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INTRODUCTION

The idm thnt tlw rmrmalwtntrd ruprntr mpmmnductorn inn valrnct+lurtunt ion
(VF) ~t~~ is appmling for n munhw of rramm. Wc MC- rx king thim Nwnarh

\qmnt itmtivdy, 1 ftmmmingqmially m tIw !hlit*U mdaniwn for s-wnvr pnirin~.
Tb drulations mploy n many-txxly vnrintimml tmhniqm duvrlqxd prrvimdy fnr
\“F nnd Ixmvy-fmminn mmtcriah,a Wr am prawmdy rxploring tlw dfmts d (n) vnrying
Ihi’ Hnmiltminn parnmctern mwayfmm thr vahm dttainrd fmm phdcxmimim dntm
IUld@h,’ (~)) VMh}llII dlli~]~ ~{llllpkm ft~ the hd ?I~rlldll~ d h)dlri(bt knl
k-[lqxmdrncr, nml (r) mrrrrt icm tu thr Gutzwillrr mppmxinm ion, TIUSWnrr thr
tlq}ir~ t~)In’ dimmd in thin rqmrt.

ARGUMENTS FOR A VALENCE-FLCC’TUATIC)N PHASE



to disrupt tlw dmtwnt ary Blnch perindicity, Althrnl~h quite correct, thi~ dmt-ript ilIII
hns the disadvantage of mggrnting that wr m dealing widl an rxotic Srennrio. \Yr
now mmntto argue that tlti$ is not w>.

An equivalrut but vrry pmbtria.n way tn vimmlkc this redt is to ~tartwith thr
U=O mlution of the Anderson Inttice Hnmiltonian. This givm nn elementary lNUld-
thmrrtir ~tatr, whicil is obvioun’ ~ a FrmLiliquid. N’e then invoke the idea of Luttingrr
continuity, i.e., we suppcxse that C is switched on adinlmticmlly, nnd that the ~ystem
rwdvm ccmtimtoualy without nny phsse chnn . The rmult is themf~m n ~trm@y-
rorrelatecl nntmm.1Fcm~i tiquid -- rtne mlerice- uctuation statr. Tlm Inrgr numbrr of
known VF md henvy-ferrnion mtirrials &monstrat~ that this scrnsrio is phy~imdly
rrrumnable. It must be dnittd hmwvrr. that thrre arc no well-mtaldidml previous
mtnmpks of the VF state in which M Artrons nre the utivr ingrrdicmt.

With rithrr version of the nrgument, onr can see that the 2p orbitnk phiy nn
wwcntial rule in promot i

3
the twinned nnrrnd Rrmi liquid INntr.Tlw iti:tmmry (m

n]ctallic asprct in prrwir by thr 2 I’R, hrcaw the varioua morlds typimlly rqlt rt
Jmy clkt hnppin h-twen thr 3d \ nnnirr orhitnls, (h thv dim lmml. tIw Amlrr- m

#Inttire model is oxilde rnrmgh rn prrmit formttion of Inrnl mmnrntw nml rww n
Mott-insulnt or stntr (nt prnprr d oirhinmrt ry ), if thi~ ifiwhnt thr Hyntrm Wfmhl prIfIr.

Ex mrimrntnl]y. mm nf thr uu~t Htriking fmiturm of rhr ruprntr wqwrrmldurtrlr
r!lmntrri s in thr rxistrnrr of n Frnni HILqnrr in rh~ ng~mrnt with tnr prrdirt ion Ii

ronvmt innal I)NKI t Itmry, ns rrvmlrd hy mgk-rrdvml pluWrtnimsiotl. BMNI tIwory
iHnot fuily tnmmsful, howevrr. hrmnr thin dnta slsn indicntmi umdwr [iisprrtiion in
I~1~viciilit~ ti ~F, i,r, IUmlr‘hravin~.”m Thr Imnd-tImmrtir Frrml Murfurr,t~tgwhrr
wit h snnm hr. “umm,is * typirnl mignntu:r for th~ known VF and hcmvy.fmmion mn-
trrinlm, In nddit ion, thrrc arr n numhrr (Ifothm phymirxlprnprrt im for which Xtriking
pnrnllrls Imvr Iwn found hrtwmm ruprwr mprrcomhufmrs nnd hrnvy-fvrmion nmtr-
rink T}MWhnw rrrrntly Inn rrvicwd by Lrvin and rn-wnrkrm.s All togd hrr, thi~
rxprrimrntn] rvidrntw suppom Ihr VF pirt urr vrry ntrnn~ly. Nmrnt rnlrulntimm
11~XrwnH nml ro-ww:krrs” hnvr nhm drmmmtrntrd t unntil nf ivr rml~islrm.y nf Ihiq

Ipirtum with n numhrr of ruprnlr propmtim, in it fnir y d Indm mnnnrr.

TIIE 1’YNITE [’ 1’.411{1s(: ME(’11.4 YIsil
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Figure 1. Dingrnrn illustrating the finitr-L’
mmhnniwn frm M-wavepniring.

thr fnrt tlmt in a rrnl rnntrrinl U-1 # (), (III Contrwtm nmtrly nll Ii tlw l/N rxpnn~im
work hnMRJWIUIWCItlint C =m. U-1 = O.) This SCWUNmrrlmnim dm IMIIIR w~r~
rrmvmimt frrntlwr -- it mkwa drmdy nt the ‘IIMWIIfidd” or ‘“rrnormnlizrd hnml
stngr ii npprtmiInntion, mmwponding to (l/N )[’or m davr-bmmn WWIMUIWM This
i~ n wrlconlr ~inqdifirnt ion, which in prnrtirc Add rnhnmc’ thr rrlinhi]ity of tIII’
nllIIWrirnl rPHII]tW

lfl\oltxl:\l,lzKl) ll}’lll{ ll)lz,rl”lox
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where tim = VA qm is a number opmator, Here a = h-u reks to n “conchlrt ion” Illoch
orbital composed of oxygen 2p orbittds, with a dispersion width for ek amounting
to severalCV duc to the considerable direct pp orbit sl overlap. On thc other hnnci,
n = ju refers to a d( x2-y2 ) ‘Wmnier orbital for a copper icm at site j. The dircrt dd
owvlmp is surely snmll, and is rwglectcrl, Note that the Hubbard U is assumed to nrt
Imtween 3d hole~, so it is the rIO(two-hole) cordiguration energy which is rnisrd by U.
( \l’c start with n W’annicr representation for the d’s to fncilitatc the trratrncnt of L!,
Inlt t hc resulting recipe is later transbrmed to the Bloch rcprewmtat icm, )

As already menticmcd, the solution of this Harniltonian is elementary whml U=().
This becomes n simple two-band hybridization problem, in which thr 3d’s mnst itut r
n hand of zero width, The hybridization matrix element ronnccting the p and d Nod
hwis st~tes is Ii = .v-vzzj ~-ik. RJ ~,

kjs where this ~ iS tllc n~lrnl)~r of ww ~it~~.
[n the nmm-field nppmximation, the effect of replacing U=O by U=.= is to lrnvr this
simpk pirtIlrcintact,hut to rcnorrnalizc the input pararnctcrs:

W’hf’rr() < z < 1.

Z,,,f= 1- n~ , (-!)

Imd thr Gutzwillcr rwipr.

Z(; = (1 -n/)/(1 -?1/”) . (3)



lattice, but ours has the virtue of mumming a well-defined class of diagrams. Exami-
nation of the diagrams still omitted shows that this recipe is generally still inmmct,
although this dom become exar:. in some sped cases.

The choice betwtssn recipes (4) und (5) has profound consequences for the un-
dcrst anding of cuprate superconductivity. In the mean-field version (4), there is no
interaction bctwcwn the quasiparticles when U=-, and finite U then provides supcr-
mmductivity. [However, the l/N comection (exchange of one slave boaon) opposes
s-wave superconductivity, m the final outcome is still not trivial. ] In the Gutzwiller
~msion (5), the explicit spin dependence in the ( 1-n~c )- 1factor leads to a ~“ strong
Storer enhancement of the magnetic susceptibility, and this “Gutzwillcr nulgnctism”
temhmcy now strongly opposes the “Newns pairin “ terdmcy. (This agrees, of CmHE,

wit h the general experience that magnetism is bJ for s-wave superconductivity. ) The
rrsult is thnt we now find it rather difficult to obtain superconductivity,

STRATEGY .~ND CALCULATION TECHNIQUE

We are crmsidming only isotropic band mo&ls, in which the e~ and Vk depend.
tmly on the magnit udc Ikl and not the direction k. This is convenient hmr bcrmLsr
t hr *’Gutzwillcr magnetism” and “Ncwns pairing” aspmts thm boi~ bccflme PII~ly
s-wave eflccts, in thr senseof Landau. The net result of tllcir competition cnn thcmforc
hc dmrrihed by mwms of a single pnrnmrtm, the Lsndau ~. The static nmgnct.ic
swwptihility tnlws the form

(G)



RESULTS AND D!SCUSSK)N

The ~ results in our initial publication are, unfortunately, invalid duo to n
bug in this part of the progrnm. W’hcn corrected, the ~ rcmairmd strongly rmgntive
(and usually <1. implying magnetic instability) for all reasonable choices of inpll
pariieters.

This could of course be a sign that the present approach is simply wrong or
inappropriate for the cupmte superccmduct ors. We doubt this conclusion, for srvcrnl
reasons: ( 1 ) For the conceptual and experimental reasons already discucsed, it appears
mwt likely that the normnl state (~bove Tc) is actually a VF state. (2) The many-
body variational technique is quite refined, and nppears to be adrquatc for the tnsk
nt hand. (3) If one grants that we are dealing with a VF state. which ariww from
n substantial U psrameter, then (-F) > 0 corresponds to the Mcctivc m smrentxl
Cm.domL pruarnetcr p“ of the McMiflan formula. Thus, a large ncgntivc ~j would
constitute a serious obst nclr which my other mechanism (e.g. phonons ) w~ml(l br
required t~ ovcrcomc, It is thmx=forequite innppropriatc to simply give llp nnd ignorr
this problem.

A fu.rthcr motivation is the fact thnt rnre-euth intcrmetallic compounds typically
have local moments, which is consistent with a huge negative value for ~~. Xm-crt hr-
IPSS,thr nonmagnetic ( Pauli psrnnmgnctic) VF and heavy -frrmirm mntminls dcnmn-
strate that this is not alwnys thr cnsc, Onc d the rnnin prot.kms rrmaining for YF
theory is to rxplain how this ma net ic-nonmagnctir phase boundn.ry is dctrrminrfl. or

tin tmrns of the prrscnt study, w at it is that can counteract t hr Gut zwillm mngnrt ir
tendency. The previous understanding of thin phase boundary has ken Inuwd on

121 the Kondo screening (iiwlldc(l here), whichthr competition bctwccn two fiects .
npposes rnagnctism, nnd the RKI{Y coupling (omitted herr), which promotm n~ng-
tmtism. [An RKK}- iutrract ion iuism from the rnodcl Hamiltonian ( 1), vin tlw ( 1/S )-’
rorrcction,g In reality, howcvm, part of t hc rf%ctivc coupling hctwrwu t Iw 3d’s ;tnd
2p’s is due to the Fork cxchnnge bet wcrn these orhitals, which is omit tml from ( 1).]
\VI~now rmphmim that the Gntzwillcr mngrmtiwn nmd Ncwus pn,iring rrtvlrnrirs nrr
UISOwry irnportnnt for this issue. M wrll as rmph~izing thnt this iwnlc is rr]utr(l to
clq)rnt c mpmxmrlurtivi ty,

our first Strntngem to rmwlvr tIw nmnmicd discrrprmc:; wtw to sl ufly corrrrl itms
tn thr Gut zwillcr MI)l)rc)xillilltitJI](5 ). WC’ idiwtifhxl tlw Irmling (Iingr:um (Jluit toll
frnm our flnitc- U vrrsion of the Gutzwillcr rcnormdi;at ion, nnd inchldrd thmn in tIw
parnmeter self-tvmsiiitmwy nnd thc rvnhmticm of y. Their rffcrt WM rnthrr wiudl, nll(l
of thr wrong Migm



We have also varied the Harniltonian parameters away from the values obtained
by analyzing CUO photoemission data. 1° It is very helpful to make both U MN1 A
much smaller, (A = ed - SP is the “charge-transfer energy,” wberc Ep is the centrnid of
the hybridizh~g 2p band states. ) Our present inclination is that U s 3.5 c1’ and A ~
4 el’ may be reasonable values here, even t bough our photoemission analysis 13 gnvc U
= 7.0 eV’, J = 7.55 eV. We attribute most of this major difference in U to the el%ct of
metallic screening in the VF phase. (CUO is a Mott insulator. ) We attribute this also,
to a much lesser extent, to a screening renormalization from the eight other d mbitals
which are omitted from the model of Eq. ( 1). Metallic screening should tdso tend
to reduce A, but it is difficult to estimate by how much, The present gufis for A is
simply the value obtained phenomenologically by Xewns and co-workers,6 and is not
much greater than values obtained from Imnd- theoretic supercell calculations. ‘“ (we

measure A from the centroid of the hl~ = r“ - M2hybridization st rcngt h dist rib! u ion
for the oxygen 2p’s, about 1 CV above the 2p band ccntcr, while othrr nuthors refrr
A to the center or to the top of the 2p band. )

Another parameter change appears to be rwmtial bme. To obtain sufficient
satc!lite intensity in the CuO photoernission nmdysis, wc fouud it necessary to assume
n stronger hybridization interaction ( t~d = - 1.9 cV ) for the C18-clg tramitions than

for thr dg-d10 transitions (t- = - 1.45 PV), Sawatzky and cmwnrki’rsls hnd rrtrlirr

folmd photoemission evidence for such a rhargc-depcndcncc of t~u. and Mnrt in’fi
had also found this in his ah initio cluster calculnticms. 13y taking Martin-s vnlur for
d@-(rJ( t~c = -2.3 ev ). the IJ MM! A values just mentioned, and a band mmlrl with
J’k dispersion, we l~ave finally obtained nttr;wtivc pairing of n reasonal.dr mrtgnitldr,
This work is Htill in a preliminary stngc, hmvmw, nnd we m-e not rcndy to cltim t.hnt
t.ilKt? l“fllllcs ~ re~stic.
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