPOXOJUT Yepe3 HECUMMETPUUYHOE
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COCTOSIHUE CO CKUPMHOHOM B OJHOM cioe. Paccumrana sHeprus
aKTHUBAIMU JJI TAKOTO Ipoliecca. 3HaHuE MOP(OJIOTMU IHEPreTUYECKOn
NOBEPXHOCTH BOJIM3M JIOKAJIbHBIX MHUHUMYMOB U CEMJIOBOM TOYKHU
MO3BOJIMJIO TAK)KE PACCUUTATh IPEIIKCIIOHEHIUANbHBIA (PAKTOP B 3aKOHE
AppeHnyca g 4acTOThl pacmaja CKUpMHOHAa. B pesynbpraTe ObLIO
II0OKa3aHO, YTO IIPY YBEIMYEHUM BHEIIHEr0 MarHUTHOro nois ot 0 mo 30
M1 sHEprUs akTHUBaLMKU pacnaja CKupMuoHa Bo3pacraeT ot 900 m3B 1o
1100 mM»B, 4ro pmaer yBelIMYEHHME BPEMEHM JKU3HM CKHPMHOHA C
HECKOJBKUX MUHYT JJO HECKOJIbKUX JHEUN MpU KOMHATHOM TeMIieparype.

HCCJ’IGI[OBaHI/Ie BBIIIOJIHCHO 34 CUCT TI'paHTa Poccuiickoro Hay4YHOT'O
dorma Ne  22-72-00059, https://rscf.ru/project/22-72-00059/Ommoka!
HempomycTumblii 00beKT rHNEPCChUIKH.
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BJIUSIHUE UHTEHCUBHOM IJIACTUYECKOU
NTE®OPMAIIMA HA CTPYKTYPY Y CBOMCTBA
KOMITIO3UTOB HA OCHOBE CILJIABA Al-Fe,
APMUPOBAHHBIX MAJIBIMU TJOBABKAMU 'PA®EHA

Pacmocuenxko JI. 10." ,bpojioBa ur.t, MapKI/IHA.A.l,
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AJIOMOMAaTPUYHBIE KOMITO3UTBI OTHOCSITCSI K IEPCIIEKTUBHOMY KJIACCY
KOHCTPYKIIMOHHBIX MAaT€PHAJIOB, TOCKOJIbKY, C OJTHOW CTOPOHBI, 00JIaJatl0T
JY4YIIUMU CBOMCTBAMHU aJIIOMUHUEBBIX CIUIAaBOB, C JAPYrod CTOPOHBI,
apMUPOBAHHUE PA3TUYHBIMU HAMOJHUTEISIMUA JIOTOJHUTEIBHO MOBBIIIAET
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MIPOYHOCTHBIE CBOMCTBA M YJy4IIaeT >KapOMPOYHOCTH Marepuaiga, TeM
CaMbIM 3HAYUTEIBHO pacmupsis 00JIacTH MPUMEHEHHs] MaTepHaliOB Ha
ocHOBe antoMuHMs. Cpelld allFOMUHUEBBIX KOMIIO3UTOB OTJEIBHO MOXHO
BBIJICJIUTh MAaTePUAIIbI C YIIIEPOJOCOAEpKAIIUMH 100aBKaMH, TAKUMH Kak
yIIEpOJHbIE HAHOTPYOKH, TUIGHKH TpadeHa, TMOCKOJIbKY IOMHUMO
MOBBIIICHUS] MEXaHUYECKUX CBOMCTB: YJIETbHON MPOYHOCTH, TBEPIOCTH,
M3HOCOCTOMKOCTH — TaKXKe OXKHUJaeTCs u BO3pacTaHUE
AJIEKTPONPOBOJHOCTH.

B Hacrosiee BpeMsi AByMSI OCHOBHBIMH CIOCOOAMU H3TOTOBJICHUS
ATIOMOMATPUYHBIX ~ KOMIIO3UTOB  SIBJISIIOTCA ~ METOJ  TBEPAOCILIABHOU
00pabOTKU MO TEXHOJOTUM MOPOUIKOBOM METAUTypPTUU U >KUJIKOCTHOU
meroa. OO0a Meroga HMMEIOT CBOM CYIIECTBEHHBIE OrPAHUYECHHUS W
HefocTaTku. [lepCreKTUBHBIM METOJOM TOJYYEHHS altOMOMATPUYHBIX
KOMITO3UTOB,  TIO3BOJISIONIMM  YCTPAaHWTh  JaHHBIE  HEIOCTATKH
KOMIO3UIIMOHHBIX MaTepUalIOB, SIBIISIETCS pa3paboTaHHbINA paHee [1, 2] u
UCTIOJIb3YEMbI B JIAaHHOH paboTe MeToa cHuHTe3a rpadeHa in  Situ
HEIMOCPEICTBEHHO B PACILJIABIICHHOUN allOMUHUEBOUM MaTpHIIE.

B pamkax mpoBEAEHHOTO WCCIENIOBAHUS M3YyYE€Hbl CTPYKTypa U
CBOMCTBa JINTHIX U JeopMUpoBaHHbIX ciiaBa Al-2.5 Fe u koMmo3uToB Ha
ero ocHoBe ¢ 0.06 u 0.1 (Bec. %) conmepxanuem rpadena. B kauectse
OCHOBHOro MeroAa jAedopmaiuu B Hameil padoTe HCHOJb30BaNIOCh
KpyueHue noji BbicokuM aasiienreM (KB/) va 5 u 10 060poToB.

[IpoBeieHHBIM CpPaBHUTEIBbHBIA AHAIN3 MAaKPOCTPYKTYPBI CIMTKOB
CIUTaBa ¥ KOMIIO3WUTOB TIOKAa3aJl, YTO apMHUPOBAHHE ATIOMHUHHS TrpadeHOM
MEHSET XapakTep KPUCTALTN3AIMU. B oTinune oT 30HAIbHOW CTPYKTYPHI,
OPUCYIIEH JINTOMY aTIOMUHUIO, CIIMTOK KOMIIO3UTa UMEET PaBHOMEPHYIO
CTPYKTYpPY, chopMHpOBaHHYIO Moim3ApudeckumMu 3épHamu Al-TBEp0T0
pactBopa. IIpu 3ToM rpaden He okazbiBaeT MoaubuIupyromero dgdexra
Ha 3€PEHHYIO CTPYKTYpy: IMAaMETP PAaBHOOCHBIX 3epeH cocrasiser 400-
600 MkM. PaBHOMEpPHOCTH CTPYKTYpbl KOMIIO3WUTA, IO-BUAMUMOMY,
oOycnoBiieHa 00Jiee BBICOKOW TEIJIONMPOBOJHOCTBIO paciulaBa KOMITO3UTA
3a cu€t no0aBku rpadeHa. Tem He MeHee, 100aBku rpadeHa HE MPUBOIST
K H3MEHEHHIO OOBEMHOW JOJM, TIUIOTHOCTH paclpeleseHus B
NPOCTPAHCTBE, pa3MepoB u Mopdosoruu AcHaputoB Al-TBEpaoro
pactBopa, oBTektuku ((Al) + AliFe;) u mepBHUYHBIX  KPUCTAILIOB
amroMuHUIA xenesa AljsFe,.

B mpouecce KBJl dopmupyercs J0CTaTOYHO  OJHOPOJHAS
CyOMHUKPOKPHUCTAINIMYECKAS] CTPYKTYpa, COCTOSINAS U3 3€PEH pa3MepaMu
or 90 mo 450 HM. BOJBIIMHCTBO 3€pEH XapaKTepU3YIOTCS OJMU3KOU K
paBHOOCHOW  QopMoOil U  pa3lielieHbl MPEUMYIECTBEHHO  BechbMa
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COBEPIICHHBIMU  NPSIMOJUHEUHBIMU  OOJNBIICYTJIOBBIMA  TPAHUIAMH.
[ToMmuMo (parMeHTaMM 3€pEHHOM CTPYKTYpbl MPOUCXOAUT APOOJICHHE
IBTCKTUYCCKUX W TEPBUYHBIX KPUCTALIOB amtoMuHUIoB AljsFe, m ux
nedopMaMOHHO-UHIYIIMPOBAHHOE  pacTBOpEHHE C  0oOpa3oBaHUEM
IIepeChIIeHHOro pacTBopa Fe B Al.

OO6pazoBaHre CyOMUKPOKPHUCTAJUIMUECKON CTPYKTYPhI CIIOCOOCTBYET
NOBBIIICHUIO TBEPAOCTU A€POPMHUPOBAHHBIX KOMIIO3UTOB B 4 pa3a
YAEIBHOIO YJEIBbHOIO 3JIEKTpoconpoTuBieHus B 1.9 pa3. M3MeHeHue
CBOMCTB CBSI3aHO C ()OPMUPOBAHUEM BBICOKOJIEPEKTHON MUKPOCTPYKTYPHI
U 00pa3oBaHUEM IEPECHIICHHOT0 TBepaAoro pactesopa Fe B Al. Taxxke
YCTaHOBJIEHO, 4TO MHUKpojoOaBka rpadenHa B 0.1 Bec. % moBbIIIaET
YACIbHYIO 3JEKTPONPOBOJHOCTh KOMIIO3MTA, Kak B JIMTOM, TaK H
nehopMUPOBAHHOM COCTOSIHUSIX.

Pabota BbIMOJHEHA B  paMKax T[OCYJAapCTBEHHOTO  3aJaHUs
MUHOBPHAVYKMU Poccun, rema «Ctpykrypay, Ne 122021000033-2.
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KOTOPOM MOXKET MOTPeOOBaThCA MCIIOJIb30BAHNE 3HAHUM U3 Pa3HBIX
obmacteli (U3MKKM, HAa TIEPBBIA B3SO, BO3MOXXHO, HE HMEIOIIUX
HETIOCPEJICTBEHHOM CBsI3M C pemaemMor 3amaded. [Ipumepom Takou
CUCTEMBI SIBIIIETCS TMapaMeTpPUUECKUN yCWIHTENb Oerymieil BOJHBI
(ITYBB), XOTOpBIii MOXHO TPEACTaBUTh KaK IIEMOYKY CBSI3aHHBIX
ko3e(COHOBCKUX TepexosioB [1]. MHTepec mnpeacTaBisieT TeHepaus
V3JIy4Y€HUS, BOSHUKAIOIIETO B TAKOM CUCTEME MO ACHCTBUEM KOTEPEHTHOU
HAKa4yKy IMPU Pacrage MOJbl HAKAYKU Ha CUTHAJIBHYIO U XOJIOCTYHO MO/IBL.
[IpencraBuB I1YBB kak Meramarepuan — HEIUHEHHYIO CPENY, STOT
MPOIECC MOXKHO pacCMaTpUBaTh Kak KMHETHKY cOOCTBeHHBIX Moj [TYBB,
B3aMMOJICUCTBYIOMMNX MEXAy coOoi Omaromapss HenuHewHocTu. s
TaKOro OMNHUCaHUs YIOOHO  BOCHOJB30BAThCS  TEOPETUKO-TIOJIEBBIM
noAXo0/IoM Ha ocHoBe TexHHKH llIBuHrepa-Kennpima. BaxxHbIM MOMEHTOM
SIBISIETCSI HEOOXOJAMMOCTh MPUHSATh BO BHUMAHHUE HAIMUHUE AHOMAJIbHBIX
CPEOHUX I 3aCEIEHHOCTENM MO, KOTOPBIE, KAK OKa3bIBACTCS, UTPAIOT
KJIIFOYEBYIO DPOJb. IIOCKONBKY Takhe aHOMAJbHBIE CPEAHUE OTPAXKAIOT
CBSI3b MEXJy COOTBETCTBYIOIIMMHU CHUTHAJIBHBIMU U XOJIOCTBIMU MOJIAMH,
yA00HO BOCIOJIB30BaThCs Ujee npeacrabienus HamOy, KoTopasi UpoKo
UCIIOJIB3YETCS, B YaCTHOCTH, B paboTax Mo CBEPXIPOBOIUMOCTH.
[TosrydeHHbIE HAMM KBAaHTOBBIE KMHETUYECKUE YpaBHeHUs i [1YBB
UMEIOT OJHY MPUMEUYaTEIbHYI0 OCOOEHHOCTBH: B 3aBUCUMOCTU OT (DOPMBI
CIIEKTPa MOXET MEHATBCS XAPAKTEp HUX pEIIEHUS — TMpPU 3aMEHE
CyOJIMHEMTHOTO CHEKTpa CYMNEPJIMHEHHBIM CTENEHHOW POCT MOIIHOCTH
CT€HEPUPOBAHHOTO W3JIyYECHUsS CTAHOBUTCS JKCHOHCHIMAIBHBIM. Tak
BO3HUKaeT 3ajnada cosaanusi [IYBB co cnekrpom, obOecneuuBaromum
PEXKUM JKCIOHEHUWAIBHOW TEHEpaluu HU3nydeHus. s pemeHus 3tou
3a7a4d MOXKHO paccMorpeTrh [IYBB ¢ uyepenyrommmuca mnapamerpamMu
TK03e()COHOBCKMX TepexoqoB. Mcmonb3yst cBepxmpoBoasimue (asbl
rapameTpa nopsijika, MOKHO JIETKO 3alMCcaTh KJIACCUYECKHM JIarpaH)KHUaH.
Jns mocTpoeHusi AuAarpaMMHOW TEXHUKHM HaM HEOOXOJMMO KBAaHTOBOE
MpEJCTABIICHUE JIarpaH>KUaHa, JIJIsl BBIBOJIa KOTOPOTO HEOOXOIUMO CIiepBa
BBIBECTH KJIACCUYECKHM FaMWIbTOHHAH, BOCIIOJIb30BABIINCH 3HAHUSIMH U3
TEOPETUYECKON MEXAaHWKH, M 3aT€M €ro IPOKBAaHTOBAaTh. B creKTpe,
MOJIyYEHHOM TIpY BBIBOJE FaMUJIbTOHAHA, OyAYT JABE MOJbI — 3BYKOBas U
ontuueckas. s paOoThl ¢ HUMHU YIOOHO BOCIOJIB30BAaTHCA UIEIMU
Teopun TBepaoro tena u paccmorpers [IYBB kak cBepxpemerky. [Ipu
ATOM BO3HHMKAET PaCIIUPEHHAs 30Ha bprilIto3Ha O MIEIbI0 MOCEPEANHE.
Jns  Takoro ciyyags Mbl HCCICAOBAIM  XAPAKTEP PELICHUS
KUHETUYECKUX YPABHEHUM JJIs 3aCEIIEHHOCTH MOA. MBI 1TOKa3aiu, 4To Mpu
ONPEACIEHHBIX MapaMeTpax CHCTEMbI M YacTOTaX HAKAaYKW BO3HUKAET
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PEKHUM SKCIIOHEHIUAIBHOW Te€Hepaluu. BO3HUKHOBEHHE TaKOTO pEXUMA
MOXHO PacCMaTpUBATh KaK KBAHTOBBIM CHEKTPAJIbHBIN (ha30BbIN MEPEexXO/]
[2], ynpaBisOIMM HapaMeTpoM KOTOPOro ABJISETCA 4YaCTOTa HAKAYKH, a B
Ka4yeCTBE IMapaMeTrpa MOopsJKa MOXKHO pPacCMOTPETh NPOU3BOAHYIO II0
YaCTOT€ HAKAYKA OT 4YacTOThl, HAa KOTOPOM MOIIHOCTh TE€HEpaluuu
MakcumaibHa. CyTh AaHHOrO (Pa3oBOTO IMepexoja 3aKII0YaeTcsl MPexe
BCETO B HU3MEHEHHM BHJA CIEKTpa TEHEPUPYEMOTO W3IYUYCHHS: NPHU
YaCcTOTaX HAKAYKW HUKE KPUTUUECKOU MAKCUMYM MOIIHOCTH JTOCTUTAETCA
BOJMM3M 4YacTOThl HAKAuKWA, a IMPU YaCTOTAX BBINIE KPUTUUECKOMN
IPOMCXOJUT CHATHUE BBIPOXKACHUS M YACTOTa MAaKCMMyMa MOIIHOCTHU
M3JIy4YEHUsI M 4acTOTa HAKayKU CYILECTBEHHO pasinuyarorcs. Kpome Toro,
BO BTOPOM CJIy4ae MOIIHOCTh U3JIyYCHUS YBEIMUYMBACTCS Ha MOPSAKU I10
CpPaBHEHHUIO C TEpPBBIM ciiydaeMm. Takum o00Opa3oMm, B paccMaTpuBaeMou
3a7lau€ TIOJIE3HOM OKAa3bIBaeTCsl TEOpUsS HEPABHOBECHBIX  (Pa30BBIX
MEPEX0JI0B, KOTOPasi AKTUBHO UCCIEAYETCA MOCIEAHEE BPEMS.

Takxke CTOUT yOMSIHYTh TOAXOAbl U3 KBAHTOBOM ONTUKH, UCIIOIB3YsI
KOTOpBIE MOXHO M3y4aTb KBAHTOBBIE CBOMCTBAa CrE€HEPUPOBAHHOTO
V3JIy4YEHUs, B YACTHOCTH CXKATHE.

Tak, 3HaHUS U METOJbI pa3HbIX oOJacTed (U3HUKHU, TOMOJHSS APYT
Jpyra, TO3BOJSIOT TOJYYUTh OINMCAHWE M TIOHUMaHue (PU3MUECKUX
nporeccoB, mpoucxonamux B [TYBB.
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MerannypruueckuM  pacijlaBaMyd  Ha3bIBalOT METAUIMYECKUE U
OKCHUJIHbIE (IIJTAKOBBIE) CUCTEMBbI, TMPUBEJCHHBIC B MKHUJKOE COCTOSHUE
MyTEM HEKOTOPOT'O BBICOKOTEMIIEPATypPHOTO Ipoliecca (Kak IMPaBUIO —
IJIABJIEHUST B XOJ¢ HarpeBa). M3ydeHHWe CBOWCTB METALTYPrUYECKUX
pacIiaBOB UTpaeT OOJIBIIYIO POJIb B IPOIECCE HM3TOTOBJICHUS TBEPABIX
MaTepuagoB MU MPOTHO3UPOBAHWU HX CBOMCTB. B YacTHOCTH, 3HAaHUE
TPAHCIIOPTHBIX XAPAKTEPUCTUK PACIUIABOB, TAKUX KaK BSI3KOCTh WU
ko3 urmentsl aubQy3un, SBISIOTCS HEOOXOIUMBIM I TEXHOJOTHHU
METAJLTYPTrUUECKUX MPOIECCOB MOJyYEHUS MaTEPUATIOB.

HanexxHoe  SKCIIEpUMEHTAJIBLHOE  OMNPEACIICHWE  TPAHCIOPTHBIX
XapaKTEPUCTUK METALTYPrUYECKUX PACIIABOB SIBJISIETCS CI0KHOM 3a71auei
B CHJIy BBICOKHX TeMIIepaTyp IUIaBjieHUs. B CBs3u ¢ 3TUM 0COOyI0 pOJIb
IpUOOpETAIOT METOIbI aTOMHUCTHUYECKOTO KOMITBIOTEPHOTO
MOJIETUPOBAHUS, KOTOpBIE MO3BOJISIIOT paccuuTarh J00bIe
XapaKTepPUCTUKU aTOMHOTO TPAHCIOPTA UCXOJs U3 TPACKTOPHUI YACTHII.
KiroueBoit mpo0OsieMoit 3TOro mojaxojia SBJISIETCSI COOTHOIIEHHUE TOYHOCTH
U BBIUUCIUTENIBHOUN 3 PekTUBHOCTH. JIeNCTBUTENBHO, TEPBONPUHIIUITHBIE
KBAaHTOBO-MEXaHUYECKHE  METOJbI, KOTOpPhIE  OO0Jagal0T  BBICOKOM
TOYHOCTBIO, TIO3BOJISIIOT HM3Yy4aTh CHUCTEMBI, COCTOSIIIAE BCETO JIMIIL M3
COTEH YaCTHI] HA BpEMEHaxX MOPsAJIKa JECATKOB MUKOCEKYH/, YTO SBJISETCS
HEJIOCTAaTOYHBIM JIJI1 pacyeTa TPaHCIOPTHBIX CBOMCTB. C Ipyroil CTOPOHBI,
METOJIbI  KJIACCHYECKOM  MOJIEKYJISIPHOM  JIUHAMUKH  TO3BOJISIIOT
momemupoBath cucrembl u3 10°-10° aToMOB Ha BpeMeHaxX BILIOTH IO
MUKPOCEKYH/I. OJHAKO TOYHOCTh KJIACCUYECKOTO MOEIMPOBAHUS OYEHBb
CWJIBHO OrpaHu4YeHa HEOOXOJMMOCTBIO HCIOIb30BAHUS SMIIUPUYECKUX
MEXYACTUYHBIX TMOTEHIIUAJIOB, KOTOPhIE BO MHOTHX CIydasx HECIIOCOOHBI
aJICKBaTHO  aIPOKCUMHUPOBATH  CIIOKHBIM ~ XapakTep  MEXaTOMHOTO
B3aUMOJICMCTBUSI B CJIOXKHBIX CHUCTEMax (HApUMep, MHOTOKOMIIOHEHTHBIX
pacIuiaBoB). 9TO 0COOEHHO aKTyalIbHO MPHU PacuyeTe TPAHCHOPTHBIX CBOWCTB,
KOTOpBIE OYEHb UyBCTBUTEIHHBI K TOYHOCTH OMUCAHUS MEKATOMHBIX CHIL

B mnocnenHue rojbl MOSIBWICA MOAXOM, TMO3BOJSIONMN 3(h(EKTUBHO
pelaTh yKazaHHyro rnpooisiemy [1,2]. OH 0OCHOBaH Ha UCIOJIb30BAaHUN METO/I0B
MaIIMHHOTO OOYYeHHUs JUIsl TEHEPUPOBAHMS TOTEHITMAIOB MEXAaTOMHOTO
B3aumozericteus (MLIP — Machine Learning Interatomic Potentials).
OcHOBHasi uWIEesd Takoro TMOAXO0Ja — aNlpOKCUMHPOBATH IOBEPXHOCTh
MOTEHIIMAIbHON HEPIUM CUCTEMBI C ITOMOIIBI0 HEKOTOPOM MHOTOYACTUYHOM
(GyHKITMH 00IIIEero BUa UCTIONB3Ys pedepeHcHbIe ab initio 3naueHwsI.

Pacuer TpaHCHOPTHBIX CBOWCTB MHUJKOCTEH SABJISIETCA OJHUM U3
IIEPCIIEKTUBHBIX TPUJIIOKEHUN MOJEIupoBaHuss Ha ocHoBe MLIP. B
MOCJHEAHUE TOJbl B 3TOM HAMNpPAaBICHUU MOJYYEHBl MHOTOOOENIAIOIINe
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pesynbratel [3,4]. Bmecte ¢ Tem, OBUIM BBISBICHBI HOBBIC TPOOJIEMBI,
peIlleHHe KOTOPBIX SBJISETCS HACTOSIIMM BBI30BOM JIJISi BBIYUCIUTEIIHLHOTO
MaTepuaaoBeeHns. OQHOM UX TaKUX MPOOJEM SBISETCS HEAOCTATOYHAS
TOYHOCTh CTaHAApTHHIX ab Initi0 MeTom0B, OCHOBAaHHBIX HAa TEOPHH
GyHKIIMOHAIA IUIOTHOCTH, JUISI OIHMCAHMS TPAHCIOPTHBIX CBOMCTB
HEKOTOPBIX paciuiaBoB. Jlpyroi mpoOieMoit SBISCTCS CIUIIKOM OOJIbIIHE
BpPEMEHA peJlaKCaIliH JIJIsl HEKOTOPBIX (HaIpUMep, OKCHUIHBIX) PacIlIaBOB,
KOTOpBIE JIETAI0T PacyeThl TPAHCIOPTHBIX CBOMCTB c¢ mnomomipio MLIP
YPE3BBIYANHO TPYTOCMKHMH.

B nmaHHO# paboTe mepedyrCIIEHHBIC BBIIIE BOIMPOCH U IPOOIEMBI
OyAyT pacCMOTpPEHBI [UII HECKOJBKHX CHCTEM, BaXKHBIX KaKk C
(byHIaMeHTaJIbHOM, TaK M ¢ IPHUKJIAJIHON Todek 3peHus: xuakux Ga u Bi,
meTamuaeckux paciuiaBoB Al-Cu-(Ni), crekmoobpa3yromux cruiaBoB Cu-
Zr u Si0,, a Taxxe cucrems! Fe-Cr-C.

HccnenoBanue BBIMOTHEHO TpU mojaaepkke rpanta PHD (Ne 22-22-
00506).
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Jns  CHWXKEHUST BEPOSTHOCTH  TMOTJIONMICHUS  YJIbTPAXOJIOIHBIX
HeiitponoB (YXH) wmarepuanoMm JoBymkw Obuto mpemioxkeno [1,2]
HCII0JIb30BaTh B KAUE€CTBE MOKPBITUSA KUJIKUN TN “He, KOTOPBI COBCEM
HE TIOIVIONIAET HEUTpPOHBL. JUIs yaep)KaHWsi TUIEHKH SKUJKOTO TeJus
tonmuHOoN He MeHeel00 HM Ha CTEHKax JOBYIIKH, ObUIO MPEHJIOKEHO
CO3/laTh Ha CTEHKE MCKYCCTBEHHYIO ImepoxoBaTocTh [2]. HamGomee
ONTUMAJILHBIM ~ SBJISIETCS  TPEYTOJbHBIM  (MUpaMHUAAIBHBIN) MPODHIIH
IEPOXOBATOCTH, OJTHAKO B BEPLIMHAX TPEYTOJILHUKOB TOJIIUHBI TE€IUEBOMN
IJIEHKU OKa3bIBAE€TCS HEAOCTOMHO 171 SKpanupoBanusi Y XH oT Mmarepuana
JIOBYIIKH.

JIns yBenu4eHus TONIIWHBI IJIEHKU BOJIU3M BEPIIHMH, MbI IIpeJjiaracmMm
[3] pacnionoxuTh Ha pacCTOSHUU L OT CTEHKH MCTOYHHK DJICKTPUUYCCKOTO
nonss ¢ Hanpsbkenuem V. Pemas ypaBHenue Jlammaca wmeToaom
KOH(GOPMHBIX  OTOOpaXEHUW, Mbl  TOJYYWUIM  BBIp@XKEHUE  JUISA

HaIIPAKCHHOCTHU BOIM3HU yria:
1

Eq (l\2 1 28
E(r =—(—> A=1+— 1

. (r) A\r T (1)
rne E, = —LO — HaIPSHKEHHOCTHh OJHOPOJHOTO IOJs, [p — JJIMHA OCHOBAaHHS

TPEYTOJBLHOTO BHICTYNA, hy — BBICOTA BBICTYIIA, f = arctan(2hg/lR).

PacueTsl moxkazanm, 49TO IS yAepKaHUS IUICHKH TOJIIUHOW d =
100 HM Ha TpEYroJbHBIX BEPIIMHAX IIEPOXOBATOCTU CTEHKU TpeOyeTcs
noanepxuBath noje E > 230 kB/cMm BOmm3u octpus. s JOByIIEK C
TPEYroJIbHBIMM  IIEPOXOBATOCTAMM Ha CTEHKAaX, OBLIO MPEI0KEHO
HECKOJIbKO BapUaHTOB KOHCTPYKIIMM S3JIEKTPOJIOB, U MOXHO MOJ00paTh
KOHCTPYKIHIO, 11 KOTOPOM AocTaTo4yHO HampspkeHus Vy ~ 1 kB mexny
ANEKTPOJAMH.

Mpl Takke mnpoBelu 0OOOIMIEHHBIM, MO cpaBHeHHUIO ¢ [4], pacuer
ckopoctu ympyroro paccesHus YXH Ha pumioHax —(KBaHTax
MMOBEPXHOCTHBIX BOJH). J[s HEHTpoHAa ¢ MOJHOW HAYaIbHOM HSHEPrui
Einit < Uy, Tne U, — ONTHYECKHN TMOTCHUUAI >XUIKOTO TeNus, NpHU
temneparype T = 0.01 K cpegnee 3HaueHHE CKOPOCTH paccesiHUA
Wpyp = 2.6 * 107° ¢71. Dro Gonpmre, yem nomyueno B [4] ans HEKHETO
KBAaHTOBOTO ypPOBHSI HEUTPOHA, HO TMO3BOJUT YBEIUYUTh TOYHOCTh

o T —
OIpeIeNIeHs BpEMEHH KU3HU HEUTPOHA T,, 10 —— ~ 1073,

Tpun
ITOCKOJIBKY TaKOW TOYHOCTH, TEOPETUYECKH, MOKHO JOCTHYL IIPH
OYCHb HHU3KUX TEMIICPATYypax, MBI TAaK¥XE HN3Yy4YUJIN BIINAHHUC
SJICKTPHUYCCKOT'O ITOJIA Ha 3aKOH JUCIICPCHUU PHILTIOHOB. 3a cYy€T MajocCTU
3HAYCHUA ﬂHBHCKTquCCKOﬁ INPOHHUIACMOCTH XKHUJIKOIro TICIINA (EHe =
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1.054) onHOponHOE MOJ€ MPAKTHUYECKH HE BHOCUT M3MEHEHHMH B 3aKOH
JIACTIEPCUH, B TO BpPeMsl KaK HEOJHOPOJHOE MOJE IMO3BOJSAECT YBEIHMYUTH
YacTOTy PHUIUIOHOB, YTO B CBOIO OYEpPEIb MOXKET CHU3UTH CKOPOCTH
Heynpyroro paccesuuss ¥ XH Ha TepMUUYECKU aKTUBUPOBAHHBIX PUILIOHAX
U YBEIUYUTHh TOYHOCTH ONPEACIICHUS BPEMEHU >XU3HH HEUTPOHA T,,.
OOcyxmaroTcst Jpyrue CrnocoObl YMEHBIIUTh CKOPOCTh HEYHPYroro
paccesnus Y XH na punnoHax.

HccnenoBanue mpoBoauiIoCch pu mojaepsxke rpanta PH® Ne 23-22-
00312.
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MOJAEJTAPOBAHUE ®PU3NYECKHUX CBOMCTB TOHKHUX
IJIEHOK LaNiO; BPAMKAX METOJA DFT+U

Caxaes [.A.", Jleonos 1.B.”
1HHcmumym ecmecmeeHHblx HayK u mamemamuxu, Yp@Y, 2.
Examepunbype
2HHcmumym Guzuxu memannos um. M.H. Muxeesa, UM YpO PAH, e.
Examepunbype
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B nHacrosiee BpeMs OOJbIION MpakTUYECKud W (yHIaMEHTaIbHbIN
WHTEpPEC MPEACTABISAET MHUKPOCKOIWYECKOE ONUCAHHE MEXaHH3MOB
GbOpMHUPOBAHUST aHOMAJBHBIX 3JICKTPOHHBIX, MAarHUTHBIX U PEIIETOYHBIX
CBOWCTB  TOBEPXHOCTEM M  TOHKUX  IUIEHOK CEpPUHA  CHIIBHO
KOPPEJIUPOBAHHBIX COCIMHEHUN HUKEIATOB C MEPOBCKUTHOU CTPYKTYpPOU
RNiO; (R* - wom pemxoit semmn) [1-3]. Mukpockommaeckoe
MOJIETMPOBAHUE CBOMCTB pa3JIMYHBIX THUIIOB TOBEPXHOCTEW JTAHHBIX
MaTepuaioB (C pa3MYHBIM THUIIOM OOpbIBa CBsi3€il HAa MOBEPXHOCTH,
NOJISIPHBIX W HEMOJSIPHBIX, W T.JI.) TakKe MO3BOJSIET W3y4arh A(PEKThI
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KBaHTOBOTO  OTPAaHWYCHHWsS] W  CBOWMCTBA HOBBIX  KBa3W-IBYMEPHBIX
AJIEKTPOHHBIX ¥ MATHUTHBIX (Da3, 9TO HEIOCTYITHO B OOBEMHBIX KpHUCTAIIIAX.
B nannoii padore, B pamkax o6o6menHoro meroga DFT+U [4,5] Ob1n
MIPOBEACH pacyeT 3JICKTPOHHOW CTPYKTYphl HEMAarHUTHOTO COCTOSHHSI
tonkux rieHok (001) LaNiO; na guanmexkrpuyeckoit mojioxke (001)
LaAlO;, ¢ moBepxHOCTBIO 0OOpe3anHO¥M Mo aroMapHomy ciioio NiO,.
DFT+U BeruuciaeHuss MpoBOAWIMCH s accuMeTrpudHoro cimida (001)
LaNiOs/LaAlOs, ¢ atomapsoii TommmHoi LaNiO; mmaenxku ~5.7A (1.5
staetikn LaNiOgz, coneprxamme nqa atoMHBIX cliost NiOy, yimokeHHBIX B ab
MJIOCKOCTH, epHeHauKyIapHo ocu Z). B DFT+U s naHHBIX coeTMHEHUI
OblJIa MPOBEJICHA pelaKcanus KPUCTALTNYECKOW PEIISTKH, UCCIIeI0BaIach
CTaOMJIBHOCTh HWCKaXCHHUS KPUCTAJUTMYECKON PEMISTKH I10 <(IbIIIalei
moze» B LaNiO; cioe, OblIH BBIYMCIICHBI PABHOBECHBIC ATOMHBIC ITO3HUIIUH
JUTSl pa3IMYHBIX THUIIOB MarHUTHOTO YMOPSIOYCHHSI MATHUTHBIX MOMEHTOB
111

noroB Ni: ms FM, AFM G-tumma u AFM ¢ BekTopom (5->). B pamkax

222
DFT+U pacueroB ObUT NMPOBENECH CPaBHUTEIbHBIM aHAIN3 3JICKTPOHHOM

CTPYKTYPBhl M1 MarHUTHBIX CBOWCTB JAHHBIX COCIUHCHHN JJIS Pa3IUYHBIX
TUIIOB YIOPSAAOYCHHS, aHAINU3 TOJIHBIX SHEPTrUil Pa3IMYHBIX MarHUTHBIX
pEIIEHNM, aHaldu3 PEIICHUM C HCKAKEHUEM PEHICTKH IO «IbIIIaIieh
MoOJie», TIPOBeJcH aHaau3 3¢ ¢deKTa KBAHTOBOTO OIPaHUYCHHUSA U IepeHoca
3apsiia, OpOMTAIbHOMN MOJSPU3ALIMN U 3aPsIIOBOr0 paccaoeHus HoHoB Ni.
B pamkax crpykrypHoii penakcanun LaNiOs/LaAlO; 8 DFT+U ms

111

AFM G-tuna u (53 3) ObUIO MOIYYEHO METATITUYECKOE PELIEHUE (TIPH 3TOM

MJIOTHOCTh COCTOSIHMK Ha ypoBHe DepMu Majia) C BOJHOM 3apsigoBOM
IUIOTHOCTH B uHTepdeiicHom (momnoepxHocTHOM) NiO, crnoe ¢
XapakTepHbIM BeKkTopoM pactnpoctpanenus (110). Ilpu stom DFT+U
pElIeHNnEe JTaeT XapaKTepHOE KOJUIEKTUBHOE MCKAKEHUE KPUCTAILUTUNYECKOM
pElIeTKH I0 «aplimameid Moxe» B uHTepdeiiciom NiO; cioe. na FM
LaNiO; crpykrypHas ontuMm3aius B pamkax DFT+U gaer orcyrcTBHe
3apsoBoro pacciaoenus woHoB Ni B tutockoctu ab, mpu 3ToM 3apsioBoe
paccioeHre  MEXIy  HOHaMH  HHKelnss B WHTEephElCHOM |
TEPMUHHUPOBAHHOM cioe cocraBiusger (.17 osnexkrpoHa. Bennuunna
pasmenenus 3apsaga ~0.1 smextpona mms AFM (332) u AFM G-tuma.
DFT+U pemenne mus FM LaNiOz/LaAlO; obmagaeT HauMeHbIIeH TOTHOM
SHEPTHEH, ¢ pa3HuIeH 3Heprun oTHOCUTEIbHO AFM G-Tuna ~30 Mm3B/Ni u
111

~52 m3B/Ni o cpaBaenuto ¢ AFM (==

2227°

PaboTa BeinosiHeHa npu noaaep:xkke rpanta PH® Ne 22-22-00926.
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CyniecTBEHHOE BIIMSIHUE HA MarHUTHBIE M TPAHCIOPTHBIE CBOMCTBA
ruopuaHbIXx cuctem cBepxnpoBoAHUK(C)/peppomarnetuk(®) oka3bIBatOT
cnuH-opoutanbubie (CO) »ddexTrl, Koria HMIYIbC JJEKTpOHA P

OKa3bIBAETCS CBA3AHHBIM CO CIIMHOM o . MccnenoBanue moJoOHbIX CUCTEM
MPEJCTABIISIET MHTEPEC KaK C TOUKU 3peHusl (DyHIaMEHTaJIbHOW HAyKH
(mouck MalOpaHOBCKHX dbepMHUOHOB 151 TOIOJIOTUYECKOU
CBEPXIIPOBOJAUMOCTH), TaK M M3-3a MOTECHIMAILHOW MPUMEHUMOCTH HUX B
WHTEpECcaxX CBEPXMPOBOJHUKOBOW CHUHTPOHUKH. J[Jis MIMPOKOro Kiacca
CBEPXMPOBOSIINX CTPYKTYp C IUlaHapHOM reomerpuei mpuumHo CO
sddekroB cimykutr B3ammojeiictBue Pamobl Vg [NxP]- o, Bo3HHKaOIIEE
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Ha CO® wunHTepdeiice Takux CTPYKTYp U3-3a HAPYIICHUS WHBEPCHOMN
cumMmetpuu [1]. 3meck N- 3T0 eMMHUYHBIA BEKTOP BIOJb HAIpPABICHUS, B
KOTOPOM HApyII€Ha CUMMETPUsS OTHOCHUTEIBHO IIPOCTPAHCTBEHHOU
UHBEpCUU, ©¢ - Bekrop Marpul Ilaymu, a Vg - XapakrepHas CKOPOCTb

PamoOsl, onpenensromas koHctanty CO-cBsi3u ap = AV . B coueranuu c

oOMenHbM mojieM h (mmm sddexrom 3eemana) CO B3auMOAEHCTBHUE
dbopmupyer CBEPXITPOBOSIIEE COCTOSIHUE co CIUpaIbHOU
(renukonmanbHOM) (ha30BOM MOMyNSIHEH [2], AT KOTOPOTro XapakTEepPHO
HaJU4Yue KYNEPOBCKUX IMap C HEHYJEBBIM CYMMAapHbIM HUMIMYJbCOM (| B

HampaBieHun [oxn]. B pamkax QeHOMEHOJOTHUEeCKUX MOAeen

coBMecTHOe BiusHHEe SO  B3aUMOACHCTBUA W OOMEHHOrO  MOJIs
onuckiBaercss B (pyHkumoHane ['mH30ypra-Jlanmay crnaraeMbIM BHjaa

[Nnxh](Vy) l//* (vaBapuanT Jludmmia), KOTOpoe MPOMOPIHOHAIBHO
TPaIUEHTy CBEPXIIPOBOJIAIIECTO apaMeTpa nopsaka i [3]. B ogHopoaHbIX
IUTAHAPHBIX cUcTeMaxX (OPMHUPOBAHUE TEITUKOUIAIBHOTO COCTOSIHHSI,
OJTHAKO, HE MPUBOJNT K TEHEPAIIMH B CHCTEME CIIOHTAHHOTO CBEPXTOKA.

B noknane paccMOTpeHBI TPUMEPHI TOHKOTUIEHOYHBIX C®D CTpyKTYp ¢
apekToM OIM30CTHU, B KOTOPHIX (DeppOMarHeTUK WHAYIUPYET OOMEHHOE
1oJie TOJABKO B OrPpaHWYCHHOW 0O0JacTH CBEpPXMNpPOBOJHHMKA [4].
dopMupoBaHUE B IJICHKE CBEPXIPOBOIHNKA HEOJHOPOIHOTO B TNIOCKOCTH
TeIMKOUAAIBHOTO  COCTOSIHHUSI ~ COMPOBOXKAACTCS  BO3HHUKHOBEHHEM
CIIOHTAaHHOTO CBEPXTOKA, aMIUIUTYa W PACIPECICHIE KOTOPOTO 3aBUCST
kak oT cwibl CO B3auMOJEWUCTBUS, TaK U OT CTPYKTYpPbl M BEIMYUHBI
oOMeHHOTO ToJs. M3ydeHbl yciaoBusi (OPMUPOBAHMS B TAKUX CTPYKTYypax
BUXPEBBIX COCTOSHUHM, HHIYIIUPOBAHHBIX CIIOHTAaHHBIM TOKOM, M BIIUSHHUE
MarHUTOKHPaIbHBIX A((PEKTOB Ha HKO3e()COHOBCKUH TPAHCIOPT B
TUTAHAPHBIX THOPUIHBIX CHCTEMaX CO CJIA0OBIMH CBSI3SIMH.

PabGora BbeimonHeHa npu (uHaHcoBoil moanepxkke PH® B pamkax
mpoekTa Ne 20-12-00053.
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JINHAMHUKA ®YHKIUU BUT'HEPA C I'PAHUYHbBIMHA
YCJIOBUAMU ITPEACTABJIEHHAS B BUJIE CBEPTKH

Ceunos C. ct
‘mury «MUCuCy», Mocksa 119049, Poccus
alikseidov@yandex.ru

dopmanu3M KBAHTOBOM MeEXaHMKM B (ha30BOM IIPOCTPAHCTBE
MPEJIOJaraeT ONMCaHUE KBAHTOBBIX CUCTEM C MOMOIIBI) BEIIECTBEHHBIX
dbyukuii, a He omeparopoB [1-3]. [laHHble (yHKIUM OMNpEJEICHbI Ha
($ha30BOM IPOCTPAHCTBE CUCTEMBI U CBSI3aHbI C KBAHTOBOMEXAHWYECKUMHU
oriepaTopaMu IipeoOpa3oBaHueM Beiins, Ha3bIBalOTCsS CMMBOJIaMu Beins
[4]. Tak, nnsa omepatopa A ero cumBon Beiins ects (B 0OJHOMEpHOM
ciydae)

1 . A
A(x,p) =5 fe‘py<x—%|/l|x+%> dy.

CocTossHME KBAaHTOBOM CHCTEMBI B JTOM IIOAXOJE OIPEIAEIAETCS
cUMBOJIOM Beiinst Marpuipl miioTHocTH p — ¢yHknuer Buraepa. Ecim
KBaHTOBOE COCTOSIHHE YHCTOE, TO ecTh P = |Y) (Y|, PyHkuuro Buraepa
MOYHO 3aMucaTh Kak

y

1 . . y
W(x,p) = o je‘m’lp (x —i)lp(x +§) dy.
Junamuka ¢yHkiuu Buraepa onpenensercs: ypaBHeHHEM Mosiis
W=i{{HW}}=i(H xW —W % H),
rne H — cumMmBon Belnga ramMmwibTOHHMAaHa, CHMBOJIOM * 0003HA4YEHO
npousBesieHne Mosuis:

[ e e
A(x,p) * B(x,p) = A(x,p)ez* %»~% B (x,p).
J{1s1 cBOOOAHOM YaCTHIIBI C MacCoOl m

: p d
W(x,p,t) = —EEW(x,p, t).

B pabote paccmoTpeHa 3amada 00 OTpaKeHUU OJTHOMEPHOM YaCTHUIIbI
OT HEMPOHUIIAEMOW CTEHKH, a 3aTeM e€ pelleHue 00O0OIIEHO Ha Ciydaid

-129 -



MHOTOMEPHOW MOTCHIIMATBHON MBI TPOM3BONIGHON (opmel.  Ecniu
MOTCHIMAbHAS SHEprHs OeckoHewHa npu X < 0 u paBHa HyJtO ipu X > 0,
T0 (yHKuus BurHepa YacTHIbl IO/DKHA YIOBJIETBOPSTH TPAHHYHOMY
ycaosuto W(x < 0,p,t) = 0. BomHOBYIO (YHKIHIO YaCTHIBI MOXHO
npeacraButh kak Y(x,t) = @(x,t)0(x), roe @(x,t) npou3BOIbHAS
¢yukus Takas, 4to @(0,t) = 0 u O(x) — ¢yskuus Xesucaiaa.
[Toxcrasisist B onpeenicHre GyHKIMKA BUraepa moayyuM €€ B BHJIE

W(x,p,t) =% feipygo*(x—%,t)<p(x+%,t)9(x—%)9(x+%) dy.

WuTerpan Beilie ecTh mpeoOpazoBaHue Dypbe MPOU3BEICHHUS, €0
MO>KHO MPEJCTaBUTh KaK CBEPTKY MpeodpazoBanuit @ypre. B vactHOCTH,

Weow) = Flo (x=2) o (x+2)] F[o(x- D)o (x +2)]

[lepBbiii uneH 310 ¢yHkUa Burnepa cBoOOHON YacTHUIIbI, a BTOPOM
— Hes3aBucsmas ot BpemeHu (GyHkuus. To ectb, QyHkuuio Burnepa
OTPaXArOWIENCsT OT CTEHKM YacTUIbl yAAJIOCh IPEICTaBUTh, KaK CBEPTKY
dbyukiuun Burhepa cBoOOJHOW dYacTHUIIBI C HEKOTOpPOM (PyHKIHEH,
ONPENCISAIOLIECHCS  TPAaHUYHBIMU  YCIIOBUSMMU. O6oOmeHue  Ha
MHOTOMEPHBIN Cilydyail U TMOTEHIUAIbHYIO MYy MNPOU3BOIBHBIN (HOPMBI
MPOU3BOAUTCS  BBIOOPOM  HajJexamed (QyHKIUU, ONpeaestoneit
TPAaHUYHBIE YCIOBUS.

PaGora BbimosHeHa mipu (¢GuHAHCOBOW moaaepxkke [IporpamMmbl
CTpaTernueckoro axkajaemuueckoro juaepcrBa "lIpuoputer-2030" (rpanT
HUTY «MHUCuC» Ne K2-2022-025).
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HPUMEHEHHUE AJITOPUTMOB U METOAOB MAHIMHHOT'O
ObBYYEHWS U151 UICCIEJOBAHUS TUHAMUKHA
CAMOCBOPKH KOJUVIONJAHOU MAT'KOU MATEPUN

Cumkun 1. B. ", [ITupokosa A.A. L2 Hparyn M.A. g Kproukos H.IIL. g
JInGer I1.A. 1, KOpuenko C.O. 1, Skosies E.B.!
YMITY um. H.O. baymana, yn. 2-a baymaunckas, 0.5, Mockea, Poccus
ZHCDB,ZZ PAH, Kanyacckoe w., 0.14, Mockea, Poccus
vanyasimkin@gmail.com

Komnouanas msarkast MaTepus — 3TO (PU3HUECKHUE CUCTEMBI, KOTOPHIE
NPEJCTABISIOT COOOM  YacTUIBl pa3MeEpPOM OT HAHOMETPOB  JIO
MUKPOMETPOB, HA3bIBAEMbIX KOJJIOMJAMU, JUCIIEPTUPOBAHHBIX B CPEJE,
Ha3bIBAEMOM COJIbBEHTOM. [loMerias KOJUIOMAHBIE CUCTEMBI BO BHEIIIHEE
YIIPaBJISIONIEE T10JIe, HAIPUMEP, B JIEKTPUUYECKOE, MArHUTHOE, CBETOBOE
IR0 IrpaBUTALIMOHHOE, MOYHO YIIPaBJISTh MEKYaCTUYHBIM
B3auMoJierictBueM [1]. Takum oO6pa3oM, yripaBiisieMast KOJIOUAHAS MSTKAs
Marepusi  CIY>KUT MOJICIbHOM CUCTEMOW i1 TMOHHMMAaHUS, Kak
paBHOBECHOTO (ha30BOTO MOBEJICHUS: Ta3, )KUAKOCTh, TBEPA0E TeJo [2], Tak
U HEPABHOBECHBIX (ha30BBIX IMEPEXOJO0B: reaeco0pa30BaHUE, CTEKJIOBAHUE
[3], a Takke poiib 3 (PEKTUBHBIX B3aUMOJACHCTBUM B CHCTEMaX MHOTHUX TeEJ
[4], KOTOpBIE MOTYT OBITH NMPUMEHEHBI K aTOMAapHBIM, MOJICKYJISIPHBIM U
OMOJIOTHYECKUM cHcTeMaM [5].

OOmielt 4epToi BCEX ATUX CHUCTEM SBISETCS TO, 4YTO Tpedyercs
pa3paboTKa IOAXOJOB M METOJOB IIOCT-O0paOOTKH Il OILEHKH UX
bU3NYECKUX XapaKTepUCTUK. Tak, COBpEeMEHHbIE METOJbl 00pPabOTKH
MO3BOJISIIOT U3y4aTh MapaMeTpbl My3bIpeid B MUKPOQIIOUIHBIX YuIiax [6], B
Oouopeakrtopax [7], a Takke CTPYKTypHbIE MapamMeTpbl U (a3oBbIe
MpEeBpalieHus] B KOJUJIOMJHBIX CHUCTEMaxX MHMKPOYACTHUI[ BO BHEIIHUX
YIPaBJISAIONIUX TOMAX [8].

AKTyalbHON 00JacCThIO HCCIIEIOBaHUS B 00JacTH KOJUIOWIHOU
MSATKOM MaTepuu SIBJISETCS M3y4eHHE KUHETHMKH caMOCOOpKH U (Da30BBIX
MpEBpAILCHUT B MSTKOW MaTepu MPHU TOMEIICHUHM HX BO BHEIIHUE
TpexXMepHbIe ynpaBisomue nons [9]. HccnemoBanus Takux CHCTEM
OTKPOIOT MyTh ISl pa3paboTku Metoja 3D mpuHTHHra, s CO3JaHUs
HOBBIX (DYHKIIMOHAJBHBIX 1 OMOCOBMECTUMBIX MaTEPUAIOB.
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B nanno#i paboTe moka3aHO MPUMEHEHUE pPa3padOTaHHBIX METOJOB,
OCHOBAaHHBIX Ha HEMPOCETEBHIX MOAXOJaX, JIJISI UCCIEAOBAHUS CaMOCOOPKHU
B CHCTEME KOJUIOMJHBIX YaCTHUI[ MUKPOHHBIX pa3MEPOB, MOMEIICHHBIX B
TpEXMEPHBIE MOJISL.

[Ipy yBeIMYEHUM MATHUTYABl B3aUMOJICUCTBUSI B TaKOW CHCTEME
YacTHUIbl BBICTPAUBAIOTCS B BEPTUKAIbHBIE CTPYKTYphl BAOJIb ocu Z
(BEKTOp MHAYKIIMM MAarHUTHOTO HaIpaByieH BJI0Jb ocu Z). Pa3paboTaHHbIi
QITOPUTM TIO3BOJIMI OTCIEAUTh TPEK KaKIOW YaCTHUIIhI, BBIMICAIICH U3
doxyca kamepbl, GopMHUPYS CTPYHKY, U BRIUUCIUTH KOJTUYECTBO YACTHUII B
00pa30BaHHOM BEPTUKAJIBHOM CTPYKType. bbUIO yCTaHOBJIEHO, YTO
pacrpezielieHe Mo JJIMHAM B JIAaHHOW CHCTEME HOCHUT DKCIIOHEHIUATbHBIN
Xapaxrep.

N3yyeHne KOJJIOMAHBIX CHUCTEM, MOMEIIEHHBIX BO BHEIIHHE MOJS C
TPEXMEPHBIM TOJOTPa(OM YHIPABISIFOMIETO TOJSI, MMOMHUMO TPYIHOCTH,
oOecrieueHrss OTHOPOTHOCTH TIOJISI, CBSI3aHO CO CIIOKHOCTBIO PETUCTPAIlUU
YacTHI[ NMPHU BHUACOPUKCAIIMU CUCTeMBbI B miockocTu XY. B oTiauuue ot
PETUCTPAIMM YaCTHI] TOJBKO B BEPTHUKAIBHBIX TOJSAX, B TPEXMEPHBIX
MOJISIX HEOOXOIMMO OTCJICKUBATh MOJIOKEHUE, KaK B TNIOCKOCTH XY, TakK U
BJIOJIb ocu Z. J{ns 3Toro Obuta 00ydeHa HEMpOHHAS CeTh U pa3pabOTaHbI
MakeTbl 00pabOTKH, TTO3BOJISIONIAS JETEKTHPOBATh YacThll B 00beMe XY Z
Y TIPOBOJIUTH TPEKUHT.

Takum oOpa3om, B pabore ObUT pa3pabOTaH U OTJIAXKEH
POTPAaMMHBIN TMAaKET [JIs PACIO3HAHUS KOJUIOMAHBIX MHUKPOYACTHI] B
TpeXMEpHBIX MOJsAx. Pa3zpaboTaHHBIi TakeT OBUT TMPUMEHEH K BHIIEO
MUKpPOYACTHUI[ BO BHEIIHEM BEPTUKAJIHPHOM MArHAUTHOM Tiojie W Oblla
BIIEpBbIE TMOJydyeHa (pa3oBas AuarpaMma, a Takke ObUT MOJydYeH
kodppunment auddy3un YacTuil moaucTuposia pasmepom 10 MKM B
BOJHOM pacTBOpE TIIMIIEpHHA 0€3 yIpaBiIsieMbIX B3aUMOJICUCTBUH.

PaGoTa Beimmonnena npu noggepxkke ['panra PH® Ne 22-72-10128 na
0aze MI'TY um. H.O. baymana.
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BJIMSIHUE KOPPEJISIHUMOHHBIX DOPEKTOB HA
PEUHIETOIIHI)IE, CIIEKTPAJIBHBIE U MAT'HUTHBIE
CBOMCTBA CBEPXITPOBOJAHUKA HA OCHOBE KEJ/IE3A
YFe,Ge,

Cxkopnskos C. H.l’z, Anncumos B. U.1?
1HHcmumym Guzuxu memannos umenu M.H. Muxeesa Ypanvckoeo
omoenenusi PAH,
®Vpansckuii ghedepanvubiii ynusepcumem umeny nepeozo Ipesudenma
Poccuu b.H. Envyuna
skornyakov@imp.uran.ru

CBepXnpoBOISIIIME CUCTEMBI HA OCHOBE >KeJie3a HAXOJSTCS B LIEHTPE
BHUMaHHs IIUPOKOro Kpyra wucciegosareneid [1]. MHorue cBoiicTBa
COCMHEHUM JTaHHOTO Kjacca SBJISIOTCS KpailHe HEOOBIYHBIMHM JIaKe B
HOPMAJbHOM COCTOSSHUM W HE HaxoAsIT OOBSICHEHUS B paMKax
CTaHJAPTHBIX TEOPETUYECKUX U BBIUUCIHUTEIBHBIX MOJAX0J0B, OCHOBAHHBIX
Ha TEOpUM (PYHKIMOHAIA 3JIEKTPOHHOW IJIOTHOCTU. B 3TOM CBsi3u yder
KYJIOHOBCKUX KOPPEIALMOHHBIX 3((HEKTOB MPEACTABISIETCS HEOOXOAMMBIM
U BAKHBIM T8  OOBSCHEHHUS  MHUKPOCKONMYECKHMX  MEXAHU3MOB
dbopMUpOBaHUS PsiJia SIEKTPOHHBIX, MATHUTHBIX U PEIIETOYHBIX aHOMAJIAN
B JIaHHBIX BeIlleCTBax [2].

JIoCcTaTOYHO JOJr0 BCE H3BECTHBIE CBEPXIPOBOJAHUKH HA OCHOBE
kKejeza ObUIM  MPEACTABICHbl MHUKTUJIAMU WU XaJIbKOT€HHJIAMU,
00beAMHEHHBIMU HAJTMYMEM B KpHCTaJLIMUeckoi cTpykType Fe-As (Fe-Se,
Fe-Te) cmoeB. Cucrema YFe,Ge, sBisiercs mNepBbIM M YHHKAJIbHBIM
MPUMEPOM CBEPXIIPOBOJHMKA HAa OCHOBE KE€Ji€3a, HE MMEIOIIETO B CBOEM
COCTaB€ MHUKTHUIHOTO 3JIEMEHTA WJIM XaJbKOreHa [3].

B nmannoit pabore, ucnonb3ys noaxoa DFT+DMFT, o0benunstomuii
Teopun QyHKIMoHaNa 31ekTpoHHoU mioTHOoCcTH (DFT) u nunamuueckoro
cpeadero mnojs (DMFT), Obl10 BBIMOJHEHO WCCIENOBaHUE BIUSHUS
KYJIOHOBCKUX  KOPPEJSIIIUOHHBIX  A(PGEeKTOB  HA  CTPYKTYpPHBIE,
CHEKTpaJIbHbIC 1 MarHUTHBIE CBOMCTBA HOpMaIbHOTO cocTosHUS Y Fe,Ge;.
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Ha mepBoM »3Tame B paMKax MOJEIM BCECTOPOHHETO PACUIMPECHUS U
cokatus ObUla MPOM3BEACHA ONTUMH3ALUS 00bEMa DJIEMEHTAPHOU sSTUeHKU
YFe,Ge, (TerparoHambHas CTPyKTypa, TMPOCTPAHCTBEHHAs TPYIIa
[4/mmm) 1 xoopauHATBI aTOMa TePMaHUS Zge. Y CTAHOBJICHO, YTO Y4YET
KoppensaiuoHHblx  3ddexkroB B moaxoae DFT+DMFT  mosBossieT
CYHIECTBEHHO  YyJIYUIIWTh COTJIACME  PACCUUTAHHBIX  CTPYKTYPHBIX
napameTpoB YFe,Ge, ¢ 3KCIEpUMEHTOM IO CPaBHEHUIO C PE3YJIbTaTOM,
noimyyaembiM  MetogoM DFT. Jlamee, Ha OCHOBaHMM PacyETOB
CIEKTPaJIbHBIX CBOWCTB OBLT CelaH BRIBOI O ToM, 4TO Y Fe,Ge; sBusercs
YMEPEHHO-KOPPEIUPOBAHHON CHCTEMOM. 2710 MPOSIBJISIETCS B
CYILIECTBEHHOM IEPEHOPMHUPOBAHUU 30HHOM CTPYKTYpPBl B OKPECTHOCTH
sHeprun PepMH M OTCYTCTBHH JIOKAJIW3AlMM CIEKTPAIBHOTO BECa B
xa00apI0BCKUX 30Hax. BbUIO MoOKa3aHoO, YTO CABUTM U TIEPEHOPMUPOBKU
30H, OOYCIIOBJIEHHbIE OPOUTAIBHOW 3aBHUCHUMOCTBIO KOPPEISIMOHHBIX
3(PEeKTOB, 3HAUUTEIIHHO YIYUIIIAIOT COIJIACUE PACCUUTAHHON MOBEPXHOCTH
@epMu ¢ AaHHBIMU (OTOIMUCCHOHHOM CHEKTPOCKOMUU C YIJIOBBIM
paspelieHueM U pe3yJbTaTaMy SKCIIEPUMEHTOB 10 HaboaeHno g dexra
ne ['aaza — Ban Anb(dena [4]. B 3akimrouuTenbHON 4acTH pabOThI OBLI
MPOMU3BEIEH pacueT U aHAIN3 3aBUCUMOCTH CHMHOBOW BOCIHPUUMYHUBOCTH
OT BOJIHOBOT'O BEKTOPA, & TAKXKE JIOKAIbHON CIMHOBOW KOPPEISLIMOHHON
GyHKIIMK, KOTOpBIM yKazadl Ha (OPMHUpPOBAHUE KOPOTKOKUBYIIIUX
JOKAIbHBIX MOMEHTOB B 3d COCTOSIHMAX C CHUMMETpUEH tpg, a
Tak)k€ Ha TMPUCYTCTBUE KOHKYPUPYIOIIUX  (PEPPOMArHUTHBIX U
aHTU(PEPPOMATHUTHBIX CIHUHOBBIX KOPPEJAILMI, YTO COrjacyercs ¢
HKCIEPUMEHTAIBHBIMU JAHHBIMH [5].

Pabora BhImoJiHEHA TipU nojjiepxkke Poccuiickoro HaydyHOro (oHa
(ITpoext Ne 19-12-00012).
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AHTU®EPPOMATHETHUKHU RB;, C IH-TEJUVIEPOBCKOU
CTPYKTYPHOH HEYCTOMYUBOCTHIO U DJIEKTPOHHBIM
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Ciyuanko H.E.
HUnemumym Ooweti Quzuxu um. A. M. Ilpoxoposa PAH, Mockea, Poccus
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B nokiiane mpencTaBieHO COBPEMEHHOE COCTOSTHUE HWCCIIEIOBAHUMN
peaKo3eMeNbHBIX goaekadopumoB RBi, (R- Ho, Er, Tm, Yb u Lu) u
TBEPJIBIX PACTBOPOB 3aMENIEHHWS HAa MX OCHOBE C CHJIbHBIMHU
ANEKTPOHHBIMH  KOPPEIALMSIMA U  aHTU(DEPPOMArHUTHHIM OCHOBHBIM
COCTOSIHUEM, B KOTOPBIX OJIHOBPEMEHHO AaKTHUBHBIMU OKAa3bIBAIOTCS
3apsI0BbIE, CIMHOBBIE, OPOUTANBHBIE U PEIIETOYHBIE CTETIEHH CBOOO/IBI.
[TokazaHo, 4yTO aHOMalibHBIE CBOMCTBa coeaumHeHud RB;, 00ycnoBieHs
pa3BUTHEM KOOTEPATUBHOM JWHAMHYECKOW sH-TeuiepoBckoi  (AT)
HEYCTOWYMBOCTH KOBAJEHTHOW mojapemeTku Oopa, mpudem AT-adpdext
OoOyCIOBIUBAET cmamuyeckue CTPYKTYpHbIE UCKaXeHUs OOpHOro
KOBaJICHTHOTO Kapkaca v noHmxkenue cummerpun ['IIK kpucrannmueckoit
crpyktypbl [1]. CxoppemupoBanubsie AT Ounamuueckue WCKaKESHUS
kyOookTasapoB  Bj, (ferrodistortive effect) sBastorcs npuyuHON
BO3HMKHOBEHHMSI KOJUIEKTUBHBIX MOJ B ONTHYECKMX crekTtpax RBi, u
KBa3WJIOKaIbHBIX KojieOanmii (rattling modes) tsokenbix P3 moHOB, uTO
BBI3BIBAET MOJYJISILIMIO 3JIEKTPOHHOM IUIOTHOCTH 30HBI MPOBOJWMOCTH U
MPUBOJIUT K MOSIBICHUIO TOJIOC JUMHAMHYECKOTO 3apsiia (CTpalIioB) B 3TUX
CHJILHO KOPPETMPOBAHHBIX JICKTPOHHBIX CHCTeMax [2].

PaccmarpuBaeTcss  MeXaHU3M, OTBETCTBEHHBIM 3a  IOSIBJICHUE
JTUHAMUYECKUX 3apS0BBIX CTPaWIoOB, U poJib 3((PEKTOB 3JIEKTPOHHOTO
¢dazoBoro paccioeHuss B BO3HUKHOBEHHWM aHOMAJIbHBIX CBOMCTB B
HEMarHuTHOM penepHoM coenuHeHun LuBj;, u anTtudeppomarneruxax
(A®D) RBy; (R- Ho, Er u Tm) u Tmy,Yb,B1,, B KOTOpBIX HaOII01aETCS
OOJBIIIOE KOJMYECTBO PA3IMYHBIX MArHUTHBIX (a3 U Pa30BbIX MEPEXOI0B
Mexay Humu. IlpuBogstcs mnpumepbl aHu3oTponHbix AD (Da3zoBbix
nuarpaMMm B (opMe «MaJbTUHCKOTO KpecTtay u «0abouku» (cMm. puc.l),
obcyxnatTcs npupoja noaasieHus PKKIM oOmeHHOro B3auMoJieicTBUS,
CIUH-TIOJSIPOHHBIE 3(PPEKTh U (PopMHUPOBaHUE BOJIH CHUHOBOW MJIOTHOCTH
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(BCII), koHKypeHLHSI MEXIy KOTOPbIMU OOYCJIOBJIMBAET W3MEHEHUE
XapakTepa MarHUTHOM aHWU30TPONHUH BIOJb psina RBi, u mpu 3amemennn
Tm wmwa Yb B  Tmy,YbByp [3-6]. Beimonwen  ananus
MarHeTOCONPOTUBIEHUsI B aHTU(peppoMarHeTukax RBi,, mo3BonuBImii
YCTaHOBUTH PEKUMBI paccesiHus HOCHUTEJIEeH 3apsa B
MarautoynopsigoueHHoi ¢ase. IlpencraBiaensr 3D (H-0-¢) MarmuTHBIC
(dazoBbie nuarpamMmmbl coequHeHuit HoB1y, ErBi; 1 TmBys.

H (kOe
go 1 (kOe)

60
40

20—

Puc.1. Aan3oTponusi MarHeTOCONMPOTHUBIICHHS] U MarHUTHBIE (pa3oBbie H-¢
auarpaMMbl B GopMe «MaJbTUMCKOTo Kpecta» st HoBq, (neBas maHens)
u «babouku» nna ErB;, (mpaBas manenn) mpu 7=2 K B IIIOCKOCTH
H//(110). IIBerom moka3aHa amruintyaa 3¢ dekra, pUMCKUMH IudpamMu
0003HauEHbI PA3IMYHbIC MATHUTHBIE (Pa3bl.

HccnenoBanue BBINOJHEHO MpU (PMHAHCOBOM MOJJAEpPKKE TIpaHTa
PH® Ne 22-22-00243.
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MATHETOTPAHCIIOPT B TPEXMEPHBIX
TOHNOJOI'MYECKHUX U30JISATOPAX HA OCHOBE
XAJIBKOTEHUJ10B BUCMYTA U CYPbMbI

Cremuua H.IL.", Baxenos A.O.", [Tymuna A.C2 KyHnuesuu AJOZ
Knumosa E.C.S, Kox K.A.S, TepemieHko O.E.!, Knanos E.C.},
%011(931X0) ,Z[.B.l, Ppi6un M. I'.°
Luor co PAH, 630090, Hosocubupck, Poccus
2 OTH um Hopgpe, 194021, Canxm-Ilemepbype, Poccus
SUrM co PAH, 630090 Hosocubupck, Poccus
*OUAH um Jlebeoesa, 119991 Mockea, Poccus
"HOD um IIpoxoposa, 119991 Mockea, Poccus
nstepina@mail.ru

[IpoBeaeHO UCCieI0BaHKE MAarHETOCONIPOTURIIEHUS U 3P dekTa Xoa
B mieHkax JaByx- (BS) wu  derslpex-kommnonentHoro (BSTS)
TOMOJIOTHYECKOTO H30JISITOpa HAa OCHOBE XaJIbKOI€HUIOB BHUCMYyTa H
cypbMbl. [IneHKH BBIpaIeHbl ¢ MOMOIIBIO (DU3UIECKOTO OCAKACHUS U3
ra3oBoH (ha3bl U MOJIEKYJISIPHO-TYYIEBOM SMUTAKCUN HA MOJIOKKAX CITIOJIBI,
kpemuus Si(111) u CVD - rpadene, nepeneceHHOM Ha 10 I0KKY Si/SiO;.
[TokazaHo, 9TO HECMOTPS Ha TO, YTO B TPOBOIUMOCTH JIBYXKOMITOHEHTHBIX
ieHok Bi,Se;, BhIpaiieHHBIX Ha rpadeHe, TOMHHHPYET BKIIaJ oO0beMma,
marHetoconpoTtuBieHue (MC) omnpenensieTcss Kak OOBEMHBIMHU, TaK H
MOBEPXHOCTHBIMU COCTOSIHUSIMU. BKJ1aJ TOMOIOTHYECKUX TTOBEPXHOCTHBIX
cocrossHul  cTpykTyphl Si/SiOy/rpaden/TU  nposiBisercs B 3ddekre
cinaboit antunokanuzanuu (CAJID). Ilpu yMeHbIIEHUN TONMIIUHBI TIJIEHKU OT
50 no 20 mm mpoucxomut mepexon oT 3Ppdexkra CAJl, TunuuHou s
TPAHCIIOPTa YEPE3 IMOBEPXHOCTHBIE COCTOAHUS TpexmepHoro TU, k
s dekTy crnadoi JoKaIu3aIuu.

Ha mnnenkax BSTS, BbIpamieHHBIX Ha KpeMHUH, OOHApPYKEHO
nosioxuTenbHoe MC, KOTopoe He HachIllaeTcsl BIUIOTh 10 nojed 12 T u
BEJIMYMHA KOTOPOTO B MAJIBIX IMOJSX MPEBBIMIAET TEOPETUUECKUE 3HAUCHUS
st CAJL. Beicoko-nmoneBasg yacte MC cnabo 4yBCTBHUTENBHA K
HAIPaBJICHUI0O MAarHUTHOTO TIOJSI W MOXET OBITh OMHCaHAa C YYETOM
AJIEKTPOH-3JICKTPOHHOTO  B3aUMOJCHCTBUSA, KOTOPOE€ W3MEHSETCS B
MarHMTHOM TMoJie 3a cueT 3(Ppdexra 3eeMaHa u3-3a JOCTATOUYHO OOJIBIIMX
3HauYeHUM g-hakTopa sl TAKUX TICHOK.

[TompoOuplit ananmu3 3¢ddekra Xomwta mokaszana, 4To KodPHUIIUEHT
Xomia HEMOHOTOHEH M CHJIBHO MEHSIETCS B CJla0bIX MOJSAX, MPUYEM
BEJIMYMHA €ro HEJIMHEHHOCTH 3aBUCUT OT KOHIIEHTPAIIMM HOCHUTENeH
3apsga u  jgocturaer 10-20% B oOpasnax C HU3KOM  AJIEKTPOHHOU

- 138 -



IJIOTHOCTBIO. D(PGHEKT MPaKTUUECKH HE 3aBHUCUT OT TEMIEPATYyPhl BILIOTH
1o 20 K. [nsa coBmectHoro onucanus MC u addekra Xoia mpeaioxeHa
MOJie]lb, OCHOBAaHHAasi Ha OTKPBITUU IIEIM B JIUPAKOBCKOM CIIEKTpE
MOBEPXHOCTHBIX  COCTOSHMM 3a  cuer dddekra 3eemaHa
COOTBETCTBYIOIIIEM TepepaciupeeieHud TPAHCIOPTHBIX MOTOKOB. ITOT
MexaHu3M coBMecTHO C 3¢dexkrom CAJl U 3IEKTPOH-3JIEKTPOHHOTO
B3aMMOJICHCTBUS TIO3BOJISIET KAYECTBEHHO OOBSCHUTH HAOIIOaeMBbIe
AKCIEPUMEHTAIbHBIE 3P(DEKTHI.

Ac (107 'S

R, (Omh/T)

2 9 6 3 0 3 6 9 12B(

Puc.1. MarueroconpoTtusienue (a) u kodddunrent Xoma (b) gus BSTS
TUTCHKH.

PaGota  BbImoJsiHEHa Mpu (UHAHCOBOW  MOJAEpKKe MUHUCTEPCTBA

HayKd W BbIcmiero oOpaszoBanus Poccuiickoit @eneparuu (rpant NeQ75-
15-2020-797 (13.1902.21.0024)).

YTO BBIBAET ITOCJIE BUIIHEBKHA?
Crpensuos C. B.
HUnemumym gusuxu memannos umenu M.H. Muxeesa Ypanvcrozo
omoenenus PAH

streltsov.s@gmail.com

B nokmage OynyT oOCyXHaTrbecsl pe3ysbTaTbl HECKOJBKUX padoT,
KOTOpbIE€ BO3HUKIIHU TMOCIE IJIOJOTBOPHBIX HAYYHBIX JAMCKYCCUW B TIOC.
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BumneBka r. Coun BO BpeMmsi npoBeneHusi koHdepenuuit “IlpoGrembr
(bU3UKY TBEPJIOTO Teja U BBICOKUX JaBieHuit” [1,2].

WccnenoBanue BbINOIHEHO TpU nojaepxkke rpanta PHO (Ne 23-42-
00069)
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CIIMH-OPBUTAJIBHOE PACIHIEIIVIEHUE
B HUBKOCUMMETPUYHBIX KBAHTOBBIX AMAX

Tapacenko C. A.
OTU um. A.D. Hogpgpe, Canxm-Ilemepbype
tarasenko@coherent.ioffe.ru

CnuH-opOUTAIBHOE ~ B3aMMOJECHCTBHE B MOJYNPOBOJHUKOBBIX
CTPYKTypax 0e3 LIEHTpa UHBEPCUU MPHUBOJUT K CIIMHOBOMY PaCUICIIIIEHUIO
AJIIEKTPOHHBIX W JBIPOYHBIX MOJ30H JaXe B HYJEBOM MAarHUTHOM IIOJIE.
XO0poIIo U3BECTHBIMU BKJIAJIaMH B TAKOE€ PACILEIJICHUE SBJIIOTCS BKJIAJIbI
Pam6r1 u Jpeccenbxaysa, 00yCIOBIEHHBIE COOTBETCTBEHHO CTPYKTYPHOM
1 00bEMHON aCUMMETPHUEH.

B noknane oOcyxmaercs ¢puznKa JTUHEHHOTO 1O BOJTHOBOMY BEKTOPY
K cnuH-OpOMTANBPHOTO  pACIICTUICHHUS JJIEKTPOHHBIX H  JTBIPOYHBIX
COCTOSIHMM B JIBYMEpPHBIX CHCTEMax Ha OCHOBE IOJIYIPOBOJHHKOBBIX
KBaHTOBBIX M. [loka3aHO, 4TO B KBAaHTOBBIX SMaX, BBIPAIICHHBIX BIOJIb
HU3KOCUMMETPUYHBIX KPUCTAUIOIPA(QUUECKUX HANPABICHUM, HMeEeTCs
JOTIOJIHUTEIBHBIN, TOMUMO BkJIaa0B PambOsl u Jlpeccenbxaysa, BKIaj B
raMWwIbTOHMAH CHUH-OpOUTabHOTO pacuieruienus [1]. Bomee Ttoro, B
IIMPOKOM JIMAala30HE€ MapaMeTpoOB 3TOT BKJIAJ SIBJISETCS OCHOBHBIM U
OIpenessieT JIMHEHHOe Mo K pacIiernyieHre MOA30HbI TSKEIBIX JTBIPOK B
KBaHTOBBIX IMaX Ha OCHOBE NOJyIpoBOIHUKOB |11-V.

OOcyxaeTcs TakKe TOHKAs CTPYKTypa JIBYMEPHBIX IUPAKOBCKUX
cocrosHnii B kBaHTOBBIX smax HgTe/CdHgTe BOmm3um mnepexona
«TOMOJIOTUYECKUNA H30JIITOP — TPUBHAIBHBINA H30JATOp». [l0Ka3aHo, 4TO
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oObeMHasi, uWHTepdelcHasT WU CTPYKTypHas acUMMETpPUsS CHUMAaeT
BBIPOXKJIEHNE TUPAKOBCKUX COCTOSHUN. B KBAaHTOBBIX sSIMaxX KPUTHYECKOM
TOJIIMHBI BBl BBIPOXKJACHHBIH KOHyC J[lupaka pacuierisieTcss Ha
HEBBIPOKJICHHBIE KOHYCHI Beilns, a mosjoxeHue Todek Beiins 3aBUCHUT OT
KpUCTALIOTPadUIECKON OPUEHTAIIMA KBAHTOBOMW SIMBI.

Pa6ota BeimonHeHa npu noaaepskke PH® (rpant 22-12-00211).
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NHAYIHUPOBAHHOE YIIPYT'UMU HAIIPSKEHUAMUNU
MU3MEHEHUME ITOJIAPUSAIIUA ®OTOOIMUTUPOBAHHBIX
QJIEKTPOHOB U3 MYJIbTUIIEJTOYHOI'O ®OTOKATOA

Kycros I[.A.l, Pyceukuii B.C.l, ["'onsgmoB B.A.l, Tepemenxo O.E.!
HU®DII CO PAH, Hosocubupck, 630090, np. Ax. Jlaspenmvesa, 13
an. nouma: teresh@isp.nsc.ru

HecMoTpst HA OTHOCUTENIBHO OJTYI0 UCTOPUIO PA3BUTUS UCTOUHUKOB
CIIUH-TIOJISIPU30BAHHBIX 3JIEKTPOHOB (0KOJI0 50 J1eT) BOCTPEOOBAHHOCTH B
MOMCKE HOBBIX U COBEPIICHCTBOBAHUMU W3BECTHBIX MCTOYHHUKOB OCTAETCS
aktyanbHOU. Co3/lanre BHICOKOAI(P(HEKTUBHBIX U CTAOMIBHBIX UCTOUHUKOB
CIUH-TIOJIIPU30BAHHBIX DJEKTPOHOB HEOOXOAMMO [UJISi YCKOPHUTENeH u
KOJUTAIEpOB HOBOIO TIOKOJICHUS (HampuMep, 3JIEKTPOH-TIO3UTPOHHBIM
kojanaep Cynep-uapm-tay ¢adpuka (CapoB, HoBocubupck)), a Takxke
METO/IOB JIEKTPOHHON MUKPOCKOIIUU U CIIEKTPOCKOIIHH.

OKCIMEPUMEHTAILHO U TEOPETHUYECKH HaMu ObUIO MOKAa3aHO, YTO
dorokaron Ha ocHoBe Na,KSb aemMoHcTpupyeT odeHb CXO0XHE CIHH-
3aBUCHMBIE ONTUYECKUE U (POTOIMUCCUOHHBIE CBOMCTBA C TEMU, KOTOPHIE
Haomogatotes g GaAs [1]. Xopomio u3BecTtHo, yTo B MaTepuanax I11-V
creneHb kpyroBoil mnomspuzanuu (DOCP) noMuHeCUEHIIMM U CHHUH-
MOJIIPU30BAHHON ~ AJIEKTPOHHOM  DMHUCCUU  sBJsieTCS  (PyHKUUEH
nedopmanuu  kpuctamia. B pabore cpaBHUBaeTcs TeMIlepaTypHas
3aucuMocth DOCP nannbix dotomomunectiennnu (OJI) ¢ uamepeHHom
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CIIMHOBOM TOJISIPU3AIKEH 3JIEKTPOHOB MPHU HMCMIOJIB30BaHUU (POTOKATOIOB
Na,KSb B kauectBe (POTOIMUTTEPOB C OTPHULIATEIIBHBIM CPOJACTBOM K
aekTpony. Jlepopmarus B miuenke Na,KSb cospmaBanack pasHuielr B
ko3 dunmentax TterioBoro pacmmpeHuss Na,KSb u  crexnsaHHOM
nognoxku. Haumbas ¢ 23% DOCP ®JI u 40-50% mnonspuzauuu
AJIEKTPOHOB  MpPH  KOMHATHOM  TeMIeparype,  HHAYLHPOBAHHOE
TEeMITepaTypor CKUMAIOIIEe HAMPSHKEHNE CHAadala MMPUBOIUIIO K MaSHUTO
noJsipu3alvu A0 HyJis npu temmeparype okoimo 90 K, a 3arem 1o
OTpULATEIbHBIX 3HadeHuH mnoisgpu3amuu DI (-33%). B pabore
00CYKIaI0TCs MEXaHU3MBbI pelaKcaluu cruHa B porokaroae Na,KSDb.

Jluteparypa
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BJUSAHUE KYJOHOBCKHUX KOPPEJISIIIUA HA
3JEKTPOHHYIO CTPYKTYPY U MATHUTHBIE CBOMCTBA
CuCo,S,: PACUETHBI B PAMKAX INIOAXOJA DFT+DMFT

Tpudbonos N.O. - 2, Cxkopnsikos C.JI. L2 , Aancumos B.1. L2
! Hncmumym uszurxu memannos umenu M.H. Muxeesa Ypanvckozco
omoenenus PAH
2 Vpansckuii hedepanvhbiil yHueepcumen
trifonov@imp.uran.ru

CBepXMnpoBOIMMOCTh B COEIMHEHUSAX KOOaIbTa HAOJI0IaeTCsl KpaHe
pelnKo. Honroe BpeMsi €IMHCTBEHHBIM MPE/ICTaBUTEIIEM
CBEPXIIPOBOJHUKOB HAa  OCHOBE  KoOainbTa  cuuTajgach CUCTEMa
Nap35C00;,:-1.3H,0. Peanuzamus CBEepXIPOBOIAIIETO COCTOSHUS B
CTEXHOMETPUUYECKOM COCTaBE CTPYKTYypHO Osm3koro coenuHeHmss CuCo,S,
OocTaBajlach IOJI BOMPOCOM, XOTsI OOJBIION O0OBEM SKCIEPUMEHTATBHBIX
JAHHBIX YKa3blBAJI HA CBEPXIIPOBOJMMOCTh HECTEXMOMETPUUYECKUX
MOJIMKPUCTALTNYECKUX 00pa3iioB. HemaBHUE n3MepeHUs] TPAHCIIOPTHBIX U
MarHuTHBIX ~ CBOMCTB  HOBOro TokojieHuss kKpuctaioB  CuCo,S,
3apEerucTpUpOBaIN CBEpXIpoBoasdimui nepexon npu Tc =4,2 K [1]. Beuny
OTCYTCTBUSI KOHCEHCYCAa OTHOCHUTEIBHO MeEXaHu3Ma (POpMUPOBAHUS
KYIIEPOBCKHUX TIap B COCIUHEHHSIX C HOMHHAIBHBIM cocTaBoM CuCo,S, u
HaJIMYKS JTAHHBIX O BAXXHOCTH KYJOHOBCKUX KOppensuuil [2], MHTEpEC
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IPEACTABIISIET MCCIENOBAHUE BIUSHUA KOPPEISLUMOHHBIX 3(PPEeKTOB Ha
3JIEKTPOHHYIO CTPYKTYpY ¥ MarHuTHBIE cBoMcTBa CuCo,3S,.

a) 6)
AN . y DFT+DMFT

o~

Energy (eV)

T — R R i TR v

) ” N

Puc.1. a) CpaBnenue crnektpanbHoil ¢yHkuU coeauHeHus CuCo,S,,
paccuuranHort MetogoM DFT+DMFT miis BBICOKOCUMMETPUYHBIX HAIPABICHUN
B 30H€¢ bpuiitosHa (KOHTYpPBI), ¢ 30HHOM CTPYKTYpOM, MOJIYYEHHOW METOIOM
DFT (nmysktupusie nunuu). 0) Jlucter moBepxHoctn Depmu  CuCo,S,,
nosryueHHsle Merogamu DFT+DMFT (Bepxuuii psin) u DFT (HyoxHMI pan).

B nanHo#t paGoTe ObUIM MPOM3BEACHBI PACUETHl CHEKTPAIbHBIX U
MarHuTHeIX cBOMCTB CuCo0,S; meromom DFT+DMEFT, 00beauHsIOmMMIM
Teoputo (yHKIUOHana »siaekTpoHHo 1oTHOCTH (DFT) um  Tteopuro
JTUHAMHUYECKOTO CPEIHEro I0Jisd KOppeaupoBaHHBIX 3JIeKTpoHOB (DMFT).
brio mokazano, uto crnektpanbabie GyHKIHH CuCo,S,, paccuuThiBacMbIe
kak B pamkax DFT, tak u B DFT+DMFT, umerotr kauecTBEHHO OJIM3KYIO
dbopMy, COOTBETCTBYIOT METAJUTY M XapaKTEPU3YIOTCS IMIHUPOKUM IMUKOM Ha
ypoBHe DepMHU, NPEUMYIIECTBEHHO OOYCIOBJIEHHBIM BkiIagamu 3d
opouraneii Co ty; cUMMETpHUH. YCTaHOBJIEHO, YTO YYET KYJIOHOBCKHUX
KOppelsiiuid He NPUBOJUT K TMEPEHOCY CIEKTPaJIbHOrO Beca U3
okpecTHOCTU sHeprun depmu B XaO0ApPJOBCKHE 30HBI M MOXXET OBITh
OMUCAaH MACIITA0HBIM TPEOOPA30BAHHEM  CIEKTpPaIbHOM  (DYHKIIUH,
nonyueHHo B DFT (Puc.la). IlepeHOpMUPOBKM KBa3MYaCTUYHBIX MAacCC
m*/m coctaBwin 1.18 u 1.22 14 tyg U € COCTOSIHUINA, COOTBETCTBEHHO, UTO
Oonee 4yeM B 2 pa3za MEHbIIE 3HAYEHUM, PACCUUTHIBAEMBIX B paMKax
DFT+DMFT nms cBEpXIpOBOAAIIMX COCIWHEHU HA OCHOBE KeJie3a
(FeSC) [3]. annbie pe3ynbTaThl MO3BOJWIM ClI€TaTh BBIBOJ O CIIA0BIX
koppensainoHHeIx  3¢dekrax B CuCo,S;. Bmecre ¢ Tem  ObLIO
YCTAHOBJICHO,  YTO  KOppeldauoHHble  3G(EeKThl,  O0Ka3bIBAIOIINE
HE3HAYUTEILHOE BJIUSHHE HA CHEKTpaJbHblE (PYHKIHMH, CYIIECTBEHHO
npeoOpa3yloT MoBepxXHOCTh PDepmu. A HMMEHHO, CHBUT 30H Ha
HanpaBiieHun W-L B okpectHoct 3Heprun @DepMu NpUBOAUT K
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KAQUeCTBEHHOMY HW3MEHEHUIO (OPMBbI BHEIIHErO JIUCTAa MOBEPXHOCTHU
®epmu (Puc. 10), 4To MOXKET yKa3blBaTh Ha BAXKHOCTh KYJIOHOBCKHUX
KOppensauuii 1711 00bsICHEHUS TpaHCHOPTHBIX cBOUCTB CuCo,S,.

JlonoMHUTENBHO, OB paccUyUTaHbl (DIYKTYUPYIOIIUN U JIOKAJIbHBINA
MarHUTHBIM MoMeHT 11t 3d coctrosHuii Co, KOTOphIE OKa3aluCh pPaBHBI
1.00 u 0.18 pg, coorBercTBeHHO. JlaHHBIE BEIMYMHBI CYIIECTBEHHO
MEHBIIE COOTBETCTBYIOIIMX XAPAKTEPHBIX 3HAYEHHM, MOJYYAEMbIX B
noaxone DFT+DMFT gns  FeSC. [Ilomydenssiii pe3yiabTar  ObLI
WHTEPIPETUPOBAH KaK CJEJACTBHE CINAa0bIX CHHUHOBBIX (DIyKTyaluii B
CuCo0,S,, 4TO MO3BOJISIET MOCTABUTH O] COMHEHHE MPUMEHUMOCTh CIIHH-
(GIYKTYallMOHHOTO MEXaHU3Ma CBEPXITPOBOJAMMOCTH.

Mpb1 Onaromapum Pocculickuii HaydHbId (OHJ 3a TOMJEPKKY B
pamkax mpoekrta 19-12-00012.
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JTUHAMUKA PEIIETKU U TEIJIOEMKOCTD
MHOT'OCJIOMHOI'O TPA®AHA

Yemanos P. 11.M4, Konecrnkos A. 1., Ky3zoBHukos M. A.*,
Kynakos B. n?
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MHorocnoiinsiii rpadan (ruapun rpadura) — 3T0 HOBBIN YIIIEBOAOPO/T
coctaBa CH, cunresupoBannsii B UOGTT PAH [1] u npeacraBnstoniuii
co00il TEOpEeTHYECKH MpeJ/ickazaHHyto paHee [2] ¢azy «rpadan I» 3D-
rpadana, cocrosmyo u3 rodpupoBaHHbIX Cio€B 2D-rpadana B «chair»
Moau(dUKaIK, YITaKOBAaHHBIX B nocnegoBarenbHoctd —~ABAB—-. Cnenyer,
OJIHAKO, OTMETHUTh, YTO BBIBOALI palbOThl [l] O KpuUCTaIIMYECKOU
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CTpyKType TrpadaHa OCHOBBIBAIIMCH JHIIb Ha CPaBHEHUU CTPYKTYPHI
YIJIEPOJHONW  TOJPEIMIeTKH  OOpas3IoB,  OMPENEIEHHONW  METOIOM
PEHTI€HOBCKOU HU(]pakiuu, co CTPYKTypaMu Hanbojee yCTOMUUBBIX (a3
3D-rpadana, paccumtaHHpiMH B pabore [2]. CorjacHO ATUM pacueram,
daza «rpadan II» oramuaercs ot Bcex napyrux ¢a3 rugpuna rpadura
HaJIMYHMEM LIEIH MEXKIY 30HaMH aKyCTHUUECKUX U ONTUYECKUX KOJeOaHUi,
YTO TMO3BOJSIET OJHO3HAYHO UACHTU(MUIMPOBATH €€ IMyTEeM W3yYCHUs
JMHAMUKH PEIIETKA METOJIOM HEeYNpyroro paccesuus neiirponos (HPH).

Mpe1 nipoBenn HPH uccnenoBanne mopomkoBbIX 00pa3oB THAPUIA U
nevtepuna rpadura mpu I = 6 K Ha HEUTPOHHOM CIIEKTpOMETpPE
SEQUOIA B Oxpummxckod HamuoHanbHOM maboparopun (CIIA).
KonebarenbHble CIEKTPBI THAPUIA U IedTepuaa B Moauukanuu «rpadan
II» OpM Takke paccyUTaHbl METOJOM (YHKIIMOHAJIA 3JIEKTPOHHOM
mI0THOCTH B npuOmmxkennn LDA, dYto mo3Boimio KOPPEKTHO
oTHOpMHpoBaTh  moiydeHHble B HPH skcnepumenrtax crnektpbr G(E)
000O0IIEHHOW TUIOTHOCTA (POHOHHBIX COCTOSIHUM W MpeoOpa3oBaTh UX B
cnektpel Q(E) mmotHOocTM QoHOHOB. B  KONIEOATETBHBIX CHEKTpax
JNEUCTBUTENILHO MMeENach HAAEKHO BBIACIABINASCSA IIENb HIUPUHOM
nopsinka 10 M3B, oTaensBIas akyCTUUECKYI0 30HY OT ONTHYECKUX 30H.

W3 cniektpoB §(E), monayuennsix kak u3 HPH u3mepennii, Tak u u3 ab
initio pacueroB mus a3 «rpadan I1», ObUIM paccUnTaHbl TEMIIEPATYPHBIC
3aBUCUMOCTH pelIeTOUYHOM TETUIOEMKOCTH Cu(T), XOPOIIIO
COTJIaCOBABITMECS MEXTY COOOHM Kak IJis TUAPHUAA, TaK W IS AeUTepuaa
rpadguta. UTOOBI OIIEHUTH TOYHOCTHh pacdeTra ITHUX 3aBUCHUMOCTEH, MBI
IpoBeNU KaslopuMmeTpuieckue namepenus termtoémMroctu Cp(T) ruapuna u
neutepuaa Tpadura npu  aTMOCEpPHOM JABICHUUM B  JIMAMA30HE
temmnepatyp 130-670 K ¢ momoiipio quddepeHnanbHOTO CKaHUPYIOIIETO
kanopumetpa Perkin-Elmer DSC-7. B npezaenax morpeiHOCTH U3MEPEHUs
5% xamopumerpa DSC-7 TtemmeparypHbie 3aBUCUMOCTH HW3MEPEHHBIX
temoémkocTell Cp(T) HE OTIMYAIMCh OT PACCUMTAHHBIX 3aBHCHMOCTEH

Cu(T).
Takum o006pa3oM, MOXHO CYHTaTh JJOKa3aHHBIM, YTO THAPUI U
nevrtepun rtpadura — 310 3D-daszer «rpadan Il», m 4TO TOYHOCTH

noiaydeHHbIX crekTpoB Q(E) mocraTouHo BbICOKAa JUIS  pacdera
TeMIEPaTypPHBIX 3aBUCUMOCTEHN TEIJIOEMKOCTH ATUX (a3. OTMETHM, 4TO J10
HacTosmero BpeMeHu crekTpel §(E) ¢ TOYHOCTBIO, JOCTATOYHOM IS
TaKUX PacueToB, OBUIN ONPEICICHBI JUIIb I ABYX THAPUA0B — AlH3 u

HccnenoBanue BBIMOJHEHO Tpu (puHaHcOBOM mojaep:xkke PHD B
pamkax mpoekta Ne 23-22-00361. PaGora Takke  YacTUYHO
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(¢buHaHCUpOBaJIach B paMKax MpoeKkTa HayuyHO-yueOHbIx rpynn HUY BIIID
(Ne23-00-01) u mporpammser Horizon 2020 Esponetickoro Coro3a (rpant Ne
948895, MetEIOne). HeliTpoHHble HCCIEIOBAaHUSA NPOBOJMINCH Ha
HeritpoHnHoM criektpomerpe SEQUOIA, ycTaHOBIIEHHOM Ha UMITYJICHOM
UCTOUYHMKE HeuTpoHOB I[lonb3oBarenbckoro ueHtpa OTaena Hay4YHBIX
uccienoBannii  MunuctepctBa sHepretuku CIIA B OkpuIKCKOU
HallMOHAJIBHOM JIa0OpaTOpuu.

Jlureparypa

1. V. E. Antonov et al., Carbon 100, 465, 2016
2. X.-D Wen et al., PNAS 108, 6833, 2011
3. V. E. Antonov et al., J. Alloys Compnd. 905, 164208, 2022

KOMIIO3UTBI HA OCHOBE BBICHIEI'O BOPHU A
BOJIb®PAMA WBs..: CUHTE3 U IEPCIIEKTUBbI
HPUMEHEHUA

®dunonenko B.I1., byrakor B.1., 3u6pos N.I1, Anoxun A.C.
HUnemumym guszuxu evicoxux oasnenuit PAH, Mockea, 2. Tpouyk

filv@hppi.troitsk.ru

Kepamuueckue uiym MeTaTIOKEpaMUYECKHE KOMIIO3UTHI Ha OCHOBE
OOpPHIOB TMEPEXOMHBIX METAUIOB HAXOMAT MPUMEHECHHE B Pa3INYHBIX
obOnactsx Onaromaps YHUKaJIbHOW KoMOWHanuMuM CcBOWCTB. Pacuer
CTAOMJIBHOCTU CTPYKTYp M TpOYHOCTH (pa3 B cHUCTEME BoJIbhpaM-00p
MOKa3aJl MepCIeKTUBHOCTh CHHTE3a OOPUIOB BOJb()pamMa ¢ MaKCUMaTbHBIM
comepxkanueM Oopa. BwICOkme MexaHWYeCKHe XapaKTePHUCTHKHA TaKUX
OOpHUAOB CBS3BIBAIOT C OOJBIIOW MIOTHOCTHIO BAJICHTHBIX JJICKTPOHOB M
KOBaJICHTHBIMH CBsI3siMU [1].

CunTte3 o00pa3loB Ha OCHOBE BBICIIETO Oopuaa BoJib(hpama
npoBoAwiIM B Kamepax mnopmeHb-imauHap (1.5TTIa, 1000-1200°C),
topouna (3-7'Tla, 1100-1600°C) wu 1gyroBoil IUIaBKOM B BaKyyMe.
HcxoqupiMi  KOMIIOHEHTaMH OBUTM TIOPOIIKM BOJb(ppamMa u Oopa ¢
pasmepamu ~1 MkM. JlJis uccienoBaHUS TPUMEHSUIA PEHTTEHO(A30BbIH
aHaIM3,  MHKPOCKONIUIO W TEPMOTPABHUMETPHIO,  OMPEACISLINCH
MUKPOTBEPIOCTh M H3HOCOCTOUKOCTH MPHU TOYCHUH TIECHAHHKA.
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VIHTEHCUBHOCTb, OTH. e[,

20

Puc 1. ®a3oBebrit ananmu3 06pasmos: 1 — cunares npu 4 ['Tla, 1100 °C; 2 -
cunte3 ipu 1.5 I'Tla, 1200 °C; 3 — BakyymHoO-yroBas miaska ~ 2200°C

N3 pucynka 1 BugHO, 9YTO B MOJTYYEHHBIX 00pas3Iax KpoMe BHIIIETO
oopuna Boibhpama, umeromiero crexuomerpuro WB,, [2], mpucyrcTByer
nubopua Bodb(pama. OmnpeneneHpl YCIOBUS CHHTE3a, 00eCIIeUrBAOIINE
MaKCUMaJIbHOE cojiepkaHue B oOpasiax Beiciiero Oopuma. CpenHsis
TBep1oCcTh KoMno3utoB WB,»-WB,, monydeHHbIX criekaHueM IMOPOIIKOB,
cocrasuna 29.3I'Tla, a mocne myrosow rmaBku - 33.911la, uro B 1.5 paza
BBIIIIEC 3HAYEHUH JJIsI TBEPIBIX CIUIABOB HA OCHOBE KapOuia Boiabdpama.

S - 1.5 MM

S -27.7 Mm? S-17.8 MM*
Puc. 2. I1aTHa n3HOCa MOCIiie TOUEHUS ECYaHUKA: a — TBepAbli criaB BK6,
6 — 6opun Bonbhpama WBs., B — anmazonoo0HbIi HUTpUA 00pa

HoBbie KOMIO3UTHI TMOKa3alM TakKe XOpOIIHUE pe3yJbTaThl IO
YCTOMYHUBOCTH K OKHCJIEHHUIO Ha BO3AYyXE M IPH TOUYEHHM mecuaHuka. [lo
M3HOCOCTOMKOCTH OHU 3HAYUTEIBHO MPEBBIINIAIOT TBEPJbIN CIUIaB, HO
YpOBEHb aIMa30noA00HOoro HUuTpuaa 6opa He gocruraercs (Puc. 2). Takue
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AKCIUTYaTAIIMOHHBIE XapaKTEPUCTUKH MOTYT obOecneduTh 3(PPEeKTUBHYIO
paboTy pEeXYIIUX FIEMEHTOB B IKCTPEMATBHBIX YCIOBUSIX.

[Ipu cuHTE3€e METATIOKEpPAMUUYECKIX KOMIIO3UTOB Ha OCHOBE OOpPHUJIOB
BoJIb()pamMa onpoOOBaHbI Pa3IMUHbIE BAPUAHTHI CBS30K.

PaboTa BbINOJHEHAa B paMKax IporpamMMbl MUHHCTEpCTBA HAayKU U
BhIcIero oopazoanus PO FFUW-2021-0003.

Jluteparypa

1. A.G. Kvashnin, H.A. Zakaryan, C. Zhao, Y. Duan, Y.A. Kvashnina,
C. Xie, H. Dong, A. R. Oganov. J. Phys. Chem. Lett. 9, 3470-77,
2018.

2. A.G. Kvashnin, D.V. Rybkovskiy, V. P. Filonenko, V. I. Bugakov,
I.P. Zibrov, V.V. Brazhkin, A.R. Oganov, A.A. Osiptsov, and A.Ya.
Zakirov. Adv. Science. 7, 16, 2000775, 2020.

YJIbTPA3BYKOBOE UCCJIIEAOBAHUE U MOJIEKYJIAPHOE
MOJEJIMPOBAHUE YIIPYT'UX CBOVMCTB
HPOIIUJIEHI'JIMKOJIA ITPU JABJIEHUAX 10 1.4I'I1a

®owmuH 1O. /1., Jlanunos U.B., ' pomunnkas E.JI.
Hncmumym ¢uszuxu evicoxux oasnenuni um. J1.D. Bepewacuna PAH

Fomin314@mail.ru

[TponuIEHTIMKOJIb SBJISIETCS Ba)KHOM KUJKOCTHIO, NMPUMEHSIEMON B
pAlle TEXHOJIOTUYECKUX MPOIIECCOB, B MEPBYIO OYEpElb, KaK aHTU(PPU3.
[losToMy uH3ydYeHHE €ro CBOWCTB HMMEET Ba)XHOE 3HAYEHUE Kak JIst
byHIaMEHTaIbHON HAYKH, TaK W JUIsl MPUKJIAJHBIX MpUMEHeHu. B Toxe
BpEMSI CBOMCTBA MPOMUJICHIJIUKOJIS TTPA BHICOKOM JIaBJICHUM MPAKTUUYECKU
HE U3YYCHBI.

B Hacrosmeit paboTe MpOBOIUTCS HU3MEPEHHE YIPYTUX MOAYJIEeH U
IJIOTHOCTHU TPONUJICHIJIUKOJS YIABTPA3BYKOBBIMU METOAAMH 0 PEKOPIHO
BbICOKOTO JiaByieHus B 11'Tla npu koMHaTHOM TemmepaType U TeMIepaType
XKUJKOTO a30oTa. Pe3ynbTaThl MU3MEPEHUHN JOMOJHSIOTCS KOMIBIOTEPHOE
MOJICTUPOBAHUE  METOJIOM  MOJIEKYJISIPHOM  JWUHAMUKH C  JIByMs
paznuuabiMHi MogeasaMu: COMPASS [1] u Charm [2].

bpulO0 MOKa3aHO, YTO ypaBHEHHUE COCTOSIHUSI U3 YJIbTPa3BYKOBBIX
U3MEPEHUN TMpU KOMHATHOM TEMIIEpaType XOpOIIO COBMAIAET C
MOJYy4YEHHbIM M3 MojenupoBaHus ¢ Moneinbto COMPASS. OcHoBBIBasACH
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Ha 9TOM, JlaHHas  MoOJienb  Oblla  BbIOpaHa I8 U3YYECHUS
MHUKPOCKOTIUYECKUX CBOWCTB MPOMUJCHIJUKOISA. bbUIM MpOU3BECHBI
pacuéThl paTuabHBIX (YHKIIUNA pacrpeieiieHUs IIEHTPOB MacC MOJIEKYJ U
napIyaibHble paJialibHbIe (DYHKIIMU PACTIPEICIICHUS aTOMOB KHCJIOpOAa U
BoJoposia. Ha ocHoBe mociieHMX OBbUIO OILIEHEHO YHCIIO BOJOPOJIHBIX
CBsI3€l B CHUCTEeME. B0 mosiydeHo, 4To OHO cocTaBiisieT mpumepHo 0.6
CBSI3€/ Ha MOJIEKYJIY U MPAKTUYECKU HE 3aBUCHUT OT JIaBJICHUSI.
Pabora onyOnukoBaHa B cTrathe [3].

OKcnepuMeHTalbHas 4acTh padboThl mojaepxana rpantoM PHO Ne22-
22-00530. KommpioTepHOE€ MOJCIMPOBAHHWE OBUIO TPOBEJACHO MPH
noaaepkke rpanta PH® Ne19-12-00111.

Jluteparypa

1.Sun H. // COMPASS: An ab-initio force-field optimized for
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benzene compounds// J. Phys. Chem. B 1998., V. 102, 38. P. 7338-
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2. Vanommeslaeghe K., Hatcher E., Acharya C., Kundu S., Zhong S.,
Shim J., Darian E., Guvench O., Lopes P., Vorobyob I., Mackerell Jr.
A.D.// CHARMM General Force Field (CGenFF): A force _eld for
drug-like molecules compatible with the CHARMM all-atom additive
biological force fields// J. Comput. Chem. 2010. V. 31. P. 671-690

3.Fomin Yu. D., Danilov I. V., Gromnitskaya E. L.// Ultrasonic study
and molecular dynamics simulation of propylene glycol at pressures
up to 1.4 GPa// Physica Scripta. 2023. DOI 10.1088/1402-
4896/acclb5

OPBUTAJIBHOE YHOPSJTOYEHHUE U NOJISIPOHHBIN
XOIIHUHI B ITIMHEJIAX Fe-Fe,Cr,O,
domuubix H. A.l’z, Creraiinos B.B."%?
L06veounennviii uncmumym gvicokux memnepamyp PAH
“Mockosckuii Dusuko-Texnuyeckui Hnemumym (HUY)
SHHUY Bvicwas Llxona Dxonomuxu

fominykh.na@phystech.edu

OnucaHve CBOMCTB OKCHJIOB jKejie3a B YAaCTHOCTU DJIEKTPOHHOMN
cTpykTypsl MarHetuta Fe3O, xpomura FeCr,Op m ux mnepexoaHbIX
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COCTOSIHUA MOKET OBITh HEOOXOAMMO Ui TOHMMAaHUS MEXaHW3MOB
KOoppo3uu ctai [1].

OCHOBBIBasICh Ha MNPEABIAYIIEM YCIEUIHOM OMHCAaHUU CIOKHBIX
MEXaHU3MOB OpPOUTAIBHOTO M MAarHUTHOTO YIOPSAOYEHHS MarHeTuTa B
paMkax Teopun (GYHKIIMOHAJA INIOTHOCTH C YYETOM CUJIbHBIX KOPPEIISIHiA
B npubmmkenun DFT+U [2,3], ¢ nomoipio Bbibopa onTtuMaibHOTO Ug,
ObLIa MOJTy4YeHa paclIupeHHass MOJIETb JIJIsi CUCTEM COJIepKaIluX XpoMm [4].

B nannoii pabore B paMmkax 3TOH MoJenu OyAyT MpeIcTaBICHBI
pacyeTbl AJEKTPOHHOW CTPYKTYpPbl TIPU PaA3JIMYHBIX KOHIICHTPAIUAX
xpoma. [lokazaHo u3MeHeHHE XapakTepa OpOUTAIBLHOTO YIOPSIOUYCHHUS
OpU BBICOKMX KOHIIGHTpalMsIX Xpoma. Takke, Tak Kak sl JAHHBIX
MIMUHENEeH XOMMUHT MajbIX MOJSPOHOB SBIISIETCS OJHUM U3 OCHOBHBIX
MEXaHU3MOB MepeHoca 3apsja, OyJeT pacCMOTPEHO BIUSHUE W3MEHEHUS
AJEKTPOHHOM CTPYKTYpbl Ha BO3MOXHOCTh OOpa3oBaHUs TMOJISIPOHOB
ANEKTPOHHOTO W JIBIPOYHOTO  TUMA W DHEPTrUM  aKTUBAIMU
COOTBETCTBYIOIIUX BO3MOXKHBIX MPOIECCOB XOMIUHTA.

Jluteparypa

1.N. A. Fominykh, V. P. Nikolskiy, V. V. Stegailov, Comput. Mater.
Sci., 220, 112061, 2023

2. M. U. lllyrukosa, B. B. Creraiinos, )KOT®, 160 (2), 249, 2021

3. M. I. Shutikova, V. V. Stegailov, J. Phys. Condens. Matter., 34 (47),
475701, 2022

4. H. A. ®omunsix, B. B. Creraiinos, [Tucema B JKOT®, 117 (11), 857, 2023

ATOMUCTHUYECKOE MOAEJIUPOBAHUE HAHOCTPYKTYP B
CUCTEME Al-Cu C UCITIOJIb30BAHUEM NOTEHIIUAJIOB
MAHNINMHHOI'O OBYYEHUA

Xasuesa E.O.", Il{enkaues H.M.?, Peubues P.E.
! HUnemumym memannypeuu ¥YpO PAH, Examepunbype
2 Hnemumym ¢usuxu evicoxux oasnenuti um. JI. @. Bepewacuna PAH,
Mocxsa
cat.hazieva@yandex.ru

[IpoGnema cooTHOIIEHUSI TOYHOCTU U 3P(PEKTUBHOCTU OYEHb OCTPO

MPOSIBIIIETCST B ATOMUCTUYECKOM  MOJIEIMPOBAHUM  HAHOPA3MEPHBIX
O00BEKTOB. JIeCTBUTENBHO, 1pu HCIIOJIb30BAHUU YUCTO
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MEPBONPUHIIMITHBIX METOJO0B MOJCIUPOBAHUS, BO3MOXHO ONHUCHIBATH
YaCTHUIIbl, COCTOSIIIAE€ BCEro JHIIb W3 HECKOJIBKHX COT aTOMOB, 4YTO
COOTBETCTBYET pazmMepaM dacTuil MeHee 1 HM. M3ydas 0OBbeKThI C TAKUMH
pasMepamMu, 4YacTO HMMEHYEMble  HAHOKJIACTepamMH,  HEBO3MOXKHO
BOCIIPOU3BECTH BECHh CIEKTP YHUKAJIBbHBIX CBOWCTB HAHOCTPYKTYp, IS
ATOTO TpeOyeTcs pacCMOTpPEHHE MAacIITabOB KaKk MUHHUMYM JIO JIECSTKOB
HaHOMETpoB. Mcmosib30BaHME KIACCUYECKUX IMOTEHIMAIOB 0€3 Tpyjaa
MO3BOJISIET MOJEIUpPOBaTh OOBEKTHl pa3sMepaMu JECATKH U COTHHU
HAaHOMETPOB, OJIHAKO B 3TOM CIIy4ae CIO0KHO JOOUTHCSI BBICOKON TOYHOCTH
ONUCAHUSA CBOMCTB. JIeMCTBUTEIBbHO, K HMEIOUIMMCS TPYAHOCTAM
napaMeTpu3aluyi TPATUIIMOHHBIX MOTEHIIMAJIOB JIJII OMMCAHUS O0OBEMHBIX
CBOMCTB, J00aBisieTcsl  HEOOXOJMMOCTh  IMPAaBUJIBHOTO  ONMMCAHUS
HAaHOCTPYKTYPUPOBAHHBIX MOBEPXHOCTEN paznesia. O4eBUIHBIM PEIICHUEM
YKa3aHHBIX TPYAHOCTEU SIBJISECTCS MPUMEHEHUE MOTEHIIMAJIOB MAIIMHHOTO
oOyuenust. Takoe TPUIIOKEHUE SABISETCA OJHUM U3  Haubolee
MEPCIEKTUBHBIM JIJISI JAHHOTO KJIACCa MOTECHIIUAJIOB.

Jis cmmaBoB Al-Cu mHTEepec K MOJCIMPOBAHUIO HAHOCTPYKTYD
00yCIoBJICH BXKHOCTBIO paccMOTpEHHUS MEXaHU3MOB pocrta
HAHOPA3MEPHBIX JUCIIEPCUOHHBIX BKJIIOUYEHUNW M HUX B3aUMOJICHCTBUEM C
TUCIOKaUusIMHU. MoJeaupoBaHUE TaKUX IMPOLIECCOB ABJISAETCSA 3adadyei
nagbHeUIMX uccienaoBanuii. Ha manHOM »Tame ObUIM TOCTABJICHBI DS
MOJIEIBHBIX 3a/1a4 00 OMpeAeICHUN TEMIIEPATYPhI IJIaBIICHUU HAHOYACTHI]
ATIOMHUHUS M MEIH, a TAaK)KE HAHOYACTHUI[ MEAW W AIIIOMUHHUSA B MATPUIIE
IpyT Apyra B 3aBUCUMOCTHM OT HMX pa3zMmepa. JlaHHas 3amada pemranach
paHee KakKk »JKCHEPUMEHTAJbHO, TaK W METOJaMH aTOMHUCTHYECKOTO
MOJIETUPOBaHUsSl C HCHoib3oBaHueM EAM moTeHnManoB, YTO JaeT
CpPaBHUTEJIbHBIC TAHHBIC JIJISI BEpUDUKAIIMHU TTOJTYUYEHHBIX PE3YJIbTATOB.

beutn paccMOTpPEHBI HW30JIMPOBAHHBIE HAHOYACTHULIBI ATIOMUHUS U
MeIW C pa3MepamMu B uHTepBaje 2-10 HM, 4TO COOTBETCTBYET YHCIIAM
yactTul, B uHTepBalie 246-27509, KOTOphIE MOAECIUPOBAINCH B
M30TEPMHUYECKUX YCIIOBUAX MPH PA3JAYHBIX TemIieparypax. M3meHenue
CTPYKTYPHOTO COCTOSIHUE YaCTHUIIbl JE€TEKTHUPOBAJIOCh ITyTEM aHaIu3a
napametpa JInHaeMana, TOTEHIIMAIbHON SHEPTUH U JIOKAJIbHON CTPYKTYPbI
aToMOB. J[JI1 4acTUIIBI KaXXJIOTO pa3Mepa ObUIM MOCTPOEHBI 3aBUCUMOCTHU
PaBHOBECHBIX 3Ha4YeHUW mnapameTrpa JIuHIeMaHa ©W MNOTEHIMAIBLHOU
SHEPTUU OT TEMIIEPATYPHI.

Pe3ynpTarel MOAETUPOBAHUS TEMIIEPATYPHI IIABICHUS ATOMUHUS U
MeAW KOJIMYECTBEHHO COIIACYIOTCSA C JUTEPAaTypHBIMHU AaHHBIMHU [1-3],
MOTCHIMAJI KOJMYECTBEHHO IPABWIBHO OMNUCHIBAET SHEPIreTUKY TAKHX
CTPYKTYp, a TaKXe€ BOCIPOU3BOJAT H3BECTHBIM 3(P(DHEKT yMEHbIICHUS
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TeMHepaTypbl IUIABJICHUS HAHOYACTHUI[ IO CPABHEHHID C OOBEMHBIM
MAaTEPHUATIOM. [Tomyyen MHTEPECHBIN CTPYKTYPHBII s dekt
BO3HUKHOBEHHMS HKOCA3APUUECKUX CTPYKTYP B JKUJIKOCTH.

HanowacTuiisl B MaTpuile MOAECIUPOBAIUCH pa3MepaMu B MHTEpBAJIC
2-6 HM, COOTBETCTBYMOIIME dYuciaaM dactui] 16195- 298521, Ttakxe B
U30TEPMUYECKUX YCIOBUSIX TIPU Ppa3IMUHbIX Temmeparypax. s
HAHOYACTHUI[ AJIOMUHUS W MEAW B MaTpUIlEe APYr JIpyra, aHaJIOTHYHO,
HaOII0/1aeTCsl POCT TEMIMEPATyphl C BBIXOJIOM Ha IMOCTOSHHOE 3HAYCHHUE.
[loTeHnMan  KA4eCTBEHHO  BOCIPOU3BOJAUT  CTPYKTYPY  KHUIKOCTH,
HaXOJIAIIYIOCS B HAHOKOH(altHMEHTE.

[lonmy4yeHHble  pe3yiabTaThl  OTKPBIBAIOT  MEPCHEKTUBBI IS
JNalbHENIIEro MOJEIUPOBAHUS HAHOCTPYKTYpP C TMOMOIIBIO MOTEHIMAIOB
MaIIUHHOTO 00YYEHUS.

HccnenoBanue BBIMOTHEHO TpU mojaepkke rpanta PHD (Ne 22-22-

00506).
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HEPHOAUYHOCTDb AHOMAJIBHOTI'O HOBEJEHUWA
ABYMEPHOU CUCTEMBbI C HOTEHIIUAJIOM I'EPLHA

. 1 1 1 2 1
laitayk E. A.”, ®omun 1O. /1.7, Iuok E. H.", boo6kos C. A.°, PeixoB B. H.

1 y

Hncmumym ¢uzuxu evicoxkux oasnenuu PAH um. Bepewaeuna

2 ~ « (%

Hayuonanvnoiii uccneoosamenvckui yenmp « Kypuamoeckuii
uncmumymy, Dedepanbhblil yeHmp KOANeKMUBHO20 NONb308AHUS HAYYHbIM
obopyoosanuem «Komniexc mooenuposanus u oopabomku OaHHbIX
uUCcie008amebCKUuxX yCmaHo80K Me2a-Kiaccay
elena.tsiok@gmail.com

B pabore [1] MeTomoM MOJIEKYJSApHOW JMHAMUKA HaMH ObLIa
UCCIeI0BaHa JIByMepHasi cucteMa TUckoB ['epiia ¢ moka3arenem o = 5/2 B
noTeHnuane. beuio ycraHoBiaeHo, 4To (a3oBas AuarpaMma TakOd CHUCTEMBI
COCTOUT M3 MHOXECTBa KPUCTAUIMUECKUX (a3, TaKUX KaK TPEyrojabHas,
KBaJ[paTHas, poMOunyeckas, pacTsiHyTas TpeyToJibHas, daza
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JOJEKArOHAJIbHOTO KBAa3UKPHUCTANIa; MHOTOYUCIEHHBIX MaKCUMyMOB U
MUHUMYMOB Ha KPUBBIX IUIaBJICHUS, U 00JACTel C aHOMaJIMEN MJIOTHOCTH
BOJIM3U 007acTM BO3BPATHOIO TIUIABJIICHHMS] KpUCTaUIMUeckux  ¢as.
VYBenuueHnue KecTkocTu mnoreHuuana l[epua (o = 7/2) npuBeno k
KapJIWHAJIbHOMY HM3MEHEHHIO0 (a3oBod nuarpammbl. B a3Tol cucreme
€IMHCTBEHHON YCTOMYMBOMN KpHUCTaUTMYECKOW (ha30il ObLIT TPEyTOJbHBIN
KPUCTAJUI C YEPEAYIONIMMHUCSI MAaKCUMyMaMH U MUHUMyMaMu Ha KpHUBOU
TUTaBJICHUS, MEXaHW3M TaKOTrO TOBEJCHHS IPEACTaBlIIeH B pabore [2].
HccnenoBanue ciieHapueB JBYMEPHOTO IUIABJICHUS MTOKA3aj0, YTO Ha BCE
MPOTSKEHHOCTH KPWBOW IUIABJIEHUS, HAYWMHAs C IEPBOr0 MAaKCHMYyMa,
CUCTEMa IUJIABUTCS MO OJHOMY M3 TpPeX M3BECTHBIX clieHapueB [3, 4]. B
CUCTEME pEAIU3yeTCs KIACCUYECKHM CUEHApHU COTJIACHO TEOpHUHU
bepesunckoro-Kocrepnuna-Tayneca-Xanenepuna-Henbscona-SHra, TO
€CTh IyTEM JIBYX IMOCIEJ0BaTEIbHBIX MepexoAoB Tumna bepe3uHckoro-
Kocrepnuia-Tayneca ¢ mpomexyTOdHOM rekcatuueckoil ¢azou. Jlns
UCCIICJIOBAHUSl AHOMAJIWU IUIOTHOCTH (OTpUIATEIbHBIA KOA(DPUIIHMEHT
TEIUIOBOTO pacIIUpeHus) B JABYMEpHOM cucreme JuckoB ['epma c
nokasarenieM o = 7/2 B pabote [5] ObLI IPUMEHEH KOMIUIEKCHBIA TIOIXOI,
BKJIIOYAIOIIUN HCCIENOBAaHUE TEPMOJMHAMHUYECKOTO MEXAHW3Ma 3TOrO
SBJICHUSI W BBIUKCIEHUE (POHOHHBIX CIEKTPOB JUISl MPOJOIBHBIX H
MOTIEPEUHbIX MOJ KoJjieOaHui. Ha OoCHOBaHMM KOMIUIEKCHOTO TMOJXOJa K
UCCIICJIOBAHUIO AHOMAJIBHOTO TOBEJEHUS JBYMEPHON CHUCTEMBI JUCKOB
I'epuia ¢ mokazarenem a = 7/2 ObLJI0 OOHAPYKEHO aHOMAJILHOE MOBEICHUE
IJIOTHOCTU (JaBJICHHS])) B KPHUCTAIJIE BJOJb pa3HbIX TPACKTOPUNA: Ha
U30X0pax M Ha wu3orepMmax [6]. B oOmacth aHOManMM IIOTHOCTH B
Kpuctauie ObUIO OOHApYKEHO aHOMaJbHOE TOBEJACHUE MapaMeTPOB
TPAHCISLIMOHHOTO U OPUEHTALMOHHOTO MOPAJIKA, & UMEHHO, UX 3HAYCHHS
YMEHBIIAKOTCSI ~ MPH  HW30TEPMUYECKOM  CKATHUM,  YyKa3blBas  Ha
CYIIIECTBOBAHUE CTPYKTYPHON aHOMAlIWHU, NMPUYEM aHOMAIUs IapaMmeTpa
TPAHCISALIMOHHOTO TIOpSIAKA BBIPAXKEHA 3HAYUTEIBHO CWIbHEE YeM
aHOMAJTUSI OpHUEHTAIMOHHOTO mopsaka [6]. [loayueHHbIe TaHHBIE XOPOIIIO
COTJIACYIOTCSI TAKXKE U C Pe3ybTaTaMU BBIYUCICHUS (POHOHHBIX CIEKTPOB
JUISL TIPOJIOJIBHBIX M TIOTIEPEUHBIX MOJI KOJIeOaHui [5], XOTs B 3TOM ciydae
CUJIbHEE BBIPAXKEHA CBA3b AHOMAIHWM IUIOTHOCTH C IONEPEYHBIMU
KOJICOaHUSIMU KPUCTAJUIMUECKON pemeTku. Takas KOppemnsilus CBOMCTB
CBUJIETEIIbCTBYET O HAJUYUU CHIBHO pPa3MbITOTO HU30CTPYKTYPHOIO
MpEBpAIllCHUs] B aHOMAJIbHOW 00yiacTu (Pa3oBOW JAMArpamMMbl CHUCTEMBI
nuckoB ['epia.

Kpome Toro, B cucreme Obuia oOHapyxeHa aHomanusi auddysumu,
KOTOpasi O3HadaeT yBenaudeHue Kodpdumumenta camonuddy3uu mnpu
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U30TEPMUYECKOM CXKATUU. BaXXHBIM pe3yibTaTOM HACTOSIIEH padOThI
SIBJISIETCSI  IEMOHCTpAIMSL THEPUOJAUYHOCTH HAJIUYUSL  BOJIONOJOOHBIX
aHOMAJIUH TTIOTHOCTH U (P dy3un B 001aCTSIX BO3BPATHOTO TUIABICHUSI.

PaGora BeImOHEHa Tpu (UHAHCOBOM moajepkke Poccuiickoro
Hayunoro ®onpma (rpant Ne 19-12-00092 https://rscf.ru/project/19-12-
00092/).
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JJEKTPOHHASA CTPYKTYPA U MATHUTHBIE KOPPEJIALIUHU
B JOIIMPOBAHHBIX CJIOUCTBIX HUKEJATAX RNIO, IO
JABJIEHUEM

[IInneHko Z[.A.l’z, Jleonos U.B.
1HHcmumym Guzuxu memannos um. M.H. Muxeesa, UOM YpO PAH,
2. Examepunoype
@usuro-Texnono2uueckuil uncmumym, Yp®@Y, e. Examepunoype
shilenko.dmitrii@mail.ru

OTKpBITHE CBEPXIIPOBOJAUMOCTH B IICHKAX JISTHPOBAHHBIX CIIOMCTHIX
HukenatoB RNiIO; (puc.1) (rme R=Pr, Sr, La u ta.) B 2019 1. [1] BBI3BaIO
OOJBIION HWHTEpPEC K MCCICAOBAHUIO PEIICTOYHBIX, JJICKTPOHHBIX M
MarHUTHBIX CBOMCTB JIaHHOTO Kjacca coeauHeHuit [2-6]. IIpu atom, ObLIO
MOKAa3aHO, 4YTO BEJIMYMHA KPUTHUYECKOM TEMIlepaTryphl mepexona I
JEMOHCTPUPYET CYIIECTBEHHBIH POCT NPU H3MEHEHUH CTPYKTYPHBIX
napaMeTpoOB CUCTEMBI (ITPHU SMUTAKCHAIBHOM JepopMalriuy pemeTKy u/uim
oy japieHueMm) [2]. B manHoM pabote, B pamkax meroga DFT+DMFT
OBLIO TPOBEICHO HCCIECAOBAaHUE DJICKTPOHHOM CTPYKTYpPHI, aHAIHU3
TOIOJIOTHH TIOBEpXHOCTH DdepMHM H MAarHHTHBIX KOPPEIAIIHOHHBIX
abdexroB coegunenus La;,SrkNiO, ¢ Sr x=0-0.4 nua pasIHYHBIX
CTPYKTYPHBIX TapaMeTpoB CUCTeMbI (a u alc). IlomydyeHHbIE pe3yiabTaThl
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CBU/ICTEIILCTBYIOT 0 3HAYUTEIHHOMI OpOUTATILHO-CEIIEKTUBHOM
nepernopmupoBke 3d cocrostHuit Ni, ¢ oTHOmEHHUEM 3P PEKTUBHBIX Macc
m*m = 3 u 1.3 mma Ni dy2_j2m dj,2_,2 opOuraneii (s x=0),
cootBeTcTBeHHO [3]. IIpm npipounom nerupoBanuu B RNIO, mpoucxomut
dazoBeiii niepexon Jludiuiia, CBA3aHHBIM C U3MEHEHHEM TOIOJIOTUU
@depMH TMOBEPXHOCTH M, KaK CIEJICTBHE, PEKOHCTPYKIMEH BEKTOpa
MarHUTHBIX KOPPEJALMI CUCTeMBbl OT TPEXMEPHOro HeejaeBckoro G-tuma
(111) x xBa3u-2D Tumy (110). beuta mokazana Qgpycrpamusi MarHUTHBIX
B3aumoierictBuii B RNIO,, KoTopas MPUBOIUT K ITOIaBJICHUIO MarHUTHOTO
MOPSIJIKA, YTO CBUJICTEIBCTBYET O BAXHOCTU CHMHOBBIX (IIyKTyaruii B
OOBsICHEHUU  Mpupoasl  cBepxmpoBoguMocTd B RNIO,.  Ananms
DFT+DMFT pe3ynbraToB JEMOHCTPUPYET aHOMAJIbHOE I[IOBEJICHUE
BEKTOpPa MarHUTHBIX KOppemsauit y(J) BOIM3U BEICOKO-CHMMETPHYHBIX A
u M Ttouek 30Hbl bpummosna. Ilpu pomupoBanuum B RNIO, um ¢
U3MCHCHHEM pEIICTOYHBIX IapamMeTpoB (a4 u c/a) Habmogaercs
aHoOMajbHas 3aBUCHUMOCTH %((), mpeamosararomas (GopMUpoBaHHE
CIIMHOBBIX MW 3apsaoBbIX crpaiin ynopsgouenuii B RNIiO, [5]. Ilox
JABJICHUEM TMPOUCXOAUT oOlllee TMaJeHHue WHTEHCUBHOCTH MAarHUTHOM
BOCIIPUUMYHUBOCTH,  COMPOBOXKJAIOIIEECS  CIOXHOM  KOHKYpEHIIMEH
pa3IUYHBIX CIIMH-BOJHOBBIX COCTOSHUM. JlaHHOE MOBEJICHNE HAXOJIUTCS B
COTJIACUM C DKCIEPUMEHTAIbHO HAOII0JJaeMbIM POCTOM KPUTHUUYECKOM
TeMnepaTypbl mnepexoaa [, C HM3MEHEHUEM CTPYKTYPHBIX MapamMeTpoB
CUCTEMBL.

Puc.1: Ilnenka cnoucroro Hukenara RNiO2, BeIpaliieHHAs Ha TOIJIOKKE
(001) SrTiO3.

PaboTa BeinosiHeHa npu noaaep:kke rpanta PH® Ne 22-22-00926.
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IKCIIEPUMEHTAJIBHOE UCCJIEAOBAHUE TUDPDY3IUU
KOJUVIOUJIHbBIX CUCTEM B TPEXMEPHOM ITPOCTPAHCTBE

IIInpokoBa A.A.l’z, Koxanosckas A.B., 3a6aBuna I1.A., borgapesa A.A.,
CumkuH I/I.B.l, JInGer H.A.l, Sxosies E.B.!
YMITY um. H.O. baymana, yn. 2-a baymanckas, 0.5, Mockea, Poccus
2 HUDBJ] PAH, Kanyscckoe wi., 0.14, Mockea, Poccus
shirokova2001@yandex.ru, yakov.egor@gmail.com

Kosnnonaneie MaTepun B HACTOSIIIEE BPEMS UCTIOJIBb3YIOTCS B KAU€CTBE
MOJIeNbHBIX — cucteM  [1]  jgnms w3ydeHWss  BONPOCOB  (DU3UKH
KOHJICHCHUPOBAHHOTO COCTOsIHUS. KOJUIOMIHBIMU CHUCTEMaMH BO3MOKHO
yIOpaBiIsITh TpH TOMOINM BHemHuUX mojied [2,3]. Takum oOpasowm,
KOJUIOUJAHBIE CYCIEH3UW HCHOJIB3YIOTCS i1 u3ydyeHus (a3oBbIX
nepexoioB B cuctemax [4], oOpa3zoBanus aedekToB B Kpuctamiax [5] u
KOJUTCKTUBHOM AuHAMHKH [6]. Ha ceroaHsmHmi MOMEHT CYIIECTBYET P
COCOOOB ISl  BU3YAJIM3allUM KOJUIOMJHBIX CHUCTEM B JBYMEPHOM
npoctpanctBe. OfHAKO 3a7adya HUCCIEAOBAHUS KOJUIOMAHBIX CHCTEM B
TPEXMEPHOM TMPOCTPAHCTBE B PEXKUME pPEAJHLHOTO BPEMEHH OCTAETCS
HEPEIIEHHOM.

B nacrosieit padore ais nuzyuenus n1u@dy3un 4acTUll B TPEXMEPHOM
NpOCTpPaHCTBE OblIa paxpaboTaHa »HKCHOEPUMEHTAJIbHAsI CHUCTEMA, B
KOTOPOW CyCHEH3HsI MOJCBEYMBAIaCh COOKY IPH MOMOLIM IIOCKOCTHOIO
nazepa. B kadecTBe SKCIEPUMEHTAIBHOTO 00pa3la MCHOJIb30BAINCH
YaCcTUIBl TOJUCTHpPOJIa auamerpoMm 10,55 MKM B BOJHOM pacTBOpE
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rmnepuna. st Toro, 9To0bl HAYYUTCS OTPEIETISATh MOJOKEHNE JaCTHIIhI
o KoopawHate Z, ObLIN MPOBEIEHBI MUJIOTHBIC DKCIEPUMEHTHI, B XOC
KOTOpBhIX (DUKCHUpPOBAJICS TMATTEPH pACCEsSHHUS CBETa Ha YaCcTHIC Ha
3aJlaHHOM BbhICcOTE (pucC. 1).

Puc. 1: IlatTepHbI paccesiHHsI CBETa Ha YACTHIIC: &) Ha PACCTOSHHUH 15 MKM
HWKE 00BEKTHOM IIOCKOCTH MUKPOCKOIA; D) B 00BEKTHOM TIIOCKOCTH
MHUKPOCKOTIA; C) Ha pacCCTOSHUM 15 MKM BBIIIe 00BEKTHOM TIOCKOCTH

MHUKpPOCKOIIa

438

440 182

442

444 180

X, mkm 448 Y, mkm

Puc. 2: TpekuHr 4acTHIlbl TOJUCTUPOJIA B BOJHOM PpacTBOPE IIUIIEPHUHA

s uccnenoBanus nuddy3und KOJUIOUIHBIX YaCTHUIl MPOBOJUIIUCH
OKCIIEPUMEHTBI, B KOTOPBIX BEJOCHh BHUACOHAOIIOJICHUE 32 YaCTUIAMHU.
[lomyyeHHble BHUJEO MOJBEpPrajich MOCT-00pabOTKe, B pe3yJbTare
KOTOPBIX OblIa BOCCTAHOBJIEHA TPACKTOPUS YaCTUIIBI B TPEXMEPHOM
MPOCTPAHCTBE U omnpejienieH koddduiuent nuddysuu (puc. 2).

Pe3ynbTaThl pabOThl OTKPHIBAIOT BO3MOXXHOCTH [IJI1 BU3yaU3alUU
CUCTEMbl TPEXMEPHBIX KOJUIOMAHBIX cycneH3uil. [Ipu wucnonap3oBaHuM
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BHEIIHUX YIPABIAIONIMX TMOJIeM B TaKUX CHCTEMax CTaHOBUTCS
BO3MOXHBIM JICTAJIbHO B 3KCIIEPUMEHTE HU3YUYUTh HA YPOBHE OTJEIbHBIX
YacTHI] SIBJICHUSI CaMOOpraHU3allMM, KUHETHKY (Ha30BBIX IEPEXOJ0B H
IPYTHU€ KOJUIEKTUBHBIE SIBIICHUS B TPEXMEPHOM MPOCTPACTBE.

Pabota BbinonHeHa npu nojaepxkke rpanta PH® No 22-72-10128 u
npu uHppacTpykTypHout noauepxkke MI'TY um. H.O. baymana.
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KOJIEBATEJIBHBIE CITEKTPbI AMOP®HbBIX JIb/{OB:
MOJVIEKYJISIPHO-AUHAMHNYECKOE MOJIEJIMPOBAHUE

A.A. I_UVI'IJ'ICI_IOBal’Z, B. B. Creraiino™?®
' O6veounénnviii uncmumym svicokux memnepamyp PAH
2 Mocrosckuii pusuro-mexnuveckuti unemumym (HHUY)
3 HAY “Buicwas wikona sKoHOMUKY "
garkul.aa@phystech.edu

HeoOpraHoE mOBeeHNEe YIIPyrux Moaysier amopdHbix 16108 H20 u
D20, obHapykeHHOEe B dKcriepumenTe [1, 2], Tpedyer Oosee moapoOHOro
U3Y4YEHUsI  CTPYKTYPHBIX  OCOOEHHOCTEM  aMOp(HBIX  JIBIOB  Ha
MHUKPOCKOIIMYECKOM YPOBHE.

Kak n3BecTHO, HA MHOTHE MUKPOCKOITMYECKHE CBOWCTBA BOJBI U JIbA
CIUIPHOE BIIUSTHME OKAa3bIBAIOT KBAHTOBO-MeXaHW4Yeckue 3P ekTrr. Oqunm
U3 TIEPCTIEKTUBHBIX IMOIXOJOB JJIsi ydeTa KBAHTOBOW MPHUPOIBI sIep B
MojenupoBanun  sBisiercss  DeilMaHOBCKHMIT  (popManu3M  KBAHTOBOM
MEXaHUKH.

B pabore paccmorpenbl amopdubie apapl H20 u D20 B pamkax
MOJIEKYJISIPHO-AMHAMUYECKOTO ~ MOJICJIMPOBAHUS HA HWHTErpajax 1o
TpackTopusiM ausa  moxaenn  Boaesl  -TIP4P/F  [3]. Pesyabrarsl
MOJICIIUPOBAHUS OTPAKAIOT OCHOBHBIE IKCIIEPUMEHTAIILHO HAOIIIOTaeMbIe
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OCOOCHHOCTH KOJIeOaTeNbHBIX CIIEKTPOB aMOp(HBIX JbIOB [4], a Takke
uzoronuueckut  3pdexkt B nuOpauroHHoil mnoisoce. [lomydeHHbie
OapudecKkue 3aBUCUMOCTH MOJYJIEH BCECTOPOHHEIO CKaThs aMOpQHBIX
ap70B H20 u D20 comnocTaBisiorcs ¢ KIaCCUYECKUM PacCCMOTPEHUEM U C
SKCIIEpUMEHTOM [2].
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®PYCTPUPOBAHHBIE CBOMCTBA PA3BABJEHHOI'O
MN3UHI'OBCKOI'O MAI'HETUKA

SAcunckas 1. H., ITanos FO. [I.
' Vpanvcxuii pedepanvhuiii VHUgepcumem umenu nepeoeo llpesudenma
Poccuu b. H. Envyuna, 2. Examepunbype
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Huszkopa3smepHble MarHUTHBIE CTPYKTYpPbl MOTYT JE€MOHCTPHUPOBATh
JUIMTEIbHBIE BpPEMEHa pejakcallid HaMarHWY€HHOCTH, OOYCIIOBJICHHBIE
COYETAHMEM  OJIHOOCHOM  aHM30TPONIUM W  CWIBHBIX  MAarHUTHBIX
B3aUMO/ICUCTBUNA. biarogapst 5ToOMy IpU KOHEYHBIX TEeMIEpaTypax TaKHe
MarHeTUKH  HaXOJAT NPUMEHEHHE B  IPUIOXKEHHUSIX  KBAHTOBBIX
BBIUMCJICHUH [ 1| U CIMHTPOHMKW.

[IpucyTcTBHE B CHUCTEME AHU3OTPONUU U (PpyCTpaluv MPUBOJUT K
HaJU4YU0 OOoraThIX (pa30BBIX JUAarpaMM U K TaKUM HEOOBIYHBIM SIBICHUSM
KaK MarHUTHBIE T1aTo [2], kBa3udaspl U mceBpornepexoanl [3], a Takxke
yCUJIeHHE MarHeTokaiopuueckoro 3¢ dexra [4]. [IpucyrcTBue Oecrnopsika
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TaKXe€ CYIIECTBEHHO BIIMSIET Ha (Pa30Bble, KPUTUUECKUE M MarHUTHBIE
CBOMCTBA CHUCTEM, a TaKXKe SIBIISECTCS UCTOUYHUKOM (PppycTpanuu. Hannuue
bpycTpupoBaHHbIX (a3 MpU yCIOBUM BBINOIHEHUST KpuTepusi Poxaca [5]
CIIOCOOHO MPHUBOAUTH K HAIMYHIO TAKOIO TOHKOTO TCEBIOKPUTHUYECKOTO
SBJIGHUS KaK 1ceBgonepexoabl. OHU COMPOBOXKIAIOTCS CKAYKOOOpa3HBIM
U3MEHEHUEM THUIIa HEYNOPSAJOUEHHOTO COCTOSHUS CUCTEMBI, IPU KOTOPOM
HEKOTOPBIE TEPMOJIMHAMUYECKUE (PYHKIIMU JEMOHCTPUPYIOT OYEHDb PE3KUE
OCOOEHHOCTH, XOTS U OCTAIOTCS HEMPEPHIBHBIMU.

PaccmaTrpuBaeTcsi HU3KOpasmepHas Mojenb M3uHra ¢ aHuzoTponueit
U B3aUMOJCHCTBYIOIIMMHU 3apSKEHHBIMU MPUMECAMH CO CIIEIYIOLUIUM
raMIWIbTOHUAHOM:

N N N
H = Az St + VZ Si25j,z +lz P;0Si2Sj . Pjo — hz P;osi, — ﬂz Siz
i=1 1 i=1

@ ) i=

rie S=1 — W3UMHIOBCKMM TICEBIOCIIUH, CBS3aHHBIA C 3apsI0BBIMU
CTemeHsIMH CBOOOABI; S=1/2 — W3MHTOBCKUU CIUH; A — OJHOY3CJIbHBIC
3apsiA-3apsA/I0OBble  KOppeNanuu; V — MeXy3elbHbIE 3apsji-3apsioBbie

Koppensiuuu; J — cIMHOBBIA 0OMeEH; h — BHeIIHEee MarHUTHOE MOJE; | —
XUMHUYECKUN TOTEHIIUAJ, C MOMOIIBI0 KOTOPOTo (DPUKCUPYETCSI MIOTHOCTh
CYMMapHOTo 3apsiia npuMeceii B cucreme: nN = 3N, S, ,.

AHaJIN3 OCHOBHOT'O COCTOSIHHSI CUCTEMBI IOKa3all HaJu4yue BOCHMU
HeTpuBHaNbHBIX (a3. Deppo- u aHTUdeppoMarHuTHas (a3bl HUMEIOT
MaKpOCKOMHUYECKOe (a30BOE€ paACCIOCHHE C Karieil Hu3 OJHOMMEHHBIX
3apsAI0B M HYJIEBYIO OCTaTOYHYIO HHTpomuio. OcraiabHble MIECTh (a3
UMEIOT HEHYJIEBYIO OCTATOYHYIO 3HTPOIHIO, 3aBUCSIIYI0 OT IIOTHOCTH
3apsja n, a 3HAYMUT, OHU SBIAIOTCS QPYyCTPUPOBAHHBIMU (PazaMu.

BO13u rpaHulibl MEX 1y IaxMaTHOM 3apsioBoi ¢dazoit u heppo- uiu
aHTueppoMarHuTHON (a3oi B OJHOMEPHOM CHUCTEME BBINOJIHIETCS
kputrepuii Poxaca, YTO CBHUAETEILCTBYET O HAJIUYUU B CHUCTEME
IICEBIONEPEXO0I0B. [IeNCTBUTENBHO, B OJHOMEPHOM CHUCTEME B OTOU
obsacT  OOHAPYXKMBAIOTCS  HEOOBIUHBIE OCOOCHHOCTH  IOBEICHUS
TepMoaArHamMudeckux BenuuuH. [Ipu N=0 HaOIr01aI0TCs TICEBAONIEPEXOIbI,
HanomMuHaromue (azoBeie nepexoasl | poxa. [loxoxkue nceBronepexoibl
ObLTM OOHApY>XEHBbl BO MHOTHX JPYTUX OAHOMEPHBIX (PYCTPUPOBAHHBIX
cucremax [5]. Onmnako mnpu Nn#0 ObLT  OOHAPY)KEH HOBBIA THII
MICEeBJOIEepexo/ia, HamoMuHaromui ¢azoBeid mepexon |l poma. 3Ito
CBS3aHO C HAJIMYUEM MAaKpPOCKOMUYECKOro (Da30BOro paccioeHUus B
MarHuTHou (aze. AHamM3 KPUTUUYECKUX CBOMCTB JBYMEPHOW MOJEIU
BOJIM3U TPaHULIBI, JJIsI KOTOPOM HaOMIOJANKCh MCEBAONEPEXO0/Ibl, MOKa3al
Hanuuure (a3oBbIX mepexoqoB | poma. MoxHO clenaTh BBIBOJ O CBSI3U
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