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Abstract

Inthepresenceofanasymmetrywithrespect tothe
x-andy-directions,possiblesingularitiesintheelectronic
densityofstatesareinvestigatedintheCu-02Dplane
model・ ThemixingoftheCu-andO-holestatesleads
toaninterestingbehaviorofthedensityofstates,which
inducesthedrasticreductionoftheisotopeeffect.

§1. Introduction
Thediscoveryofhigh-Tcsuperconductivity inCu-basedoxide
superconductors has attractedstrong interest inpossiblenew
mechanismsfor thephenomena. Toaccount fortheoriginof
superconductivityinthesematerials,manyauthorshaveproposed
variousmechanisms.')=5) However, theproblemmaystill be
controversialatthepresenttime.
IntheYBa2Cu807_xcompounds, twodimensihnalCu(2)-0(a, b)
layersareconsideredtoberelevant totheconductionprocess.
Infact, theinterlayertransferintegral istwoordersofmagnitude
smallerthantheintralayertransfer・ At lowtemperatures, these
layersshowacertaintypeofasymmetrywithrespecttothex-
andy-directions, i.e. formationofanoblique lattice,wherethe
distancebetweenneighboringCu(2) andO(a) atoms isslightly
longerthanthatbetweenCu(2) andO(b) atoms.6) Insuchan



86

asymmetricsituation, theCoulombpotentialenergiesatO(a) and

O(b) siteswouldbedifferentfromeachother, togetherwiththe

anisotropyof the intralayer transfer integal.Whenthe tem-

perature exceeds a certaincritical value, the oblique lattice
changesintothesquareone. The.high-Tcsuperconductivityis
notobservedinthissymmetricstructure. Suchanexperimental

evidencesuggeststhatthestructuralasymmetry(bondasymmetry)

mayplayasignificantroleinrealizingthehigh-Tcstate.7)

Forthecopperandoxgen ions intheCu++ andO--states,

theholenumbersontheseionsarerespectivelygivenbyland

0. Theadditionalholes tosuchanionicstatewouldthengo

mainlyintotheO-levelstoavoidthestrongCoulombrepulsion

atCu-sites. Thus, thechargecarriersofsuperconductivityare

consideredmainlyontheoxgenatoms. Thisfactenablesusto

introducetheO-holedominantmodel,7'8)wheretheavailableCu-

statesareeliminatedbystandardperturbationtheory, andonly

theO-sublatticeistakenintoaccount. InthisO-holedominant

model, thepotentialenergydifferencebetweentheO(a)andO(b)

states induces thesplittingof theO-band into two subbands.

Theupper (Iower) edgeofthelower (upper)subbandshowsthe

singularitydescribedbytheexpression, E-1/21ogE, (E→0+),
whentheO-holehoppingoccursonlybetweennearest-neighbor
O-sites. Furthermore, the extremelysmall but nonvanishing
interlayer transfer changes theabovesingularityintothetwo
singularities specifiedby (logE)2 and logEwithwithE-ヶ 0+,
whicharelocatedverycloselytoeachother;thedistancebetwen
themis of theorderof the interlayer transfer integral. As
shownintheprecedingpaper (1),8) suchasingularity-enhanced
densityoftatesinducesaninterestingchemicalpotentialdepen-
denceof the isotopeeffect. Inparticular, the isotopeeffect ･is
drasticallyreducedwhenthechemicalpotential comescloseto
thesesingularities.
TheO-holedominantmodel describedabove isvalidforthe
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largelimitof theCoulombrepulsionatCu-sites. , Inthecom-
poundsweareconsidering, theCoulombrepulsionsatCu-and
O-sitesarerespectivelyestimatedtobeUd=5-8eVandU｡=2-3eV,
andtheCoulombrepulsionVbetweenneighboringCu-andO-
holesisV≦leV. Suchanestimatesuggeststhatthecontribution
of theCu-holes tosupercurrents isnot necessarilynegligible.
Thus, inamorerefinedtreatmentwearerequiredtoconsider
theCu-andO-holes,simultaneously,andtoinvestigatethemixing
of them・ Thepurposeof thispaper is topoint out that the
appreciablemixingoftheCu-andO-holestates inducessome-
whatdifferent typesof singuiaritiesanddifferentshapeof the
densityof states fromthbse in theO-hole dominantmodel
presentedinthepaperl.Wealsoaimat investigatinghOwthe
singularity-enhanceddensityof states intheCu-andO-hole
mixingmodel affects onthe isotopeeffect andthetunneling
currents,bothofwhicharesensitivetothedensityofstates.
IntheCu-Obasedhigh-Tcsuperconductors,manyphysical
quantitiesexperimentallyobservedareaveragedoverthex-and
y-directions・ Forexample, themagneticpenetrationdepthス is
estimatedtobelOOO-1500A,whichisanaverageover l"andスリ・
Inordertomeasureス野andスyseparately, largeuntwinnedcrystals
arerequiredtobeavailable. Thein-planeanisotropyofスleads
tothedistortionof triangle latticeofmagneticHuxes, andthe
observeddistortionyieldsthefollowingeffectivemassanisotropy,
池'/伽諺＝1.2-1.49,10） （ス isproportional to"z'/2). This result also
suggeststhattheanalysisofthein-planeanisotropyisnecessary.
Insomerespectthefollowingdiscussionwillcontributetoclarify-
ingtheeffect of the in-planeanisotropy, althoughthemodel
employedisasimpleone.

、

§2． Singleparticleeigenstates
Wecousiderasingleplanemodel describedbythefollowing
Hamiltonian,
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H=Hb+HIHc (2.1)
wheretheone-particleandCoulomrepulsionterms,Hb andHb,
arerespectivelygivenby

Hb=EdZ,8d鳶αfs+E"Zm,α""'s+E6Z","6",
＋ｵα/2Z<">s(‘鳶α畑s+".c.)+#,/2Z<'">s(dX6"8+".c.) (2.2)

and

Hi"$=uz/2Z""%"fs+[/b/2Z"@""_$
+Ub/2Z","%s":-s+vZ<i,">Es1s2"%,":s,
+vE<i">EsIs2"%,"%s｡ （2.3）

Intheabovede6nitions,wehaveemployedaholepictureto
simplifythewholediscussion. Thus, theoperatorsa志， α戎s and
"creates-spinholesatCu-,O(a)-andO(b)-sites, respectively,
andthesymbol< >standsforapairof nearest-neighbor sites.
UzandUbrepresentthemagnitudesoftheCoulombrepulsionsat
Cu-andO(a,b)-sites,andVisderivedfromtheintersiteCoulomb

repulsionbetweenneighboringCu-andO-holes."f, ":'$and"%$
are theholenumber operatorsatCu-, O(a) andO(b)-sites,
respectively. Intheholepicture,wehaveEd<Eq,Eb.
Webeginwithconsideringthe single--particleeigenstates of
Hbgivenby (2.2)- Fourier-transformingHb,wehave

Hb=EhZ"8""α脆'+EbZk'α海脆@+E6Z"@6"",
＋/αZkscos片躍(‘鹿α純+".c.)+j6Z"scos片"(d溌脆3+/i.".)

（2.4）
wherethex-andy-componentsof2Dmomentum"areconfined
to the firstBrillouinzone, i.e. -7r/2≦片野， 〃"≦だ/2. The linear
transformation
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diagonalizesHbasfollows

Hb=zj=&-sz"'E!(")QX(h)Qj3("), (E!<E!<E:) (2.6)
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withkeepingusualanticommutationrules, [Qf(h), Qj,(た')]+=5"
6陶俺, etc.TheeigenenergiesE!(h) areobtainedfromtheequation

E-&="/(E－Eb)+9:/(E-Eb) (2.7a)
orequivalently

Z(E.h)=(E-Ea)(E-Eh)(E-Eb)-/:(E-ED)-9:(E-Eα）
=(E-EI(片》(E-E!(た》(E-E!("》=0 (2.7b)

withjk=/qcos片懇, 9k=/bcos〃"andE=EI(h),
TheeigenstateswithenergiesE!(") andE!(") corresppondto
theextendedantibondingandbondingCu-Oelectronicbands,
respectively・Theiramplitudestakecomparativelylargevaluesat
Cu-sites,whereastheE2-holeshave largeamplitudesatO-sites.
WhenEq=Eb. theE2-holesarecompletely localizedatO-sites,
givingadeltafunctionspikeatE=Ehto thedensityof states.
IfthesmalltransferintegralbetweenneighboringO(a)andO(b)
sitesisconsideredintheHamiltonian(2.1), thedeltafunction
spikechangesintoanarrowbandwithfinitebandwidth.However,
suchachangedoesnotyieldseriousmodificationofthediscussion
presentedbelow.
ThedensityofstatesD,(E) fortheE,-bandisgivenby

I;"d""I;'2@'像"6(E-EI(偽》 (2.8)D,(E)=("/2)-2

From(2.7b) itfollowsthat

6(E-EI(ん》=6(E-EI(た》(E-E:(た》(E-E:(た》
xlimE-EI(") | (E-E:(ん》(E-E!(ん》｜
=[6Z(E, ")/3E]E=Fif")6(Z(E, 片》 (2.9)

SinceE!(") arefunctionsofcos'た鯵andcos2"I/, it isconvenient
forlatercalculationstowriteasE9(")=E!(cos'た諺, COS2た")=E!
(x, y)withx=co=〃聾andy=cos2"y. Then, combinationof (2.8)
and (2.9) leadsto

I;d"["('-")r''｡["(",E)D,(E)="-2/52 1E-&|-1

×(1－〃(x,E)]-'/28("(",E》β(1－"(x,E)|3[E!
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×“〃(",E)]'-2(&+Eh+E6)EI(",""E》
+&&+&Eb+E6Eh-j:苑一ﾎﾙ(x,E) | (2.10)

with

"(",E)=[(E-Eb)//:][E-Eh-場斯/(E-Eb)] (2.11)
andthestepfuhction

’(班)={；懸謡。 (2.12)

After somewhat lengthy calculation, we have from (2.10)
logarithmicdivergenceatthetwopoints (Fig.1)

E=[&+勤一{(Eh-Ed)2+4/:} &/2]/2=Eb' (213a)

Fig. 1． Thedensityofstates for theEi-band,D,(E), definedby
(2.10),intheabsenceoftheCoulombrepulsion.Thesolid
curvesAandBcorrespond to theparametervalues i)
/α=rb=1andii) rb=1.1, j=0.9respectively,withEu=0and
Eq=E6-0.1=0.5.The dashedcurve corresponds to the
symmetric case (ｵα==/6=1 andEq=Eb=0.5,Em=0). Pz,
meansthepositionofthelogarithmicvanHovesingularity
andEF, theFermi energyforthehalf-filledE,-band.
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E=[E6+Ed-{(E6一睡)'+4/:1 !/2]/2=Eb, (2.13b)

Thisdivergenceisequivalenttothetwo-dimensional vanHove
singularity.Forthesymmetriccase, i､e・Eh=Eb andオα=/6, the
logarithmicdivergenceappearsonlyatE=Ebi=Ej2 (thedashed
curveinFig.1); thenforthehalf-filledE,-bandtheFermienergy
islocatedjustatthelogarithmicpeak.Ontheotherhand,when
atleastoneofthetworelatinsEh≠Ebandオα≠ｵbissatisfied,two

logarithmicpeaksappearatdifferentpositions (2.13a,b). Inthis
two-peakstructure, theFermienergyis locatedbetweenthetwo
peaksforthehalf-filledE,-band. Thus,whentheE,-band is
half-filled, thetransitionfromthesymmetric toasymetricstate
leadstothedrasticreductionofthedensityofstatesattheFermi
energyfortheE,-band.
Inthefollowingdiscussion,weassumethatinthepresenceof
theadditionalholes, theE,-bandishalf-filledintheholepicture.
Roughlyspeaking,thisstatecorrespondstotheionicconfiguration,
Cu++ andO--. Then, theCoulombrepulsion terms in (2.3)
(particularly, theUa-term) yield the finitegapbetween the
occupiedandunoccupiedE,-energylevels. Theunoccupied&-
andE3-bandsarealsomodifiedbytheCoulombrepulsionterms.
ApplyingtheHartree-Fockapproximationto (2.3),wehavethe
followingexpressionsfortheholedispersionsof Jheunoccupied
Eﾉ-levels (ノ=1,2,3),

島(h)=E!(")+Ei,Coulomb(") (2.14)
whereE!(") aredefinedby (2.6) andEj,c｡ul｡mb(") aregivenby

E/,Coulomb(")=Zf=1,2,3Uil"oj(") | 2+2[ViI { |"2j(") |2
+|"8j(") | 2}+(VhZ+V3Z) |z(jl2(ﾙ) |2
-(Vfcos片鍾+V;sin〃")",j(")zI/2j(")
-(vfcosだ"+V;sinh,)",j(")'""(") (2.15)

with""(") beingthe/－ノcomponentsofthe inversematrixof
Udefinedby(2.5) and

U,=UhZ"(<陀励| z(),,(") | 2 (2.16a)



92

Uj=UbZ"(<"F)|zI/i,(h)|2 （ノー2,3） （2.16b)
V)=VE"(<hF) |"j,(h) |2 (j=1,2,3) (2.16c)

and

vf=VE"(<"(ﾊZCOS片迩+62ZSin冷廼)z"2,(")",,(h) (2.17a)
W=v図〃(<"F)(6,fCOS""+62,Sin〃")"3,(")加皿("）
(i=1,2) (2.17b)

HereameansKronecker'sdeltafunction.Wenotethatforaset
ofadequateparametervalues,&(k) becomessmallerthanE,(")
inacertainrangeof the firstBrillouinzone, as illustrated in
Fig. 2. ThedashedcurverepresentstheFermi surfaceforthe
half-511edE,-band, thecurvedeviatingfromthesymmetriccase,
i.e. |た韮|+|た"|=元ﾌ2. Boththehatchedanddottedregionsare
empty for thehalf-filledcase. The relation, E2(")<E,(h), is
satisfiedinthehatchedregion,whereaswehaveE,(")<E､") in
thedottedregion. Thus, aftercompletionofoccupyingthedotted
region, therestoftheadditionalholeswillgointothe&一hand.
ThedottedregionbecomesnarrowerwithincreasingUb,andfor
sufficietlylargeUhtheinequalityE2(")<E,(") issatisfiedinthe
wholeregionofthefirstBrillouinzone. Then, all theaddltional
hOlesoccupytheE2-band.
Fromnumerical calculation,wehave confirmed that the冷一
dependenceofEﾉ, coulomb(") isnotsostrongcomparedwiththat
ofE!(h) ; thecontoursof&(") intheh-spaceareverysimilar
tothoseofE!(").Thisenablesustointroducetheapproxima-
tion,

E/, C｡u'｡mb(")→<E/, C｡u,｡mb(")>"=Ej.c （2.18）
where<…>4ymeanstakingtheaverageofEj,coulomb(") overthe
firstBrillouinzone. Suchasimplificationleadstothefollowing
expressionforthedensityofstatesforthe&-band

I;''"I;''"",j(E-E｡("》D2(E)=("/2)-2
vO

ハイ

="-'''-" IF-&'-｣li"x["('-")]-｣'｡["(",F)('-A(",F)]-~''
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Fig. 2. Inthehatchedregion, therelationE2(")<E,(") issatisfied
inthe firstBrillouinzone. Inthedottedregion (where
E1-levels are also unoccupied),E1(")<E2("). /α=/6, Eq
=Eb-0.1=0.5and (Uh'[ﾉb'V) isgivenby(a) (6,2,0),(b)
(6, 2, 1) and (c) (5,2, 1). Thedashedcurverepresents
theFermi surfaceforthehalf-iilledE1－band.

×β("(",E)"(1－〃("E)|3[E20(JM)"(Jr,E)]2-2(Ed+&+Eb)
XEho(","(",E)+&E6+E6Eh-ｵα2節一ｵb2"(",E) | (2.19)
E=E－曇, c.Fromthestepfunctionsintheaboveintegrand,with



94

iog2Lsingularity
I

参Iog-s ngularityI

2

02

2卜

。
●
Ｉ
・
・
／

1卜
ＥUL

目1］

Fig.3 Thesolidcurvesrepresentthedensitiesofstates,D2 (defined
by(2.19)) andDo_,nodel. HereDo_model is thedensityof
statesintheO－holedominantmodel. Theparemetervalues
arethesameasthoseemployedinFig.2(a).Thedotted
curvesgivethemodificationsofD2andDo_modelduetothe
small interlayertransferオご (=10-2/α)．

it isverifiedthatD2 isnonzero intherange,Eq+E2, c≦E≦E6
+&, c. From(2.19), it isverifiedthat

"(E)=const. ×(E-Ea－E2,c)-1/2 E→Eq+E2,c+O
(2.20a)

"2(E)=COnSt. ×(Eb+EM,c-E)-1/2 E→Eb+&,c-0
(2.20b)

Wealsoconfirmfrom(2.19) thatalogarithmicsingularity
D2(E)ocloglE-EL-&,cl (2.21)
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appearsasanotherpeaknearthecenterof thesubband,where

EL isdeterminedfrom

EL-Eh=＃α2/(EL_E@)+/62/(EL-Eb) (2.22)
withEb<EL<E6. InFig.3,wepresent thedensityof states,
D2(E),whichshows thethreesharppeaks,i.e・ thetwopeaks
(givenby(2.20a,b)) attheupperandlowerbandedgesandthe
peaknear thecenterof theband. Asisfound inFig. 3 the
shapeofD2(E) isconsiderablydifferentfromtheshapeofDo_model
(whichisthedensityof states intheO-holedominantmodel).
ThesolidcurvesrepresentD2andDo_med｡l inasimglelayermodel,
andthedottedcurvesthemodificationsduetothesmall inter-

layertransfer (referthenextsection). Oneofthecharacteristic
featuresofDo_m｡del is thesplittingintotwosubbands; forthe
solidcurves, thebandedgepeaksarespecifiedbytheE-'/210g
E-singularitywith -f0, andforthedottedcurvesthetwopeaks
ineachsubbandarespecifiedbythe (IogE)2-and logE-singu-
larities. FortheFermienergyclosetothesessingularities, com-
parativelyhighcomcentrationofholes ("c～0.5) isrequired. On
theotherhand, intheC"一andO-holemixingmodel thecon-
centration"coftheadditionalholestorealizetheFermienergy
closetothesingularpointisdependentontheparametervalues
of唖,Ub,Vandオα,j6. Forexample, for (晩,Ub,V)=(6,2,1)with
/α=#6=1,wehave"c～0.1.WhenUz>8with (Ub,V)=(2,1) and
rb=tb=1, all theunoccupiedE,-levelsshifttohigherenergyside
than thebottomof theE2－band. Thenthe concentration"c

becomes extremely low. InFig. 4,wepresent the relative
positionsoftheunoccupiedEL-and&一bands.
As described above, consideration of the small interlayer

transfer leads tothe (loga2-and logE-singularities (1ocated
verycIoselytoeachother) ofDo_m｡de,. However, theCzJ-and
O-holemixingmodeldoesnotnecessarilyyieldsuchsingularities.
Infact, inthepresenceof the interlayer transferD2 doesnot
showany singularity, although its peak structure is almost
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measuredfromJhebottomof theE2-band. Forthepara-
metervaluesemployedinFig､ 2(a),wehave4E=0.03.

unchanged・ Toseethis, thenext section isdevotedtoastudy
oftheeffectofthesmall interlayertransfer.

§3． Theefectoftheiuterlayertransfer
Inthissection,weconsider the interlayerhoppingprocesses
decribedbytheHamiltonian

Hinter=E<LIL2>Z""Zs["",'"古,,"ZsdL2,"S+ｵ蹄,""2I, ,"s"L2,",
＋j脇"6Z,,"'s6L2,"s+場勗耀(dL,,,"s(zL2,"s+".c.)
＋j総"(砿…6L2,"s+/i.c.)+2鯰"(α茜,, ,"s6z,2,"s+".c.)

（3.1）
whereZ,, andL2 are layer indices, and<Z,,Z,2>means taking
nearest-neighborlayers. "and"aJIe latticesite indices. Sub-
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stitutingthefollowingFourier"transforminto (3.1)

"L,"l8=Z"exp("Rm)(IL,ks, etal., （3.2）
withthelinearmomentum"withinthe layer, andmakinguse
Of (2.5),weobtain

Hinter=Z<L1L2>Z'Z"1"2暇協2Qtl,is("')QL2,/s(h2) (3.3)
whererM, resultsfrom場協",場協", etal.,Thus,theinterlayer
transferinducesvarioustypes of interbandtransitionS. Inthe
followingdiscussion,wesimplyput

場協2=/Zjfj6"1h2 （3.4）

whereit is assumedthat the2Dmomentum(parallel to the
layer) ofaholeisconservedintheinterlayerhoppingprocesses.
Insuchasimplifiedtreatment,D2(E) canbeexpJessedas
Q(E)=Z"zZ陶鯉,片"6(E-&(")一らcos"z) (3.5)

where"zspecifiesthemomentuminthedirectionperpendicular
tothelayers. Puttingz=cos"9,wehave

IL,d"(1-z｡)-~'｡ 'r-I"-E'' -｣D2(E)=(2")~'("/2)-2

I;dz["('-")r~''["(",F-")(1-"(",E=i鍵冨》]-'/2×

×β(〃(",E-rzz)6(1－〃(妬,万一/爵z)|3[&(","(",E－ｵ膠z)]2
-2(Ed+Eh+E6)E2(Jr, li(",E－ｵzz)+EhEb+EbEd+Ehaz
－ja2苑一/b2/i(x,E-izz) | (3.6)

Fromtheaboverelation,we findthatD2(E) isnonzereinthe
energyrange,Eh－ｵz≦E≦E6+/z. Toinvestigatethebehaviorof
D2(aneerthebandedge,E=E-fz,weput

E=Eh-/z+/zp, (E=E-E2,c) (3.7)
withO<P<<1. Then,wehave

[l-''z('一息圏)-'/2D2(E)OC(E6_E")_1
，，－－1

1"}d"]"('-x)r"'｡[(鯨-",(",p)("2(z,p)-"]-'/2×

（3.8）
where

",(z,')=-/z(Eh-母)(z+1－')//q2 (3.9a)
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"2(z,')=一/z(&－恥+/62/(Eb-E@)(z+1－力)//｡2 （3.10）
From(3.8),itfollowsthat

D2(E)CC(E6_EQ)_1け'劒患[-/z(1－露)(z+1-')]-&
xF["/2,1+(Eh-母)(E6_Eb)//b2] (3.11)

withthefunctionF､definedbytheellipticfunction,

"["/2,"],;""縮(1-ﾙ2Sin2")-1/2 （3.12）

It iseasytoconfirmthatFsatisfiestherelation,
limh→1F["/2,"]→1/21og(1－〃2) (3.13)

Then, forEh=Ehor&=Eb,wehave
Q(E)cc(Eb-Eq)-' llOg(Eh一母) (Eb-Eb)| (3.14)

Notingthat

旧劫‘翼[(息十'1 (－1+ｶｰ愚)]-‘'．=” (8．15)

wefindfrom(3.11) thatD2(E) takesa finitevalueatthelimit
l→0. Similardiscussioncanbeappliedtotheupperbandedge,
E=Eb+fz. Thus,wefindthat theE-'/2-singularityattheband
edgesofthe&-bandvanishes inthepresenceofthesmall inter.
layertransfer, althoughthepeakstructureisalmostunchanged,
asshownbythedottedcurvesinFi9. 3.

§4． Theinfluenceofthesingularity-enkanceddensityofstates
onthetunnelingcurrentandtheisotOpeeHEct

Inthissection,wefirstinvestigatehowthesingularity-enhanced
densityofstatesdiscussedaboveaffectsonthebehavioofthe
tunnelingcurrent, whichcan f]owbetweenthe two supercon-
ductorsseparatedbyathindielectricbarrier・ Tunnelingspectros-
copyisoneofthepowerfulmethodstoclarifythenatureofthe
superconductorS.
FromaHamiltonianformalismof thetunnelingproblem， the
tnnnelingcurrentcanbeexpressedas

I(/,V)=I"(V)+Z,(V)sinF(i)+… (4.1)
whereF(r)=cons.+29W/"withthetime index/andthestatic
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biasvoltageV6 1qpisthequasi-particlecurrent, ノJ istheCooper
pair'sphasecoherenttunnelingtransition, andthedotsstandfor
theothertunnelingcomponentssuchasthequasi.particle-Cooper
pairinterferencecomponent. Inthefollowing,wecalculatethe
V=dependencesof Ihpandjj,whichintheframeworkofBCS

E' theoryaredefinedas'')

lbp(V)="/gR脈に創E"L(E)"R(E-EI)[/(E-E｡)-/(E)]
（4.2）

IJ(I')=("/".R")PIi:dEI士爵dE'篭劣装）
X[/(E)-/(E')] (4.3)

｢1whereEo=eW",Rw="/47re'j2withtheaveragedtransferintegral
r, andPin (4.3)means takingtheprinciplevalue． 〃f and"
(j=Z,,R) aregivenby

",(E)=IEID(E2_IAf l2)-'/20(IEI_|Ai l) (4.4)
pi(E)=|Ai lD(E2_IAi l 2)-1/2sgn(E)"(IEI-IAi l) (4.5)

withtheorderparameterAzand

/(E)=[exp(E/片BT)+1]-1 （4.6）

Intheaboveformula,wenOte theenergyELdependenceofthe
densityofstatesD･ Thisdependence isparticularly important
whentheFermi energy is locatednear thesingularofD． In
numericalcomputations,weconfineourselvestothecaseofthe
lowE2-holeconcentration; theFermienergyisnearthebottom
oftheE2-band, andthusnear theE－2/2-singularity.Then,the
low-voltagebehaviorof thetunnelingcurrent isdominatedby
thissingularIty,whilethecontributionof theE,-bandissimilar
totheHatbandcase. Insuchasituation, replacementofDin
(4.2) and(4.3) qyD2 isconsideredtobereasonable.Wealso
assumethattheorderparameteroftheleftandright supercon-
ductorsareequal toeachother, i.e.AL=AR=A.
ThenumericalresultsfortheV-dependenceoflbp.atT=0are
illustratedinFig. 5,whereEo=eVy2Aand7jp=(eR"//i)ﾉ". At
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Thecont.xibutionofD2 tothequasi-particletunnelingcur-
rent, lbp' defined by (4.2). 79p=(eRjv/2A)Ihp andEo

～

=eW2A.ThesolidcurvesAandBcorrespondtoEF=5A
andlOA, respectively,withWh=200A. Thedashedcurves
A' andBノ representthemodifications ofAandBdueto
theihterlayestransfer (/z=10-2/α)． Theparametervalues
arethesameasthoseempleyedinFi9．3． Thedottedcurve
givesIhpfortheflatE2-band, i､e・ D2(E)=1/Wh.

Fig. 5

T=0, lbpvanishesforEo<1,whereasforE,>1Iqpincreaseswith
～

increasingEb. ThesolidcurvesAandBcorrespondtoE"=5A
～

andlOA, respectively,whereEF, istheFermi energymeasured
fromthebottomofthe&-band. Inthesecalculations,wehave
putWZ=200AwithWh beingtheE2-bandwidth. The dashed
curvesAノandB'representthemodificationsofthecurvesAand
Bduetothesmallbutnon-vanishinginterlayertransfertzdefined
by (3.4) (InFig. 5, /z=10-2jα). ThedottedcurvegivesIbpinthe
Hatbandcase, i､e.D2=1/Wh. Comparisonofthesolidanddotted
curves indicatesthatthesingularityatthebottomofthe&-band
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enhancessignificantlythequasi-particlecurrent inthesituation

weareconsidering. AlthOughtheinterlayert.xansfertz tendsto

suppresstheenhancement of Ibp, throughtheredudtionofthe

singularbehaviorofD2, theappreciableenhancementofIhp is
still observedfor iz of theorder lO-2ｵα. Comparingthesolid
curveswiththedottedcurve,wealsofindthattheE-'/2-singu-
larityatthebottomofthe&-bandtendstosurpressthevalueof
thederivativeof ノ"withrespect to thebiasvoltageVb For
example,we"(V)/Ib'(V)=0.4and"(V)/lb'(V)=0.5,where"
and/b'are("@p(V)/"VforthesolidcurvesAandaandIb' for
thedottedcurveinFig. 5. Suchatrendisresultedfromthefact
thatforthepositionof theFermi energyunder consideration,
the unoccupieddensityof states,D2, decreases rapidlywith
incresingB(owingtotheE-'/2-dependenceofD2). InFig. 6,
wepresent theresults for theCooperpair'sphasecoherent

～

currentIJ. ThesolidcurvesAandBcorrespondtoEF=5Aand
10A, respectively, andthedOttedcurverepresents theresult for
theHatbandcase, i.e.D2=1/Wh. SimilarlytothecalculationOf
lbp,wehaveputWh=200A. InthevariationofIjwithE｡, one
ofthecharacteristicfeaturesistheoccurenceoftheRiedelDeak

冬

atEo=1.12) Thispeakisdueto the singularbehavior of the
superconductingdensityofstatesatE=A. Thegrossfeatures
ofIIrarecommontothethreecases (thesolidcurvesAandB
andthedottedcurve).However,foragivenEb,thesingularity-
enhanceddensityofstates leadstotheappreciableenhancement
ofIj similarlytothecaseoflbp.
Ournexttaskistoinvestigatetheinfluenceofthesingularity-
enhanceddensityofstatesonthe isotopeeffect. TheBCSgap
equationisgivenby

』(",)=-Z…鈴;"n"[E("/2'"r] (47)
～

whereE(")=[(E(")-EF)2+A(h)2]'/2 with the single.particle
energyE(") andtheFermienergyEF,. Thecriticaltemperature
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Fig、6． Thecontributionof theE2-bandtotheCooperpair'sphase
cohercent current幻′ de6nedby (4.3)． 〃=(GRiv/2A)IJ
andE9=gW24.Theparametervaluesforthesolidcurves
AandBarethesameas thoseemployed inFi9. 5. The
dottedcurve corresponds to the ilatE2-kand case, i.e.
D2(E)=1･Wh.

"canbedeterminedfromtheconditionthat (4.7)hasanon-
trivalsolutiOninthelimitA->0.Weassumethattheattractive

pairinginteractionisapproximatedbythes-wavepotential, i.e.
V淵,"2=-Vfor-ED<E,("),EM(")<EDandVk!"2=0forotherwise,
whereEDistheDebyecutoifenergy. Then,forthemomentum-
independent energygapAwehave thefollowingwell-known
formula,

偽風E21閏",画n/i[|E-EFI/2臨鍾TIJ] (4.8)V-1=

whereD(E) represents the densityof states. Sincewe are
interestedinthesingularbehaviorofD, it isinadequateforour
purposetoreplaceDbyaflatdensityofstates. TheED-depen-
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ThevariationofL(defidedby(4.9))withtheFermienergy.
ThesolidcurveArepresentsthecontrributionof theE2-
band (theparametervaluesare theas thoseemployedin
Fi9. 3), andthecurveBgives themodificationofAdue
to the interlayer transfer (fz=10-2j).Thedotted curve
representsthesimultaneouscontributionsof theE,-and
E2-bands, forthevanishing4E(definedinFig､4)

Fig． 7

denbeofrbcanbeapproximatelywrittenas
Tc=const. ×ED'-L （4.9）

withanadequatelychosenvalueofL. TheaboverelationwithanadequatelychosenvalueotL. 'lheaboverelatlon ls
equivalentto

L=1-61ogTb/alogED (4.10)
Inaphonon-mediatedpairingmechanism,EDisproportionalto
M-'/2,whereMis theaveragemassof theconstituent atoms.
Thus,Lrepresentsthedeviationof the isotopeeffect fromthe
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ideal case (L=0). ThecalculatedvariationofZ,withtheFermi

energyisillustratedinFi9. 7,wherewehaveputE=4×10-2ｵα
（jα=ib) andWi=0.2/α. ThesolidcurveArepresentsthecontribu-
tionofthe&-bandandthecurveBthemodificationofthecurve
Aduetotheinterlayertransfer(/z=10-2ｵα).Bothcurvesindicate
that the sharppeak structureat thebOttomof theEh一band
cotributetoenhancethevalueofL, i.e. thesuppressionof the
isotopeeffect. IntheO-holedominantmodel,wehaveseenthat
whentheFermi energyis locatednear theupperedgeof the
lowersubband (Fig. 3), themaximumofZ, is estimatedtobe
Z,ma寵～0.75. Inthepresentmodel, thecontributionofthe&-band
leadS tOZ,max～0.6,which is smaller thanthat intheO-hole
dominantmodel. Suchadifferencecomesfromthedifferenceof
theshapeofthedensityof statesbetweenthetwomodels. In
02,wehavepointedout that foraset ofadequateparameter
values, the logarithmicvanHove singularity intheE,-band
comesverycloselytothesingularityat thebottomof the昼一
band,Whenthedistancebetweenthetwosingularitiesisofthe
orderofED, thesimultaneouscontributionsofthesesingularities
areexdected. Thedottedcurve inFig. 7represents theresult
forD=D,+D2withtheabovetwosingularitieslocatedatthesame
point. InthisspecialcasewehaveZ,max～0.7,whichiscomparable
withthat intheO-holedominantmodel.

§5． Concludingremarks
Inthispaper,wehaveinvestigatedtheholestates intheQJ-
andO-holemixingmodel showingtheasymmetrywithrespect
tothe"-andy-directions. ByexplicittreatmentoftheC"一holes,
someinformationsabout themixingeffectof theC"一andO-
holes havebeenobtained, the informationswhichcannotbe
derivedintheO-holedominantmodelemployedinthepreceding
paper (1).

Asshownintheabovediscussion, themixingof theCW一and
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O-holestatesgivesdifferent typesof singularitiesanddifferent

shnpeofthedensityofstatesfromthoseintheO-holedominant
model・ IntheC"一andO-holemixingmodel, thebondasym-
metryleadstothesplittingoftheholebandintothreesubbands
(E,<E2<&).WehaveconsideredthecasewheretheE,-band
ishalf-iilled. ThenthestrongCoulombrepulsionata-sites
inducesalargeenergygapbetweentheoccupiedandunoccupied
E,-1evels. Forthesu伍cientlylargegap,theadditionalholesare
capturedbytheE-"-singularityat thebottomof the&-band,
evenwhentheirconcentrationisextremelylow. Ontheother
hand, intheO-holedominantmodel thebondasymmetryleads
tothesplit]ingoftheO-bandintothetwosubbands;niorderto
realizetheFermi energyclose to thebandedgesingularity,
comparativelyhigh codcentrationof theO-holes is required
（"c～0.5)．
IntheC秘一andO-holemixingmodel,wehavediscussedhow
thetunnelingcurrent (betweenthetwosuperconductorsseparated
bya thindielectric) ismodifiedbythesingularityenhanced
densityof states. Numerical computationshavebeendonefor
twotypesof thetunnelingcurrents, namely, thequasi-particle
current lbp andtheCooperpair'sphasecoherent current Zr.
WhentheFermi energyis locatednearthebottomof the&-
band, theappreciableenhancementof I@p isderived・ However,
ourcalculationalsoindicatesthatderivativeof lqpwithrespect
to the appliedvoltage is rather suppressedby the singular
behaviorofthedensityof states,D2. This isduetotherapid
decreasingoftheunoccupiedpartofD2(E)withincreasingE.
TheCooperpair'scurrentljshowsacharacteristicpeakstructure
in thevariationwith the appliedvoltage. Fromnumerical
analysis,wefindthatthegrossfeatureofsuchapeakstructure
isnotsostronglyaffectedbythesingularityofD2, althoughthe
valueofIJ itself isenhancedsingularity.
Wealsohavediscussedthe isotope effectmodifiedby the
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singularityofthe&-band. Thedeviationof the isotopeeffect
fromthe ideal case isgivenbyL (definedby (4.9)). The
conspicuousenhancementofLisderivedfor theFermi energy
locatednearthebottomofthe&-band; thecontributionofthe
E2-bandleadstothemaximumvalueofZ,,Lmax～0.6,Thisvalue
issmallerthanthat intheO-holedominantmodel (Lmxa～0.75).
Asdescribedintheprecedingsections, suchadifferenceofthe
Z,max-valueisresultedfromthedifferenceof thestatedensitv-
shapebetweenthetwomodels. Forasetofadequateparamter
values, there is apossibilitythat the logarithmicvanHove
singularityintheE,-bandcomesverycloselytothebottomof
the&-band. Insuchaspecialcase, thesimultaneouscontribu-
tionsofthesingularitiesintheE,-and&-bandsleadstoZ,max~
0.7,whichiscomparablewiththeresultoftheO-holedominant
model.

The&-banddiscussedabove shows the conspicuousmass
anisotropy. For theparametervalues employedincalculating
thesolidcurvesinFi9. 5, themassanisotropyof theEL-holes
near theFermi surface isabout加"/"2野2-2.5.whichis larger
thanthatestimatedfromthedistortedvortexlattice (mentioned
in:1). Forthesameparametervalues, themassanisotropyof
theEM-band isabout""/加鯵 1.05-1.1． Thus, averagingof the
effectivemassovertheE,-and&一bandsmaytendstoleadmore
reasonablevaluesofthemassanisotropy. Asdescribedabove,
oneofthecharacteristicfeaturesisthetwodimensionalproperty
of thesupercurrent, theproperty that induces interestingbe-
haviors of thephoton-mediated interactionbetween localized
moments-'3)-'8) Thedetaileddiscussionwill bediscussed ina
separatepaper.
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