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B pabore moka3aHo, ITO SHEPTHS JIEKTPOHHOM CUCTEMBI IBYMEpHOiI pereTky JInba MOHMKaeTcst B pe3yJib-

TaTe CMeN[eHMl pebepHBIX aTOMOB OT IIEHTPOB BHOJL pebep. TIoHMKeHMe 37I€KTPOHHOM SHEPTUH MPUBOIUT K

TIOSTBJIEHUIO MSITKUX (DOHOHHBIX MO/, aHTAPMOHUIECKUX (DOHOHOB, M K HEYCTONINBOCTH pernreTku. IIpm omnpese-

JIEHHBIX YCJIOBUSAX TIOHMKEHNE 3JIeKTPOHHOIT SHepIUM MOXKeT IIPEBBbICUTH YBeJINUeHne YIPYroil SHepTun NOHHONI

PEIIeTKY, ¥ B 3THX YCJIOBHAX 3aBUCUMOCTD ITOJTHON SHEPTUM KakK (DYHKIMH CMENeHIi pebepHbIX ATOMOB IIPH-

obperaeT BUJ ABYXSIMHOI'O MOTEHITHAJA. B pe3yabrare, IpU CHIHHOM HEYCTONYIHUBOCTH, BOSHUKAET YACTHUIHO

YIOPSI0YeHHAs TMOAPeIeTKa pebepHBIX ATOMOB C YHC/IOM PABHOBECHBIX IMOJIOXKEHWI, BIBOE MPEBBINIAIONEM

UX IUCJI0, a KBAHTOBOE TYHHE/JIUPOBAHUE pe6epHmX ATOMOB MEX/Y PaBHOBECHBIMU IIOJIOKEHUAMU IIPUBOIUT

K INOABJIEHUIO KBAHTOBBIX TYHHEJIbHBIX MO/I. B pa60Te O6Cy}K,Il;aIOTCH BO3MOXKHbBIE€ 3KCIIEPDHUMEHTAJIbHbBIE ITPOAB-

JIEHUS UCCTIeTyeMOM HEeyCTONINBOCTH U 0DODIIEHNsT PACCMOTPEHHON MOJIe/IM Ha TPEXMEPHBIE PelreTKH.
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1. BBenenmne. Pemerkoit JIuba Ha3bBaeTcs ABY-
MepHasi, KBQIpaTHAsI PEIeTKa aToMOB Tuma, A, B cepe-
JIMHAX CBs3€il KOTOPOi#l HAXOAATCS aTOMbI THMa B (cM.
puc. 1). Pemerka JIuba sapiserca onHoil U3 caMbIX mpo-

Puc.1. (IlBernoit onnaiin) Mcxonmas peumerka JIuGa u
pemerka JIluba B pe3ynbrare pa3BUTHS HEYCTONINBOCTH
C yKa3aHWeM WHTEerpasoB mnepeckoka. Cunme KpyxKKd —
y3elbHbIe aTOMBI THra A, KpacHble KPYy KM — pebepHbIe
aToMbl THTIa B

CTBIX OMMAPTUTHBIX PEMIETOK, T.€. PEMIeTOK, Y3JIbl KO-
TOPBIX MOTYT OBITH PAa3JeNeHbl HA JBa MOIMHOXKECTBA
A u B, npuuem OamKaiimmmmu cocensgvu y3ia08 A sB-
qstiorest y3ael B u HaoGopor. CBoe UMs OHA MOy IUIa
6naromapsi 3HamennToii pabore JIuba, B KOTOPOIT OBI-
JIV JTOKA3aHBI CTPOTHE YTBEPIKIAEHUS O MOJe N Xabbap-
Ja Ha GumapTuTHRIX penterkax [1]. HIupokyto nomysmsip-
HOCTH pemierka Jluba mosryumsa Graromapsi HATHYIUIO

De-mail: ryzhkin@issp.ac.ru

B €e 3JIEKTPOHHOM CIEKTPE IJIOCKUX WU Oe3Iucriepcu-
OHHBIX 30H [2-5]. OTCyTCTBHE KHHETHIECKONH SHEPrUm
9JIEKTPOHOB B TAKUX 30HAX MPUBOAUT K OMpPEIEISIONMEe
POJIH CKOJTb YTOJIHO MAJIOTO B3aMMOEHCTBYST MEXK /Ty HU-
MI U K PeaTn3alny HeOOBITHBIX KOPPEIUPOBAHHBIX CO-
CTOSTHWI 3JIEKTPOHHOM cucTeMbl. CMBICT 3TOrO yTBEp-
JKJIEHUST CTAHOBHUTCS DOJIee MOHSTHBIM, €CTH CPABHUTH
GbUBUKY MIOCKUX 3JIEKTPOHHBIX 30H € (DU3UKOM IIOC-
KX 30H JIBYMEPHBIX 3JIEKTPOHOB B CHUJIBHOM MATHUT-
HOM [0Jie. DKCIEPUMEHTATLHON peaTu3alyeil perer-
ku JIuba asiserca noapemerka CuOs B BbhICOKOTEMIIE-
PATYPHBIX KYTPATHBIX CBEPXIPOBOJHUKAX, MCCJIEI0BA~
HHUIO KOTOPBIX TAKYKE TMOCBSIIEHO OMPOMHOE YHCIO Pa-
6or, cMmorpu, Hanpumep, [6-9]. Bauskue crpykTypbI, KO-
TOpbIE MOYKHO HA3BATh MCKAYKEHHBIMHU permerkamu JIu-
6a, peasm3yloTCss B HaHO orpaHmveHHoil Boze [10,11].
Pebepro-nieHTprpoBaHHbIE KyOUTIECKHe PENIeTKH, KOTO-
pbIe SBJISIIOTCS TPEXMEPHBIMU OOODIIMEHUSMH DEITETKN
JInba, peajm3yloTcss B BBICOKOTEMIIEPATYPHBIX CBEPX-
OPOBOJHUKAX HA OCHOBE CepoBozopoia [12,13] u B ka-
YECTBE TPEXMEPHBIX MOJPEIIeTOK B PA3TUYHBIX MEPOB-
ckurax [14-16].

W3 nepeuncieHHOro caemayer, 9To (pu3nKa coemuHe-
HUil ¢ perreTkoit JInuba SABIsgeTcs MHTEPECHON 1 BaXKHON
Temoit nccmenoBanmii. Ileanio mamHoil paboThl SABIIET-
csI MCCTIeIOBAHMIE €ITe OTHOM ocobeHHoCTH pemerkn JIn-
0a, a UMEHHO, ee JIEKTPOHHON HeycToWunBocTH. AHa-
JU3UPYs NMOBEJEHNE 3JTEKTPOHHON M PENIeTOYHON dHep-
CHH, MBI MOKAXKEM, 9TO JEKTPOHHAS YHEPrUsl yMeHb-
[IAETCST B PE3YJIbTATe CMEIEHuH PeOepHBIX ATOMOB OT
[EHTPOB CBsA3€il, W TPHU ONPEIETEHHBIX YCJIOBUAX BO3-
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pacraHnue yupyroi sHepruu He KOMIIEHCUPYeT yMeHblIle-
HUe 3JIeKTPOHHONH 3HEPTUH, T.€. B 3TUX YCJIOBUAX pelieT-
ka JIuba cranoBuTcst HeycroitunBoil. Boan3u meycToii-
YUBOCTHU JIJIA PEIIeTOK TaKOro THUIA XapAKTePHBbI MdAr-
KHe MOJIbI ¥ aHrapMOHUYecKrne (hOHOHbBI, a B PE3yJIbTaTe
Pa3BUTHST HEYCTOWYMBOCTH TOTEHIMAJ DPEOEPHBIX aTo-
MOB, KaK (DYHKIIHS CMEIIEHHH, MPHOOPETaeT IBYXIM-
HBII BH/JI, y/JIBAWBAETCA YUCJIO DPABHOBECHBIX IIOJIOXKE-
HUl pPeOEepPHBIX ATOMOB HA CBA3SX W CTAHOBHUTCS BO3-
MOXKHBIM KBAHTOBOE TYHHEJIMPOBAHNE PEOEPHBIX aTo-
MOB MEXK/Iy PaBHOBECHBIMU MMOJOXKeHusiMu. 1Ipu 3Tom
BO3HUKAIOT HOBBIE BO30YXKIEHWS, KBAHTOBBIE TYHHEJb-
HBIE MOJIbI, KOTOPBIE MOTYT CHUJILHO B3aNMO/IEICTBOBATH
C 3JIEKTPOHHOI CUCTEMOA.

Hasnee, B pa3zesne 2, C HCIOJIb30BAHUEM METOA CHJThb-
HOW CBS3W MBI PACCMOTPUM CTPYKTYPY 3JIEKTPOHHOTO
criekTpa pemretku JIuba, ee 3aBUCHUMOCTb OT CMEIIEeHuH
pebepHBIX aTOMOB BIOJL CBA3€H, W HATWYHE ILTOCKON
30HBI. B pazgene 3 MBI paccMOTPMM M3MEHEHUS JJIEK-
TPOHHOIT YHEPTUMU W SHEPrUM HOHHON DPENIeTKH B pe-
3y/IbTATE CMEIIEeHU pebePHBIX ATOMOB, U HAWIEM yCII0-
BUSI BOSHUKHOBEHUsT HEYCTONYNBOCTH pererku JIuba. B
pazaene 4 Mbl 00CYINM 3KCIEPUMEHTATILHBIE MTPOSTBIIE-
HUA HUCCJIeIyeMOIf HeyCTOMYMBOCTH U €€ 3aBUCUMOCTb OT
mapamMeTpoB pereTku. B sTom Ke paszsene Mbl 06Cy-
UM CBA3b UCCJIEAYyeMOil HEyCTOMYMBOCTH C HEYCTONYIH-
Boctbio [Taitepiica [17] u cBA3b paccMOTPEHHOM MO/Ie/IH C
OJIHOMEPHOM MOJENbBIO HOJUITHIeHA 1K Mojenbio SSH
(Su—Schrieffer—Heeger) [18,19].

2. CTpyKTypa 3JeKTPOHHOrO CIEeKTpa. JJeK-
TPOHHBIH CIIEKTP JII0O0r0 COEIUHEHUS OIPEIesaeTCs He
TOJTBKO CTPYKTYPOIi pereTku, HO BaJeHTHBIMU COCTOS-
HUSIMH ATOMOB, KOTOpbIe 00pa3yroT perrerky. Paccmor-
pUM CHa4daJja MMPOCTON caydaii, B KOTOPOM aTOMbI THIA
A u aroMbl Tuna B MMeET MO OJHOMY BAaJIEHTHOMY CO-
CTOAHUIO <pz‘-4, (ij COOTBETCTBeHHO. Perrenne ypaBHeHus
IIpeaunrepa uieM METOAOM CHIILHON CBSA3H, T.€. B CJIe-
IyIOLIeM BHUIE:

U(r) =Y apt(r—r)+ Y bipfr—r;), (1)

icA jeB

rae a;, b; — KO3MPUIUEHTHI PA3TOKEHHSI, B IEPBOM CyM-
M€é CYMMWPOBaHUE UIET MO y3JaM KBAJIPATHON perrer-
KH, & BO BTOPOil TO ee pedpam. YUWTHIBAs WHTErpa-
JIBI TIEPECKOKA TOJTHLKO MEXKy OJIMKAUIITIME COCEISMU,
171 KO3 PUITHEHTOB PA3I0KEHNs MMOMIYIaeM CIIeyTo-
Y10 CUCTEMY YPaBHEHUIA:

4
(ea—¢€)a; + Ztijbj =0, (2)

j=1
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2
(EB — E)bj + Ztijai =0. (3)
j=1
B aTux ypaBHEHHAX CyMMBI OEPYTCS IO OJIMKAMAIIIIM CO-
CeIIsIM, € 4, € — y3eJIbHbIE SHEPTUN, 8 WHTETPAJIbI epe-
CKOKA OTJIMYHBI OT HYJIST TOJBKO JJIs OJUMKAUIIUX CO-
ceneit t;; = tj; = t. PaBerncTBO BCex mHTErpasioB mepe-
CKOKA MMEET MECTO TOJBKO [IJIsi HEMCKAYKEHHON perrer-
kn JIuba ¢ peGepHBIME aTOMAMHW TOYHO B CEpPEIWHAX
cBa3eil. Tak Kak HaIra 3a/7a49a 3aKJII0YAETCs B HCCIIe-
JOBAHUU HEYCTOMYUBOCTH OTHOCUTEJIBHO CMEIIEHUI ne-
KOPUPYIOIINX aTOMOB BIIOJIb CBsi3eil, TO MBI IOMYCKAEM
OJIMHAKOBBIE 10 aDCOTIOTHOM BeJIMYWHE 71 BCEX AaTOMOB
CMEIIeHNs TEKOPUPYIONTUX aATOMOB U BBEJIEM [IBA 3HAUE-
HUsI MHTErpPajoB MepecKoka t;; = t1,lo s yKOPOYEH-
HOU M yAJINHEHHON CBA3M, COOTBETCTBEHHO t1 > fo.
Pemenne ypasrenuii (2), (3) HadHeM cO 3HAYEHHS
sHepruu € = ep. B aToM cityuae Bce ypapHenus (3) BbI-
MOTHSAIOTCS, eCJIu moI0XKuTh a; = 0. IIpu 3Tom ypasHe-
uus (2) gator N yciosuit Ha 2N mepemeHHBIX bj, T.e.
Janyt N muHe#HO He3aBHCHMBIX pemenuit qia bj. Ta-
KAM 00pa30M, 3HAUYEHWE SHEPIUU € = £ ABIsieTcs N-
KPaTHO BBIPOXKIEHHO# 30HOI, T.e. IIOCKO# 30HOMH. Ee
MIPOUCXOXK JEHIE JIETKO TIOHATh, €CTH 3aMETHUTh, YTO PHU
ycnoBun a; = 0 B MpUOIMKEHUN CUIHHON CBSI3UM ATOMBI
tuna B aBisitorcst 3OEKTUBHO W30IUPOBAHHBIMHY.
Hasee, eciiu € # £p, TO € NOMOIIBIO ypaBHeHuit (3)
MOYKHO WCKJIIOUNTE TIepeMeHHbIe b; W MOJIyIUTh ypaBHe-
HUSI TOJIBKO JIJIsT TEPEMEHHBIX «;

Vi t1to
eat———clai+—2S4a;=0. (4
( e—eB ) ' 5*6323 )
JE
31ech CyMMUPOBAHUE BO BTOPOM CJIAraeMOM HJET IO

OMKANIUM COCeIsAM 4, BEJIMYWHBI 7y; OIPEIEISTIOTCS
CYMMaMH TIO CBA3SM, MTPUMBIKAIONINM K Y3JIY i:

Vi = thj = qit} + Bit, (5)
Jj€i

rae oy, (; — HEOTPUIATEIbHBIE IEJIbIe, YIOBIETBOPSIIO-
e ycJaoBuio o; + 3; = 4, T.e. B 00II[eM Cirydae 7y; MOXKET
MPUHUMATH PA3THIHbIE 3HAYEHUST CITY YaHBIM 00pa3oM,
B 3aBUCUMOCTH OT CMEIEHUH TEeKOPUPYIOIINX ATOMOB.
IMocneanee o3HAYAET, YTO MBI UMEEM €TI0 CO CIIOXK-
HOI 3a/iaueil onpeesieHnd CIeKTPa HeyIopdI04eHHOR
cucrembl. OIHAKO, KAYKETCs JIOTHIHBIM MPEIIOJIOKUT,
YTO W3 ATOMOB YETHIPEX CBsI3€i IBA CMEIAIOTCSI K pac-
CMaTpUBAEMOMY y3iIy, & JABa JPYrUX OT y3ia. B kade-
cTBe 0OOCHOBAHUS TAKOTO MIPEIMOJIOKEHNST CIYKUT aHA-
Jorusi ¢ (bU3UKON JIhJA, B YACTHOCTH, MEPBOE TPABU-
JIO JbJA: JIBa MPOTOHA BOJIMU3U UOHA KHUCIOPOJA, U JIBA
npyrux B yaanenun [4,20,21]. @usuyecku 310 npaBu-
JIO OOYCJIOBJIEHO YMEHBITEHHEM YHEPTUU KYJTOHOBCKOTO
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B3aMMOIEHCTBUSA MeXK Iy noHaMu. IIpu TakoM npeamnosto-
JKEHUU BCE BEJINYWHBIY; IPUHUMAIOT OJNHAKOBOE 3HAUE-
uue 2t7 + 2t3, B pe3yabTaTe Mbl IPUXOINM K GoJiee mpo-
croit 3a7a4e 6e3 HeynopsimodeHHocTr. [1o 3Toit mpudnme
Jajgee Mbl TPUMEM STO MPEINOJIOKEHNE O CMENEHUuSX
JIEKOPUPOBAHHBIX ATOMOB COTJIACHO MPABWUILY JIbIA, T.€.
Oy/IeM HCHOMb30BaThb YCIOBHE v; = 213 + 2t3, U onpeie-
JIAM 3JIEKTPOHHBIH crieKTp. OTKIOHEHUS OT 3TOTO yCII0-
BUSI MOXKHO DAaCCMATPUBATH KaK JIOKAJIHLHBIE BO3MYIIE-
HUsT y3€JbHON HEPruu, MPUBOIAIINE K O0OPA30BAHUIIO
JIOKAJTbHBIX YPOBHEH B 3alIpeIneHHoi 30He, KOTOpbIe Oy-
YT PACCMOTPEHBI B MOCJIEIYIONNX PAbOTaX.

[Tpu ucrnosb30BaHUN MPUOINIKEHNST, OCHOBAHHOTO Ha,
OpaBWJIax JibJa, U3 ypaBHeHuil (4) mosydaeMm Cienyro-
e BBIPAXKEHUS [JIsi ABYX IUCIEPCHOHHBIX 30H JHEP-
TUn

EBt+€A

Cov = "5 + (6)

2
n <¥> + 213 + 213 + 2t1t2(cos ky + cos k).

B dopwmyne (6) Mbl npemmonoxunm €4 < €p, TOIA
HIJKHEH WM BAJIEHTHOW 30HE COOTBETCTBYET 3HAK MU-
HyC, a BepxHell 30He WM 30HEe MPOBOAMMOCTHA 3HAK
mwroc. Kpast 30H ompeaesiioTcst CIeIyoNnMI BhIparke-
HUAMHA

2
EB+te EB— €
5C7V:%i (%) F2%t — )2, (7)

a IMUPUHA 3AMPEIEeHHONl 30HbI PaBHA

2
g =2 <ﬁ%fz>+%hmﬁ. 8)
IIpn BHIOpAHHOM YCIIOBUM €4 < €p TJIOCKas 30HA € =
= £p, KaK HETPYIHO YBUIETH, HAXOIUTCS B 3AIMPEIEH-
HOW 30He, OJINKE KO JIHY 30HbI IPOBOIUMOCTH. JHEPIUT
9JIEKTPOHOB KaK (DYHKIIMU BOJHOBOTO BEKTOPA, W CXEMar~
TUYHO COOTBETCTBYOIINE TJIOTHOCTH COCTOSTHU M300pa-
JKeHbl Ha puc. 2,3. OTMerum, 94To pu ycaoBuu t1 = to,
T.e. B CJly4ae HEMCKAaXKeHHOH peretrku JIuba, miockas
30HA, KACAETCsT THA 30HBI MpoBoauMOocTu. [Ipu mormosHu-
TEJIbHOM YCJIOBUU €4 — €p NINPUHA 3AMPEIEHHON 30-
HBI CTPEMHUTCS K HYJIIO, ¥ MBI TIOJIYIAaeM IOy METAJLT C
MJIOCKOI 30HOI MpW IHEPrur KaCAHUS BAJIEHTHON 30HBI
U 30HBI MPOBOAUMOCTH. TakKe MOYKHO MOKA3aTh, UTO
IJIOCKAst 30HA B CIyYae HEMCKAXKEHHOU pernerku JInba
(t1 = t2) coxpaHsieTcs, nayKe ecin y9IecTh MEePeCKOKH
MEK Iy OMUKANIIIMEA COCEIAME 1O mojpereTke B (cum.
uHTerpasbl t3 Ha puc. 1). B nporusaom caygae, T.e. npu
yCITOBHH t1 # {9, B 3TOI 30HE MOSABIAETCA KOHEYIHAS IHC-
mepcus.

Puc.2. (Ipernoii ommaiin) IIpumep 3/I€KTPOHHOTO CIIEK-
Tpa pemrerkn JIuba. [Ilesn yMeHBIIAIOTCS C yMEHBIIEHN-
€M Pa3HOCTH YHEPTUl £g —E4 U C YMEHBIIEHNEM PA3HOCTH
IPBIKKOBBIX HHTETPAJIOB {1 — {2, AUCHEPCUS BO3PACTAET C
POCTOM TIPBIXKKOBBIX MHTETPAJIOB
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14000
12000
10000f |
8000f || I
6000F /| [\
4000\ /
2000f [

94 -2 0 2

N
(o))
o0

Puc.3. (IIsernoii omnaita) IlnorHocTs cocrosHuii, coor-
BETCTBYIOIIAst CIEKTPY Ha puc.2. JIMHUS B 3alpeneHHoit
30HE CXEMATUYIHO u306pakaer O-(pyHKIHUIO

3. DHeprus 3JIeKTPOHHOW M MOHHOW CHUCTEMBbI:
yciioBusa HeycroitunBoctu U3 dopmya (6), (7) Bua-
HO, 9TO YPOBHH SHEPTUU BATEHTHON 30HBI MOHUZKAIOTCS
MpU CMeIeHnn PebEPHBIX aTOMOB, T.€. TPYW BO3HUKHO-
BEHUU HepaBeHCTBa t1 # ly. Paccumraem BBIUTDHINT B
SHEPIUA 3MEKTPOHHOU CHCTEMBI B 3aBUCAMOCTH OT CMe-
mennst pedbepubix aromoB. [Ipenmonarasi, 9To BCE aTO-
MBI CMEIAIOTCA Ha OJMHAKOBLIE PACCTOSHUS, W CUUTAST
CMEIEeHns & MAJIBIMU, UCIOTB3YEeM /IS NHTETPAJIOB ITe-
PECKOKa BhIpazKeHud t12 =t F ax, roe t,a > 0, ¢ < 0.
Ianee, B cucreme nmeercsd 3N BaJEHTHBIX 3JEKTPOHOB,
u3 HuX 2N MOJIHOCTHIO 3AMOTHSAIOT BAJEHTHYIO 30HY U
N 3JIeKTPOHOB HAMOJOBUHY 3aIOJHSIOT ILIOCKYIO 30-
HYy. BRIUTPBITT B 3/TEKTPOHHOM SHEPTUN HA OJIHY SUEHKY
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M3-3a HEHY/EBOrO CMEIeHnsT peOePHBIX aTOMOB MOXKHO
MpeJICTaBUThL B BHJIE YIBOEHHOIO MHTErpaJsia 1Mo 3aHATON
30He BpwimosHa OT Heprun BaJeHTHON 30HBI &y (k).
Bes pazioxkeHud 110 22 JOCTATOYHO I'POMO3JIKUX BbIPa-
JKEHUH Pe3yJbTaT MOXKHO IMPEJICTABUTH B CJEIYIOIIEM
BUIE

/2 /2
4
0 0

(9)
f(%:a Qy, :L‘) =

\/A2+16t2(0052 qu+ cos? g, )+16a222(sin? g, + sin® ¢,),

(10)

rie A = e — 4. Paznaras serpaxente (10) mo 22, Mbr

noJIy9aeM Jisl TIePBOro YJIeHa PA3JIOKEHUsI CIIe/ Iy IOIIne
dopMyTbI

SE; = —Ca?, (11)

T/2mw/2 o o
(sin® gz + sin® ¢, )dg.dg,

Clon A, 1)= 22 / /
T 2 ) ) V/AZ+16¢%(cos? g, + cos? q,)

Dynxiusa C(a, A, t) MoxKeT ObITh BHIYUCIEHA AHAJIUTHU-
YECKW B PA3INIHBIX TPEIEIbHBIX CIy9IasX, a ee IACICH-

HOE 3HA4YEHHE IIPH IPOM3BOJIBHBIX 3HAYEHUAX apryMeH-
TOB mokazano Ha puc. 4. I3 dopmyn (11) rakzke BuiHO,

x 10°
3.5 ¥ 0.001
10,001
- 325243
3 —
2.5
2 x0.002
1 0.001
- 114751
1.5

0
0.05

0 0.02 0.04 0.06 0.08

Puc.4. (IIpermoit ommnaiiH) 3aBUCHMOCTbL HHTErpaja B
dopmyme (11) or mapamerpoB A = € — £4 u t. Boie-
JleHa 00/1aCTh MAKCUMAJBHBIX 3HAYCHUI HHTErpasa

YTO W3MEHEHWE SJIEKTPOHHON SHEPrUU TPU CMEIIeHUN
pebEPHBIX ATOMOB BCETIa OTPHUIATEHHO, YTO COOTBET-
CTBYET 3JIEKTPOHHOI HEeyCTONYMBOCTH perneTku Jluba.
Bomurpeiit B 371€eKTPOHHON SHEPTHH PACTET C yMeHbIIe-
HUEM PA3HOCTH ATOMHBIX SHEpruit A W ¢ yMEHbIIEHUEM
3  TITucema B 2KOTOD
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npbRKKOBOro mHTerpata t. OH TakKe pacrer ¢ pocTOM
BEJINYMHBI (v, KOTOPAsT XapaKTEPU3YeT 3aBUCUMOCTD WH-
TErpaJia MepeKpPhITHST OT PACCTOSTHUST MKy ATOMAaMHU.

IMpu pacderax BBIMIPBINIA B 3JEKTPOHHON SHEPrUU
(11) GbuIM yYTEeHbI KMHETHYECKAs IHEPIUsl SJIEKTPOHOB
U SHEPTHUs B3aUMOIEHCTBUST JIEKTPOHOB C HOHHBIM OCTO-
BoM. PaccmorpuM Termeph M3MEHEHHe SHEPrud MOHHON
CHCTEMBI, KOTOPas TAKYKE U3MEHSIETCS [IPU CMEIeHUIX
pebepHbIX aTomoB. [Ipw 3TOM MBI OrpaHUIHMCS (heHO-
MEHOJIOTUYECKUM TIOIXOIOM, ¥ 3AMUIIEM 3Ty SHEPTUIO B
BH/IE CJIEYIOMIEr0 PA3IOKEHHUS IO CTETeHIM CMEIeHu:

§Fy(x) = Dx? + Fa. (12)

31ech KOHCTAHTA F' MOIOXKUTENIBHA, YTO COOTBETCTBYET
OTTATIKUBAHUIO HOHOB TUIA A U B Ha IPeIeIbHO MAJBIX
PACCTOSHUAX MEXKJIy HUMHA. Bompoc o 3HaKe KOHCTAHThI
D 6oee coxkeH, 1 MbI JeTaJIbHO 00Ccyaum ero Hmke. Ho
CHAYAJIa, MBI TPEATIONIOKNAM, uTo U D > 0. DTH npemmo-
JIOYKEHHUsT O3HAYAIOT yCTOMYIUBOCTD perreTku JIuba mpu
ydeTe TOJTHLKO SHEPTHH HOHHOM cucrembl. Torma u3 ¢op-
myn (11), (12) Mbr mosryuaem

6E=(D—-C)2? + Fa*, 24 =+ c-b (13)

2F

IlepBast w3 3TUx (HOPMyYT MOKAZLIBAET, UTO PEIIETKA,
Oymer ueycroiumsa npu ycaoum C > D, a Bropas
dopmyTa JaeT PaBHOBECHBIE CMEIEHNsT PEOEPHBIX aTo-
MOB IIPY BO3HUKHOBEHUHU HEYCTONYMBOCTH, BBI3BIBAEMOIT
3JIEKTPOHHOM TOICUCTEMOIA.

Boiiie MbI cenaniy npeanoaoKenne, 970 KOHCTAHTA,
D > 0. 910 npemonoKenne OCHOBAHO Ha, ydere Kymo-
HOBCKOT'O B3aMMOJIEHCTBUsT peOepHOro MoHa B TOJIBKO ¢
ommKaiimumu cocengamu tuna A. OQHAKO KyJTOHOBCKOE
B3aMMOJIEHCTBYE MEJJIEHHO YyObIBAET C POCTOM PACCTO-
SHUSI, W TO TOW TPUYUHE CJIENYeT YUUTHIBATH W KYy-
JIOHOBCKOE B3amMojieiicTBre pebepHoro nona B ¢ bosee
YIATEHHBIMU COCEISIMHU, 9TO MOYKET M3MEHUTDH 3HAK KOH-
crauthl D. JeficTBurensHo, B padore [22] 6bL10 MOKa-
3aHO, YTO yUeT JAJbHOIEHCTBYIOIIETO B3aNMOIEHCTBIA
MexXKIy peOepHLIMH HOHAMH caM 1o cebe, 6e3 ydera
3JIEKTPOHHOUN SHEPTUH, MOXKET MPUBECTU K HEYCTONYIH-
BocTH peretku JIuba, uin pereTkn KBAJIPATHOTO JIbIA
10 TEPMHUHOJOTUN 3TOH paborel. Pe3ymbraTbr paboOThI
[22] MOXKHO MHTEPIPETHPOBATH M TaK, YTO y4YeT JaJib-
HOZIEHCTBYIOIIEr0 B3ANMOIEHCTBIS MEXK Ty HOHAMH THIIA,
B BHOCHT OTpUIIATEBHBIH BKJIA B KOI(DMUITHEHT Mepe;T
22 B dopmyre (12). Ha mamm B3rs 1, COOTHOIEHTE MEXK-
NIy TIOJIOYKUTEBHBIM BKJIAJIOM B3aUMOIEHCTBUS MEK-
Iy OIMZKARIIIIMY COCEISIMU U OTPHUIATETHHBIM BKJIAIOM
MEXKJIY YIAAJEHHBIMH COCEISIME OJIM30K BOMPOCY O BbI-
POXKJEHUH TPOTOHHBIX KOH(MUTYPAIHii, YIOBIETBOPSIIO-
IIAX TpaBMIaM Jbaa [23-25].
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CymMmupysi CKazaHHOE, MOYKHO CE/IaTh BBIBOJ, YTO
y4eT MAJbHOIAEHCTBYIOMIETO XapaKTepa KYJIOHOBCKOTO
B3aMMOIEHCTBHUS CYIIECTBEHHO YMEHBIIAET MOJIOXK-
TeIbHOE 3HAYEeHWEe KOHCTAHTHI [, TOJIydeHHOe u3
OIIEHOK B3AMMOJEHCTBHUS MEXKIY OTMKANIIMMU COCEIs-
mu. IIpu 3TOM BKJIAI B HEYCTONYHUBOCTH DJIEKTPOHHON
SHEPIrUU MOYKET CTATh ONPEIENAIONNM, OCODEHHO MPU
pocTe KOHCTAHTHI v ¥ yMeHbIteHuun Koucraut ¢, A. Ta-
KUM 00pa3oM, yder aJbHOMEHCTBYIOIIErO XapaKTepa
KYJIOHOBCKOTO B3aWMOIEHCTBUST MEXKy UOHAMHU TOJIHKO
MOBBIMIAET BEPOSITHOCTH BO3ZHUKHOBEHWST HEYCTONIUBO-
cru pererku Jluba.

4. Obcy>xkxaeHue pe3yJbTaTOB. B MpeabIynnx
pas3esiax MbI OMUCAJIM HEYCTOWIMBOCTE perneTku JIuba,
BBI3BAHHYIO MOHMXKEHUEM 3JIEKTPOHHOM SHEPrUu OTHO-
CHUTETbHO CMeIeHni peOepHBIX ATOMOB BIOJb CBaA3eil. B
3TOM pa3fejie Mbl PACCMOTPUAM BJAUAHUE TOU HEYCTOMN-
YUBOCTH HA (PU3UIECKUE CBOUCTBA PEATHHBIX COETUHE-
HUl, B KOTOPBbIX B TOW WA WHOW CTENEHU pPeasn3yeT-
ca pemrerka JIuba, a TakKe 0OCYIUM COOTHOIIEHWE Ha-
et MOJe N C APYTUMHU MOIEISIMU U WCCJIETOBAHUSIMMA,
B KOTOPBIX CYIIECTBEHHYIO POJIb UCPAET IMEKTPOHHAS
HEYyCTOMYNBOCTD.

HawnbGosee m3BecTHoOi peanmsamueii perrerku JInba
sapaserca aBymepHas moapemierka CuQs KympaTHBIX
CBEPXIIPOBOJHUKOB, & HaubOIee pacrnpoCTpaHEHHBIM
00bSICHEHUEM BBICOKOM TEMIEpATyPhl CBEPXITPOBOIsI-
IIIEr0 MEPEX0a B ITUX COEIUHEHUSIX SIBJISETCS HAJIUINE
MATKEX (POHOHHBIX MOJ, U AHPAPMOHUYIECKUX (DOHOHOB,
0OYCTTOBITIEHHBIX KOJIEOAHUSIME ATOMOB dTOMH IOIPEIIeT-
KW, cM. pabors [9,26,27]. B stux paborax mpuBeneHbI
MHOT'OYHCTIEHHBIE — CCBLIKH ~Ha  JKCIEPUMEHTAJTHHOE
HCCJIEIOBAHUE MATKUX (DOHOHHBIX MOJ, AH[apMOHUYe-
CKUX (DOHOHOB, @ TaKKE PA3JIMYHBIE TEOPETHIECKUE
WHTEPIPETAINY TPUYNH TOSIBJIEHUsT (DOHOHHBIX 0CODEH-
Hocreil. ONHAKO BCE TEOPETHYECKHE WHTEPIIPETAIIUN
OTJIMIAIOTCS OT HAIeil Momesn, KoTopas (haKTHIeCKH
OCHOBaHA TOJILKO HA TOMOJIOTUA perterku Jluba.

3aMernM, YTO MPAKTUYECKH BCE TTOJIYyUYEHHBIE HAMU
pe3yibTaThl MOTYT OBITH MPUMEHEHBI U K TPEXMEPHO-
My 0000ITeHn o pereTku JInba, & UMEHHO K KyOnIecKoi
peIeTKe MOHOB Cephbl S B cepeanHax pedep KOTOPOii Ha-
xomgarcs npororsbt H, dopmyna coepunenus HsgS. Ta-
KOE€ COeJIMHEHHE DPeATU3YeTCs MPU BBICOKOM JABJIEHUH
U TIEPEXOIUT B CBEPXIIPOBOISIIEE COCTOSTHUE TTPU TEeM-
neparypax Bbie 200 K [12,28]. BepositHo, u B 5TOM
CJIydae BBICOKAs TeMIIEPATyPa CBEPXIPOBOISIIETO Hepe-
X018 00YCJIOBJIeHa, aHTapMOHUYeCKUME (hoHOoHAMU. Bo-
Jiee TOTO, B 9TOM CJIy4ae HADJIOJAETCS W MEePexol B CO-
CTOdAHUE C HECUMMETPUYHOI BOJIOPOJHON CBA3BIO, T.€. K
COCTOSIHUIO CO CMEIIEHUEeM MPOTOHOB OT CEPeJUH CBsi-
3eit [12]. Haamdme HeCHMMETPUYIHON BOJOPOIHON CBSI3M

O3HAYAET CUJIBHYIO HEYCTONYMBOCTDH perneTku. B 3rom
CIydae BO3MOYKHA DpEAJW3aIus KBAHTOBBIX TYHHEJb-
HBIX MOJI, OOYCJIOBJIEHHBIX TYHHEJINPOBAHUEM MPOTOHOB
BIIOJIb CBsI3€il, BOSHUKAET HHTEPECHAS U BayKHAS 33029
0 B3aMMOJEHCTBAN TYHHEIbHBIX MO/ C 3JIEKTPOHAMH U
WX BJIUSTHUE H3, CBEPXIPOBOINMOCTD.

CBepXMpOBOAMMOCTh HE EIUHCTBEHHOE SIBJIEHWE, B
KOTOPOM TMIPOSIBJISIETCST MCCAeAyeMas HEeyCTONIUBOCTb.
JleficTBUTEIHHO, HEYCTOMIMBOCTD MOYKET IIPOSIBJISITH-
Cd He TOJbKO B QHTapMOHWYECKUX (DOHOHAX, OHA, MO-
JKET TPOSIBJIATHCS TAKYKE B CTATUYECKUX MCKAXKEHUSX.
B sTom orHOmEHWE CTOUT OOCYIWTH CBSI3b HCCIIELye-
MOl HEyCTONYMBOCTH C TAaKUM SIBJIEHWEM, KakK (heppo-
37eKTPUIecTBO. PEeppPOdTEKTPUKN TPUHSITO JEIUTH HA,
nBa tuna: (HeppodTEeKTPUKU THIA CMEIIEHWS W TUIA
mopsaaoK-Oecopsanok. K mepBoMy THIy OTHOCHTCS PsifT
COEIMHEHUIT CO CTPYKTYPO#l MEPOBCKUTA, HATPUMED, TH-
ranar bapus BaTiOs, nupkonar ceunna PbZrOs u Tak
Jnanee. DTU COETMHEHUs B KAYECTBE MOIPEIETOK COIEp-
xat Tpexmepubie pemetku Ti0j3, ZrQj3, KOTOpbIE MOXK-
HO PACCMATPUBATH KAK TPEXMEPHBIE ODODIIEHNS PeIeT-
ku JIuba, K KOTOPBIM HAIIH Pe3yJIbTaThI JIETKO MOIu(U-
UpOBATh. B HUX TakKe peajin3yercs MOHUKEHNE YHEP-
TUU TIPUA CMEIEHNN WOHOB KUCJIOPO/IA BIOJb pebep, 9To
MOXKET WHTEPIPETUPOBATHCA KAK JBUKYINAS CHJIA UX
deppoaerTpuyueckux cBoiicTB. Ilpu cuabHOI HEyCTOi-
YUBOCTH KaXK I peOEPHBIN MOH UMEET B, yCTOWINBHIX
MOJIOYKEeHWsT PaBHOBecus. Pacipesiesienre HOHOB IO STUM
MTOJIOYKEHUSIM MOYKHO OIHMCATh IICEBIOCITNHOBLIMU EPe-
MEHHBIMU B paMKax mojenau V3mHra, B KOTOPO CyIie-
CTBYET MEePexoT MOPAI0K-0eCIIOPSIIOK, W (heppPodTeK-
Tpuueckuii nepexoz, [29, 30].

Uccenyemas 3/1eKTpOHHAS HEYCTOWINBOCTH MOXKET
OBITH TTPUIMHON HECUMMETPUIHOCTH BOIOPOJTHON CBSA3U
U CYIIECTBOBAHUS HEYTOPSIOYEHHOCTH IPOTOHHON O
CHCTEMBI BO MHOTHX TPEXMEPHBIX MOAUMDUKAIUIX JIbIA
[21]. Bomee Toro, B paborax [10,11] 6bI10 mOKA3AHO,
YTO B HAHO OTPAHUYEHHOM JIbJIE MOXKET DPEeaIM30BaATh-
cd KBaJpaTHAs MOAU(MHUKAIMSA JbIA, KOTOPas OJTU3KA
Kk pemerke Jluba. Oriuune 3akI0O9aeTcss B JTOBOJBHO
CUJIBHOM OTKJIOHEHWH MPOTOHOB, T.e. PEDEPHBIX MOHOB,
OT IEHTPOB CBsi3el. ITU OTKIOHEHUS MOTYT PACCMAaT-
PUBATHCHA KAK IKCIEPUMEHTAIbHOE MOATBEPXKIEHNE UC-
clIeayemMoit HeyCTOHYINBOCTH.

BamaauM Ternepb BasKHBINA BOMPOC, MPU KAKUX YCJIO-
BUSX HEYCTOWYINBOCTH MPOSIBIISIETCST HANOOJIee CUIbHO?
Jlpyrumu ciioBaMu, MPU KAKUX YCIOBUSAX CBA3U SBJIs-
IOTCST HECUMMETPUYHBIMHA, 8 TPU KAKUX YCIOBUSIX CHM-
MerpuuabiMu? Kak ObLIO YKA3aHO B MPEABIIYIIEM pa3-
Jesie, yCJIOBUE CUJIbHOU HEYCTOMYMBOCTH WJIM yCJIOBUE
IBYXAMHOro morennuasa ummeer sum C' > D, rme D
OIIPEJIEIACTCS YIPYTOil dHeprueil MOHHON perreTku (B
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Haieii pabore (peHoOMeHOIornYecKasi KOHCTAHTA), & Be-
muunaa C' dopmynoit (11). U3 sroii dopmyns cie-
nyer, aro Benuumna C' pacrer ¢ ymenbineHuem A, t.
DTO 03HAYAET, UTO POJIb IJEKTPOHHON HEYCTOWIUBOCTH
OyZeT BBIIE B COEIWHEHUSX C OJM3KAMU 3HAYCHUSIMU
SHEPIUM BAJICHTHBIX 3JIEKTPOHOB (MAKCAMYyM TIPU pa-
Bercrie suHepruii A = (). Beaunuuna ¢ xapakrepusyer
HHTErPaJibl MePECKOKA MeXK/1y OMMKAUIIUMU COCEISIMU
JIJIST HeMCKAXKeHHO perrerkr. COOTBETCTBEHHO OHA, TEM
MEHbBIIE, YeM OOJIBINE PACCTOSHUE MEYXKY aTOMAMHU, T.€.
MOCTOSTHHAST PEIIETKU. DTOT MapaMeTp MOXKET BAPbUPO-
BATHCS IBYMs CITOCODAMU: KOHKPETHBIM BBIOOPOM aTO-
MOB WJIM BHEITHWM JaBjeHweM. Bo BTopom ciaydae, ec-
JIM TPU HYJIEBOM [ABJIEHUH HEYCTONYMBOCTH HACTOJIb-
KO CHJIbHA, 9TO CBS3H SIBJIAIOTCS HECHMMETPUIHBIMU,
TO C POCTOM JIABJIEHUS TIOCTOSTHHAS PEIIETKU YMEHBIITA~
€TCsl, COOTBETCTBEHHO PACTET ¢ W yMEHBITAETCS BEJIH-
anaa C. IIpm moctarodHO BBICOKOM JABIEHUH MOXKHO
OXKUJIATH MAJIOTO BJIASIHUSI HEYCTOWUUBOCTHA W MEPEXO,
B CHUMMETPHUYHYO (Pa3y C OJHUM MOTEHITUATHHBIM MUHU-
mymom. B6sin3u nepexona AByXsMHbBIN/OJHOSIMHBIN 1O~
TEHIIMAJ BBICOTA, MTOTEHIHAJIHLHOTO Oapbepa Oyaer Hu3-
KO W MOYKHO OYKHJIATH KBAHTOBOTO TYHHETHPOBAHWS
pebepHBIX AaTOMOB 1 0OpPAa30BaHKUA TYHHEIbHBIX MO, Ha
JIPYTOM SI3BIKE MOYKHO CKA3aTh, YTO COOTBETCTBYIOIINE
KoJIeOaHnst peOEPHBIX ATOMOB CTAHOBSTCS aHTAPMOHW-
geckuMHu. Takum 0Opa30M, JABICHHUE SABJISIETCS OTHUM
M3 CIIOCODOB YIIPAB/IATH BETHIUHON HEYCTONINBOCTH.

Creyer Tak:ke OTMETUTDH cjeaytontuii pesyabrar. C
YMEHBITEHUEM BEIMIUHBI A U ¢ YMEHBITEHUEM PACCTOSI-
HUST MEXKy ABYMsI MUHUMYMaMU TIOTEHIIMAILHON SHEP-
TUH, T.€. C YMEHbIIEHUuEeM t1 — tg YMEHBIIAIOTCH MIEJIN
MeXKIy 30HaMu Ha puc. 2. B npemensaom cayaae A = 0,
t1 = to ABE 30HBI C CUJILHOI IUCmepcHuei OyayT KacaThCs
m1ockoit 30ubl. Ecmu ypoBerb @epmMu CHCTEMBI JIEIKHAT
pH 3TOi Heprum, TO BOMM3U ypoHa Pepmu mmeror-
Cs IBA, TUMA SJEKTPOHOB: OIHU JIEKTPOHBI C BBICOKOIA
IIJIOTHOCTBIO COCTOAHUI, HO C HYJIEBOU I'PYNIIOBOI CKO-
POCTBIO, U IPYTHE SJIEKTPOHBI C HU3KOM IIIOTHOCTHIO CO-
CTOSHUIT, HO C BBICOKOI TDYMIOBO CKOpOCTHIO. Takras
CUTYyalldsi TIPEICTABJISET WHTEPEC KAK C TOYKU 3PEHUST
OOBIYHOM MPOBOANMOCTH, TaK U C TOUYKH 3PEHHst 00pa30-
BAHUSI CBEPXITPOBOISIIETO COCTOSTHUS.

Hanee, n3 paccMOTpeHus B pa3zaenax 2, 3 CTAHOBUT-
€1 OYEBUIHBIM, YTO PACCMATPUBAEMAS HEYCTONIHUBOCTH
OYeHb HAMOMWHAET HeycroifumBocTh Ilafiepica [17], B
TOM CMBICTIE, YTO TOCJEIHIO MOXKHO OBLIO OBl H3JTO-
JKUATh B PAMKAX PACCMOTPEHHO# Momenn. PakTHIeCcKH,
HAIIY MOJEJIb MOXKHO PACCMATPUBATH KAk OOOOIIEeHIe
mozenu Ilaiiepyica Ha aBymepHbIi ciaydail. Takxke nH-
TEPECHO OTMETUTHh CBA3b HAIE MOJEIN ¢ OJHOMEPHOIR
MOJIEJIBIO TIOJIMATHIEHA. B mocieameil cymecTByOT aBe
MMucbma B 2KOTO
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da3bl cO CMeIeHneM aTOMOB BIIEBO U BIIPABO, a HA I'pa-
HAUIe Taknx ha3 CyMeCTBYIOT CBA3AHHbIE JIEKTPOHHBIE
COCTOSTHUST, IEPEHOCSIIINE TOK TPU HAJTIOKEHUN JJIEKTPH-
YeCKOro noJisi. B HareM ciiydae pu BBIIOJHEHWH MPa-
BHJT JTb/la BBITIOJHACTCA PABEHCTBO v; = 2t3 + 2t2 (cM.
paszen 2). [lpu mapyreHun mpaBuia JibIa 3TO PABEH-
CTBO HAPYIIAETCSA, 9TO MOXKHO PACCMATPUBATL KaK JIO-
KaJbHOE BO3MYIIEHIE, IPUBOJIAIIEE K 00OPA30BAHUIO CBSI-
3aHHBIX COCTOSHHUN 3JEKTPOHOB B 3aIPENIeHHON 30He.
ITpu nepeckokax pebepHBIX ATOMOB BIOJb CBa3eil (mpu
HECMMMETPUYHBIX CBSA35X ) TAKON JeheKT BMECTe C JIeK-
TPOHOM OyIeT MepeMemaThCs Mo 0OpasIly, T.e. MOXKET
OBITH HOCHTETEM TOKA, AaHAJOTHIHBIM HOCHTEISM TOKA
B dusuke mp1a [21]. C 9roit TOUKE 3peHnst TaKHe HOCHTe-
JIM MOXKHO PaCcCMATPUBATH KaK JIBYyMepHbIE 0000IeHs
Hocureseit Toka B Mozenu SSH [18].

Pabora BoImosHEHA TpH TOAAEp:KKe TpoekTa Poc-
cuiickoro HayIHOro GouAa # 22-22-00005.

E.H. Lieb, Phys. Rev. Lett. 62, 1201 (1989).

. A. Mielke, J. Phys. A: Math. Gen. 24, 3311 (1991).

. H. Tasaki, Phys. Rev. Lett. 69, 1608 (1992).

. I.A. Ryzhkin, Physics and Chemistry of Ice, ed. by
N. Maeno and T. Hondoh, Sapporo University, Sapporo
(1992), p. 141.

5. D. Leykam, A. Andreanov, and S. Flach, Advances in
Physics: X 3, 1473052 (2018).

6. J.B. Bednorz and K.A. Muller, Z. Phys. B 64, 189
(1986).

7. P.W. Anderson, Science 235, 1196 (1987).

8. V.J. Emery, Phys. Rev. Lett. 58, 2794 (1987).

9. D.M. Newns and C.C. Tsuei, Nature Physics 3, 184
(2007).

10. G. Algara-Siller, O. Lehtinen, F.C. Wang, R.R. Nair,
U. Kaiser, H.A. Wu, A.K. Geim, I.V. Grigorieva,
Nature 519, 443 (2015).

11. J. Chen, A. Zen, J.G. Brandenburg, D. Alfe, and
A. Michaelides, Phys. Rev. Lett. 94, 92220102 (2016).

12. 1. Errea, M. Calandra, C.J. Pickard, J.R. Nelson,
R.J. Needs, Y. Li, H. Liu, Y. Zhang, Y. Ma, and
F. Mauri, Nature 532, 81 (2016).

13. L.P. Gor’kov and V.Z. Kresin, Rev. Mod. Phys. 90,
011001 (2018).

14. A.S. Bhalla, R. Guo, and R. Roy, Mater. Res. Innov. 4,
3 (2000).

15. M. Johnsson and P. Lemmens, Crystallography and
Chemistry of Perovskites, in Handbook of Magnetism
and Advanced Magnetic Materials, John Wiley & Sons,
N.Y. (2007); doi: 10.1002/9780470022184.hmm411.

16. J.S. Manser, J. A. Christians, and P. V. Kamat, Chem.
Rev. 116, 12956 (2016).

17. R.E. Peierls, Quantum Theory of Solids,

University Press, N.Y. (1955).

Ozford

3*



306 M. . Peoxkun, A. A. Jlepuenko, U. A. PerxkuH
18. W.P. Su, J.R. Schrieffer, and A.J. Heeger, Phys. Rev. 25. I. A. Ryzhkin, Solid State Commun. 52, 49 (1984).
Lett. 42, 1698 (1979). 26. V.H. Crespi, and M.L. Cohen, Phys. Rev. B 48, 398

19.

20.
21.

22.

23.

24.

A.J. Heeger, S. Kivelson, J. R. Schrieffer, and W. P. Su,
Rev. Mod. Phys. 60, 805 (1988).

I. A. Ryzhkin, Solid State Commun. 52, 49 (1984).
V.F. Petrenko and R.W. Whitworth, Physics of Ice,
Oxford University Press, N.Y. (1999).

F. H. Stillinger and K. S. Schweizer, J. Phys. Chem. 87,
4281 (1983).

M. J. P. Gingras and B. C. den Hertog, Can. J. Phys. 79,
1339 (2001).

S. V. Isakov, R. Moessner, and S.L. Sondhi, Phys. Rev.
Lett. 95, 217201 (2005).

27.

28.

29.
30.

(1993).
J.H. Chung, T. Egami, R.J. McQueeney, M. Yethiraj,
M. Arai, T. Yokoo, Y. Petrov, H. A. Mook, Y. Endoh,
S. Tajima, C. Frost, and F. Dogan, Phys. Rev. B 67,
014517 (2003).

A.P. Drozdov, M.I. Eremets, I.A. Troyan,
V. Ksenofontov, and S.I. Shylin, Nature 525, 73
(2015).

R. Blinc and B. Zeks, Adv. Phys. 21, 693 (1972).

B.A. CrpykoB, A.Il. JleBaHIOK,

6b CEZHEMOINERMPUNECKUT ABAEHUT 6 KPUCTNAAAGT,
Hayka, M. (1983).

Qusuueckue 0CHO-

ITucema B 2KOT® Tom 116 BeRm.5-6 2022



