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OBIITA A XAPAKTEPUCTUKA PABOTDI

AxTyasabHOCTBh TeMbI nccjegoBauuii. PopMupoBaHue U CTPYKTYPa Ma-
abix deppomarautabix (PM) Merammyeckux Kamnesb (MATHUTHBIX TOJISTPOHOB
wi epporor) B antndeppomaranTHoil (ADOM) nzosmpyromei marpuie 06-
CYXKJIaJINCh, HauMHasi C KOHIA IecTujecaTbiX rojos. IIpocreimm ciydaem
MarHUTHOTO TOJISIPOHA SIBJISIETCS YKECTKUi (MM XOPOIIO OTpEJIeJIeHHbI) Mar-
HUTHBIH 110JIIpoH. B 9TOM cjydae XBOCTbI MAarHUTHBIX UCKAXKEHUN BOKPYT' HETI'O
CHaJIaloT KCIOHEHIMabHO. Pazmep niepexoiHoii 0bsiacTu, B KOTOPO#t yroJi 1moji-
Koca (yroJi Mex/ly COCEJIHUMU CliMHamu) uaMmensiercs ot Hysist (PM jgomen) jio
180 rpaycos (ADM fomen), mMeeT MOPsIOK MEKATOMHOTO PACCTOSTHHST, TOITO-
MY PaJInyC MArHUTHOI'O MOJISTPOHA, SIBJISIETCs XOPOITIO OIPEIeJIeHHON BeJIUINHOI.

CytecTByeT Jpyroit ciaydail MarHUTHOTO MOJIsTpoHa. B 9ToM citydae XBOCTHI
MATHUTHBIX MCKaXKEHUI BOKDPYT HEro CIaJafoT CTEIeHHBIM 00pa3oM, obpasysi,
KaK TOBOpAT, “HIy0y’ MarHMUTHBIX MCKaXKEHUIl BOKPYT (peppOMarHUTHON cep/i-
1eBUHBL. Takue MarauTHBIE TOJSPOHBI Ha3bIBAIOTCs “oterbiMu’’. “Onerbie” Mar-
HUTHBIE [OJISIPOHbBI HCCJIEJIOBAJIUCDH B TPOCTPAHCTBEHHO OjiHOMepHOi# (1D) AOM
1erovKe. BbLio mokaszaHno, 4To XapakTepHasl JJIMHA CIUHOBLIX MCKAXKEHU BO-
Kpyr' (peppOMarHuTHOR cep/ilieBUHLI MHOT'O 0OJIbIille caMoil cepjreBunbl. K co-
)kaJsiennio, B 1D “ojierbie” MarHuTHbIE MMOJISIPOHBI OKA3bIBAIOTCS MeTacTaOU/Ib-
HBIMU OOBEKTAMHU, B TO BPEMsI KAK YKECTKHE MATHUTHBIE TIOJISPOHBI (COCTOSITITHE
13 (bepPOMATHUTHON CepIeBUHbI, HO 6e3 “TyObl” CIIMHOBBIX UCKAXKEHU) OTBe-
Jai0T OCHOBHOMY COCTOsiHWIO cucTeMbl. MccenoBanne crabuabHocTH “01eToro”
MArHUTHOI'O T0JISIPOHA B IPOCTPAHCTBEHHO jiByMepHoM (2D) cayuae siBisiercs
aKTyaJbHOI 3ajiavueil cOBpeMeHHOI (PUBUKM TBEPJOro Tejia W OJHON M3 3aJad
HACTOMAIIEH TUuccepTalnuoHHoil paboThI.

pyroii 3ajiaueit, pacCCMOTPEHHON B JINCCEPTAIIMOHHON padoTe, SIBJISETCs U3Y-
YEHUEe aHAJIOra MAIHUTHOI'O IOJISIPOHA B OPOUTAJIBHOM CEKTOPe (DU3UMKU MAHIa-
HuToB. llogBieHne Takux “opOMTAJILHBIX IOJAPOHOB  MOIJIO Obl JlaTh OObsIC-
HeHue Tex objacteit azoBoOil JuarpaMMbl MAHTAHUTOB, B KOTOPHIX OCHOBHYIO
POJIb UTPAIOT OPOUTAJIbHBIE CTENEHU CBODOBI eKTPOHOB. OHAKO, STOT BO-
IIPOC He MOJIYIUI JIOJPKHOI'O BHUMAHUSI HA CETOMHSIIITHUN JTeHb.

Eme ogHoit 3aj1a4eil, pacCMOTPEHHOR B JUCCEPTAIMOHHON pabore, siBJIseT-
csl MCCJIeJIOBaHMUE CBEPXITPOBOJMMOCTU B rpadene u bucioe rpadena. Kak ns-
BECTHO, €CJIM B BbIPOXKJIEHHOW cucreMe (hepMUOHOB CYIIECTBYET HPUTSXKEHUE
MEXK/JIy YaCTUIAMHU, TO IPU JOCTATOYHO HUBKUX TEeMIepaTypax MPOUCXOJINAT
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UX CIIapUBaHKE — TO €CTb, IIEPEXO0JI CUCTEMbI B TAKO€ COCTOSHHUE, B KOTOPOM
BO3HWKAIOT MapPHBIE KOPPEJSIUU B JBUKEHUU JACTUIL C TTPOTHBOIIOIOKHBIMI
UMITYJIbCAMHU, BBIPAXKAIOIINECs B CYNIECTBOBAHMHU HEJIMArOHAJBLHOIO JaJIbHEroO
HOpsiJIKa, U 00pa3yeTcs Ie/ib B CIEKTpPe OJHOYACTUYHBIX BO30YKaeHuil. Muk-
POCKOTIMYIECKast TEOPHsT TAKOTO SIBJIEHUsT BIIEPBbHIE ObLIa, MOCTpoeHa Bapanubim,
Kynepom u Ilpuddepom (BKII) npumennresbHo K cliapuBaHUio 3JeKTPOHOB
B CBEPXIIPOBOJIHUKAX, BbI3BAHHOMY oOMeHOM (poHoHaMu. WHaymupoBanHoe (o-
HOHAMK 3PEPEKTUBHOE JIEKTPOH-3JIEKTPOHHOE IIPUTSIKEHUE sIBJISETCS OTHOCHU-
TEJHHO CJIAOBIM, ITO TIO3BOJISIET CBEPXITPOBOIUMOCTH MPOSBISTHCS TOJBKO PN
HU3KKUX Temieparypax. [opasio 6osiee cujibHOE HPUTsiKEHIE, 0DecIiednBaloIiee
CIapuBaHUe IPU BLICOKUX TEMIIepaTypax, MOXKET ObITh JIOCTUTHYTO 38 CUET KY-
JIOHOBCKUX CHJI MEXKJIy SJIEKTPOHAMU W JbIPKaMu. Takoit THIT criapwBaHWsT OCY-
IIECTBJISIETCS B TOJIyMeTaJIax WU TOJYTPOBOJHUKAX C Y3KON 3alpereHHon
30HOM, B KOTOPBIX 00pa30BaHue 3KCUTOHOB — CBSI3aHHBIX 3JIEKTPOH-IBIPOTHBIX
ap — SIBJIAETCH SHEPIeTUIYECKH BBITOHBIM.

DJIEKTPOH-JILIPOTHOE CITAPUBAHNE B TAKUX CHCTEMAaX MPUBOJIUT K COCTOSTHUIO
9KCUTOHHOTO JINDJIEKTPUKA, B KOTOPOM 30HHAsi CTPYKTYPa, MMEPECTPAMBACTCS C
obpazoBaHueM I1iein. B cOCTOSHIN 9KCUTOHHOIO JIMAJIEKTPUKA, OJHAKO, HEBO3-
MOYKHa CBEPXTPOBOJANMOCTH B CHJIY DJEKTPUIECKONH HEHATPAJIHHOCTH CUCTEMBI.
Kpowme Toro, nepexojibl MeXK Iy 30HAMW CHAPWBAIOIINXCS YACTHIL MPUBOJAT K
dukcarun ¢aswl mapamerpa MOPsJIKA U TeM CaMbIM JIeJAaI0T HEBO3MOXKHONI 1
CBEPXTEKYUeCTh.

ApKum npuMepoM TakKux CHUCTEM siBjsieTcst Oucsoii rpadena. Boobie, cam
rpadeH 0cOOeHHO MHTEPECeH KaK CUCTEeMa, B KOTOPOH MOXKeT ObITh OCYIIEeCTB-
JIEHO MHOI'O30HHOE CIIAPUBAHUE, ITIOCKOJIBKY HIEIb MEXK Iy 30HOI IIPOBOIUMOCTH
¥ BaJICHTHOI 30HOIl B 3TOM MaTepuaJe paBHa HYJIIO, & XUMUYECKUN MOTEHIU-
aJ1, 3a/aI0MINiIl CTeleHb ylaJeHHoCTH oBepxHocTrn PepMu OT TOUYKKM KacaHusi
30H, MOXKET PEeryJupoBaThCsd B MIMPOKUX Ipenesax. Ecam XxuMuuecknii moTeH-
1A MaJI 110 CPABHEHUIO C XapaKTEPHBIMU YaCTOTaMK, Ha KOTOPBIX IPOUCKOTUT
CBEPXTIPOBOJISAIIIEE CIIApWBaHNWE, TO OHO OyeT 3aTparnBaTh W 30HY TTPOBOINMO-
CTH, U BaJCHTHYIO 30HY. B NPOTHBOMOJIOKHOM CJIydae CHJIHLHOTO JIOMUPOBAHMS
cnapuBaHue OyJeT 3aTparuBaTh TOJLKO OJIHY 30HY, COJIEPKAIILYIO MOBEPXHOCTH
Depmu.

st ornmcanust Oucjiost MOXKHO ucrojib3oBaTh Teopuio BKII, koropasi, oj-
HAKO, XOPOILIO PAbOTAET TOJHKO B PEXKUME CJA00H CBA3ZKM MEXK Ly JIEKTPOHAMU



U JibipKaMu. PexXuMm cujibHOI cBsi3u TpebyeT MOCTpOeHUsl MHOI Teopuu. IDTa

TEOpHUst JIOJDKHA TaKXKe yauThiBarh creruduky rpadena (Hanpumep, “yibrpa-

PEJISITUBUCTCKYHO MPUPOJLY SJIEKTPOHOB U JILIPOK ). [loucku Takoii Teopuu ax-

TyaJIbHbl Ha CETOJIHANIHUN JIeHb.

[Tockosbky criapuBanue 3pPEKTUBHO YIbTPAPE/IATUBUCTCKUX JIEKTPOHOB B

cjioe rpadeHe sSBJIeTCs MHOI'O30HHBIM 1IPU MaJIOM XUMUYECKOM IOTEHIMaJIe,

aKTyaJIbHO HCCJIEJOBAHNE SaKOHOMepHOCTeﬁ MHOT'O30HHOT'O CITapHUBaHUA IJIECK-

TPOHOB B rpadene 101 JieiicTBreM (POHOHOB Ha, OCHOBE 0000IIEHUs yPaBHEHU

Qumambepra. BaXXHO OTMETHTH, 9TO TaKasi TEOPUsi CBEPXITPOBOJANMOCTH OyIeT

yuuThiBaTh 3P PeKThl 3ala3/ibiBaHusl B3auMOJEHCTBUS.

ILlenp auccepraimoHHO PabOTHI:

PazpaboTKa u pa3BuTHE aHAJUTUIECKOI'O OIUCAHUS COCTOSHUN MEJIKOMAaC-
mrabHoro (hazoBOro PaCCIOEHUsI B CIIMHOBOM M OPOMTAJILHOM CEKTOPax
GpU3MKT MaHTAHUTOB JIJIsT 00bsICHEHUSI (PA30OBLIX JHAIPAMM 3TUX BEIECTB.

[TocTpoenue Teopuu JBYMEPHOrO “yJIbTPApPEIATUBUCTCKOIO  SJIEKTPOHHO-
IO U 3JIEKTPOH-JLIPOUHOrO I'a3a, YIUTBIBAIOMCH BJIMSHAE JTUHAMUICCKUX
3D DEKTOB 1PU HJIEKTPOH-3JICKTPOHHOM (CBEPXIIPOBOJISIIEE) U HJIEKTPOH-
JIBIPOYHOM (9KCHTOHHOE) CIIAPUBAHUSIX.

Hayuynasg HOBu3HA pabOThbl COCTOUT B TOM, UTO B HEil BIIEpBBIC:

Haitjilena crpyKTypa IPUMECHbIX MAIHUTHbBIX HOJISPOHOB, OTBEYAOIIUX CO-
CTOSTHUIO MEJTKOMACIITaOHOTO (ha30BOT0O PACCJOCHUST B MaHTaHUTAX.

PaccMmoTrpena BO3MOXKHOCTH MEJIJIEHHOTO CIaja UCKaXKeHU opOUTaIbHOIO
HOPSI/IKA, sIBJISIIOIIEIOCS aHAJIOIOM “IIyObl” CIIMHOBBIX MCKAXKEHUIA.

ccneioBaHo 0JIHO30HHOE JIEKTPOH-/IBIPOYHOE ClIiapuBaHue B Oucjioe rpa-
dena B pexxuMe cj1adoii CBSA3M.

[TokazaHo, 4TO 1IPU yBEJMUYEHUM CUJIbI CBSI3U B Oucjioe rpadeHa OTCyTCTBY-
eT Tepexo/l K Ta3y JOKAJbHBIX Map, BMECTO KOTOPOTO MTPOUCXOIUT TTEPEXO/T
K MHOT'O30HHOMY CITApUBAHUIO.

[Tosrydenbl OleHKM BEJIMYUHBI IEJN B CHeKTpe Oucyios rpadeHa B pexxu-
M€ CUJILHOM CBSI3U C yHYETOM JIMHAMUYECKOI'O 9KPAHUPOBAHUS 1OTEHIIUAJIA
CTIapUBaHUSI.



e llcciieioBaHO CBEPXIIPOBOJIsAINEE CIIapUBaHKE 3JIEKTPOHOB B I'padene, oby-
CJIOBJIEHHOE TIJIOCKUMU orTudeckumu pononamu. Haitjien psiji ero ocobeH-
HOCTEH, CBSI3AHHBIX C “YILTPAPEISITUBUCTCKON MPUPOJIOI 3JIEKTPOHOB.

ITpakTuyeckas 3Ha9MMOCTh paboThl. [IpejcrapieHnbie B 1epBoii ria-
BE PE3YJbTAThl — XapPaKTEPUCTUKKM COCTOSIHUST MEJKOMACIITabHOro (ha30BoOro
PACCJIOEHUsT — MOTYT OBITH COIOCTABJIEHBI C AKCIEPUMEHTAJLHBIME JAHHBIMU,
IIOJIYIEHHBIMU [IOCPEJICTBOM HEATPOHHOTO paccesinusd. M3ydenue ¢pa30BbIX jgua-
rpaMM MaHTAHUTOB MOXKET OKA3aThCsl MMOJE3HBIM C TOYKHU 3PEHUST WHXKEHEPHBIX
npuIOKeHuit B obsiactu KostoccasbHoro maruurocornporusienus (KMC).

PaccMmoTrpenHoe BO BTOPOii IJiaBe MHOTO30HHOE CIIapUBAHKE B 3JIEKTPOH-/IbI-
pouHoM Oucyioe rpadgeHa MoKeT ObITh Peai30BaHO SKCIEPUMEHTAJbHO IIPU
HU3KKUX TeMiepaTypax. CBepXTeKydecTh KOHIEHCATA JJIEKTPOH-IBIPOTHBIX TTap
1 conyTcrByiomue eit ahdexTo [:xo3edcona MOryT OLITH CIIOJIB30BAHBI B Pa3-
JINUYHBIX HAHO3JIEKTPOHHBLIX ycTpoiicTBax. C dyHIaMEHTaJIbHON TOUKN 3pEHUS
MPeCTABIAI0T WHTEPeC pas3paboTKa TEOPUN CBEPXTEKYUeCTH CUCTEMBI ¢ MHO-
I'O30HHBIM CIIAPUBAHUEM, TOWCK HOBBIX THIIOB TOTIOJOIMYECKUX BO30YXKICHWH B
TAKOH crCcTeMe M MCCJIeIOBaHUE POJIA KOPPEJIAINMOHHBIX 3(P(MEKTOB B PEKUME
CUJILHOI CBA3U.

Mzydentnoe B Tperheil TyiaBe CBEPXIPOBOJIAIIEE ClIAPUBAHUE JIEKTPOHOB B
rpadeHe mocpecTBOM (POHOHHOI'O MeXaHU3Ma, MOXKeT OBITH OOHAPYKEHO B IKC-
IEepUMEHTaX IPU CUJILHOM XUMUYECKOM JIOIUPOBAHUU OOPA3IOB M IPUMbBIKAET
K SIBJICHWSTM CBEPXITPOBOIMMOCTH B WHTEPKAJMPOBAHHOM rpadure.

Takum obpazom, B jiuccepTalliOHHON paboTe TPOBEJIEHbI TEOPETUIECKUE UC-
cJeJI0OBaHMsI SKCUTOHHOTO CIIapUBaHus B Oucjoe rpadeHa, CBepXIpoOBOIUMOCTH
B cJioe rpadeHa u COCTOSHUI MeJIKOMACIITaOHOro (pa30BOro PacC/JOeHUsI B MaH-
raruTax. Pesysibrarhl yKa3bBAIOT Ha, MHOYKECTBO NX HHTEPECHBIX 0COOEHHOCTEH!.
BypHoe pasBurue uccie0OBaHUil MaHIaHUTOB M rpadeHa u MEePCHEKTUBbI UX
TEXHOJIOIMYECKUX IIPUMEHEHNI TTPUIaioT 0cOOY0 3HAUYMMOCTD MOy YeHHLIM pPe-
3yJILTATAM.

OcHoBHBIE Hay4YHbI€ I10JIO2KE€HHN A, BbIHOCUMbIE€ HA 3alllUTYy:

1. PesysibraThl uccieoBaHnii COCTOSHNN MEJTKOMACIITAOHOTO (pa30BOI0 pac-
CJIOCHUSI B MaHraHWTax. Y TBEPXKJIEHWE O TOM, YTO Ha KBaJIPATHOW U Tpe-
YI'OJILHOM JIByMEpHbBIX pelieTkax ¢ ppycrpaiiueit “ojierbie”’” MarHuTHbIE 110-



JISIDOHBI OTBEYAI0T OCHOBHOMY COCTOSIHUIO CUCTEMBI, B TO BpeMsi KakK “To-
Jible” MarHUTHbBIE MOJSIPOHBI OKA3bIBAIOTCS METACTaAOMIbHBIMUA OO bEKTAMU.

2. YTBep¥KJIeHWe O TOM, UTO TIPU ClIAPUBAHUN SJIEKTPOHOB U JILIPOK B Oucjioe
rpadena (paBHO KakK 1 MPU JIEKTPOH-3JIEKTPOHHOM CIIADMBAHUU B OJJHOM
qucre TpadeHa) OTCYTCTBYET KPOCCOBEDP K Ta3y JIOKAJTBHBIX Tap 10 Mepe
YBEJIMIEHUS CUJIbl CBA3U. BMECTO 3TOro nMponcxoiuT mepexost OT OJHO30H-
Horo crapuBanus Tuia BKII Kk MHOTO30HHOMY ClTApUBAHWIO, OXBATHIBAIO-
1eMy KakK 30HY HPOBOJIMMOCTH, TaK U BaJIEHTHYIO 30HY CIIAPUBAIOIIMXCS
JaCTHII.

3. Teopust MHOIO30HHOI'O SKCUTOHHOI'O CllapuBaHusi B Oucjioe rpadena 1pu
cuibHOl cBst3n. OTEHKY BJIMsHUST JTUHAMIIECKUX 3D deKToB (IacToTHOl
3aBUCHMOCTH SKPAHWPOBAHHOTO TOTEHIMAIA CIIAPUBAHWST) Ha BEJIUIUHY
mesu. [Ipu aToM uMeer MecTo cepbe3Hasi KOHKYPEHIMsT MEXKJIy HedKpa-
HUPOBAHHBIM KYJIOHOBCKUM MPHUTSI)KEHUEM, C OJHONU CTOPOHBI, 1 COBMECT-
HBIM OTTAJKUBAIOIUM BKJIAJOM BUPTYaAJbHBIX TJIa3MOHOB U OJIHOYACTHY-
HBIX BO30YXKJICHUI, C JIPYTOil CTOPOHBI.

4. Teopust CBEpPXIIPOBOJIMMOCTH 3JEKTPOHOB B IpadeHe IOCPEJICTBOM ILJIOC-
KUX ONTUYECKUX (DOHOHHBIX MOJI. AHAJIMTUIECKHE DEIIeHNs JBYX30HHBIX
ypaBHeHU Dinaibepra B HPeJIeJIbHbIX CJIydasiX.

Crenenbp ob6ocHOBaHHOCTHU. (C TOYKHU 3pEHUs TEOPHUH CTElleHb ODOCHO-
BaHHOCTH ITOJIYYEHHBIX PE3YJIbTAaTOB JOCTATOYHO BbICOKa, TaK KaK B OCHOBY HMC-
CJIeJIOBAHMS MOJIOXKEHbBI OOIePU3HAHHBIE METO/Ibl U MPUOJIUKEHUsT KBAHTOBOM
MEXaHUKHU, CTATUCTHICCKON (bu3uKy u (pUu3MKu TBeporo resa. JocToBepHOCTD
TEOPETUIECKNX PE3YIHTATOB MOATBEPIKIAETCST TEM, UTO OHI COTJIACYIOTCST C 9KC-
MNEPpUMEHTAJIbHBIMUA JTaHHBIMU.

Anpobamus pe3ysabTaToB. Pesyibrarhl, npejicraBjieHHbIe B IMCCEPTAIINN,
HEOJTHOKPATHO JIOKJIAIBIBAJINCH U OOCYXKJAJNCh Ha CeMHHapax JabopaTopun
ciekTpockonun HanocTpykTyp UCAH n kadenpsr Teoperndeckoii siepHoii ¢u-
suku HUAY MUODHU. Psiyi pesyibraros O jiosioxken na Hayanoit ceccun HI-
AY MUDU (2008, 2010); na mexayrapoanbix koudepenmusax First CoMePhS
Workshop on Phase Separation in Electronic Systems (Aghia Pelagia, Crete,
Greece, October 29 — November 4, 2006), The International Conference on
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Strongly Correlated Electron Systems (Houston, Texas, USA, May 13 — 18,
2007), Euro-Asian Symposium “Magnetism on a Nanoscale” (Kazan, Russia,
August 23 — 26, 2007), Moscow International Symposium on Magnetism (Moscow,

June 20 — 25, 2008), 25th International Conference on Low Temperature Physics
(Amsterdam, the Netherlands, August 6 — 13, 2008).

Bxkanang aBropa. Bcee pesynbraTsl, nipejicTaBieHHbie B paboTe, MOJIYIeHbI
ABTOPOM JIMYHO, JINOO B COABTOPCTBE IIPK €r0 HEIOCPEICTBEHHOM YUaCTHN.

IIy6nmnkanum o Teme paborsel. [lo reme jiucceprainuu omnydmkoBano 13
IeYaTHBIX pabOT B HAYUHBIX XKYpHaJax U COOpHUKAX TPYA0B MexK1yHapoIHbIX
u Poccuiickux KondepeHiuii, B ToMm 4ducie, 6 crareil B XKypHaJiaX, peKOMEH]I0-
Banubix BAK. Criucok pabor npupejieH B KOHIlEe aBTopedepara.

CrpykTypa m 00beMm jguccepranmmum. Jluccepraius cocTouT us BBeJiE-
HUs, TpeX IJIaB, 3aKJIIOUEeHNS W CIUCKa JINTepaTyphl. Marepuaa aucceprainun
U3JI02KeH Ha 142 cTpaHUIax MalIMHOIIMCHOrO TeKcTa. bubimuorpadus BKaodaeT
314 mamMeHOBaHMIA.

KPATKOE COAEP2KAHUE JTJMCCEPTAIINN

Bo BBemeHUM n1pruBoinTcsa 000CHOBaHNE aKTYaJIbHOCTH TeMbI UCCIIEIOBAHMIA
1 JlaeTcsd KpaTKuil 0030p HeJaBHUX PabOT, TeMaTHKa KOTOPbIX HPUMBIKAET K
Teme Juccepraluu. V3maraercst KpaTkoe cojiepKaHue JIMCCEPTAIUN.

B mepBoit raase 1ipejicraBiietbl pe3yJibTarbl HCCIEI0BAHUN MeJIKOMACIITa0-
HBIX ()a30BBIX PacC/JoeHuil B MaHraHuTaxX. Mbl 000DITUIN MOJEb, PACCMOTPEH-
Hyto B pabore |1], Ha cayuqait (2D) dpycrpupoBannbix perrerok. Beiio pacemor-
PEHO JiBa THUIlA TaKuX perierok. Ilepsblit Tuir — KBajiparHast perieTka, ¢ B3au-
MojieficTBreM OJIMXKANIINX COCCJHUX PereTouHbiX (oKkaubhbix) cuunos (BC
BsaHMog:LeP’ICTBHe) U B3aUMOJICCTBUEM CJICJIYIOIIKUX IOCJe OJIMXKAKIINX cocesl-
rux perierounbix cnuroB (CBC win auaronanbhoe B3aumoseiicrsue). Bropoit
TUII — TPEYroJibHas pelierka, 00J1ajaolnas CUJIbHON reoMeTpuieckoit gppycr-
pamueit naxke B orcyrcrBun CBC B3aumojeiictBusi. Bee aTu B3anmMmoieiicTBus
Hocat ADOM xapakrep. Ilpemnosaransocs, 910 KpucTai odagaer OJHOOCHON
MArHUTHON aHU3OTPOINUEH, NPUYEeM OCh X SBJIAETCs JIErKoil ochbio. Hemaruur-
HbI€ JIOHOPHbIE LIPUMECU Dbl pa3MelieHbl B IEHTPbl HEKOTOPbIX JJIEMEHTAP-
HBIX sT9eeK perneTkd. CUuTaoch, 9TO KOHIEHTPAIUs JIOMUPOBAHUS JIOCTATOU-
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HO MaJa, U, TAaKIM 0O0pa30M, MOXKHO PACCMOTPETH M30JMPOBAHHYIO IPUMECH 1
ONPAHMIHUTHCS OJIHOIJIEKTPOHHOM 3asadeir. OTMeTnM, 9TO MPU TaKON KOHIIEH-
Tpaluu CUCTeMa JlajleKa OT Iepexo/ia U30JIATOp — MeTaJll.

DJIEKTPOH TTPOBOIMMOCTH, TIOSABJIAIONTUICA B pe3yJibTaTe JIOMUPOBAHNUsI, CBSI-
3aH C HEMarunnuTHON JOHOPHON MPUMECHIO MOTEHIINAJIOM KYJOHOBCKOI'O IPUTSI-
»kenusi. Kyjionosckuit norennuals V' npuHAT CUJILHBIM B CDABHEHUU C JIPYTUMU,
UMEIOTUMHI MEeCTO, B3auMoJjieiicTBusaMu. Mmenno:

Ve~dg>t>J>J > K, (1)

rie Jy — KOHCTaHTa BamMmopeiicTBusa XyHjaa, J n J — BC u CBC ADM o6-
MEHHbIe HHTErpaJibl, T — UHTErpaJl MepecKoKa 3JIEKTPOHa MpoBouMocT, K —
KOHCTaHTa OJIHOOCHOI MarHUTHOW aHM30TpONUu. B Takoii obsiacT u3MeHeHusi
1apaMeTpoB paJinyc JIOKAJIU3AIUU JIEKTPOHA TOPsIJIKA MEXKATOMHOI'O PACCTOsI-
Hus d.

Mpbl HAIITH SHEPTHUIO JTEKTPOHA IPOBOJIMMOCTHU Ha, KBAJIPATHON W TPEYTOJIb-
HOW pereTkax. JTa SHEPrust UMeeT MUHWMYM TOTJa, KOIja BCe CIUHBI B 00-
JIACTH JIBVXKEHHUs JIEKTPOHA MapaJiIebHbI JIPYT Apyry. Takum obpasoMm, Obl-
JIO TIOJIYY€HO COCTOSIHUE TTPUMECHOIO0 MAarHUTHOTO TOJIsIpOHA: (DeppPOMArHUTHAS
cepJilleBUHA, BHEJPEHHAs B aHTU(MEPPOMArHUTHYIO MaTPUILY.

Buiarogapst reomerpun 3ajaqu, B antudeppomarauthoii (AOM) marpurne
CYIIECTBYIOT JIB& BOZMOYKHBIX THIIA TPUMECHBIX MAarHUTHBIX MOJIIPOHOB. “O1e-
Thiil” MarauTHbI m0JsApon (Puc. 1) cocrout u3 heppoMarauTHON cep/IIeBrHbI,
paJiyc KOTOPOii MopsijiKa eJMHUIbI ([IOCTOSHHON PEIeTKy), 1 JOBOJBHO MeJI-
JIeHHO crnajiatonmux nckaxkennit AOM marpunplt Bokpyr. “Tosibiii” MarnuTHbI
MOJIAPOH COCTOUT U3 (PepPOMArHUTHON CEpJIEBUHBI C TEM K€ PAJINyCOM, UTO
n y “omeroro’ MarHMTHOTO TOJsipoHa, HO 0e3 nckaxennit AOM marpuinr. O0a
THIIA OTBEYAIOT MUHUMYMY IOJIHOI 9HEPIUU CUCTEMbI (KOTOPasi CKJIaJ[bIBACTCsI
M3 SHEPIUU 3JIEKTPOHA TIPOBOJAUMOCTH U MATHUTHOI SHEPIUH ).

B kadecTBe CJIeIyIonero mara, Oblia BhIYUCIeHa SHEPTUS MATHUTHON CTPYK-
TYyphI U, TAKUM 00pa30M, SHEPTHST “01eTOr0” MarHUTHOTO MOJAPOHA Fygteq. DT
SHEPI'Us CPaBHUBAJIACH C SHEPrUeil “rojoro” MarHUTHOIO 1OJIAPOHA, Fygpe. Pas-
Hocthb suepruit AE = FEiogted — Epare OTpUIIATEIbHA IPH MaJbIX 3HAUCHUASIX
AHU30TPOINN. DTO O3HATAET, UTO “OJIeThIi” MArHUTHBIA MOJISIPOH OKA3LIBAETCST
SHEPreTHIECKN BhITOAHEE “TosIoro”. OTMeTnM 3/1eCh TakyKe, 9TO MArHUTHBIE MC-

KasKeHNs, CO3/[aBaeMble MATHUTHEIM TOJISAPOHOM, CHanaloT Kak 1/r? u 1/r na
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Puc. 1. “OmeTbiit” MAarHUTHBINA MOJSIPOH HA KBaJIPATHON pelreTKe.

KBa/JIpATHON M TPEyroJbLHON pernerkax, coorBeTcTBeHHo. Ha TpeyroibHoit pe-
IeTKe MalHUTHBbIE MCKaxKeHust crnajaior bosee “mMsrko” (kak 1/7), Guaropaps
CUJIbHOI TeoMerpudeckoit (ppycrparuu. C Jpyroit ¢cTOPOHbBI, JOIOJHUTEIbHA
dpycrpanus, odycnosnernnas CBC ADOM obMeHHBIM B3anMOECTBAEM, TOHN-
YKAeT XapaKTEePHYIO JIJIMHY CIIaJ1a CIIMHOBBIX NCKaXXEHUH BOKPYT heppPOMarHnT-
HOW CepJIIIeBUHDI.

MaHraHuTbl U POJCTBEHHBLIE UM COEJMHEHUs] UHTEPECHbI CBOMM OOraTCTBOM
PA3JIMIHBIX 3JIEKTPOHHBIX cTeneHeil ¢BoOoabl. IToMUMO CIUHOBBLIX CTeneHei,
PACCMOTPEHHBIX BBIIIE, Ba>KHYIO POJIb B (DU3UKE MAHIAHUTOB UI'PAIOT OPOUTAIIL-
HbIe CTEIeHH CBODOIBI. 3aMedaresbHON 0COOEHHOCTHIO OpOUTAIBLHOIO CEKTOPa,
SBJISIETCSL TO, 9ITO €ro ujen (opbuTasbHOE YIOpsiIoueHre, OPOUTAIbHBIE TOJIs-
POHBI 1 TaK JIaJiee) CXOXKHU ¢ COOTBETCTBYIONMMY MJIESIMU CIIMHOBOIO CEKTOPA,
Jla U MaTeMaTUICCKUe AllllapaThl, IPUMEHIEMbIE IIPU OIMCAHUK STUX CEKTOPOB,
ouenp 6imu3ku!. B cuity 9T0i anasornu, B AUCCEPTAIMOHHO paboTe yaeadercs
BHUMAHWE MTOJIyIEHUIO PE3YJIbTATOB B OPOUTAIHLHOM CEKTOPE, MAEHHO MOXOXKNX

!D.I. Khomskii, M.V. Mostovoy, J. Phys. A 36, 1 (2003).
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Ha [IPUMECHbIC MAIrHUTHBIC IIOJISIPOHBI € “HIy0Oil” CIMHOBBIX MCKaXKCHUIA.
[Ipexk e Bcero, HECKOJILKO CJI0B 00 OpOUTAIBbHBIX CTEIeHsIX CBODO/IbI Ha, ITPU-
Mepe KBaJIpaTHOU pereTKu. IIsSTuKpaTHO BBIPOXKIEHHBIE d-3JIeKTPOHHDBIE SHEp-
reTHYecKre YPOBHU MOHOB MapraHIa PACIICILIAIOTCI B KPUCTAJIIMIECKOM II0-
Jie ¢ KBaJIpaTHOMU (1/1 Ky6quCK0171) CUMMETpHUell Ha JBYKPATHO BBIPOXKICHHDLIC
2y 22 — ) u
TPEXKPATHO BBIPOXK/ICHIbIE (9,-3/IEKTPOHIbIE SHepreTHIecKre ypoBHU (0pOu-

2
€4-9JIEKTPOHHBIE 9HEPreTHvecKne ypoBHu (opbutanmu 3z° — r

TaMn TY, ¥Z U Yz). Tpu s/eKTpoHA 3aHUMAIOT TPU COOTBETCTBYIONUX to-
9JIEKTPOHHBIX IHEPIETHUYECKUX YPOBHsI, YTO Jaer JokajubHbiil ciun 3/2. Kak
CJIeJICTBHE, BO MHOI'MX BOIIPOCAX Mbl MOYXKEM OIPAHUUIUTHCs JMHAMUKON TOJHKO
OCTaBIINXCS €4-3]IeKTPOHOB U PACCMATPUBATDL TOJBLKO JiBe 3JIeKTPOHHbIE OpOu-
tasn. JlanbHeiimee cHATHE BHIPOYKIEHUS SJEKTPOHHBIX SHEPTETHIECKNX YPOB-
Heil MOXKeT POUCXOINTH OJ1aroapsi HECKOJIbKUM MexanusmaM. Hampumep, no-
ubl Mn*", oxpyskeHHble HOHAME KHCJIODPOJIA, UCHBITBIBAIOT DACIICILUICHEE €,-
9JIEKTPOHHBIX SHEPreTHYeCKUX ypOBHeil OJiarojiaps B3auMOJECHCTBUIO OJIHOIO
(Ha OJMH MOH MapraHiia) €,-3JEeKTPOHa C KOJeOAHMsIMU HOHOB KHCJIOpOJa (C
TaK-HasbisaeMbiMu ononamu STna-Tesiepa)?.

Haire uccieoBanme opobuTaabHbIX cTelleHel ¢cBOOO I ObLIO OrPAHIYEHO PAC-
CMOTDPEHNEM €,-3IeKTPOHHBIX HEPTETUIECKNX YPOBHEH 1, Kak CIeJCTBIE, JIBYX
COOTBETCTBYIONMX opbuTasieil. B paMkax JJaHHOW MojieJin ObLJIM TT0JIyYeHbl TeO-
peTnvuecKre yKa3aHusl Ha BO3MOXKHOCTD CYIIECTBOBAHMS OPOUTAIBLHOIO MOJISIPO-
Ha ¢ “my0Ooit” opbuTajbHbIX UcKaxkeHuit. OJIHaKO, HEOOXOIUMO OTMETUTh, UTO
AHAJIOTUST MEXKJIy OPOUTANBHBIM W CITUHOBBIM CEKTOPAMW HE SIBJISIETCS MOJIHOMA.
Hanpumep, B opburasbHoM cektope (B 00IeM ciydae) He CyIIeCTBYeT aHaJo-
ra CIIUHOBON CTPYHBI, TTOCKOJBKY (B OTJMYIUU OT OOBITHOTO CIMHA) OpPOUTAIb-
HbIi [ICEBJIOCIUH HE SIBJISETCS COXPAHSIOMUMCA IHCIOM (BO3BMOXKEH MEPECKOK
¢ OJIHOTO THIla, opOuTaseil Ha ;prroﬁ). OjiHaKo, ecjii TaKO#i MePecKOK CHJILHO
110/IaBJICH, IPUOJIMKEHHOE PellleHre CTPYHHOTO THIIA, MOXKET CYIIeCTBOBATEL. OT-
METHM TaKKe, UTO pasjieJIeHle CIMHOBOIO U OPOUTAJIHLHOIO CEKTOPOB XOPOIIIO
PUMEHUMO B ONMpPEJIETIEeHHBIX (KAaK 4acTo — TpeJebHbIX) ydacTkax (hasoBbix
JIMarpaMM MaHTaHUTOB, HO CJIEJCTBUS ITOIO Pa3JICJeHUs JjIs aHAJTUTHICCKIX
BBIUKUCJICHUI TPYTHO HEPEOIEHUTD.

B nocsiennem pasjesie mepBoil IJiaBbl IOJPOOHO 00CYKJIAJUCHh HEKOTOPbIE
pUOJIVKEHNsI, CAeJTaHHbIe TPU BhIIUCIeHnsAX. CaMbIM MWHTEPECHBIM SIBJISIETCS

2H.J. Jahn, E. Teller, Proc. Roy. Soc. A 161, 220 (1937).
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Puc. 2. Cxema peanmusalun cliapuBaHid IPOCTPAHCTBEHHO Pa3/ieJIeHHBIX 3JeKTPOHOB U JIbl-
pok B Omcioe rpacdena. CropaBa HOKa3aHbl YPOBHU XUMHYECKUX HOTEHIUAJIOB fL U —[i B
BepXHEM M HHKHEM CJI0dAX I'padeHa, ycTaHaB/uBaeMble 3aTBOPHBIMH HAlDSKeHUAMEU Vg H
—V, cooTBeTcTBEHHO.

TO, KaKie BO3MOXKHbBIE “CIIeHAPUU TOPOXKJIAET OTKA3 OT TOTO WJIK UHOTO IMpU-
OJIMKEHMSI.

Pesysibrarhl, mpejcTaBieHHbIe B TIEPBOi TJiaBe, ONMyOJMKOBAHBI B CTATHSIX
11,2,3].

Bo BTOpPOIi ri1aBe u3/oxKeHbl pe3yJibTaThbl KCCIEI0BAHNS JIEKTPOH-IBIPOU-
HOT'O ClIapuBaHus B Oucjoe rpadeHa B pexkuMax ¢1adoii u cujibHoi csa3u. OJuH
13 BOBMOXKHBIX BapUaHTOB peaJsin3aluu Oucsos rpadena nzobpaxen Ha Puc. 2.
B TakoMm BapuaHTe JiBa 3aTBOPHBIX 3JEKTPOIA MO3BOJISIOT HE3aBUCUMO YIIPaB-
JISITh KOHIIEHTPAaIlfeil U TUIIOM HOCHUTeJeil B KaXXJOM M3 JBYX CJIoeB I'padeHa
(Puc. 2). Eciin ycraHOBUTH B HUX PaBHBIE KOHIIEHTPAIINK SJIEKTPOHOB 1 JIBIPOK,
TO W3-38 COBIaJeHUST MX HoBepxHocTeldn PepMu U KyJOHOBCKOIO TPUTIKEHUS
MEXKJIy HUMU CHCTEeMa OKarXKeTCsI HeyCTONUMUBOI 10 OTHOIIEHUIO K CIApUBAHKIIO
9JIEKTPOHOB M JIBIPOK C IIPOTUBOIIOJIOXKHBIMHU UMIIYJIbCAME, KOTOPOE COIPOBOXK-
JIAeTCsl BOSHUKHOBEHUEM IIEJIM B CHEKTPE BO3DYXKJICHWI W TTOXOXKE Ha, ClTaph-
BaHUE B CBEPXIPOBOJAHUKAXS, SKCUTOHHOM JIMIJICKTPUKE! 1 CBABAHHBIX 10JIY-
IPOBOJTHIKOBBIX KBAHTOBBIX AMax’. Takasg CHCTeMa MOXKET JTeMOHCTPHPOBATDH
CBEPXTEKyUne CBOWCTRA, CBA3aHHBIE C MOSBICHIEM HE3aTYXaIONNX TOKOB, JIB-
YKYIIUXCS B ITPOTHBOIOJIOYKHBIX HAIIPABJICHUSIX 110 Pa3HBIM JIUCTaM rpadena, u

3J. Bardeen, L.N. Cooper, J.R. Schrieffer, Phys. Rev. 108, 1175 (1957).
4J1.B. Kengpi, FO.B. Konaes, @usuka tBepmoro tena 6, 2791 (1964).
°10.E. Jlososuk, B.M. FOacon, [ucema B 2K9T® 22, 556 (1975).
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sbdexTsl, momobuble addekty Jxkozedconal.

B pesysibrare aHaJjm3a CBOMCTB 9KPaAHUPOBAHHOT'O 3JIEKTPOH-/ILIPOYHOIO B3a-
UMOJIeICTBHSI, 00ECIIEUNBAIOIIEr0 ClIapUBaHue, TOKA3aHO, 9TO Oe3pasMepHbIMU
VIPABJIAIONIME IAPAMETPAMU CHCTEMBI ABAAIOTCA T = e /chvp ~ 2.19/¢ n
prD/h, tie pp = p/vp — umnyinse @epvu. Ecmu ryg < 1w ppD/h > 1,
TO OCYLIECTBJISIETCH PEAHCUM CAGDOT CBA3U, IPU KOTOPOM I[PUTIKEHUE MEXK LY
9JEKTPOHAMHU ¥ JIBIPDKAMU SIBJISIETCS CJIAa0BIM, U OCHOBHOE COCTOSIHUE CHCTEMBbI
aHaJIOrMIHO 0ObIYHOMY cocTosinnio Tuia BKIIL. Opnako, sKciepuMeHTaIbHO
JIOCTUXKUM U TIPOTUBOTIOJIOXKHbIH pestcum cusvhoti ceasu; ecau ppD /h < 1, To
CUJI& CBS3U OIIPEJIEJISIETCs [1aPAMETPOM T's U HE 3aBUCUT OT KOHIEHTPAIUK dJIeK-
TPOHOB U JIBIPOK (UTO PE3KO KOHTPACTHPYET ¢ CATYaluel B OOBITHBIX CHCTEMAX
C HEPEJISITUBUCTCKIM CIIEKTPOM, TJIe Ts PACTET IPU CHUYKEHWH KOHIEHTPAIH' ).

B 00blubbix cucreMax criapuBaloimuxcst (epMUOHOB IIPU YBEJUYEHUU CH-
JIBI CBSI3W NPOMCXOJIMT ILIABHBIA mepexoj oT coctroguus tuia BKII x 603e-
SUHINTEHHOBCKOM KOH/JICHCAIINHI (BSK) B rase JIOKaJbHBIX I1ap, HOCAIIUAN Ha-
3panue xpoccosepa BKIII-BAK®. B rpadene e HEBO3ZMOXKHO 06pa3oBaHue JIO-
KaJIN30BaHHbIX 11aP BCJIEJICTBUE OTCYTCTBUS IIEJU B CIHEKTPE, YTO [IPUBOJUT
K orcyTcrBuio KpoccoBepa BKII-BOK. BmecTo Hero npu yBeJmYeHUN CHJIBI
cBsA3u mpoucxoauT nepexos cocrostinst Tuna BKII B yavmpapessmusucmexoe
cocmosanue muna BKIII, npu KOTOPOM, KaK M B OOBIYHOM COCTOSHUU THIIA
BKIII, cymniecTByioT mapHble KOPPEJSIUNA B JBUXKEHUHM 3JEKTPOHOB U JIBIPOK
C IIPOTHUBOIOJIOXKHBIMU UMITYJIbCAMHU, HO BMECTE C T€M CYIIECTBEHHYIO POJIb WI-
paer 3(pPEKTUBHO YJIbTPAPEJIATUBUCTCKAS JUMHAMUKA CIIAPUBAIOIIUXCS YACTHII.
[Toxoxkue cocTosinusi MOI'yT BO3BHUKATH IIPU “IIBETHON CBEPXIIPOBOJIUMMOCTH B
[IJIOTHOW KBAapKOBOM MaTepHH9.

[Ipu cnaboit cBsI3M clapuBaHue OXBAaTbIBAET JIMIIL HEOOJIBIINE OKPECTHO-
cru nosepxuocreii Pepmu vs1eKTpoHoB 1 JIBIpoK (Puc. 3(a)), Ho npu cuibHOI
CBSI3U CIIApUBaHUE 3aXBaTbIBAET M yJaJeHHbIE OT moBepxHocTeit PepMu 30HbI:
BaJICHTHYIO 30HY 3JIEKTPOHHOI'O CJIOS U 30HY IPOBOJMMOCTHU JILIPOTHOIO CJIOS
(Puc. 3(6)). IMapamerp mopsiaxa (r.e. anomanbuast dynkrust I'puna F, .,) u
mesb (aHOMaJIbHasT COOCTBEHHO-9HEPTeTHIeCKast 4acTh A -, ) CTAHOBSATCS MaT-
puriamu (2 X 2), WHJEKCH KOTOPBIX Y1, Y2 = +1 COOTBETCTBYIOT 30HE TPOBO,IH-

Yu.E. Lozovik, A.V. Poushnov, Phys. Lett. A 228, 399 (1997).

"G.D. Mahan, Many-particle physics, Plenum Press, New York, 1990.

8P. Nozieres, S. Schmitt-Rink, J. Low Temp. Phys. 59, 195 (1985).

9M.G. Alford, A. Schmitt, R. Rajagopal, T. Schéfer, Rev. Mod. Phys. 80, 1455 (2008).
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Puc. 3. Oaro3ounbrii (a) 1 MEHOTO30HHBI (6) peskuMbl ciapuBanust B 6ucioe rpadena. [Irpn-
XOBKO}i yKa3aHa 00/I1aCTh HUMILYJIBCHOIO IPOCTPAHCTBE, OXBATbIBAEMasl ClIapuBaHueM; F, ., —
KOMIIOHEHTBI MATPUYHOIO IO 30HAM HapaMeTpa IOpsIKa.

MOCTHU ¥ BAJICHTHOH 30HE B 9JIEKTPOHHOM H JIBIPOYHOM CJIOSIX.

MHOr030HHBIN PEXKUM CIIapuBaHMUsI ObLI UCCIEIOBAH B pabOTe MpPU IIOMO-
Y JIMarpaMMHOIl TeXHUKH, ClIelnaJIbHO MOJAUMUIIMPOBAHHON JIJIsi TOH IEJIN.
Brojist Mmarpuunbie 1o nHaekcaMm 308 GyHkunu ['pura u dpopmynupys deitnma-
HOBCKHUE IPABUJIA JJIsl HUX, MOXKHO II0CJI€/IOBATE/ILHO U3Yy4aTh BCE SIBJICHUS B
rpadene, 3aTparupaioiiue cpaly obe 30ubl. Cjegayer OTMETUTh, ITO P TaKOi
dopMyIpoOBKe jJuarpaMMHON TEXHMKH BEpLIMHAM KYJOHOBCKOI'O B3aMMO/ICHi-
CTBWSI CTaBSATCS B COOTBETCTBUE 42406ble (PaKmopsl, 3aBUCAIINE OT HAIPaBJIE-
HUR UMIIYJIbCA ¥ 30H 3JIEKTPOHA JI0 M IIOCIe aKTa B3aumojeicrsus. [Ipu mo-
MOIIIY MHOI'O30HHO# JMarpaMMHOI TEXHUKN ObLIM MOJy4YeHbl YpaBHEHHsSI ['0pb-
KOBa, OMMUCKHIBAIOIINE CIAPUBAHNE B MPUOJMKEHUN CPEJTHErO MOJsl U UMEOIINe
MaTPUYHBIN XapakTep.

OOBIYHO, HEYCTONYNBOCTH B MEXK30HHOM KaHaJie, COOTBETCTBYIOIEM aHTHU-
JIMaroHaJIbHOMY II0 30HAM CIAPUBAHUIO, BOBHUKAET TOJILKO IIPU IIPEBbIIIEHUN
KOHCTAHTON CBSI3U JIOBOJIBLHO OOJILIIIOTO TOPOrOBOIO 3HAYEHHSI, B TO BPEMsi KaK
BO BHYTPHM30HHOM KaHaJe, COOTBETCTBYIOIIEM JUArOHAJILHOMY 110 30HAM CIIa-
PUBAHNIO, OTCYTCTBYeT IHOpOr Jijisi cuibl ¢Ba3u. ClieoBaTesibHO, PeaJin30Bbl-
BaThCs OyJeT crapuBaHne, JUArOHAJILHOE O 30HaM, TPH KOTOPOM OTJIUUHDI
OT HyJISI KOMIIOHEHTHI MaTpU4HON 1mean Ay u A__, COOTBETCTBYIOIIME IIIe-
JISIM B 30HE TPOBOJIMMOCTH U B BAJIEHTHO#H 30He (AHAJIOTUIHO, OTJIMIHBI OT HY-
Jisl TOJIbKO KOMIIOHEHTBI F'y, u F__ mapamerpa mopsijiKa, H300pakKeHHbIe Ha
Puc. 3(6)). Ilpu s-BoJIHOBOM cliapvBaHWy JiBe IEJIV TOAIMHSAIOTCS CIIeIyoTeil
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cucremMe ypaBHeHI/IfI CaMOCOIJIaCOBaHHUd:

do’ 1 PN
Ty p + 77 PP

, . .
(277')2 9 V(p —P,En — ng‘) X

Aw(p7 i€n) = —
Yk

A,y/,yl(p/, ’Lgk) (2)

X —
(en — €r)? + E2(D', ick)

rJie BBEJEeHBI MallybapoBckue pepMUOHHbIE YacTOThl £, = 71 (2n + 1) u suep-
ruu Goromobosekux BosGyxaenuit B, (p,ic,) = /(yor|p| — p)? + A2 (P, ien);
V(q,w) ecrb JIMHAMUYECKH SKPAHUPOBAHHOE MEXKCJIONHOE 3JIEK TPOH-JIBIPOTHOE

B3aMMOJICIICTBHE, & CTOSINNI Iepesl HUM YTJIOBOi (DAKTOP BOSHUKAET B PE3YJIb-
TaTe CBEPTKU IO KOMIIOHEHTaM CIHUHOPHBIX BOJHOBBIX (DYHKITHI 3JEKTPOHOB
¥ 3aBUCHT OT HalpabieHus umiyiabca p = p/|p|. Crpykrypa ypasuenuii (2)
JIeTaJIbHO TPOaHAJIM3UPOBAHA B JIMCCEPTAIIMOHHON padoTe.

Bb11o nmosyueno npubJImKeHHOEe pellieHne CUCTeMbl (2) B CTATHIECKOM TIPH-
OJIMKEHUH, TPU KOTOPOM TpeHeOperaeTcst 3aBUCUMOCTDIO ITeJiell U MoTeHnaa
B3aMMOJIEHICTBUST OT YaCTOT, HO IIPH 3TOM cuuTaercs (B jpyxe reopun BKII), uro
CTIapuBaHUE MPOUCXOJUT B TOYKAX MMITYJIHCHOTO MPOCTPAHCTBA, YIAJCHHBIX HE
bosee UeM Ha HEKOTOPYIO SHEPTETUUYECKYIO MUPUHY W OT moBepxHOocTH Pepmn
(em. Puc. 3). Ecim cnapuBanue sijsiercst OJHO30HHBIM (T.e. w < [t), TO JiJIisi
BEJIMUMHBI IIEJIM CclIpaBeinBa, omnenka Tuia BKII:

1
A, ~2wexp {—)\} : A =0, (3)

riae A — 6espasMepHas KOHCTaHTa OpUTszKenns Ha nopepxnoct Pepmu. B Tom
Ke caydae, Korja cliapuBaHue siBJISIeTCs MHOMO3OHHBIM (W > (1), nMeeM

1
A+_|_ ~ 2/,LeXp {_A + l;: — 1} , A__ ~ A++, (4)

rJle KOHCTaHTa TPUTSKeHrs A HEMHOTO U3MEHSeTCsI 110 CPABHEHUIO ¢ A 33 cder
BJIVSHUS BaJEHTHON 30HbI. Kak BUJHO, OMEHOTHOE BhIpaXKeHue JJis e Ipu
MHOTO30HHOM CHIapuBaHui (4) Ka4eCTBEHHO OTJIMIACTCS OT OJJHO30HHOTO BBIPa-
Kenust (3) TeM, 94TO MUPUHA CJIOsT CIAPUBAHUS W BXOJUT B MOKA3ATEJH IKCIIO-
HEHTBI, & HE B IIPEJIKCIOHEHIINAbHBI MHOXKUTEb. 34 CUYET 3TOrO MIEJTh MOXKET
ObITH 3HAYUTEHHOM MpU OOJBINON MHUPUHE 30HBI CIIAPUBAHWUSA B UMITYJILCHOM
npocrpancTBe (3moT GakT 6T OTMEYEH U paHee NPU PACCMOTPEHUH B pAMKax
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j110; 11) Kpome Toro, ObLIU OJIyUYeHbI PEIIeHUSA CUCTEMBI

bostee rpyObLIX MoJIesei
ypaBHeHUi jiuis 1meseil (2) B crarndeckoM MpubJIMKeHUH ¢ 3aMEHOH MOTEeH -
ajla ClIapuBaHUsI Ha €ro cemnapabeabHyl0 JacThb, KOTOPbIE TaKyKe YKa3aIu Ha,
BO3MOXKHOCTD JIOCTUKEHIS 3HAYUTEILHON BEJIMINHDL eI B MHOTO30HHOM pe-
JKUMeE.

IIpojiesiannoe B juccepTaiinoHHOl pabore npubiirKeHHoe olpejie/ieHue 00-
JIACTH YaCTOT, B KOTOPOil SKpaHUpoBaHHOe B3auMmojeiicrBue V (q,w) sBsgeT-
Csl MPUTATUBAIONIIM, MOYKET JaTh TOJLKO MOPIOK BeUIUHLI mean. [loaromy
Jlajee B pabore ObLIO MPEeJIPUHATA MOINbITKA MMOJydeHusi 60Jiee TOUHBIX OIle-
HOK BEJIMYMHBI IIEJIM, OCHOBBIBAIOIIMXCS HA, PEHICHUM YPABHEHUMH, 11000HBIX
ypaBHeHUsIM Dyinambepra u nosyvatomuxcs u3 (2). B oruame ot yepegnenus
ypaBHEHNU{I 110 WMITYJILCY, WCTIOIh3yeMOro B moaxoje dumambepral?, B gannom
ciydae boJiee OnpaBIaHHbIM SIBJISIETCST TEPEX0/] K YPABHEHUsIM Ha “MaCcCOBOM 110-
BEPXHOCTHU , B KOTOPBIX YaCTOTa IOJIATaeTcss paBHO sHeprun O6OrosroO0BCKUX
BO30yXKAeHnii. [Ipu momomnu crekTpaJbHOrO MpeCTaBIeHns B3alMMOIeHCTBIE
V(q,w), Haiijiernoe B npubsivkennn xaoTudeckux a3, OblIO PasIoKeHo Ha
HEIKPAHUPOBAHHOE KYJIOHOBCKOE B3auMmojeiicTsue vg = 2me’/e|q|, orraikusa-
FOIII BKJIaJl BUPTYATBHBIX [IJIA3MOHOB € 9aCTOTON Wy (q) M CIEeKTPAIbHBIM Be-
com A(q), COOTBETCTBYIOIIMX BEPXHEH BETBU HE3ATYXAIONIMX [JIA3MEHHBIX KOJIe-
OaHWit B cucTeMe, 1 OTTAJKUBAIONINI BKJIAJ 3aTYXAONUX [1JIA3MOHOB W KOHTH-
HyyMa OJHOYACTHIHBLIX BO30YXKIEHN. DTH TPU BKJIAIA PA3JIEISIIOTCS B IBHOM

BUJIE B dJipe pe3yJAbTUPYIONIErO YpaBHEHUS JJIsI OIICHKU IIEJIN:

Ay (p) v _ 2A(p — pr)
=3 o 1 B o
2 P dv
+ 0/ Im V(p — pr, V)JWHV (5)

(3ech Im V(q, w) < 0, uro coorBercrByer 3(hhHEKTUBHOMY OTTAJIKMBAHUIO 13-
3a 3aTYXAIOIIUX [IA3MOHOB U KOHTUHYYMa OJHOYACTHUHBIX BO3OYXKICHMUI).
Yucnennoe perenne ypaBuenus (5) ¢ ucnoJb3oBanneM npobHOi dyHKIMI
st mestnt A (p) Ha MacCOBOM IOBEPXHOCTH, CIA/IAIONIECH Ha XapaKTEPHbIX Mac-
mrabax p ~ P, M0Ka3aJ10, YTO CYHIECTBYET CEphe3Hasi KOHKYPEHIMSA MEXK Ly

10T, Ohsaku, Int. J. Mod. Phys. B 18, 1771 (2004).
1IN.B. Kopnin, E.B. Sonin, Phys. Rev. Lett. 100, 246808 (2008).
121 M. Dumammbepr, 2K9T® 38, 966 (1960).
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Puc. 4. Ilens na nosepxuoctu @epmu A kak GyHKIMS napamMerpa CUIbl CBS3U T'g, BbI-
YUCJIEHHAs] C YYeTOM Pa3IUYHBIX BKJIQJOB B 3(@PEKTUBHOE B3aWMOJEHCTBHE Ha MacCCOBOM
noBepxHocTH. CIJIONTHAA JIMHUSA: TOJTHOE B3aUMOJIEUCTBUE, MITPUX-MYHKTHP: YIeT TOJIHKO
HEIKPAHUPOBAHHOTO KYJTOHOBCKOTO B3aNMO/IEHCTBUS, MYHKTUD: HEIKPAHUPOBAHHOE KYJIOHOB-
CKO€ B3auMOJIeHCTBUE U BKJIA/| HE3ATYXAIONIUX IJIA3MOHOB, IITPUXOBAas JIMHUS: CTATUYECKU
SKPAHUPOBAHHOE B3auMojeiicTBue.

IPSIMBIM 3JIEKTPOH-JLIPOTHBIM MIPHUTKEHUEM 1 3(P(MEKTUBHBIM OTTaJIKHABAHU-
eM M3-3a IJIA3MOHOB M OJHOYACTUUHBIX BO30YXKIEHMIA. YUeT JIUHAMUYIECKOIO
SKPAHUPOBAHKs JIACT OLEHKU BeJMIMHbI Iesn B criekTpe cucrembl (Puc. 4) na,

13,14 1,

HECKOJILKO MOPSIIKOB MEHBIINE, YeM BOOOIIe 0e3 yueTa SKpaHuPOBAHMS
B TO K€ BpeMsl Ha HECKOJIBKO TIOPSJIKOB IIPeBbIIatomue ornenku turma BKIII16,
c/IeJIaHHBIE C UCIIOJIb30BAHUEM CTATUYIECKH SKPAHUPOBAHHOIO B3aMMOJIEHCTBHSI.
[Tosyuennbie B jiuccepraldOHHONR padoTe OIEHKM MaKCUMAJIbHOW BEJIMYUHDI
KPUTHIECKON TeMIIepaTyphl Iepexoia B CBEPXTEKyUuee COCTOSHHE COCTABJIAIOT
HopsIKa HECKOJIbKUX I'paycoB Kenbsuna.

CTonT OTMETHUTH TaKyKe HEKOTOPhIE OCOOEHHOCTH CBEPXTEKYUINX CBOMCTB CH-

3H. Min, R. Bistritzer, J-J. Su, A.H. MacDonald, Phys. Rev. B 78, 121401(R) (2008).
11C.-H. Zhang, Y.N. Joglekar, Phys. Rev. B 77, 233405 (2008).

I5M.Yu. Kharitonov, K.B. Efetov, Phys. Rev. B 78, 241401(R) (2008).

M. Yu. Kharitonov, K.B. Efetov, Semicond. Sci. Tech. 25, 034004 (2008).
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CTeMBbI DX MHOIMO30HHOM CIIApUBAaHUU. Bo-1epBbIX, OTHOCHTEIbHAs (hasa mieseil
B 30HE MPOBOAMMOCTH A, U B BaJeHTHOH 300e A__ GUKCHPOBAHA U3-32 MEXK-
30HHBIX MEPeXoioB (caaraembie ¢ ¥ # ' B (2)). OHAKO TPH YMEHBICHUN CHITHI
CBsA3U CBsI3U 9Ta (pUKcalns ocjiabeBaeT, IPUBO/Isd K BO3MOXKHOCTH 00pa30BaHUsd
COJTMTOHONOAOOHBIX BO3OY K ICHUH, CBA3aHHBIX ¢ KOJEOAHUSIMU OTHOCUTEIHLHOI
basbl. Bo-BTOpbIX, CTpYKTYpa HapaMeTpa 0psiKa 110 CIIMHAM ¥ JIOJUHAM HHU-
Kak He (DUKCHPOBaHA (B OTCYTCTBHE CIIMHOBBIX WM JOJUHHBIX AaHU30TPOIHii) 1
sajlaerca marpuneii P runa SU(4), Koropas MOXKET IJIABHO MEHATLCA B [IPO-
CTPaHCTBE. DTO IPUBOJNT K BOZMOXKHOCTH 0OPA30BaHKs, B JIONOJIHEHUE K 00bIU-
HbIM BUXPSIM U 1IOJIYBUXDSIM, 4EMEEPMb-6ULPet] Bujia

¢ 000
0o 1to00]
P=510 010"
0 001

rjie S — MPOU3BOJIbHAS IIJIABHO MEHSIOIIAsICS B IPOCTPAHCTBE YHUTAPHAS MaT-
pUIIa, (0 — yI'OJI, OTCYUTHIBAEMbII OT IIEHTPa YeTBePTh-BUXPst. Takue deTBepTh-
BUXpK UMeOT 16 pa3 MEeHBIIYI0 SHEepPrui, 4eM oObluHble BUXpHU. B pesyibrare
temmeparypa nepexoja Kocrepinia-Tayineca Tt B cBepxTeKydee COCTOsSIHNE
Oy/leT ONpEeeJIAThCS YCAOBUEM JIUCCOMMALIAN AP IPOTHUBOIOJJIOXKHO OPUEHTH-
POBAHHDLIX YeTBEPThL-BUXPEIi:

/i

5 ps(Txt) = 16 Tk,

re ps(T) — dazosas xKecTKOCTh (MM CBEPXTEKyYasi TJIOTHOCTh) KOHJIEHCATA,
[IPpU KOHEYHOW TeMIlepaType.

PesynbTarsl, TpejcTaBJIeHHbBIe BO BTOPOi TyiaBe, OMyOJUKOBAHBI B CTATbSIX
4,6].

B TpeTtbeii riiaBe paccMoOTPEHO CBEPXITPOBO/ISIIEE ClIAPUBAHNE JEKTPOHOB
B rpadene nocpejicrsom obmena dpononamu. Kak OblIo 110Ka3aHO BO BTOPOit
ryiaBe, cnapuBanue 3pOEKTUBHO “YIbTPAPEJATUBUCTCKUX 3JIEKTPOHOB B I'Da-
ene n HAHOCTPYKTYpax Ha ero OCHOBE NMeeT BaXKHYI0 OCOOEHHOCTD: OHO sIBJISI-
eTCst MHOTO30HHBIM TIPU CHJIBHOM CBsi3u. [loaToMy MBI uccieioBam 00IIre 3aK0-
HOMEPHOCTU MHOTO30HHOTO CIIapUBAHUS SJICKTPOHOB B IrpadeHe Moj1 AeiicTBueM
¢goronos. Paccmorpenne mpoBouIOCh TTPU MOMOIU (hOpMaIu3Ma ypaBHEHU
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12,17 g kynepoBcKOM KaHaJie, B KOTOPOM IIpeHeOperaeTcs HopMaJib-

Qumaroepra
HO# cOOCTBEHHO SHEPrueil U BAUsIHMEM KYJOHOBCKOT'O OTTAJIKMBAHMS Ha CIIa-
puBanue. Bojee Toro, nesecoodpasno pasaensaTh 3(pPHEKTUBHO OHO30HHDIN pe-
JKAM CIIapUBAHUS B IIpejiesie CUIBHOIO JIONUPOBAHUs U OKPECTHOCTH KBAHTOBOI
KPUTHUIECKUI TOUYKKM MPU MAJIOM JONUPOBAHUN, TJIe CIAPUBAHUE SIBJISETCS CY-
IIECTBEHHO JIBYX30HHBIM. OTMETHM, 9TO JIaHHAs Teopusi, Oyiydn 00o0IeHneM
reopun BKIII jyis1 MHOr030HHOTO cllapuBaHus B rpadeHe, yInThIBaeT 3(PPeKTh
3al1a3/IbIBaHNs B3aUMO/ICCTBHSI.

['paden ocobeHHO MHTEpECeH KaK CUCTeMa, B KOTOPOiHl MOXKeT ObITh OCy-
1IECTBJIEHO MHOI'O30HHOE ClIapUBAHKE, 1HOCKOJIbKY IIEJb MEXKJIy 30HON 11IPOBO-
JAUMOCTH W BaJICHTHOW 30HOI B 9TOM MaTepuaJe paBHa HYJII0, & XUMUIYCCKUA
MOTEHIIMAJ, 3aJaf0IINii cTernenb yaajgeHnocTn nopepxHoct Gepmu oT TOUKM
KaCaHust 30H, MOXKET PEryjupoBaThCs B MIMPOKUX IPejiesiax — OT HyJisd JIO 3Ha-

18 1 nopsanka 1.53B

yeruit mopsanka 0.335B mpu 3/eKTprdeckoM JOMUPOBAHUH
Ipu XUMHIYecKoM jonuposannn®. Ecii xuMutaecKuii oTeHman MaJl 1Mo cpas-
HEHUIO C XapaKTEPHBIMU YaCTOTaMU, Ha KOTOPBIX ITPOUCXOJUT CBEPXITPOBO/Is-
1iee cliapuBaHue, TO OHO OyjieT 3arparuBarb U 30HY HPOBOJMMOCTH, U BaJIEHT-
HYIO 30HY. B TPOTHBOMOJIOKHOM cJlydae CUJIBHOTO JOMUPOBAHUS CIApUBAHUE
OyjieT 3aTparuBaTh TOJHKO OJHY 30HY, COJEPXKallyio nmoBepxHocth Oepmu.

Kak 1 BO BTOpOIl 1JiaBe, 3jieCh PacCMaTPUBaJIOCh JUATOHAJBLHOE 110 30HAM
CllapuBaHue, IPU KOTOPOM 00pas3yroTcs nBe miean: Ay — Ieab B 30He MPOBO-
mumoctu (1mesb it “aactury’) u A_ — IeIb B BaJEHTHOH 30He (1eJ1b I
“antrdacruir’). [Ipn 9m0M MbI OTBJIEKAEMCST OT CTPYKTYDPbI KOHJIEHCATA, TI0 CITH-
HaM U JIOJIMHAM, KOTOpas IpU S-BOJHOBOM ClIAPUBAHUU U OTCYTCTBUM MEXK-
JIOJIMHHBIX TEPEOPOCOB JTOIKHA (PaKTOPU30BATHCS B BUJE aHTHUCUMMETPUIHOM
CIIMH-JIOJIMHHOI BOJIHOBOI (DYHKIIMH.

DJIeKTPOH-(POHOHHOE B3anMOJeicTBIE OBLIO BHIOPAHO B MPOCTEHIIIEM BH/IE.
[Tpeanonaraagoch, 4To 4To jepOpMAIMOHHBIN TOTEHITHAJ, BOSHUKAIOIIII B pe-
3yJbTaTe KOoJeOaHWil peleTKn, OJIMHAKOBO JieiicTBYeT Ha obe mojperneTku. B
TAKOM CJIydae 3aTPaBOUYHbIE MATPUUHBIC 3JIEMEHTHI 3JIEKTPOH-(DOHOHHOI'O B3a-
UMOJIEHCTBUST IPOCTO yMHOXKAIOTCs Ha (pakTop nepekpbitus. st porHonuoro

YT .M. Dmmambepr, 2KOT® 39, 1437 (1960).

BK.S. Novoselov, A.K. Geim, S.V. Morozov, D. Jiang, M.I. Katsnelson, I.V. Grigorieva, S.V.
Dubonos, A.A. Firsov, Nature 438, 197 (2005).

19J L. McChesney, A. Bostwick, T. Ohta, T. Seyller, K. Horn, J. Gonzalez, E. Rotenberg, Phys.
Rev. Lett. 104, 136803 (2010).
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cIieKTpa ObLJIO KCIIOJIb30BaHO MMPHOJIMKeHNe DIHIITeiHA.

Perenne ypapuenuit Qumaioepra MoxKer ObITh OJYUEHO AHAJATUICCKN B
Pa3INYIHBIX IPEJEIBHBIX caydasx. B caydae cuabHOrO JOTUPOBAHKS, KOIJIA XH-
MUYECKU TOTEHIUAJ [t BEJIUK 110 CPABHEHUIO ¢ XapaKTEPHBIMU YacTOTaMu (Po-
HOHOB, (PYHKIINK HIEJIH CJIA00 3aBUCIT OT UMITYJIbCa, B CBSI3W C UeM YPaBHEHUS
MOI'YT OBITH YCPEJHEHDI 110 UMIIYJIbCY U CBEJIEHbI K OJHOMEPHBIM UHTEI'PAJIbHBIM
ypaBHEHUAM I10 qacrore' >, B mpoTuBONOIOKHOM caydae cjaaboro J0NupoBa-
HUsl, KOI'JIa XUMUYIECKUI IIOTEHIUAJ CPABHUM C XapaKTepHO# 4acToToit (POHOHOB
WJIK MEHbIIIE ee, Mbl He MOXKEeM ITPOBOAUTEL ycpegHeHne 1o nosepxuoctu Gepmu
B CHJIy €€ MaJIOCTU. DTOT CJIy4dail, COOTBETCTBYIOIINI OKPECTHOCTH KBAHTOBOM
KPUTUYCCKON TOUYKMU.

JLJ1s1 aHAJIMTUYIECKOTO PEIlieHs] MHTerPaJbHOTO YPaBHEHUs B IEPBOM CJIydae

MBI AIlIPOKCUMUPOBAJIH MIeIb CTyHeHdaroi npobnoit gynkimeir?:2!

Ai(w) =A;0(wy — w) (6)

HUpKUHONI wy. B TakoMm 1ojixojie dacrora odpe3aHust Wy sBJIAETCS CBOOOIHBIM
apaMeTpoM, KOTOPBI MOXKHO MOJIATaTh PABHBIM 10 MOPSIAKY BEJIUUYNHBI MaK-
CUMaJIbHOI YacToTe (DOHOHOB.

Jl1st HaXOXKIeHWsT KPUTUUECKON TeMIlepaTypPbl CBEPXITPOBOJISAIIETO 1ePEX0-
na Te, KoTOpasi MOXKEeT CJIy>KHUTbh BEPXHEH OLEHKOW TeMIIepaTypbl IePexoia
Kocrepauna-Tayneca B KBa3suJAByMEpPHOIl cHCTeMe, MHTerpaJjibHOe ypaBHEHUE
ObLJIO JIMHEAPU30BaHHO 110 BeJn4unHe miead. B pesysnbrare:

2wege” 1 1 1 1
Tczwﬁeexp{—}, — =+ —. (7)
T A Weff  Wo Wi

3siecb A — Oe3pa3MepHasi KOHCTaHTa 3JIEKTPOH-(DOHOHHOI'O B3aUMO/ICHCTBHS, W1
— gacToTa, (DOHOHOB, Y — TOCTOsTHHAST JilIepa.

CyiecrBoBanue KBAHTOBOM KpUTHIECKOH Touky B rpadene upu i = 0 1o or-
HOIIIEHUIO K KOHCTAHTE CBS3M sIBJISIETCS PE3yJILTaTOM OOpaIleHus B HYJIb I1JIOT-
HOCTM COCTOSIHUI B AnpakoBckoil Touke! 22, TIoaTOMy NP PacCMOTPEHUH KBaH-
TOBOI KPUTUIECKON TOUKH ¥ €€ OKPECTHOCTH HYXKHO aKKyPATHO IIPOBOJNTE WH-
TerpupOBaHUE 110 MAJIbIM UMIIYJIbCaM B YpaBHEHHSIX JJIs mejin. B To e BpeMs

20\ L. McMillan, Phys. Rev. 167, 331 (1968).
ZIML.B. Meageaes, D.A. Mammukunii, FO.C. [aruneros, 2K9TD 65, 1186 (1973).
22, (', Marino, L.H. Nunes, Nucl. Phys. B 741, 404 (2006).
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JIETAJIM 3aBUCUMOCTH (PYHKIIUN TIEJH OT JaCTOTHI He SIBJIAIOTCA TPUHITUITNAb-
HO BaXXHBIMU JIJIsi (PUBUKU KBAHTOBOW KpHUTHUYECKOW TOouKu. Takum obOpasom,
JIJIT paCCMOTPEHNs CIapuBaHusd MPU MaJOM JOMUPOBAHUN MOXKHO HCIOJH30-
BaTh CTYMEHYATYIO AlTPOKCUMAIIAIO IO YaCTOTeE.

PaccMoTpuM cooTHOIIIEHHUE MTapaMeTpoOB CUCTEMbl, COOTBETCTBYIOIIEE KBaH-
TOBON KPUTUYECKOI TOUKe u ee OyivKaiiieit okpecrunocru: pu << 1T, <K wy ~ wy.
B satoMm ciaydae TemmepaTypa CBEpXIPOBOJIAIIETO MepexXo/ia NMeeT BUT:

w1 wo 1
41n2 n( +w1> G+

172 2421n2
“’0> ]+Mn
G

. 8
w1 w% ( )

ln<1+

3J1eCh Mbl Hepenui 0T KOHCTaHThl A K Koucranre G rakoif, uto A = Gu/w;.
[Ipu 1 = 0 Boipaxkenue (8) jaer TeMieparypy Mepexojia B CaMoil KpUTHIECKOit

TOUKE:
w1 wo 1
L= In{l+—)——=¢, 9
21n2{n< +w1> G} 9)
IpUIeM CIapUBAHKUE MOXKET CYIIECTBOBATHL TOJLKO IIPH
1
G > (10)

In (1 n w“)
w1

Tenepn paccMoTpuM cirydail JajabHeil OKPeCTHOCTH KBaAaHTOBOM KPUTHIECKOM
TOYKH, Jiist KoTopoit T, < u < wy ~ wy. B aTom ciydae Temneparypa cBepx-
MIPOBOJIAINECTO TIePexXo/ia UMEeT BUJT:

2e7

(11)

Boipaxenusi (8), (9) u (11) juist Temueparypbl nepexojia B KBAHTOBON KpH-

wi nw0+w1}
Aop ptwn )

TUYECKON TOYKE U €€ OKPECTHOCTSIX HOXOXKH 110 CBOeH (popMe Ha, BbIParKeHUs,

1
, HO ABJIAIOTCA OoJiee TOUHBIMHA 6JI&FO,ZLapH ydery Jau-

nosiydeHnbie B pabore!
HaMu4deckux 3PpdeKToB u (pakTopa MEePeKPhITHS, TPOUCTEKAIONIEr0 U3 yUueTa
CIIMHOPHOM 1IPUPO/Ibl BOJHOBbBIX (DYHKIMIT 3jieKTpoHOB. KpuTnueckoe 3navenue
CUJTBI 3JTIEKTPOH-(DOHOHHOTO B3aNMO/IeiiCTBISA, TaBaeMoe HepasencTBoM (10), 3a-
BUCUT OT COOTHOIIIEHUsI JaCTOTHI OOpAIeHusi B HYJIb CBEPXIIPOBOJIAIIEH TIe/n
Wp M 9acTOThl (DOHOHOB W] .

OrMernM HEKOTOpoe CXOiCTBO Mexiy pesdyiabraramu (7) u (11) st kpu-

TUIECKO TeMIepaTyphl, MOJYIeHHBIMI TP YCJIOBUAX 1, K wy ~ w) K [ u
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T. < p < wy ~ Wi COOTBETCTBEHHO. DTHU CJIyYal COOTBETCTBYIOT (PU3NIECKUM
CUTYAIUsIM OJJHO30HHOT'O U MHOTO30HHOT'O CIIAPWBAHWS; TIJIABHAsT HHTEPIOJISATIHS
MEXKJIY COOTBETCTBYIONUMHU BbIpaXKEeHUAMU JjisT 1. MOXKET JaTh OTBET Ha, BO-
poc 06 m3MeHeHnn (PaKTOPOB, BIUSIIONUX HA KPUTUIECKYIO TeMIIepaTypy Mpu
MOCTETNIEHHOM TIepexojie OT MHOTO30HHOI'O CIIAPUBaHUs K OJ[HO30HHOMY.

MakcumaJsibHble 3HAUEHUST KDUTUIECKOH TeMIepaTypbl ClIapUBaHUsT IO/, J1eii-
CTBUEM IIJIOCKUX (POHOHOB MOTYT OBITH JIOCTUTHYTHI TIPW CUJIBHOM JOMHAPOBA-
Hun rpadena (XuMuaeckuii noreHnuar (i ~ 1.59B, KoHIenTpanus 3;1eKTpoHOB
n ~ 1.5 x 10 CM_Z), KOI'JIa ClIapUBaHUE sIBJISIETCS OJIHO30HHBIM. B 3TOM CJ1y-
yae TeMileparypa lepexojia B CBEPXIIPOBOJISIIEE COCTOSIHUE MOXKET JIOCTUlATH
noJteii Tpajstyca Kenbuna. [Ipu TakoM cHIBHOM JIOMUPOBAHUT, KOTOPOE MOXKET
OBITH JOCTUTHYTO MyTeM HabUICHWUS TpuMeceii'’, Hy>KHO, 0lHaKO, YIUTHIBATH
PsiJi JIOTIOJIHUTENIBHBIX (DaKTOPOB, HE PACCMATPUBABIINXCS B HCIOJb30BAHHON
mojien. Cpesin HUX MOYXKHO OTMETHUTH BJIMSHUE TIpUMecell Ha KOHJIeHCAT KyTle-
POBCKHIX Map 23, TpeyrosbHOe NCKayKeHNe 3JIeKTPOHHOTO CIIeKTpat, criocobeTBy-
[OIlee CITAPUBAHUIO SJIEKTPOHOB € TTPOTHBONOJIOKHBIMI UMITYJILCAMU U3 TTPOTH-
BOTIOJIOXKHBIX JIOJIMH, 00pa30BaHuE 30H IMPUMECHBIX aTOMOB, KaK B XUMUYECKN
paccioernoM rpadute 1 B CaCg?®, n Maxke BO3MOMKHBIC CTPYKTYDPHBIC TIepe-
crpoitki camoro rpadenal?.

Hakomerr, 661710 paccMOTpeHO npuMeHeHne pa3paboraHHOro (popMasin3ma K
UCCJICIOBAHWIO CITAPUBAHUS Ha aKYCTUIECKUX (DOHOHAX, UTO MOXKET OBITH NHTE-
PECHO B MHBIX (PU3UIECKUX CHCTEMaX MOMUMO rpadena (B KOHTEKCTE CapuBa-
HUst 6e3MacCOBBIX (DEPMUOHOB TIpH OOMEHe CKassipHbiM 6030HOM ). Hamomumnm,
4TO aKycTuieckue poHoHbI 00J1a/1aI0T JIMHERHBIM CIIEKTPOM. Mbl OIpaHuYnIUChH
HAXOXKJICHUEM 3HAYEHUs IMeJId TIPU HYJIeBOW TeMIiepaType.

Pesysnbrarel, n3iioxkeHHbIC B TPETheil IiaBe, OmyOJMKOBaHbI B CTaThsax |5,6].

B 3akmrogeHmm 110/1BOJIATCA UTOMM MPOJICJIAHHON paboThl, 00CY XK IAI0TCs
MOJIYIEHHBIE B XOJE JINCCEPTAIMOHHON paboThl pe3yabTaThl. KpoMe Toro, ob-
CY2KJIAIOTCA BO3MOXKHOCTH TTPAKTUIECKOTO TIPUMEHEHU MOy YeHHBIX PE3YIbTa-
TOB ¥ TPOJIOJIYKEHNsT MCCJIEOBAHNST SJIEKTPOHHBIX CBOMCTB rpadena W MaHTa-
HUTOB TP TTOMOIIN PA3BUTHIX B JIMCCEPTAIMOHHON PaboTe METOJIOB.

ZT.0. Wehling, H.P. Dahal, A.I1. Lichtenstein, A.V. Balatsky, Phys. Rev. B 78, 035414 (2008).
24T. Ando, T. Nakanishi, R. Saito, J. Phys. Soc. Japan 67, 2857 (1998).
M. Calandra, F. Mauri, Phys. Rev. Lett. 95, 237002 (2005).
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OCHOBHBDBIE PE3VYJIBTATHI /IMCCEPTAIINN

1. UccnenoBano cocTosiHuE MEJIKOMACIITAOHOTO (pa30BOI0 PACC/IOCHUsI B MAH-
rannTax. OOHapyKeHO, UTO B CIIMHOBOM CEKTOpe (PU3UKKM MAHTAHUTOB HA
KBa/JIpATHOI M TPeyroJibHOI JIByMEpPHBLIX pellerkax ¢ ppycrparnueit “oje-
Thie” MArHUTHBIE MOJISIPOHBI (COCTOsiIIIE N3 (DEPPOMAIHUTHO CepP/IIIeBUHbI
¥ “1yObl” CIIMHOBBIX MCKAXKEHKI BOKPYT Hee) OTBEYAI0T OCHOBHOMY COCTOSI-
HUIO CUCTEMBI B TO BPEMSI, KAK XKECTKUE MATHUTHBIE TTOJISIPOHBI (COCTOSIINE
13 GeppOMarHUTHO Cep/IIeBUHBI, HO 0e3 “IIyObl” CIMHOBBIX MCKAYKEHNI)
OKa3bIBAIOTCs MeTaCTabUIbHBIMU OO bEKTAMMU.

2. Tlokaszano, uro onucanue opoUTAJIHLHOTO CeKTOpa (PUBNKKU MAHTaAHUTOB JK-
BUBAJIEHTHO OIMCAHUIO CIIMHOBOI'O CeKTOpa. TakuMm 00pas3oM, 1pecTaBiisi-
eTCsi BOBMOXKHBIM C(HOPMYJINPOBATEH U0 OPOUTAJBHBIX MOJSIpoHOB. O0-
CY2KJIeHa BO3MOXKHOCTH CTEIIEHHOI'O CIIaJja MCKayKeHUil OpOUTAJJIbLHOIO I10-
psijiKa, SIBJISIIONIErOCs aHaJIOrOM “IyObl” CITUMHOBBIX MCKAaXKEHWI B CIIMHO-
BOM CEKTOpE.

3. UccnenoBano criapuBaHue MPOCTPAHCTBEHHO Pa3/eJIEHHBIX SJIEKTPOHOB U
JILIPOK B Oucjioe rpadena B pexxuMax ¢aaboi n cuibHoil cstzu. Obnapy-
YKEHO, UTO IIPH IIepexojie OT ¢1aboil CBsI3M K CUJIbHOI B rpadeHe u bucioe
rpadena peasusyercst 1mepexoj OT OJHO30HHOTO crapuBanus Tuna BKIII
K MHOT'O30HHOMY “YJITPape/IATUBUCTCKOMY  CIIapUBAHUIO.

4. B paMKax 1nocTpoeHHON TeOPUH JIBYyMEPHOI'O “YIIbTPAPEIsiTUBUCTCKOIO  3JI€K-
TPOHHOI'O U 3JIEKTPOH-/ILIPOYHOIO I'a3a BbIYUCJIEHO 3HAYEHUE CBEPXIIPOBO-
nsrmieit mesn. OTMedeHo, YTO MHOTO30HHOE PACCMOTPEHUE CIapUBaHUS B
bucsioe rpadena Ipu CUJILHOI CBA3M JaeT 3HaueHue Iejin OoJjbliee, dyeM
ojinozonnoe 3navdeHue BKII. Yureno Biustaue juHamuyueckux 3pOekToB
(4acTOTHOI 3aBUCHMOCTH SKPAHUPOBAHHOIO IOTEHIMAJA ClIADUBAHUS) Ha,
BEJIMUNHY TIEJIM U TPOJIEMOHCTPUPOBAHA Cepbe3Hasd KOHKYPEHIIUS MeXK Ty
HEIKPAHNPOBAHHBIM KYJOHOBCKUM TIPUTSI)KEHUEM, C OHON CTOPOHKI, i COB-
MECTHBIM OTTAJKHWBAIOIMM BKJIAJOM BUPTYaJbHBIX IJIA3MOHOB U OJIHOYA~
CTUYIHBIX BO30YXKICHUI, C APYToit cTOpoHbI. Tak:Ke oTMeUeHbl HEOOBIYHBIE
CBEPXTEKyUre CBONCTBA CHUCTEMBI, B YACTHOCTH, 0Opa30BaHUE UETBEPTh-
Buxpeii npu ¢azorom 1repexojie Kocrepsnia-Tayseca.
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5. UccnenoBano s-criapuBanue 3JIEKTPOHOB B T'padene MocpeiCTBOM IJTOCKIX
ornTuyecknx (poHoHHbIX Mo, [Tapamerp nopsijika ObLT BLIOpaH B BUjIe, Jika-
TOHAJILHOM TI0 BaJICHTHOW 30HE M 30HE MPOBOJUMOCTH, HO MMEIONIEM TPO-
U3BOJILHYIO CTPYKTYPY B TpocTpaHcTBe foJnH. [losyuensl n anagnTmde-
CKW PEITIeHbl B TTPEJIEJIbHBIX CIyUdastX ABYX30HHBIE ypaBHEeHWs Dnraribepra,
OIKUCHIBAIOIIIME CllapuBaHUe 1ocpejicTBoM (poHoHOB. PaccMmorpeno npume-
HeHue pa3paboTaHHOTo POpMAJIU3Ma, JIJId CJIydas aKyCTHIECKUX (POHOHOB.
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