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Pacc'IHTaHa napaMarHHTHaR eocnpHHM'IHBOCTb 2D MeTaJ1.11a c npoHSBOJiblloA nJioTHOCTblO llOCHTeJieii. 

IloKa3aHO, '!TO TeMnepaTypHoe noeel{eHHe eocnpHHM'IHBOCTH HMeeT OT'leTJIHBO BblpallCeHHYIO HeMOHOTOH

HOCTb npH nepexo.i:1e H3 HOpMaJibHOH <jlasbl B •aHOMaJibHJIO•, TO)l(e HeceepxnpOBOJ:IJ!lllYIO, OJ:IHO'!aCTH'IHblA 

cneKTP KOTopoii co.i:1eplKHT ncee.i:1omeJib. 

Po3paxoeatto napa1o1arniTHy cnpHAHRTJIHeicTi. 2D MeTana s .i:1oelJibHOK> rycTHHOIO Hocire. IloKa3aHO, 

lllO TeMnepaTyptta noeel{iHK3 cnpHHH.llTJIHBOCTi 1o1ae .1lo6pe eHpaxceey HeMOllOTOHHICTb npH nepexo.i:1i 3 

t!OpMaJibHOi cpa3H J:{O CatlOM3JlbHOh, TelK 11e11ai.npoei.l(HOi, OJ:{HO'laCTHHKOBHA cneKTP .llKOl MicTHTb ncee

J:IOlll;iJIHHY. 

PACS: 74.20.Fg, 74.20.Mn, 64.60.Cn 

1. .HsJiemui, rrpOHCXOJJ..IUl{He B BbICOKOTeMrrepaTyp

HbIX CBepxrrpOBOJJ.HHKax (BTCTI) rrpH H3MeHeHHH B 

HHX KOHl{eHTpal{HH ITO,l{BH)l{HbIX HOCHTeJieH nf (,l{bI

poK), OCTaIOTCR cpe,l{H l{eHTpaJibHbIX BOI1p0COB qm-
3HKH TBepJJ.oro TeJia. XoT.11 B3aHMOCBR3b J{OIIHposa

HHR H MarHHTHbIX, rrpOBOJ{.llll{HX H CBepxrrpoBOJ{.llll{HX, 

csoH:crs coo~eTcrsyiomnx coeJ{imeHHH Ha.ne)l{RO yc

TaHoBJieHa, npH'IHHbl Ha6JIIOJ).aeMbIX KoppeJUlUHH 

rroKa He BCKpbITbI. Ec1m rosopHTb no cymecTBY, TO 

MO)KHO OTMeTHTb CJie.n;yromyro rJiaBHYIO TeH.n;eHl.{HIO: 

'leM MeHbWe KOHQeHTpa1u1.11 nf B KynpaTHbIX CJIO.llX 

Ctt02 , TeM CHJibHee OTKJiomuoTc.11 cnoiicTsa Toro 

HJIH HHoro BTCil OT rrpe.n;cKa3aHHH Teopm1 HOp

MaJlbHOH cpepMH-)KHJJ.KOCTH, c OJI.HOH CTOpOHbl, H 

TeopHH cnepxrrposoJJ.HMOCTH EKlll - c JJ.pyroH:. 

Ilo:HOMY BBeP.eHbI H nrn:pOKO HCI10Jlb3YlOTCR IIOH.11-

TH.11 o CJia6o (underdoped) H CHJibHO (overdoped) 

ll.OilHpOBaHHblX COCTO.llHH.llX (pe)KHMax)' B KOTOpbIX 

rroae,lleHHe pa3JIH'IHblX H3Mep.11eMbIX xapaKTepHCTHK 

BTCTI Ka'lecTBeHHo pa3JIH'IHO (cM. 063opbI [1-3], a 

TaK)f{e ( 4]}. 
B qacTHOCTH, B CJia6o ttonHpOBaHHbIX o6pa3Qax 

rrepexo,l{ H3 HOpMaJibHOro COCTO.llHH.R B CBepxnpono

Mmee conpoBO>K.D:aeTC.11 HeCBOHCTBeHHblM o6bl'IHOH 

4>epMH-)f(HlJ.KOCTH yMeHhllleHHCM ITJIOTHOCTH KBa3H-
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'laCTH'IHbIX COCTO.RHHH, KOTOpoe, 'ITO Ba)KHO, Ha'IM

HaeTC.11 3a.ZlOJiro ,l{O JJ.OCTHJKeHH.R Te?-meparypoa T 
csoero KPHTH'lecKoro 3Ha'leHHR Tc . Ha 3To rrp.11MO 

yKa3bIBaIOT xo,l{ TeIIJIOeMKOCTH [5), cneKTP ARPES 
[6,7). 0TMe'leHHoe yMeHbIIIeHHe HHTepnpeTHPYIOT 

(CM. [4]} KaK OTKpbITHe B 3JieKTPOHHOM cneKTpe 

KynpaTOB nceBP.OmeJIH, rrpH'IHHbl IlO.llBJieHWI KOTO

poH:, no MHeHHIO IlaHHCa [3], COCTaBJI.lllOT O.llHY H3 

KJIIO'leBbIX npo6JieM BTCTI. 

BMecTe c TeM, .n;pyrne xapaKTepHCTHKM (BpeMeHa 

pellaKcauHH .HMP, C,l{Bttr HaiiTa [8]) noKa3hIBaIOT, 

'ITO no Mepe yMeHbllleHH.11 T o,llHopo.n;Ha.11 MafHHTHa.11 

BOcnpHHM'IHBOCTb X(n HOpMaJibHOH 4>a3bl Ha'IHHaeT 

cua.naTh 3aMeTHO Bhime Tc , 'ITO TaK)l{e ue COOTBeT

cTByeT ipepMH)KH.lJ.KOCTHOMy IIOBetteHHIO, COrJiaCHO 

KOTOpOMY B o6JiaCTH T > Tc BCJIH'IHHa 

1 
X(T) = XPauli = - µ~ m 

1t 

(µB - MarneTOH Bopa; m - aQ><PeKTHBHa.11 Macca 

HOCHTe1rn:). llocKOJihI<Y rrJIOCKocrn Cu02 co.a;ep)KaT 

y3eJibHbIC MarHHTHhie MOMeHTbl, cymeCTBYeT aJibTep

HaTHBHCU! TO'IKa 3peHH.ll (CM. 0030pbl [ 3 '9' 10 J)' 'ITO 

OCHOBHbie H3MeHeHIUI rrpeTeprreBaeT HC tteJIOKaJIH30-

BaHHa.ll (HOCHTCJIH), a JIOKaJIH30BaHHa.ll (cnHHbl HOHOB 
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Cu2+) 110.llCHCTeMa, r.ne B Mepy yMeHblllemU! KOppe

JI.HUHOHHOH MarHHTHOH .llJ!HHbl MO)KeT OTKpbIBaTbC.H 

cnHHOBM m;eJib. HeK0Topb1e KpHTw-i:ecKHe JaMe'la

mrn K 3TOH KOHUel1l(Hli BbICKa3aHbl B [ 11. 
He.llaBHO B pa60Tax [ 11, 12] B paMKax npocToii: 

MO,IJ;eJIH 2D CBepxnpoBO.llHHKa c npoH3B0;1bHbIMH nf 
6bIJIO noKa3aHo, 'ITO nceB.nomeJib B O./lH03JieKTpOH

HOM cneKTpe H COOTBeTCTBYIOII.J;<IB eii nceB,IJ;Om;eJieBM 

<f>a3a B03HHKaroT B MeTaJIJIH'leCKHX CHCTeMax, KOr,IJ;a 

HX pa3MepttOCTb oKa3b1BaeTc.11 nomi:)KeHHOH. Ilces

AOm;eJieBM cpa3a B HCilOJ'l!:>30BaHROM npH6JIH)Kemm 

caMOCOr JiaCOBaHHO ¢opM1ipyeTC.H I;IpH HeKOTOpoii 

TeMnepazype T P , KOTOpM npH scex nf npeBblUiaeT 

T, (= T BKT B 2D cJiyqae, T BKT - TeMneparypa 

Eepe3HRCKoro-KocTepJIHUa-TayJiecca). 

HacTo.11m;ee coo6m;ettHe cTamn ueJibro pacqeT napa

MarHHTHOH BOCI1pHHM'lll.BOCTH (IlMB) 2D MeTaJIJia, 

HCilbITbIBaromero nepeXO.ll H3 HOpMaJibHOH <f>a3bl B 

nceB,IJ;Om;eJieByro, a 3aTeM - B CBepxnpOBO.ll.HIUYIO 

fa.lleCb EKT) c CHHrJieTHbIM cnapHBaHHeM. B H3BeCT

HOH Mepe HeO)KH.llaHHbIM pe3y JibTaToM .llaHHoro Hc

CJie.IJ;OBa.HIDI HBHJIOCb TO, 'ITO IlMB OT'le'l'JIHBO •'fYBCTBY

eT• nepexo.n B nces.1J;om;enesyro (HecsepxnpoBO.ll.HIUYKl) 

<Pa3Y; nepeXO.ll )Ke B CBepxnpoBO.ll.HIUYKl <l>a3Y npoXOAHT 

II.1IaBHO. 

2. IlJIOTHOCTb raMHJ!bTOHHaHa 2D <f>epMHOHOB BO 

BHelllHeM MarHHTHOM noJie H* HMeeT BH.ll 

:Jf(x) = 

= -'l'~(x) ( ~ + µ)'I' 0 (x) - V'lfr(x)\jl!(x)'I' .J.. (x)'l't(x) -

- µJ!l [ '1'"f(x)\j/i(x) - 'l'!(X)\j/ ,!. (x) J , ( 1) 

r.zte see o603Ha'leHH.H COBlla,IJ;aIOT c npHH.HTbIMH B [ 11]. 
He ocTattaBJIHBMCb Ha BbIKJia.IJ;Kax (oHH rrpaKTH

'!eCKH IlOBTOp.HIOT Te, 'ITO H3JIO)KeHbl B pa6oTe [ 11])' 
OTMeTHM, 'lTO, IlOCKOJibKY IlOJieBoe CJiaraeMoe B ( 1) 
HMeeT ,IJ;HaroHaJibHblH no CilHHOBblM HH.lleKcaM BH.ll, 

o6m;He Bblpa)KeHH.11 .llJI.11 CTaTHCTH'leCKOH cyMMbl z H 

TepMO,IJ;HHaMH'!eCKOro IlOTeHUHaJia il COXpaH.HK>T 

csoH: BH.ll c TOH JIHillb pa3HHUeH, 'lTO Tenepb O.llHO

qacTH'lHM <l>YHKUH.H fpHHa, qepe3 KOTOpyro OHH 

onpe,ll;eJI.HIOTC.H, CTaHOBHTC.11 3aBHC.Hm;eH: OT IlOJI.H: 

o ~+o. (2) 

i I 
! 

0,75~ 
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~':.. 0,5, 
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Puc. 1. nosei1ettHe fIMB npH pa3Hb<X 3Ha'ieHlUIX nr ' onpei1e

J1HeMblX se11wmttoll oTttoiuemrn E1 . ./ Eb (Eb - :rnepnm asyxqac

Tll'ittoro CBll3aijHOro COCTOllHHll [1,11]): 0,2 (I); 0,6 (2); 1 (3); 

5 (4); 10 (5); 20 (6). 

fi03TOMJ il TaJOKe 3aBHCHT OT JI, 'HO H03I:lOJI.HeT 

pacc'!HTaTb HCK0My10 TIMB no H3BecTHOMY cooTHO

weHHK> 

1 a2nl 
xcn = --v aH2I 

,fI-~ 0 

(3) 

0KOH'l'.aTCJ:bHOe Bbipa)KeHHe .llJI.11 '(3) c yqeTOM (2) 
OKa3bIBaeTC.fl npoCTbIM 11 IfMeeT CJie.nyromm1 BH.ll: 

X,(7) = ~ XPauli J dx ch-2 -[';L.--+ p2/4T2 (4) 

-µ/2T 

Herpy.nHo y6e;'J,IffbC.H, 'ITO ec;n1 M0.1ly.11b napaMeTpa 

nop.H.llKa p = 0 (HopMaJibHa.H cpa3a), TO HHTerpan (4) 
JierKO 6epeTCH Pl flMB np:1m6peTaeT H3BeCTHYKl .llJI.H 

H,1J;eaJibHoro 2D cj:JepMK-ra3a cpopMy [13]: 

X,(7) = XPaulJ 1 +exp (-µ/T)r1 

Pe3yJibTaThI 'lHCJieHHoro perneHH.H noJiyqeHHOH s 

[ 111 caMOCOrJiacosaHHOH CHCTB."ibl ypaBHeHttii .llJ!.11 p, 

µ H T BKT (a TaKlKe T P Ha KpHTH'leCKOH JIHHHH 

p ~ 0)' l103BOJI.Hl0lll;He no (4) Henocpe,ll;CTBeHHO BbI

'lHCJIHTb x(7), IlOKa3aHbI Ha pHC. 1. BH,IJ;HO, '!TO eCJIH 

B TO'lKe T = T P 3asHCHMOCTb llMB HCITbITbIBaeT .llO

BOJibHO CHJlbHbIH H3JIOM, TO TO"iKa rrepe:iw.na B csepx

npoBO.llHm;ee COCTORHHe Ha KpHBOH xcn cpaKTH'feCKH 

* Ero ttanpa1111etttte a11>1 HHJKec11eay10mero pac'leTa 3Ha'ieHl1ll tte HMeeT; oi1ttaKo OTMen11>1, 'ITO ecJJH no;;e .<ieJKHT B 1111ocKocT11 

t{BHJKeHHfi <jlepMHOHOB, TO llH:lMarttHTHbii\ BKJia,u B TIOJIHYIO MafHHTHYIO BOCnpHHM'iHBOCTb HCKJllO'laeTCll aBTOMaTw1eCKH. 
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Iloeeae1-1ue napaMaz1-1um1-101/. eocnpuu.>t'lUfJocmu 2D Memaiwa np11 nepexorlax 

He rrpmrn1u1eTCR. II01106ttoe rrose11em1e Ka'!eCTBeHHO 

rrpaBJL'lbHO onHCbIBaeT TO, '!TO tta6mo11aeTCJI B BTCII 

(cM. [3, 14]), r.n.e HaR6oJiee 3aMernoe H3MeHeHlte 

o.n.HopoaHoH ITMB (H .n.pyrnx Ha6moaaeMhIX rrapa

MeTpos) npOHCXO,IJ,HT rrpH HeKOTOpOH TeMnepaType 

T. > Tc . EcJIH npe.n.noJIO)!(HTb, '!TO eii OTBe'!aeT 

Ha'!aJIO cpopMRposattm1 nces11omeJIH (HJIH p, '!TO, no 

cyTH, 0.ll.HO H TO )!(e), TO 3TO, B CBOIO O'!epe,IJ,b, 

Tpe6yeT OTO)!(.lJ.eCTHJieHHR T P · H T. . TeM CaMbIM 

TCMnepaTypa T. ' BBO,IJ,HMaR pR,IJ,OM aBTOpOM 3M

m1pn'!eCKH, rrpHo6peTaeT RCHOe cpH3H'!ecKoe co11ep

)l(aHHe. 

11oKa3aHHbie Ha pHC. 1 KpHBbie OTHOCJ!TCJ! K cJiy

'laIO npeHe6pe)!(eHHJ! cpJiyKTyaUHJ!MH p H BHXpeBbIMH 

KOHcpnrypaUHJ!MH yrna 0, '!TO 6oJiee HJIH Mettee 

orrpaB,'laHHO J!Hllib B cpa3aX, r.n.e p "*" 0. B HOpMaJib

HOH )Ke cpa3e cpJiyKryaUHH rrapaMeTpa nopR,IJ,Ka (a He 

TOJibKO ero cpa3bI) cymecTBeHHbI .n.a)!(e JJ;JIJ! OTHOCH

TeJibHO BbICOKHX n( H MOryT ,IJ,aBaTb (TaK)!(e OTpHUa

TeJibHbIH) BKJia.ll a IIMB B o6Jiacrn T > TP [15). 
Mb1 3.D.ech HM npette6pernH, '!T06h1 rro11qepKHY'fb 

pa3JIH'!He Me)f(Jly nose,IJ,eHHeM IIMB a TO'!Kax T BKT 

(T.e. T) H TP. 
I1poae,1J,eHHbie pac'!eTbI, KpoMe Toro, rrpo,ll,eMoH

CTpRpoBaJIH (CM. pHC. 1), '-!TO '!eM BbIUie n( , TeM 

OTHOCHTeJibHO 6oJJee Y3KOH CTaHOBHTCJ! o6JiaCTb 

rrceB,IJ,OIUeJieBOH cpa3bl. 'HO TaK)Ke BeCbMa HeIIJIOXO 

cor .nacyeTCR c Kap111HOH, c.ne11y10rueii H3 aKcnepR

MeHTOB [4, 14). qTO KacaeTCJ! TepMO,IJ,HHaMHKH cpa30-

Boro nepexo,IJ,a H3 HOpMaJibHOH cpa3bJ B rrceB,IJ,OIUeJie

ByIO, TO ee He06XO,IJ,HMO H3y'laTb JIHIIIb c yqeTOM 

3aryxaHHJ! HMeIOIUHXCJ! B CHCTeMe B036y)!(,IJ,eHHH, 

'-!TO Tpe6yeT OT,IJ,eJlbHOfO paCCMOTpeHHJ! (BKJIIO'!aIO

mero, KOHe'!HO, H 6oJiee IIOJIHblH aHa.nH3 BKJia.llOB 

cpJiyKTyauHii). I1p11 3TOM c.ne11yeT TaK)Ke HMeTb B 

BH.ll.Y. '!TO rrpH ynoMRHYTOM nepeXO,IJ,e He npOHCXO

,UHT CITOHTaHl;{OfO f!OHH)KCHHJ! CHMMeTpHH' Il03TOMY 

OH' HO-BHAHMOMY' He MO)l(CT paccMaTp11aaTbCJ! KaK 

HCTHHHb!H cpa30Bbiii nepeXO/\. EAHHCTBeHHOe, '-!TO 

MO)l(HO YTBep:>Kti.aTb, - 3TO TO, 'HO B TO'!Ke TP 
tta'-IHHaeTC7! 6b1CTpoe yse.11P1e1111e ( ec.n11 T < T p) ae

JIH'-IHHbI p, Bb!UJC 3TO~i re~mcpaTypb! ,IJ,OCTaTO'-IHO 

Me.n.nettHo y6brna10ureii. 

Ho KaK 6bJ xopomo HH COOTBCTCTBOBaJIJi 113HQ)f(CH

Hb!e BbIIIIe pe3yJibTaTbI, rro.nyqeHHblC s paMKax rrpo

cTei1mel1 MO.lJ.CHH, BblBOtJ,aM, CJ1e.ny10ru11M 113 3KCnepH

MCHTa, HCJ!b35! H rrpeyae.nwnrnaTb ee B03MO)l(HOCTH. 

0Ha He TOJibKO rrpette6peraeT cJia6oii (xorn npHH-

¢H3HKa HH3KHX TeMneparyp, 1997, T. 23, Ng 11 

u1m11a.nbHOH _'!_'!~ T,) TpexMepnocTbKl peaJibHbIX 

BTCIJ. HO 11 He Y'-IHTbJBaer TaKoe Ba)l(HO\' 06crm1-

Te.nbCTBO' K:lK Ha!Il1411C B HlfX .10Ka.nH30BaHHblX CilH

HOB, CIL1bHO B3a11MO.ll.CHCTBYKllllHX C HOCHTeH7!Ml1 [ 1) 
H 11.aIO!llHX CBOH, BCCbMa 3Ha'-IHTCJibHblH. BK.natl B 

IIMB, He rosop7! y)!(e o B03MO)!(HOM cpopMnpmiatt1111 

(cM. [ 1]) aHH30Tporrnoro napaMeTpa 11op.H.n.Ka. l1:1y
'!HTb ,IJ,eHCTBHe Ha3BaHHbIX (11 HeKOTOpbIX apyrnx) 

cpaKTOpOB O.lJ.HOBpeMeHHO H noc.ne.n.oaaTe.nbHO IlOKa, 

0,UHaKO, He y.naeTC7!. 
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The behaviour of the 20 metal paramagnetic 
susceptibility at transitions between nonnal, 

pseudogap and superconducting phases 

V. P. Gusynin, V. M. Loktev, and S. G. Sharapov 

The paramagnetic susceptibility of a 2D metal 
with arbitrary carrier density is calculated. It is 
shown that its temperature behaviour has evident 
nonmonotony at transition from the normal phase to 
the so called «abnormal• one which is also non-su
perconducting, and whose one-particle spectrum con
tains a pseudogap. 
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