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NovelSuperconductivityfrom anInsulator
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SuperconductlVltyisoneofthemostremarkablephenomenaincondensedmatter
●●

●
physics.InspiteOfitssimplifiedmodelHamiltonianandthemean-fieldtreatment,thetheory

ofBardeen,Cooper,andSchrieffer(BCS)issuccessfulinexplainingallthebasicproperdes

ofusualsuperconductors.ThecoreoftheBCStheoryis(heCooperinstability.Namelythe

normalmetallicstateisunstableagainstaninfinitesimalattmctiveinteractionbetween

elect∫onsneartheFm isu血ce.

Tnrecentyears,however,noveltypesofsuperconductorsarefoundne.vtheinsulating

phasesintheorganicmaterialsandthecopperoxides.ItseemsthaHhephononmediated

BCStheorylSnotabletoexplainthehightemperaturetransitionsatleastintheoxides.The
●

obstacleagainsthigh Tcistoobtainastrongelectron-phononcouplingん.Furthermoreeven

ifoneobtainsalarge九,therenormalizationeffect(九一u(1+九))preventshighTcas

shownbytheEliashbergstrong-couplingtheory.AFemi Surfaceisresponsiblebothforthe

reducdonoftheelectron-phononcouplingduetothescreeningeffectandforthe
●

renormalizationofthecouplingconstant.Theseobstaclesmaybe'woidedinaninsulator.

TnsuliltOrSarealsointerestlnglnrelildontothelargediam.lgne【icanonl.TIliesobservedill
●

temperaturesashighas200KinsomespeciallypreparedsanlplesofCuClunderhigh

pressuresll].lfweinterprettheanomaliesastheoccurrenceofsuperconductivity,Wehavea

● ■
veryunlqueSituationinwhichasemiconductingphseshowlnganelectronicresistivitywi(h

afiniteactivationenergyentersdirectlyintoasuperconductlngPhasethroughnotasecond-

butafirst-orderphasetransitionatsuchahightemperature.Asimiliu･Phenomenonhasalso

- 3 57 -



研究会報告

beenobservedinpressure-quenched(i.e.,preparedbyreleasinghigh pressuresatarapid

rate)samplesofCdSat77Kl2].

Weinvestigateapossibilityofanewsuperconductlnginstabilitywhichcouldtakeplace

eveninaninsulatorinwhichnoFermisurfaceexistsl3].Ourtheorypredictsapossibilityof

superconductivitybroughtaboutdirectlyfromasemiconductingphasethrough afirst-order

(orsecond-order)phasetransitionforthefirsttime.Considerasystemcomposedofafilled

valencebandandanemptyconducdonbands.TheFennilevelpliesinthemiddleofthegap

oftheone-particlespectrum.Thusthesystemisaninsulator.Thefemi Onannihilation

operatorsforthevalencebandandtheconductionbandaredenotedbyakCandbko,

respectively.IfthegapG islargerthantheDebyecutoffenergyo)C,thenormalstateisstable

againsttheCooperpairing<ak†a_kJ>becaurseoftheabsencleOfstatesinphasespacefor

multiplescatteringstoformthepair.Thisisthecaseevenif九isverylarge.Note,however,

thatthesameattractivepotentialworksbetweenapairofelec打OnSindifferentbands.When

electronsinthevalencebandarepartiallypromotedtotheconducdonbandtomakeapal一

<b-kJak†>,thereisaplentyofroomforthemultiplescatteringevenfor恥<G.Thuswe

mayhavesuperconductiviyoriginatingfromanewtypeofpairing<b_kJak†>ratherthan

theusualCooperone.Thisnewpalnnggivesagapequadonwhichisquitedifferentfrom
●● ●

theBCStheory.Thisleadstomanyunusualproperties,although thesuperconductlngState

itselfisfoundtotx:similar(theMeissnereffect,theinfiniteconductivity,2eflux

quantizationeEC.).
●

ThesuperconductlngtransitiontemperatureTcisoftheorderofthegapbetweenthe

twobands･TheuniversalrelationsintheBCStheorylikeA(0)〝C,A(T)/A(0),Hc(T)/Hc(0),

andAC/Cndonotholdinthepresentmodel.Theydependonthecouplingconstant九,the

cutoffenergy叫,andthenormal-Statepropertieslikethesingleparticleenergy.Insome

regionsof九andのcitispossibletohaveafirsトordersuperconductingtransition.WhenTcis

notmuchlargerthan thegapenergyG,thereareonlyafewthermallyexcitedcarriersinthe

normalstatenearTc.nereforewehave,forthefirsttime,aunusualinsulator(or
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semiconductor)-superconductorfirst-orderphasetransition.Thisisconsistentwiththe

experimentalsituationinCuCl.

SincesuperconductivitytakesplacewhenUisoftheorderofGinourm∝lel,the

theoryshouldtreatthestrongcorrelationinanon-perturbadvewayandthebandpicturemay

notbeappropriate.Wehaveemployedthemean-fieldtreatment,butitsvaliditymustbe

examined.Notealsothateventhenormalstateprovidesarathernon-trivialproblem.nleSe

questionscanbeaddressedinone-dimensionalsystemsinwhichtheexactresultsbythe

Betheansatzmethodareavailablel4].

Inapplyingthepresenttheorytorealsolids,weneedtoincludetheeffectsofaweak

non-sym etryinea(k)andeb(k).However,itcanbeshownthaHhisdoesnotleadtoa

drasticchangeinthepredictionsofthetheory.Perhapsthemostimportantquestionisthe

originofastrongattraCLdveinteractionwhichgivesは2.Oneofthesimplestcandidatesis

theexchangeofphononsasinthe召CStheory.mereisapossibilitytohavesuchalarge九

fromopticalphononsinsomeinsulatorsinwhichas打Ongelectron-phononinteractionisnot

screenedatal1.Wealsoneedtoknowabouttheretardationeffectsofphonons.Inaddition,

thereductionmechanismoftheCoulombrepulsionl51shouldtx:reconsideredinthepresent

++ II▲ I l4●● ■ヽ ● ● ● ● I _ ● ●●
palnngmdel.Anothercandidateforanattractiveinteractionisanelectronicongln,either

chargefluctuationslikeexcitonsl6]orspinnuctuations.Whatevertheoriginoftheattractive

forceis,Wehavetotreatacompletelynewmany-bodyproblemforsuperconducdvity,

namely,aninstabiliolWithoutaFennL'sudace.
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