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We have applied a generalized random phase approximation analysis to a two-band Hubbard
model for the cuprate superconductors which treats magnetic and orbital (quadrupolar) fluctuations
on an equal footing and which allows for significant itinerant character of the copper d electrons.
The two bands represent the lowest copper orbitals. We qualitatively reproduce the known results of
antiferromagnetic order at half filling with an adjoining region of d-wave-symmetry superconductivity
in the smgle—band limit. When the value of the band splitting is comparable to the hopping integral of
the z* — y® orbitals, we find a qualitatively new region of superconductivity at mcreased hole dopmg
which is clearly as<oc1ated with orbital (quadrupolar) fluctuations and a significant z? —y* — 32%—r?
charge transfer but no concommitant charge or magnetic order. The pairs are very spread out in
momentum and energy space. At the optimal temperature for the new instability, the Fermi surface
has two sheets, and d-wave and s-wave pair states are nearly degenerate. We discuss the possible
phenomenological relevance of these results to photoemission and other data for the cuprates.

L. INTRODUCTION

The high-temperature cuprate superconductors
present a fundamental challenge to our understanding of
strongly correlated materials. By this point it is all but
certain that the mechanism for the superconductivity is
novel in the sense of being electronically based. How-
ever, it appears likely that the superconducting states
themselves ma.y be of a rather conventional “s-wave” sin-
glet chara.cter, although this is quite controversial and
there is considerable evidence for “d-wave” pairing.2™®
It is clear that magnetism exists near superconductiv-
ity, and many believe that magnetic fluctuations in some
way mediate the pairing of carriers.5™8 It is clear from
both experiment® and first principles calculations!®12
that the relevant copper and oxygen electronic states are
strongly admixed through large hybridization matrix el-
ements. At the same time, the copper states are strongly
correlated with an effective (screened) on-site Coulomb

repulsion of about 10 eV.10:11,13

No single theory accounts for all of these phenom-
ena in a satisfactory way. Despite the strong theoret-
ical bias towards single-band Hubbard or t-J models!*
which provide the hope of magnetically induced pair-
ing, it is an open theoretical question as to whether
these microscopic models indeed possess superconductiv-
ity of a robust enough character to explain the cuprates.
The most recent results on the pure Hubbard model are
discouraging,'® while some hope is held out for the t-J
model with large enough values of J (though it is not
clear whether the relevant J values are realistic).'6 On
the other hand, the Hubbard and t-J models have the
virtue of building in strong correlations and magnetism,
and certainly represent the simplest possible strongly cor-
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related models for itinerant systems. It is therefore pru-
dent to ask what other realistic physics might be added
to these one-band models to allow for superconductivity.

There have been several proposals put forward based
upon charge fluctuations.’” 2! That is, mechanisms in
which virtual charge transfer serves as a “boson” to me-
diate the pairing of carriers. This generic pairing mecha-
nism may also be regarded as “orbital fluctuation” medi-
ated pairing since it always involves a transfer of charge
between nearby electronic orbitals. Arguably the most
notable charge fluctuation based mechanisms are those
based upon (i) intersite, in-plane charge transfer between
the copper d states and oxygen po states?® and (ii) intr-
asite copper charge transfer or quadrupolar fluctuations
on the copper sites.!” 12 This paper shall present work
based upon the latter suggestion.

In previous efforts on d-shell quadrupolar fluctuation
mediated pairing, the fluctuations were treated as purely
local in character, and the carriers were presumed to re-
side in the in-plane oxygen 7 orbitals.??"*® Magnetic fuc-
tuations on the copper sites were not treated explicitly
within the model. Since interpretations of experimen-
tal data?? and first principles calculations of electronic
structure!®13 strongly suggest that the doped holes go-
into bonding po orbitals, it is clear that the earlier model
calculations do not represent a very realistic treatment of
quadrupolar fluctuation mediated pairing.

In order to investigate the possible relevance of
quadrupolar fluctuation mediated pairing in a model
which allows for copper magnetism, and which accounts
in at least a virtual way for the oxygen-copper hy-
bridization, we have studied a two-band Hubbard model
which places z2 — y% and 322 — r? levels on a two-
dimensional square lattice corresponding to the cop-
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per sublattice of the cuprates. All intersite hybridiza-
tions are treated as though arising from virtual hop-
ping through the oxygen sites, and all Coulomb repul-
sions between on-site electrons are included. The inter-
_actions are treated perturbatively with self-consistency
at the Hartree level. Instabilities are searched for with a
full (though non-self-consistent) dynamic random-phase-
approximation (RPA) treatment in which irreducible in-
teractions for charge, magnetic, and superconducting in-
stabilities are constructed from two-particle Green’s func-
tions. Our approach is patterned after the self-consistent
(at the one-particle Green’s function level) fluctuation ex-
change approximation used for the single-band Hubbard
model.”23

For realistic parameter values (which we discuss be-
low) we find three kinds of instabilities in our model.
First, in the doping region where the Fermi surface has
predominant % — y? character, we find the conventional
single-band Hubbard model magnetic instability, with as-
sociated d-wave superconductivity nearby.24 In the region
where the Fermi surface develops two sheets from over-
lapping bands of predominantly z? — y® and 322 — r2?
character, we find a superconducting instability clearly
ascribed to interorbital fluctuations which are quadrupo-
lar in this model. This instability has four notable fea-
tures. ‘

. (i) There is no evidence for a nearby magnetic or charge
instability within the full RPA analysis. This stands
in contrast to the usual RPA result for the single-band
model”2%24 and to the need in the intersite charge trans-
fer scheme to fine-tune the charge transfer mediated pair-
ing near a volume-collapse—charge-transfer instability.2°

(ii) The RPA estimates for transition temperatures are
as large as the magnetic fluctuation induced instabilities.

(m) Both s-wave and d-wave pair states have similar
energies at the instability boundary.

(iv) The mstabﬂlty persmts in the absence of hybrldlza,—
tion between the 22 —y2 and 322 —r2 orbitals where it cor-
responds to a mixed pair state: One electron comes from
the 22 —y® band and one from the 322 —r2 band. The pair
state has d-wave symmetry as a result. The only process
which can mediate such a state is interorbital fluctua-
tions, which are predominantly local and have quadrupo-
lar symmetry here, Indeed, the largest particle-hole sus-
ceptibility in this parameter region is the interband one.
However, since it is interband pairing which dominates,
the pairing must be highly spread in momentum and en-
ergy space. Thus, the effects come dominantly from an
effective interaction highly localized in time and space.
The reason is simple—it is impossible to construct zero
momentum pairs which also have nearly zero energy or
zero energy pairs which would also have zero momen-
tum. An analysis restricted to the Fermi surface would
thus miss this instability.

The study of multiband models is not new. The possi-
bility of “pair hybridization” between different bands was
studied by Suhl et al.2® and more recently by IThm and
Lee?® and, for interlayer pairing, by Chakravarty and co-
workers.?” In this scenario, Cooper pairs formed entirely
within one band may hybridize through off-diagonal two-
body interaction matrix elements with pairs from another

band. The hybridization always enhances T, independent
of the sign by formation of bonding pair orbitals. This
scenario is not relevant to the current paper, however,
since it is readily seen that within a multiband Hubbard
model, interband hybridization is required. Our instabil-
ity persists even in the absence of interband hybridiza-
tion. More relevant is the work on omne-dimensional
models?® which studies pair correlations in a two-band
model without interband hybridization by use of world
line Monte Carlo techniques. The authors of Ref. 28 find
a tendency towards interband pair formation. However,
no extension of these calculations to dimensionality 2 or
higher is possible due to the sign problem in the world
line method. Our work, which we acknowledge to be
approximate, may be regarded as presenting a scenario
for interband pairing which may be examined by exact
approaches or more sophisticated self-consistent pertur-
bation theory schemes in the future.

We wish to emphasize that the RPA analysis contained
in this paper overestimates the range of instability in the
electron filling-temperature plane. Proper self-consistent
inclusion of self energy corrections will renormalize the
coupling strengths downwards, as we shall discuss in a
later section in more detail, but they will note destroy
the qualitative structure of the mean field phase bound-
ary. Hence, the non-self-consistent RPA analysis is quite
well suited for identifying parameter regimes in which
to study the model with greater detail using exact ap-
proaches such as diagonalization and quantum Mounte
Carlo.

Since the realistic Fermi surfaces of relatively highly
doped cuprates tend to have two sheets,?®3% and in at
least some cases one of the bands has been described
as possessing significant 322 — 72 character,*#3° we feel
that our study should form the basis for more realistic
investigations of the possibility that quadrupolar fluctu-
ation mediated pairing is a viable mechanism for under-
standing the exotic superconductivity of the cuprates. It
should be noted, however, that the data present a con-
fusing picture of the amount of 322 — 72 character near
the Fermi level: Core-level photoabsorption data sug-
gest very little 322 — 72 occupancy in the ground state
(< 1%),31 while NMR data suggest that some significant
822 — r? charge transfer may take place as a function
of doping.?*3% In addition, optical evidence suggests the
possibility that the 322 —r2 level may be as low as 0.3~0.4
eV above the 2 — y? level in the insulating phases of the
cuprates.?® Given these large experimental uncertainties,
it is still prudent to entertain the possibility of quadrupo-
lar fluctuation mediated pairing in the cuprates.

The paper is organized as follows: Section II describes
the Hamiltonian in some detail and justifies the param-
eter choices. Section III describes the RPA method we
have used which is based heavily on previous work by
Bickers et al.”?® on the single-band Hubbard model, and
by Littlewood et al. on the three-band Hubbard model
with intersite charge transfer.2® In Sec. IV we present
the results of our calculations. In Sec. V we summarize
and discuss future directions of the research which might
spring from these results.
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II. MODEL HAMILTONIAN

We have considered a two-band Hubbard Hamiltonian
defined on a two-dimensional square lattice representing
the copper sublattice of a copper oxide plane. At each site
of the lattice we associate two electronic states, namely,
the Cu dya_y2 and d3,s_,2 states, which in the following
will be denoted as = and z, respectively. In this model

we are including the oxygen states only virtually in the
sense that all the intersite hybridizations arise from vir-
tual hopping through the oxygen atoms. The Hamilto-
nian is

H=H0+HI1 (1)

where

= —tox 3 (dhodjos + He) —ts 3 (dl,,djz0 + He)

G {ij)o

— bz Z(d;'fmg-di+:ﬁ;w' + H.c. —

io

and

Hp = Z(Ummniz‘]‘niml + UzznizTnizl, + U:cznimniz) .
€

(3)

Here {,3 (o and B are used for the band indices z,2)
are the hopping parameters. Notice that on-site zz hy-
bridization is forbidden by the presumed tetragonal sym-
metry. The operators dino (dww) destroy (create) elec-
trons in the o orbital at site ¢ with spin 0. U,g are the
Coulomb interactions and n;, the number operators for
the site ¢ and o orbital. The crystal field splitting A is
defined as the energy difference between the centers of
the z and z bands in the noninteracting limit with £,
set to zero. The notation (¢j) specifies nearest-neighbor
summadtion.

The different terms and associated parameters which
are included in this model Hamiltonian are described
schematically in Fig. 1. In this figure we have also shown
the electronic occupation for the “undoped system” (rep-
resenting, e.g., La;CuOy4), with the z band completely
filled and the = band with a single electron per site. In
order to reduce the parameter space of the model we

e () em———
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FIG. 1. Schematic representation of two-band Hubbard

model. We show electronic energy levels for two neighbor-
ing sites (representing the square lattice copper sites of the
CuO2 planes in the cuprate superconductors) at a filling of
n=3 electrons per site. This filling corresponds to the un-
doped La;CuO4 material. The highest level (half filled here)
at the (bare) crystal field splitting A on each site has 2 — 32
symmetry; the lowest has 3z% - r* symmetry. Hopping is
possible between all levels as indicated, and we assume the
magnitudes of the ., and ¢.. integrals are determined by
Koster-Slater arguments (Ref. 35). The Coulomb repulsion
between all electrons on site has magnitude U.

Cl-;:z:crdz+yzo- + H.c. —l—:c o z) + Aznm B I (2)

took the three on-site Coulomb interactions to be the
same, that is, Uy, = U,, = U,, = U, as also described
in Fig. 1. We expect that this choice should not af-
fect the qualitative picture which emerges from our re-
sults, even though in reality U,, should be somewhat
smaller than U,, = U,,. Furthermore, we assume that
the three hopping parameters t.,, t;,, and t,, are re-
lated via Slater-Koster theory:® In particular ¢,, = 3to
and t, = \}Et“’ 36 Therefore we have a single indepen-
dent hoppmg parameter. We have taken t,, = 1 and all
the energies in the problem are measured in unit of #,.
We are left with two free parameters in the problem: U
and the energy splitting A. Varying these (together with
the occupancy n) sweeps us through the relevant physics
regimes of the model.

Notice that by making A much larger tha.n tze and
putting the interband hopping integral ¢,, = 0, we re-
cover the single-band Hubbard model. We have studied
this limit and we will show the comparison of our results
with previous work on the single-band Hubbard model.
This constitutes also a check of our code for the multi-
band model. We focused mainly on the study of the
phase diagram of the two-band model Hamiltonian and
in particular on how the properties of this model change
as a function of the energy splitting A for a fixed value
of the Coulomb repulsion U.

In most of our calculations we took U/ty, = 4 which
should be a reasonable value for copper oxide super-
conductors. In fact, the first principles estimates'®!
yield U=10 eV, the copper-oxygen hopping matrix el-
ement £,4=1.5-2.0 ¢V, and the copper-oxygen level split-
ting €, — €4 of 4 eV. From this information we estimate
tex N t24/(€p —€a) =~ 0.5 eV.%® This fixes U/t,, at the
much larger value of 20. However, the RPA greatly over-
estimates the tendency to an instability, and so a smaller
U/t., value is likely to be more realistic. Moreover, the
larger value would simply enlarge the phase boundaries
in the T, n plane without altering the qualitative features.
Hence, we have chosen to work with the smaller U/t,,
value in our work.

III. THEORETICAL APPROACH

In a recent work, Bickers et al.7:?® have described
a technique for investigating phase transitions and dy-
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namics in interacting electron systems. Their approach
is based on the numerical solution of a self-consistent
conserving approﬁcimatipn for the self-energy. Within
this approach the competition between different order-
ing transitions may be studied by solving numerically
the Bethe-Salpeter equation within a discrete lattice
(in momentum and frequency space). This approach
has been applied to the single-band Hubbard model.”
We have followed the same formalism in this work, al-
though we have restricted the self-consistent calculation
of the single-particle Green’s functions at the Hartree-
Fock level. These Green’s functions are then used to com-
pute the collective propagators that are needed to con-
struct the irreducible interactions in the different scat-
tering channels. Finally the Bethe-Salpeter equation is
solved numerically to search for instabilities and to con-
struct the phase diagram of the model.

A. Bare vertices

The possible scattering channels that we have to con-
sider in order to construct the irreducible vertices are
the particle-hole channel with total spin S = 0 (charge
density ordering), the particle-hole channel with S = 1
(spin density ordering), the particle-particle channel with
S = 0 (singlet superconductivity), and the particle-
particle channel with S = 1 (triplet superconductiv-
ity). Following the notation of Bickers and Scalapino,??
we shall use the labels d,m, s,t for bare interactions of
charge, magnetic, singlet pair, and triplet pair excita-
tions, while we shall use corresponding capital letters for
the fluctuation exchange contributions (dressed by RPA
theory fluctuations). In terms of these collective excita-
tions, the interaction Hamiltonian may be written in a
form that is easily utilized in the RPA, as described in
Ref. 23. In our model, since we have two different bands,
the bare vertices that constitute the basis of particle-hole
and particle-particle pairs become 4 x 4 matrices. We as-
sociate by convention the index 1 to a zz pair, 2 to a zz2
pair, 3 to a zx pair; and 4 to a zz pair. For the particle-
hole channel with § = 0 and S = 1, respectively, the bare
vertices are

Uo oU -U 0 0 0
_{o-U o0 o0 {o-Uo o
=109 o0 —vo)]""™ | 0o 0 -U o
Uo 0U 0 0 0 -U,

]

(4)

For the particle-particle channel the bare vertices are

U000 0000

0T 00 0U 00
B=loovol “*={oovo] - (5)

000U 0000

It is important to stress some of the symmetry proper-
ties of the pair wave functions ¢ in the different channels.
Each pair wave function has four sectors corresponding
to the different band index combinations. Each sector
carries the character of the anomalous expectation value
attached to it (dok,o,dgk,0,). If @ is different from 3,

we have to attach a B;(z? — y2) character to that sec-
tor; otherwise for @ = 3 the associated character is of
Ay (z? + y?) symmetry.

B. Single-particle Green’s function

We compute the single-particle Green’s function self-
consistently only within the Hartree-Fock approximation.
As for the single-band Hubbard model the Fock term
in the self-energy is identically zero. In particular the
interband Fock term

Yo $ G i, ) (6)
k,w

Ea:z ==

is independent of k and w. (NN is the total number of k
points or equivalently the number of lattice sites in a fi-
nite lattice.) But since this term has to transform like £,
(i.e., like z2—y2) the only possibility is that 3,, vanishes.
The Hartree self-energy contains two contributions

1
z::1::1: = U:z:m E'nm + Ua:znz ) (7)
1 .
Zzz = Uzzﬁnz -+ Umzn:z: - (8)

Since we have taken all the Coulomb interactions to be
the same, we get

.. =U(3n: +na) . (10)
The effect of the Hartree self-energy is a shift in the bare

field splitting A. At a given electronic density n = n,+n,
the renormalized energy splitting is

. . U
A=B+ (e =) = At Z(n—nr) . (11)

Using this value for A, the renormalized energy bands in
the diagonal representation are given by

1 - =
Ei (k)= —z—[ewk +ext+AE \/(ewk —x— A2 +462 ],

zzk
(12)
where
€zk = —2tg, (cosk, + cosky) ,
€21 = — 28, {cosk, + cosky) , (13)
€x2k = —2tg,(cosk, — cosk,)

are the k-space hopping matrix elements of the noninter-
acting energy bands.
In the diagonal representation the total density is given

by

n(, &) = % S (B 0) + FE-()],  (14)
’ k

where f(FE) is the Fermi function. At a given total den-
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sity n we find self-consistently the values of the chemical
potential 1 and of the energy difference A that are con-
sistent with this n. The values of x and A determined
in this way are then used to compute the Hartree-Fock
Green’s functions given by the following equation:

- kwn — Cxzk
ﬁ( ) ( n_e:ck"*‘/*‘)

X [(iwn — €k + p+ A)(iw, — eox + 1)

_Ezk+l1+A

€xzl

—€eac?] (15)

C. Irreducible interactions and the
Bethe-Salpeter equation

By using the self-consistent single-particle propagator
(with the Hartree approximation in this case) it is possi-
ble to compute the collective propagators that are needed
for constructing the irreducible interactions in the vari-
ous channels. Again because of the two-band indices the
particle-hole and particle-particle susceptibilities are 4 x 4
matrices. In particular the particle-hole susceptibility is
given by

O:Z'yb'(qﬁ y) = _gz Ga"/(k"' q, Wr +'V)G6ﬁ(kvwn)

k,wpn
(16)
and the particle-particle by

=~ Z Gm(k+q,wn+u)aﬁs( ~k, —wy) .

k,wn

Xi%-yJ (q,

(17)

The sum over Matsubara frequencies can be performed
analytically at this level of approximation for the Green’s
function. It can easily be shown (using conjugation
and permutation properties of the single-particle Green’s
functions) that only 6 out of 16 elements of the suscep-
tibilities are independent.

Following the generalized RPA formalism developed
in Ref. 23 we can now write the irreducible vertices in
the different channels. As noted above, bare interactions
are denoted by lowercase v and lowercase collective ex-
citation label d, m, s, or ¢, while fluctuation exchange
contributions are denoted by lowercase v with uppercase
D, M, S, T subscripts. Total interaction vertices are de-
noted by uppercase V with lowercase d, m, s,t subscripts.
For the particle-hole with S =1 channel (magnetlc or-.
dering) the irreducible vertex is given by

1 1 .
Vi = U + §-vD _EUM +vs —vr, - (18)

-3

I .

for the particle-hole channel with S = 0 (charge density
ordering) by :

1 3
Va=wvqs+ E'UD+ E'UM —vg — 3vr (19)

and for the particle-particle channel with § = 0 (singlet
superconductivity) by

o1 3
Ve =1, — 3UD + SUM - (20)
We omit discussion of triplet superconductivity since it
appears to have no favorable regime in our model. In
these equations the fluctuation exchange (RPA) contri-
butions to the irreducible interaction vertices are defined
as

xP"
VM = Um 3= Um (21)
, I + v xPh
phk
Up = vd~—x—-‘vd ) (22)
. I+ ygxeh
e ) ‘
Vs = Vg A_X'"“—vs 3 (23)
I+ Vg XPP
XPP
vr = 'UtI F vxPP Ut , ( )

where [ is a 4 x 4 identity matrix and the above equa-
tions are understood to have implicit sums on momenta,
energy, and band index. _

‘We can investigate particle-hole and particle-particle.
instabilities using the Bethe-Salpeter equation again as
described in Ref. 23. This corresponds to solving an
eigenvalue problem for the matrix formed by the prod-
uct of the irreducible interaction and the two Green’s
functions:

(~BV.R)$ = Ao, | (25)

where V, is the irreducible vertex in a generic channel
and R is the appropriate product of the two Green’s func-
tions. - An instability of the normal state is signaled by
the first appearance of a unit eigenvalue. For example,
for the singlet superconductivity instability the Bethe-
Salpeter equation is written as

‘/:;,ati"y;ﬂ (k— k’:w - w,)Gﬁ’a' (wl> kl)
alﬂl,ylélk'wl
XG,YI'BI(—LO/, '—k,)¢alﬁl (w', k’) = /\3(]5&5 (w, k) . (26)

For the magnetic instability the Bethe-Salpeter equation
is

Y. bt Vs k=K w —) £ VI sk + K+ qyw + )]

Qlﬁl,ylélk'wl

X G ('K + Q) Gy,

)¢a’[3’(w k' yq) = ’\m¢aﬁ (w,kyq) (27)
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where we defined V2! = 2(vp — vy ) and VPP = vg — vr. Finally, the Bethe-Salpeter equation for the charge density

instability is

S et Vg (k=K ,w— o) + VI, so(k+ K+ q,w + )]

'a‘,B"y’S'k’w’

. X’Gs’a’ (wly k’ + q)G'Y’ﬁ' (w’a kl);baz'ﬁ’ (w,7 kla q) = Adqsaﬁ (w7 k7 q) ’ (28)

where we defined th = %'vD + %vM and VPP = —vg — 3ur.

D. Numerical aspects

The self-consistent search for the chemical potential
p and for the renormalized energy splitting A can be
mapped onto the problem of finding the minimum of a
function of these two variables. Therefore standard min-
imization routines can be used for this aim and in par-
ticular we have used the Powell method.38

The numerical solution of the Bethe-Salpeter equation
requires a discretization in momentum and frequency
space. The Matsubara frequencies constitute a discrete
set and we have used a cutoff in energy at about +8t,.
However, we found that the eigenvalues related to the su-
perconducting instability are quite well converged even
with a smaller cutofl (only four Matsubara frequencies
are enough to get the eigenvalues converged well within
1% in the whole range of temperatures we have explored).
The eigenvalues related to the magnetic or the charge
density channel have instead a slower convergence with
the energy cutoff (to get the same accuracy of 1% we
need usually twice the number of Matsubara frequencies
used for the superconducting instability). It is impor-
tant to realize, as emphasized in Refs. 7 and 23, that the
solution of the problem on a finite mesh in k space cor-
responds to an approximate discretization of the infinite
lattice problem rather than to an approximate solution
of the finite size in position space problem. Nonethe-
less, the discrete k-space mesh gives information about
position space correlations within a corresponding sized
lattice region. We have used square lattices of 4 x4, 8 x 8,
and 16 x 16. The phase diagram that we report for our
model is essentially unchanged in going from the 8 x 8
lattice to the 16 x 16 lattice. Therefore we believe that
our results are not substantially affected by the numeri-
cal approximations in the solution of the Bethe-Salpeter
equation.

We have solved the eigenvalue problem in two different
ways: (i) using a direct diagonalization routine for the
kernel of the Bethe-Salpeter equation; (ii) using an iter-
ative scheme (projection technique) to extract the maxi-
mum eigenvalue of the matrix multiplying repeatedly the
. matrix on a trial vector with the appropriate symmetry.
The latter method has the advantage that it does not
require the storage of the entire matrix. However, this

method yields only the maximum modulus eigenvalue of

the matrix. In some cases we have found that the max-
imum modulus eigenvalue is negative in sign or a com-
plex conjugate pair. When this occurs, one must make
use of exact diagonalization or of another available it-

|

erative scheme that provide a larger set of eigenvalues.
When possible we made use of the symmetry of the lat-
tice to reduce sums over the Brillouin zone to only the
irreducible wedge. This works for superconducting eigen-
values, but not for magnetic-charge instability eigenval-
ues where sums over the full zone are required.

IV. RESULTS
A. Single-band limit

To calibrate our approach to the two-band model,
we first tested our programs in the single-band limit
(A — 00, tz; — 0). The phase diagram in this limit is
presented in Fig. 2. The inset shows the phase diagram

q T 1 L] L}
T U/ta=4.0 © Ag=1
pu A> >t O AMag=1 -
o | i
£° |arm
g
o i
o L i
(=]
Q : 1 1 1
o

3.0 2.8 2.6 2.4 2.2 2.0
n =2+ Ny

FIG. 2. Generalized RPA based temperature vs filling
phase diagram of the two-band model in the single-band limit
(A/tee — co,ts; — 0). The points represent instabilities de-
termined by the temperature at fixed n for which the largest
real Bethe-Salpeter eigenvalue (suitably normalized) is unity.
Diamonds represent magnetic instability temperatures deter-
mined for an 8x8 mesh in k space. The magnetic instability
always occurs for q = (m,w). (The line between the anti-
ferromagnetic region and superconducting region is an ex-
trapolation only.) Open (solid) circles represent calculated
d-wave (B; symmetry) superconducting instability temper-
atures for 8x8 (16x16) mesh sizes. Note that the super-
conducting phase boundary is insensitive to the change in
mesh size. The inset displays the corresponding results within
the self-consistent fluctuation exchange approximation for a
single-band Hubbard model of Ref. 7 in which the single-
particle self energy is computed self-consistently. The result-
ing fluctuation corrections substantially reduce the instability
region size in the T'—n plane, though the qualitative structure
is similar to our results.
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derived in Ref. 7 where the fully self-consistent program
was used. There is excellent qualitative correspondence
between the two phase diagrams. The magnetic insta-
bility occurs for g = (7, 7) in each case. In each case,
the superconducting pair wave function which first goes
unstable is of d-wave (B;) symmetry (though s-wave or
A; pair wave functions become unstable at nearly the
same temperature). The quantitative differences arise
from the inclusion of self-energy corrections in the self-
consistent scheme which reduce the instability tempera-
tures by about an order of magnitude in the magnetic
case and even more dramatically (a factor of 30) in the
superconducting case. Moreover, the width of the region
in n over which the instabilities occur is reduced with the
self-energy corrections. These results are consistent with
the statements about the effects of full self-consistency
made in Ref. 7.

The strong suppression of the phase boundary with
self-consistency is not surprising. The dominant effect
of the self-energy inclusion is expected to be renormal-
ization of the dimensionless electron-electron coupling
constant. For example, as is well known in the strong
coupling theory for conventional superconductors, self-
consistency which includes the wave function renormal-
ization factor Z(w) = 193 (w)/8iw has the approximate
effect of replacing the dimensionless electron-phonon cou-
pling strength A by A/(1+ A). A superconducting transi-
tion is found over the entire range of A, however, provided
the renormalized attractive coupling exceeds the renor-
malized (retardation reduced) Coulomb interaction.3” In
the case of the Hubbard model treatment here, all re-
pulsive and attractive interactions are included prior to
renormalization, and so the renormalization will not be
expected to affect the sign of the net dimensionless cou-
pling, only the magnitude. Thus we do not expect the
strong coupling corrections to modify the conclusion that
within RPA we will have a superconducting instability.

B. Two-band limit

We now turn to the principal results of this work, which
are found in the two-band limit when there is a significant
overlap between the two bands. We tried several values
of A, and found that when A > 5 we revert to the single-
band limit for the upper band with occupancy 2 < n <
4. This is sensible, since the bands are well separated
in comparison to the respective widths. The interesting

physics arises when we take A = 1. In this case, we see.

a changeover from single-band-like behavior near n =
3 to intrinsically different two-band behavior near n=2.
We note that the Hartree shifted value of the crystal
field splitting is substantially larger than 1 in this region
(A ~ 3.3 at the instability temperature). Nevertheless,
the quadrupolar fluctuation mediated superconductivity
persists due to significant overlap of the band of dominant
z character with that of dominant z character.

The phase diagram for the case A = 1 is shown in
Fig. 3. The significant features are as follows: (i) Near
n = 3, we see magnetic and superconducting instabilities
qualitatively and quantitatively similar to those of Fig.
2 which is the true single-band limit. As in Fig. 2, the
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FIG. 3. Generalized RPA based temperature vs filling
phase diagram of the two-band model in the overlapping band
limit (A = 1.0). Symbols near n=3 are the same as in the pre-
vious graph,; clearly the behavior near n=3 is reminiscent of
the single-band limit and the superconductivity (SCas) is in-
duced by magnetic fluctuations. Near n=2, we have a qualita-
tively different region of superconductivity (SCq) associated
with quadrupolar fluctuations-—here open (solid) squares rep-
resent the Bethe-Salpeter instability temperature for an 8 x 8
(16 x 16) k mesh. Note that the pair wave function sym-
metry of the SCps phase at the instability is always d wave
(B1), while for n > 2 the instability of the SCq phase bas
A, (s-wave) symmetry. (At n=2, A; and B, states have near
degeneracy, with B; slightly favored.) Notice that the in-
stability boundaries are almost unchanged with the increased
lattice size.

magnetic instability always occurs for g = (,w), and the

- leading superconducting instability has d-wave symme-

try. (As we shall discuss below, the magnetic instability
yields this result despite no significant nesting features
on the Fermi surface.) (ii) There is a gap in occupancy
between approximately 2.7 and 2.25 in which no insta-
bility is manifested—while we find evidence for super-
conducting instabilities for small k-space mesh sizes, the
transition temperatures scale to zero as we increase the
mesh size. In contrast, the instabilities near n=2,3 are
quite stable with respect to change in mesh size. (iii) The
principal result of this work is the region of superconduct-
ing instability centered about n=2. As we shall discuss,

. this instability is clearly associated with interband charge

transfer of local quadrupolar character (the interband
susceptibility X., is the largest here). Moreover, in con-

- trast to the single-band-like results near n=3, there is no

proximity to a charge or magnetic instability. This makes
the character of this charge transfer mediated supercon-
ductivity very different from that of the intersite charge
transfer mechanism.2® This result also implies that the
model cannot be mapped to an effective negative-U Hub-
bard model, for which charge density wave and super-
conducting instabilities are close together.3® (iv) Finally,
we find that the s-wave (A1) and d-wave (By) symme-
try pair wave functions become unstable at essentially
the same temperature and have significant contributions
from other than nearest-neighbor pair form factors in real
space. The overlap of the bands in this region and the es-

sential degeneracy of d-wave and s-wave superconductiv-
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ity may have significant phenomenological implications,
as we shall discuss later. ‘ ‘

C. Origin of the superconductmg instability:
Interorbital quadrupolar mediated pairing

Static susceptibilities. In order to justify the identifica-
tion of the new superconducting instability we have found
with a quadrupolar character fluctuation from z% — 4?2 to
322 —¢? orbitals, we shall first examine the static suscepti-
bilities computed within the Hartree approximation. Fig-
ure 4 shows the particle-hole susceptibilities for particle-
hole pairs of zz symmetry and zz symmetry at the fixed
temperature of 0.5, near to the maximum instability tem-
peratures we have computed. For 2.5 < n < 3.0, we find
that the intraband zz susceptibility dominates, and as n
is lowered from 3, the ¢ value at which it is maximum
moves continuously from the zone corner along the zone
boundary towards (m,0) within the irreducible wedge.
For 2.0 < n < 2.5, the dominant susceptibility becomes
the interband susceptibility associated with quadrupolar
fluctuations, x,,. This susceptibility (except near n=2.5)
has a peak always at (w, 7). Note that for the value of U
chosen, this susceptibility almost drives Stoner-criterion
magnetic and charge instabilities, i.e., instabilities of the
RPA with the irreducible interaction approximated by
the bare vertex. However, inclusion of the fluctuation
corrections to the irreducible interaction removes com-
pletely any tendency towards magnetic or charge insta-
bilities. Note that as n is decreased further below 2.0,
the maximum value of x, begins to monotonically drop
followed by a dominance of x.. and a single-band-like
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FIG. 4. Evolution of static particle-hole susceptibility as
a function of filling for the overlapping band limit of the two-
band model (A = 1.0, T = 0.5). We have plotted the max-
imum values (over the Brillouin zone) of the static suscep-
tibilities of zz and zz character. For 2.5 < n -7 3.0, the
susceptibility of zz character dominates—this mainly arises
from intraband processes in the upper band. The q value at
which this peak is located evolves continuously from (w, ) at
n=3 down the Brillouin zone boundary. For 2.0 < n < 2.5
the largest susceptibility had dominant zz character arising
primarily from interband transitions. The q value at which
X=z peaks is (m,w) for n < 2.4.

picture for the predominantly z-character states.

Charge transfer. In addition to the growth of the in-
terband susceptibility, we find significant charge transfer
from z to z orbitals in the region where the quadrupo-
lar fluctuation mediated superconducting instability be-
comes important. This is illustrated in Fig. 5(b) where
the occupancies of z and z orbitals are plotted vs the
total occupancy (their sum) at the temperature T=0.5
used in Fig. 4. It is clear that near n=2.4, a break
occurs in the n, occupancy; in the same region, the oc-
cupancy n, is relatively flat with n. In contrast, in Fig.
5(a) we display what is essentially a single-band limit ef-
fected by taking A to 5.0. In that case, the n, occupancy
is completely constant at as n is lowered from 3.0 to 2.0,
while the n, occupancy drops continuously from 1.0 to
0. Thus, at the maximum instability temperature for the
quadrupolar fluctuation mediated superconductivity, the
hole occupancy 3 — n in our model calculation is shared
nearly equally by the z and 2z orbitals.

Pairing symmetry, zero hybridization limit. To fur-
ther test the assignment of this pairing to interorbital
quadrupolar fluctuations, we have examined the symme-
try of the B; and A; pairing components. These are
energetically close over the entire range of occupancy
values. The B; state has a dominant mixed pair com-
ponent with one member from the x and one from the z
band. Indeed, the B, state is actually more stable when
the © — z hybridization is set to zero, while the eigen-
value of the A, state becomes very small in that limit
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FIG. 5. Occupancies of z(n.) and z(n.) levels as a func-
tion of total occupancy n for the two-band model. For both
(a) and (b) we take T = 0.5. (a) illustrates results for the
large A (A = 5.0) limit which is effectively a single-band
model. Note the monotonic decrease of n, and the complete
constancy of n, as a function of n. (b) illustrates results
for A = 1.0 which shows a flattening in the n, curve near
n=2.3; at the same occupancy, n. begins to curve downwards
rather sharply. This demonstrates significant charge transfer
between the levels.
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(not shown). We find the maximum T, enhanced in this
limit with dominant B; symmetry. A simple diagram
(see Fig. 6) shows that for ¢,, = 0, interband pairing
is possible only via exchange of orbital fluctuations (at
lowest order). We stress that the B; symmetry pairing,
of possible phenomenological relevance to the cuprates,
is only possible because of the orbital symmetry present
in this model.

Quadrupolar fluctuations: symmetry considerations. It
is reasonable to question a description of the orbital fluc-
tuations as quadrupolar in this case since, strictly speak-
ing, the quadrupolar fluctuation operator has a unique
symmetry identification only at the Brillouin zone cen-
ter and corner. It will mix, for example, with the charge
density operator at arbitrary points in the Brillouin zone.
However, since the largest value for x,, occurs at zone
corner, the dominant fluctuations will occur near there
where the quadrupolar label is sensible. -

Clearly, for the U values we study here, we are some-
where between weak and strong coupling. Given that our
Xzz results are rather independent of q (though peaked
at the zone corner) a local description is apparently ap-
propriate. In such a local description, the on-site in-
terorbital fluctuation is clearly quadrupolar in character,
and such a description is not vacuous since it implies de-
tailed symmetry information not present in a description
as “interorbital fluctuation.” For example, as mentioned
earlier, the mixed zz component of the pair wave function
has a B; symmetry which is not the generic case for arbi-
trary orbital choice. Hence we feel that the identification
of the pairing mechanism with quadrupolar fluctuations
is quite appropriate. S

D. Fermi surface

Having made the identification of the superconducting
instability as being mediated by quadrupolar fluctuations
with an associated z — z charge transfer, we now discuss
the character of the Fermi surface in our model calcula-
tions as a function of doping n. These results are dis-
played in Fig. 7. At n=3.0, a single Fermi surface sheet
is present, which has mostly z-orbital character and is
centered at I'. (This feature clearly evolves in an elec-
tronlike way with doping, in contrast to the observations
of photoemission.?? We attribute this discrepancy to the
extreme simplicity of our two-band model.) Note that
despite the similarity of the phase diagram in this region
to that of the single-band model, there is no nesting of the
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FIG. 6. Interband pair interaction diagram for £..=0. In

this diagram, orbital and spin labels are exchanged for an
incoming mixed band pair. This diagram is nonzero even for
tez = 0.
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FIG. 7. Evolution of the Fermi surface as a function of
doping n in the overlapping band limit (A = 1.0). For n=3
only one sheet of z character is visible; this is electronlike
within the calculation and centered at the I" point. For n=2.2
the size of this sheet Is significantly reduced and remains
roughly constant in area as n is lowered further, consistent
with the results of Fig. 5. For n < 2.2, a second feature of
hole character centered at the zone-corner (M) point arises;
this feature has mostly z character. We note that the devel-
opment of quadrupolar fluctuation mediated pairing of Fig.
3, the growth of the mixed susceptibility x.. (see Fig. 4),
and the charge transfer from # — z of Fig. 5 arise roughly
concomitantly with this second Fermi surface sheet.

Fermi surface at n=3.0. As a function of n, the z-like, I'-
centered sheet continuously shrinks in size (see the n=2.2
plot). Finally, near n=2.1, a new holelike sheet arises at
the M point (zone corner) of the Brillouin zone which

- has significant z character. Note that, consistent with

the flatness of n, below n = 2.2 [cf. Fig. 5(b)], the area
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FIG. 8. Bethe-Salpeter superconducting instability eigen-

values Asc for the two-band model in the overlapping band
limit (A = 1.0). The eigenvalues are shown for the 8 x 8 lat-
tice at the doping level (n=2) which provides the maximum
instability temperature within this approach. We note B,
A;, and B; eigenvalues reach unity (signaling the instability)
at pearly the same temperature. For somewhat larger n, the

Ay symmetry eigenvalue reaches unity first.
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enclosed by the I'-centered sheet is relatively insensitive
to doping below n=2.2. It is intriguing that it is in this
region where the two Fermi-surface sheets arise in which
we find the strongest quadrupolar fluctuation mediated
superconductivity. We note that the electron doped side
(n > 3.0—not shown) displays a similar phase diagram
as n is increased to the hole doped phase diagram as n
is decreased: However, there is no quadrupolar fluctua-
tion mediated region in the n > 3 region—this requires
overlap of the two bands near the Fermi surface which is
clearly not possible with electron doping.

E. Quadrupolar fluctuation mediated
superconductivity

We now turn to a discussion of the quadrupolar fluc-
tuation mediated superconductivity. Figure 8 displays
the Bethe-Salpeter eigenvalues for the various pair wave
function symmetries at n=2.0. It is clear that the s-
wave (A;) and d-wave (B;) symmetry states are essen-
tially degenerate—i.e., they both become unstable near
the same temperature. It is also clear that the B (zy)
symmetry and A; [(zy)(z? — y?)] symmetry states are

4 -4

FIG. 9. Real space form factor of the unstable A; symmetry Bethe-Salpeter superconduéting eigenvector in the overlapping
band limit (A = 1.0, n = 2.0, T = 0.51). All form factors are displayed for the lowest Matsubara frequency available and for
an 8 x 8 lattice. (a) shows the zz-sector result, which has most weight at nearest-neighbor positions. (b) shows the modulus
of the zz-sector form factor, which has B: symmetry to offset the intrinsic B; symmetry of the anomalous zz amplitude; this
form factor has significant nearest-neighbor weight, but considerable weight at third neighbor positions as well. (c) shows
the zz-sector form factor which has nearly equal weight at first, second, and third neighbor sites, and comparable integrated

intensity to the zz-sector form factor.
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relatively close in energy as well, though somewhat less
proue to instability. In fact, this appears to be a generic
feature whenever we find a superconducting instability
in this approach—as one singlet pair state goes unsta-
ble, the rest seem to follow suit closely. For occupancies
greater than 2, the quadrupolar mediated superconduc-
tivity slightly favors A; symmetry states, with both B;
and B; symmetries nearby in energy.

It is of considerable interest to discuss the real space
form factors of our unstable pair states since they are
rather unusual and would be difficult to access in the
state of the art Monte Carlo and exact diagonalization
studies?® which have typically considered pair instabili-
ties on lattices no larger than 4x4. Figure 9(a) displays
the form factor of the za sector of the unstable Bethe-
Salpeter pair eigenvector for 4; symmetry at the lowest

Matsubara frequency (the amplitudes of the eigenvectors
fall off sharply with increasing Matsubara frequency). As
might be expected, given the large on-site repulsion, most
of the weight appears on nearest-neighbor sites. However,
there is significant weight in the tails of the wave function
near R = (4,0), for example. The modulus of the ¢z sec—
tor of the unstable A; symmetry eigenvector is plotted
in Fig. 9(b). As expected, since this sector has a form
factor with z? — y? symmetry nodal surfaces due to the
B; character of the anomalous expectation value, there is
no weight at the origin and significant weight at nearest-
neighbor sites along the = and y directions, but also rela-
tively long tails along the = and y directions. Figure 9(c)
displays the zz sector form factor of the A, eigenvector.
Despite the lower intensity of individual peaks relative
to the zz sector, the greater number of peaks gives an

FIG.10. Real space form factor of the unstable B; symmetry Bethe-Salpeter superconducting eigenvector in the overlapping
band limit (A = 1.0, n = 2.0, T = 0.51). All form factors are displayed for the lowest Matsubara frequency available and for
an 8 x 8 lattice. The greatest weight in this case appears in the zz-sector form-factor modulus shown in (a), which has A4,
symmetry because of the intrinsic B; symmetry of the anomalous zz amplitude. Note that most of the zz weight appears on
site. (b) shows the zz-sector result, which has equal weight peaks at nearest and third nearest-neighbor positions. {c) shows
the zz-symmetry form factor which has weight spread over a wide range.



1266 “'F. BUDA, D. L. COX, AND M. JARRELL 49

integrated intensity comparable to that of the zx sector.
Note also that the zz weight is spread out nearly equally
over first, second, and third neighbor sites.

We note that the relatively long decays of the real space
form factors cannot be detected by finite size calculations
utilizing 4 x 4 lattices. The reason is simple: The irre-
ducible wedge of such a lattice has only six points and is
most sensitive to nearest-neighbor form factor variations
which possess one radial node. The oscillations appar-
ent in Fig. 9 require more irreducible wedge points to
pick out the greater number of radial nodes. It is for this
reason, for example, that the Monte Carlo study of Ref.
[40] may contain an artificially suppressed Bz symmetry
pair instability—because of the nodal structure of that
state, only the (/2,7 /2) point in the wedge could yield
nonvanishing contributions for the 4 x 4 lattice and this
small phase space led to what we feel may be incorrect
estimates of the relevance of the B; state.

Figures 10(a—c) display the real space pair form fac-
tors for the zz, 2z, and =z sectors of the B; symme-
try unstable Bethe-Salpeter eigenvector for n=2.0. In
this case, the dominant intensity resides in the zz sector
[Fig. 10(a)] This has almost all’ 1ntens1ty localized at
the origin (the form factor here has A; symmetry since
the anomalous expectation value has B, symmetry). We
find similar results when t,, = 0 as discussed below. The
zz sector modulus is plotted in Fig. 10(b); since this
form factor has B symmetry, its intensity is concen-
trated along the z and y dlrectlons, with nearly equal
weight at nearest-neighbor and third nearest—nelghbor
positions. Finally, the modulus of the zz sector has, sim-
ilar to Fig. 9(b), weight spread significantly in real space
over first, third, and fifth neighbor positions (reflecting
the B; nodal structure). As commented in the previous
paragraph, the significant real space variation of the zz
and zz sectors would be missed in finite size studies on
4 x 4 lattices.

We note that since the dominant component of the zz
pairing occurs on site, this further strengthens the as-
signment of the mechanism to quadrupolar fluctuations,
which have a well-defined symmetry content at a sin-
gle site. However, the pairing clearly has to be strongly
spread in energy and momentum, since one cannot simul-
taneously satisfy the requirements of zero momentum for
an interband pair and zero energy. Indeed, for t,, = 0
we find the structure of the eigenvector corresponding
to the largest eigenvalue to be dispersed in magnitude
by about 3% in momentum space and falhng off with a

characteristic energy of order the bandwidth in Matsub-

ara frequency space. This result is surprising given the
large on-site Coulomb interaction between zz orbitals.
We note that our analysis accounts both for fluctuation
mediated attraction and the instantaneous repulsion.

V. CONCLUSIONS AND SUMMARY

Obviously this model is too simple to be more than
a caricature of the full behavior present in the copper
oxide superconductors. In particular, we have not ex-
plicitly included the oxygen bands in this work, a point
which we shall elaborate on below. Nevertheless, this

paper presents an extensive study of the possible role of
quadrupolar fluctuations within an itinerant framework,
and the results of the calculations suggest several phe-
nomenological connections to the cuprates.

First, we note that the quadrupolar fluctuations occur
most strongly in a region where the Fermi surface has
two sheets. Two sheets are qualitatively consistent with
the data for YBayCu3O7_s and BizSroCaCuz0gy, 2230
Moreover, the second sheet is expected to contain signif-
icant z character as has emerged in electronic structure
calculations.'? It is interesting that the superconductiv-
ity correlates with significant z — z charge transfer since
one interpretation of polarized Ly;r core-level absorption
spectra at the copper sites promotes just this picture.!
This interpretation has been strongly questioned more
recently, though.3! In this region of doping our model
produces the wrong curvature for the z-like sheet, and
requires an overall filling of n = 2, far less than the esti-
mated n = 2.6-2.7 in, say, YBasCu307_s. However, the
omission of the other (oxygen-derived) bands in the cal-
culation is likely to seriously adjust both the curvature
and occupancy estimates without modifying the above
qualitative features. After all, the electronic structure
calculations which reproduce the Fermi surfaces accu-
rately place significant z weight at or near the Fermi
surface.? ' L

Second, we note that the asymmetry of the phase dia-
gram with respect to electron and hole doping may be of
relevance in the following sense: In the hole doped ma-
terials, the superconducting transition temperature may
rise to values as large as 125 K in the three-layer sys-
tems. This suggests that a different mechanism may be
involved in producing the superconductivity for the elec-
tron doped materials. Moreover, the electron doped ma-
terials possess a region of superconductivity as a function
of doping which abuts the magnetic transition—in the
hole doped materials they are well separated.

Finally, we observe that the proximity of the s-wave

" (A;) and d-wave (B;) symmetry instabilities is more pro-

nounced in the region of quadrupolar fluctuation me-
diated pairing than the single-band-Hubbard-like region
near n=3. The potential significance of this result is that
s-wave and d-wave states may couple to produce s + id
states*?4® which allows reconciliation of various exper-
imental data such as the absence of the Hebel-Slichter
relaxation peak in NMR (favoring d-wave pairs) with the
apparent s-like character stressed in muon spin relaxation
measurements of the penetration depth.** If the charac-
ter of the order parameter were d wave at the transition
but then the system crossed over to s+ id-wave behavior
at lower temperatures, this apparent discrepancy could
be possibly resolved—the s + id state always has a net

gap.

‘We would like to stress that our work is a pass at the
problem from this framework. There are two main di-
rections in which future work needs to go. First, it is
important to include the self-consistent self-energy cor-
rections to the model since, as mentioned in the discus-
sion of the single-band limit, these corrections may re-
duce transition temperatures by an order of magnitude
or more and narrow the window of occupancy in which
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the superconducting and magnetic instabilities may oc-
cur. Of particular interest is whether the quadrupolar
mediated pairing instability is less sensitive to these cor-
rections than the magnetic fluctuation mediated pairing
instability of the single-band model. Second, it is im-
portant to include the oxygen o bands explicitly. These
are likely to modify some of the features derived in our
calculations as mentioned above.

It is interesting to speculate, given the highly local
character of the interband pairs identified for t.,=0,
whether the interorbital fluctuations may not lead to a
bipolaron in more sophisticated treatments of the model.

In summary, we have computed phase diagrams within
a generalized RPA approximation for a two-band Hub-
bard model of the copper oxide superconductors. This
model includes both quadrupolar and magnetic fluctua-
tions on an equal footing, and allows for significant off-
site admixture of the = and z states. These features
were omitted from previous studies of quadrupolar fluc-
tuation mechanisms in the cuprates: We find that when
the bare crystal field splitting A on the copper sites has
the realistic value of 1 (in units of the effective zxz hop-
ping tg.), single-band-Hubbard-like behavior occurs near
n=3. In addition, we have found a qualitatively new su-
perconducting instability at reduced electron concentra-
tion (n = 2) which is clearly associated with quadrupolar
fluctuations and = — 2z charge transfer. Unlike the mag-
netic fluctuation mediated pairing found within RPA in
the single-band model, and unlike the intersite charge

transfer mediated pairing of the three-band model, this
quadrupolar fluctuation mediated pairing has no nearby
particle-hole instability. Moreover, in this doping region
there are two Fermi-surface sheets in agreement with
photoemission, positron annihilation, and de Haas—van
Alphen data on the two-layer superconducting systems.
The A; superconducting state has a real space form fac-
tor with significant extent beyond nearest neighbors, and
both 4; and B; symmetries have nearly the same transi-
tion temperatures. The B; symmetry state is most sta-
ble for zero interband hybridization (f,, = 0) where it is
comprised of mixed band pairs. This indicates a_ pairing
state highly spread in energy and momentum space. A
simple Fermi surface averaging would miss the pairing.
These facts may be of relevance to the phenomenological
understanding of the superconducting state properties of
these exotic materials.
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