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SUPERCONDUCTIVITY: THE FINITE-U PAIRING MECHANISM

Baird Brandow
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Los Alamos, NM 87545

INTRODUCTION

The idea that the normal state of cuprate superconductors is a valence-fluctuation
(VF) atate is appealing for a number of reasons. We are ﬂq;luring this scenario
quantitatively,! focussing rapecially on the fnite-U mechaniem? for s-wave pairing.
The calculations employ a many-baody variational technique developed previonsly for
VF and heavy-fermion materials.3 We are presently explocing the effects of (a) varying
the Hamiltonian parauneters away from the values obtained from photoemission data
annlysin,! (b) various simple assumptions for the band structure and hybridization
k-depeadence, and (¢) corrections to the Gutzwiller approximation. These nre the
tapics to be discussed in this report.

ARGUMENTS FOR A VALENCE-FLUCTUATION PHASE

There are several good reasons to expeet that the electronic state of a cuprate
superconductor above Te may be a valence-fluctuation state. At the outset, we note
nn obvious lesson froni band theary and genernl solid-state chemintry: The 3d and 2p
clections are both close to the Fermi ll‘\‘l'T: %0 it is appropriate to counider 1 oth types
of urbitals explicitly within the model Hnmiltonian. Thin leads to an Anderson Inttiee
moeel (or multi-band Hubbard maodel), similar to the usual atarting point for VF or
henvy fermion studies. This immedintely caggests the VF phase ns s eandidate to be
explored (It shonld be noted that the heavy fermiou state s basically the snime ax the
V'F state, but in a region of paenne er spnee where the effective mans enhaneement
1s considerably tnrger.)

The VF picture leads directly to n normal Fernu hgqud, for the state alewe T,
with quasiparticles satiefying the Luttinger siun rle. Futhermore, thin involves n
“renorinalized band” or “renormadized hybridization™ 1, pe of effeetive hnpd strae
tire, for the quasiparticle spectrum. Many physieal propertien should therefore be
interpretable vin the conventionnl baud theoretie tecipes, perhaps with minor o
fientions due to the renormalization,

There are two ways to qualitatively anderstand this normnl Fermi heguid result
One wny i to argue that a larg U generates loeal moments on the copper jons,
ntied then the oxygen 2p electrons enncel these moments by Kondo sereemng. One
then obtams n normnl Fermi liguid heenuse there are, effectively, no loeal moments



to disrupt tke clementary Bloch perindicity. Although quite correct, this descriptivn
has the disadvantage of suggesting that we are dealing with an exotic scenario. \We
now want to argue that this is not so.

An equivalent but very pedestrian way to visualize this result is to start with the
U=0 solution of the Anderson Iattice Hamiltonian. This gives an elementary band-
theorvtic state, which is obvious' 7 & Fermii liquid. We then invoke the idea of Luttinger
continuity, i.c., we suppose that U ia switched on adiabatically, and that the system
cvolves continuously without any phase change. The reault is therefore a strongly-
correlated normal Fermi liquid -- the \1|.lence-ielctuntion state. The Inrge number of
known VF and heavy-fermion materials demonstrate that this scenario is physically
rensonable. It must be admitted, however, that there are no well-cuatablishied previous
exnmples of the VF state in which 3d clectrons are the active ingredient.

With either version of the argument, one can see that the 2p orbitals play an
ensential role in promoting the assuined normal Fermi liquid state. The itineraney or
mctallic aspect in prm'id'(‘-fl by the 2p's, hecause the various models typically negl ot
any direct hopping h-tween the 3d Wannier orbitals. On the other hand, the Anderwon
lattice model is flexible enough to permit formation of local moments, and even n
Mott-insulntor state (at proper stoichiometry), if this is what the syatem would prefi r.

Experimentally. one of the most striking features of the cuprate supereondurtor
materinls is the existence of A Fermi susface in close agreement with tne prediction of
conventional band theory, as revealed by angle-resolved photoemission. Band theory
is not fuiry succensful, however, because this data also indicates weaker dispersion in
the vicinity of «f, i.e. some “heaviness.” The band-theoretic Ferny surfuce, together
with some he.  ‘ness, is a typicnl signatuze for the known VF and heavy -fermion ma-
terinls. In addition, there are a number of other physical properties for which striking
parallels have been found betweer: cuprace superconductors and heavy-fermion mate-
rinls. These have recently been reviewed by Levin and co-workers.? All together, this
experimental evidence supports the VF picture very strongly. Recent enlenlations
hy Newns and co-wozkers? have also demonstrated gquantitative consisteney of this
picture with o number of cuprate properiies, in a I'nirly &b im0 manner,

The assumed absence of loeal moments should be contrasted with the physies
of the 1-J madel, where the use of the J parmuueter presumes the existenee of loeal
moinents. This contrast leads to a further implication of the present seenario: There
should probably Le a first-order phase boundary between the local-moment phinse of
Lay_ St CuQ4 at small doping, and the VF phase at higher doping.  This ix not
seen experimentally, however, at least not clearly. We presume t‘mt this in due to
loeal ilJlmnogem'ily in the Sr coneentration, leading to a range of doping x with hoth
phases coexinting ci: a microseopic seale. This might, for example, be the explanation
for the so-called spin glass region, We note that other speakers nt this workshop have
nbo suggested coexinting phases on n microscopie seale, althongh with differenees in
the details.’ Our present seeunrio envisnges just one phase, essentinlly homogeneons,
throughout the region of well developed superconductivity,

THE FINITE U PAIRING MECHANISM

Pocxible mechanisn for purdng witlan the VE phase have long been studdied,
with the goal of understanding, the heavy fermion mpereonductom, Apart from swome
phonon proposats, most of this work has been based on the 1N o slave hoson ex
pansion However, the resulting mechanicms mvolving exchange of one slave hoson®
UUN 1) o twn slave bosons [((N 4)] enn provide d or p wave prinng, bt nof
« wive paiting. There in only one known eleetiome mechanivn which enn prosuee
« wave paiting within the F phase, the “two hole resonsnee”™ meechinnsm of Newns,?
s this in the one we mie stwdying.  This nnses beennse of *he fimtenesn of V4,
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Figure 1. Diagram illustrating the finite-U
mechanism for s-wave pairing.

the fact that in a real material U= £ 0. (In contrast, nearly all of the 1/N expansion
work hins asswmned that U=oo. U~} = 0.) This Newnn mechanism also has a very
convenient feature - - it arises already at the “mean field” or “repormalized band™
stnge of approximation, corresponding to (1/N)? or no slave-boson exchanges. This
in n welcome simplification, which in practice should enhance the relinbility of the
mumerical results,

Thix finite-U pairing mechanism is illustrated in the dingrnm of Fig. 1. Herre
the vertienl lines represent occupied d( x"-yz) Wannier orbitals (of spin [ and [) at n
copper site j. (The other eight d orbitals are assumed to be inert and fully oceupied. )
The xloping lines represent “conduction”™ orbitaly, in the language of VF theory, These
nre Bloch functions constructed from the oxygen 2o orbitals. In the present case these
2p Bloch functions are components (projections) of Landan-Luttinger quasiparticle
statex, #o this dingren represents an interaction between quasiparticles. The quantum
numbers shown for these quasiparticles correspond to annihilation of one Cooper pair
(kT. k). and creation of another pair (K'T, =k|) so this process constitutes a pniring
mternetion V.

Oue ennt e here that the d intermediate state plays the role of an exchanged
boson.  From another poimt of view this might be deserib. d ns o charge-transfer
mechanism, beeause it involves p-d tramsitions, but it is e« ential to recognize that
this mvolves the correlated action of two clectrons (of apin | ana | ) doiug this sin ul-
thneously. Henee the nuue “two-hole resonanee,™

Letting M denote the effective matrix clement for the two eleetron il -k, k)
tennsition, the net effect of the second order process shown is [M12/(uegntive deuomi
nnten) : affractier, ax desired. Thas is quite appealing. But this also presents u prob
lem. The mechnnism appears to work “too well,™ suggesting that high temperntare
superconductivity should be a common phenomenon. We shall we, however, that this
proeess is necompanied by nan opposing mechnnism, nnd that it is not at all casy for
the Newns painng to win m the resulting compention,

RENORMALIZED HYBRIDIZATION

Ounr present verston of the Anderson Lnttiee Honultomnn s



H =Y g +a ) tjg + U Y (1-ij)1=nj))
ko Jjo J

+ Z (vej nla nje + h.c.), (1)
kjo

where i = r;,'. N is 8 number operator. Here a = ko refers to a “conduction™ Bloch
orbital composed of oxygen 2p orbitals, with a dispersion width for ¢ amounting
to several eV due to the considerable direct pp orbital overlap. On the other hand,
a = jo refers to a d(x2-y?) Wannier orbital for a copper inn at site j. The dicect dd
overlap is surely small, and is neglected. Note that the Hubbard U is assumed to act
between 3d holes, so it is the d® (two-hole) configuration energy which is raised by U.
(We start with a Wannier representation for the d’s to facilitate the treatment of U,
but the resulting recipe is later transformed to the Bloch representation.)

As already mentioned, the solution of this Hamiltonian is elementary when U=0.
This becomes a simple two-band hybridization problem, in which the 3d’s constitute
n band of zero width. The hybridization matrix element connecting the p and d Bloch
basis states is V3 = .V~1/2 Z)- e~ kR, vgj. where this N is the number of copper sites.
[n the mean-ficld approximation, the effect of replacing U=0 by U=20 is to leave this
simple picture intact, but to renormalize the input parameters:

Ed = £d . (2)

Vi =V = Vi 2V/2, (3)
where 0 < Z < 1.

Unfortunately, the VF literature has presented two recipes for the renormalization
parameter Z, without providing a compelling reason for choosing either one over the
other. These rivals are the so-called mean field recipe,

Zpy = 1-nyg, (4)

and the Gutzwiller recipe,

Z; = (L=np)/(1 ~ngq) . (3)

(Here we wse the familine notation of the VF literature, referring to the { electrons
of & cerinm compound. For cuprates, the average f electron Illlllﬁ)i'r iy, Al n single
site, sheatld be replaced by the d hole number ) We have studied this problem in
considerable detail.!? and have concluded that the Gutzwiller version (5) 1 physically
more correct. This conclusion was obtained, independently, from a variety of separate
studies, including (n) exactly solvnble test eases, (b) few site systems, (¢) combinntoric
nnndysis, () dingraminatic annlysis, and (¢) the requirement of correct behavior in
the U -+ 0 limit. Sinee we are now concerned with the effects of finite U, the last
of these conviderntions secms particularly signifieant. In terms of actunl endenlations,
however, the dingramnmtic npproach has proved to be most useful,

Using a linked cluster dingrammatic annlysis,!" we had previously oltained the
menn field version (4) by ignoring the restriction that in a dingroom with severnl sites,
nll of the site indiees (5,3, 5", ) must be distinet, We lnter munnged to incorpornte

thix site exclusion: feature, nnd thereby obtained the exten factor (1 ng, ) b seen

(5.1 Still luter, this recipe wis extended to the ease of tinite ! For tinite U thi-
recipe for 7 differs somewhat from previons Gutzwiller tpentments of the Anderson



lattice, but ours has the virtue of summing a well-defined class of diagrams. Exami-
nation of the diagrams still omiited shows that this recipe is generally still inevact,
although this does become exar: in some special cases.

The choice between recipes (4) and (5) has profound consequences for the un-
derstanding of cuprate superconductivity. In the mean-field version (4), there is no
interaction between the quasiparticles when U=o0, and finite U then provides super-
conductivity. [However, the 1/N correction (exchange of one slave boson) opposes
s-wave superconductivity, so the final outcome is still not trivial.] In the Gutzwiller
version (5), the explicit spin dependence in the (1-ng, )~! factor leads toav - strong
Stoncr enhancement of the magnetic susceptibility, and this “Gutzwiller maguctism”
tendency now strongly opposes the “Newns pairing” tendency. (This agrees, of course,
with the general experience that magnetism is bad for s-wave superconductivity.) The
result is that we now find it rather difficult to obtain superconductivity.

STRATEGY AND CALCULATION TECHNIQUE

We are considering only isotropic band models, in which the ¢ and Vi depend

only on the magnitude [k| and not the direction k. This is convenient here beecause
the “Gutzwiller magnetism” and “Newns pairing” aspects then both become purely
s-wave effects, in the sense of Landau. The net result of their competition can therefore
be described by means of a single parameter, the Landau FJ. The static magnetic
susceptibility takes the fonn

2
- —u——"l”"’(?) : (6)
¥ F2

and thus through study of x we can determine F2. Now suppose that Fj} tums out
to be positive. If we further assume that the cffective pairing matrix clement Vi
is constant throughout the Brillouin zone, and likewise that the quasiparticle state
density o independent of energy, we obtain the simple result

1.14 - -}J. -
k Tf N o
B PRTTY e (7)

This recipe for T, is adinittedly very crnde, and of course it can be retined. (We have
mnde some progress here.) This does show, however, that for initial exploration it
mnkes sense to merely calculate v and pgp(ep), and see whether the resniting Fy' is
positive. This £ should be reliable as a guide to irack whether various parameter
changes or other modifications are beneficial or harmful for the superconductivity.
A lot ean be learned by guiding F' from an initinlly Inrge negative value towards a
positive value.

The actunl ealendntions are based on nmany-body varintionnl technigque. ' This
is patterned after the variatioual appronch of BCS, althongh we adapt nnd apply the
technigque to the nssumed normal Fermi liguid VF ground state. A trinl many-body
wivefunction ¥ is constructed in which there is one free paraneter for each Blooa
stnte ko within the Brillonin zoue, plus one exira parnmeter to control the amount
of d* component in the ground state,! We then obtain an analytic expression for (H)
vin partind summntion of alinked cluster dingrannnatic expnnsion.!! Although there
nre npproximations in the choiee of ¥ aud in the evaluntion of (H), the subsequent
steps of optimizing the vazintional parnmeters, followed by the evaluntion of y, are
carried ont exactly, i.e. with no further approximations. This aspeet is significant in
view of the strong- oupling unture of *he present problem,



RESULTS AND DISCUSSION

The Fj results in our initial publication! are, unfortunately, invalid due to a
bug in this part of the program. When corrected, the F3 remained strongly negative
(and usually <1. implying magnetic instability) for all reasonable choices of inpu
parameters.

This could of course be a sign that the present approach is simply wrong or
inappropriate for the cuprate superconductors. We doubt this conclusion, for several
reasons: (1) For the conceptual and experimental reasons already discussed, it appears
most likely that the normal state (above T.) is actually a VF state. (2) The many-
body variational technique is quite refined, and appears to be adequate for the task
at hand. (3) If one grants that we arc dealing with a VF state. which arises from
a substantial U parameter, then (- F3) > 0 corresponds to the effective or screened
Coulomb parameter u* of the McMillan formula. Thus, a large negative FY' would
constitute a serious obstacle which any other mechanism (e.g. phonons) would be
required to overcome. It is therefore quite inappropriate to simply give up and ignore
this problem.

A further motivation is the fact that rare-earth intermetallic compounds typically
have local moments, which is consistent with a large negative value for 7. Neverthe-
less. the nonmagnetic (Pauli paramagnetic) VF and heavy-fermion materinls demon-
strate that this is not alwnys the case. One of the main problems remaining for VF
theory is to explain how this magnetic-nonmagnetic phase boundary is determincd, or
in terms of the present study, what it is that can counteract the Gutzwiller magnetic
tendency. The previous understanding of this phase boundary has been based on
the competition between two effects!?: the Kondo screening (included here), which
opposes magnetism, and the RKKY coupling (omitted here), which promotes mng-
netism. [An RKKY interaction arises from the model Hamiltonian (1), vin the (1/N)
correction.? In reality, however, part of the effective coupling between the 3d's and
2p’s is due to the Fock exchange between these orbitals, which is omitted from (1).]
We now emphasize that the Gutzwiller inagnetisin and Newns pairing tendencies are
also very important for this issue. as well as emphasizing that this issue is related to
cuprate superconductivity.

Our first stratagem to resolve the numerical diserepancy was to study correetions
to the Gutzwiller approximation (5). We identified the leading diagrauns omitted
from our finite- U version of the Gutzwiller renormadization, and included them in the
parnmeter self-consistency and the evaluation of y. Their effect was rather siall, and
of the wrong sign.

We next observed that the nssumed band structare model for these studies was
extremely erude: Vi indepenident of k, and p(ck{ = constant (rectangular state desily
for the £;'s). This modei hay often been used in VF studies, beeause the required
Brillonin-zone integrals become elementary. It turns out that n nmber of other simple
baud models can also be integeated analytically, and we are presently exploring some
of these. In an actual CuQy layer, most of the antibonding band dispersion is due
to the k.dependence of Vi, mther than to the < dispersion. Some of the simple
maodels are obtained by attributing all of the quasiparticle dispersion to a sinnzoidal
k dependener for Vi, maing £ = constant, [There 4 more than one model of this type,
due to different possible nssumptions for the density of states p(h).] This modifieation
greatly improved the results. Further refinement in this vein is possible, ineluding
for example a logarithmic singularity in the state density to mimic the van Hove
singularity  We expect this to make the puring interiection mntrix element n bit
more attractive (or less repulsive), besides inerensing ity state density prefactor. OQur
getternl varintional method ean in principle deal with o renl band structure, to be
inte grated nnnitienlly (as for example in Ref. G), but it seems premature to take this
step,



We have also varied the Hamiltonian parameters away from the values obtained
by analyzing CuQ photoemission data.!3 It is very helpful to make both U and A
much smaller. (A = ¢4— <p is the “charge-transfer energy,” where ¢p is the centroid of
the hybridizing 2p band states.) Our present inclination is that U = 3.5 ¢V and A =
4 ¢V may be reasonable values here, even though our photoemission analysis!¥ gave U
=T.0eV, A = 7.55 eV. We attribute most of this major difference in U to the effect of
metallic screening in the VF phase. (CuQ is a Mott insulator.) We attribute this also,
to a much lesser extent, to a screening renormalization from the eight other d orbitals
which are omitted from the model of Eq. (1). Metallic screening should also tend
to reduce A, but it is difficult to estimate by how much. The present guess for A is
simply the value obtained phenomenologically by Newns and co-workers,% and is not
nuch greater than values obtained from band-theoretic supercell calculations.!? (We
measure A from the centroid of the bj, = r? — y? hybridization strength distribution
for the oxygen 2p's, about 1 eV above the 2p band center, while other authors refer
A to the center or to the top of the 2p band.)

Another parameter change appears to be essential here. To obtain sufficient
satellite intensity in the CuO photoemission analysis, we found it necessary to assume

a stronger hybridization interaction (tpg, = — 1.9 eV) for the d8-d? transitions than
for the d%-d!0 transitions {tpde = — 1.45 eV). Sawatzky and co-workers!S had earlier

found photoemission evidence for such a charge-dependence of tyy,. and Martin!®
had also found this in his ab initio cluster calculations. By taking Martin's value for
d®-d? (tpde = —2.3 €V), the U and A values just mentioned, and a band model with
V. dispersion, we have finally obtained attractive pairing of a reasonable magnitude,
This work is still in a preliminary stage, however, and we are not ready to claim that
these values are realistic.

Two other issues should be mentioned. In Ref. 1 we mentioned the finding of
Houghton and Sudhbe,!? that coupling to the bonding quasiparticle band influences
the pairing interaction, namely, the eftective interaction between the qunsiparticles of
the antibonding band (the band which intersects £4+). It turns out that our varintionnl
trennment takes care of this automatically, so no correction is needed on this account,
Secondly, the previous Anderson-lattice studies™? have found that the (1/N)! corree-
tion (from exchange of one slave boson) has a very significant effect on \. Specifically,
this 1/N correction amounts to Fy = — 0.5. Such a large and negntive shift of Fy
cottld be very difficult to cope with in the present seenario. We note, however, that this
result. was obtained for U=o0, with a highly simplified band structure, nmnd without
considering any Gutzwiller factors of the (1-ny, )~ 1 type. A more realistic evaluntion
of the 1/N correction could conceivably give a quite different result. We intend to
explore this,

This work was Mlppurll'll |)}' the 'S, Dl'pl\l'lll"lll of Ell"l'j{_\'.
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