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Effective interactions in an oxygen-hole metal
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We study the properties of an effective Hamiltonian to describe the propagation of holes through
the oxygen anion network in a high-T, superconductor. Approximate parameters for our Hamil-
tonian are derived from atomic properties of O. The effective interaction between holes and the
effective bandwidth for the holes are studied by diagonalization of finite clusters. The effective in-

teraction is found to be attractive for realistic parameters; in the same regime, there is significant
band narrowing. Consequences of our results for normal and superconducting properties of high-T,
oxides are discussed.

I. INTRODUCTION

To elucidate the mechanism responsible for high-T, su-
perconductivity in oxides is perhaps the most challenging
question in condensed-rnatter physics today. High-
temperature superconductivity has already been found in
a wide variety of materials, and substantial experimental
information has accumulated to date. ' A variety of
theoretical models have already been proposed however,
many of those are specific to only certain subsets of ma-
terials. For example, magnetic mechanisms would not be
expected to apply to oxides that do not contain Cu.
Cxiven the lack of compelling evidence to show that su-
perconductivity in the Cu oxides is in any way related to
its magnetism, and the absence of superconductivity
found in simulation studies of model systems, it is natu-
ral to doubt the validity of magnetic mechanisms. A
variety of charge-fluctuation mechanisms have also been
proposed, ' but many of them are specific to particular
structures or components.

It is well known that theorists have had difhculty in the
past predicting superconducting T, 's or even whether a
material would be superconducting. A variety of "plau-
sible" mechanisms of excitonic type have been proposed
in the past and also for the new materials, and one can
usually come up with reasonable-looking calculations
that predict or explain superconductivity that are difficult
to prove wrong. However, many assumptions and uncon-
trolled approximations usually enter these calculations.

We believe the right answer to the puzzle, in addition
to providing a plausible pairing mechanism, should be
able to correlate a wide variety of experimental facts. In
this paper we investigate an answer that we believe
satisfies those conditions: high-temperature supercon-
ductivity occurs in materials where conduction occurs
through holes in anions with filled shells.

In Ref. 6 we proposed a model Hamiltonian to describe
the propagation of holes through a lattice of anions with
filled shells. The basic idea is that the presence of a hole
on a given anion will modify drastically the wave func-
tion of its "background, " the electrons in the outer filled
shell, unlike the case of electrons outside closed shells. It
was proposed in Ref. 6 that this local interaction between

the hole and the outer filled shell is the essential physics
that leads to high-temperature superconductivity. In this
paper we substantiate this proposal by analyzing in detail
the properties of the model Hamiltonian for the case of
oxygen by diagonalization of small clusters. We find that
this model Hamiltonian is likely to lead to superconduc-
tivity for realistic parameters.

We start in Sec. II by discussing the properties of the
model Hamiltonian for a single site, and in Sec. III we
derive plausible parameters for the Hamiltonian for the
case of oxygen mainly from atomic physics considera-
tions. In Sec. IV we analyze the effective interaction be-
tween holes and the effective bandwidth of holes by di-

agonalizing clusters of 2, 4, and 8 sites with 0, 1, and 2
holes, and in Sec. V we study the doping dependence in
the 8-site cluster. We conclude in Sec. VI by discussing
the implications of our results to our understanding of
high- T, superconductivity.

II. ATOMIC HAMILTONIAN

We describe the interaction between a closed-shell
anion and up to two added holes by the site Hamiltoni-
an. '

H„„=V( n t + n t )tr, + to(cos8o, + si neo „)+ Uon t n t,

where the pseudospin operators o.„o. describe two
states of the background outer filled shell, and n is the
hole occupation number with spin o = 1, j. V is the in-
teraction strength between the holes and the outer shell,
and Uo the bare interaction between two holes. The pa-
rameter 0 determines the overlap of the background wave
function with and without holes, and co represents an ex-
citation energy of the outer shell.

The ground-state energy of the Hamiltonian Eq. (1)
with n holes is

Eo(n)= —(V n +to +2Vncocos8)'i +Uo5„2

and the efFective interaction between two added holes is

U, tt = Eo(2)+Eo(0)—2Eo( 1 ) .

40 2179 1989 The American Physical Society



2180 J. E. HIRSCH AND S. TANG

s(o, 1 ) = (0;olo; »,
S(1,2) = (0; 1 lo;2),

(4a)

S(0, 1) determines the single-hole effective bandwidth in a
lattice of anions. The effective hopping for holes is

t,~= rS( 0, 1)'

Another important quantity is the overlap between the
ground-state wave function with different number of
holes, n, lo;n ) given by
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with t the bare hopping. A small S(0, 1) will give rise to
an effective narrow band.

Figure 1 shows U,z versus co, and Fig. 2 the corre-
sponding overlaps, for V=1, UO=O, and various values
of 0. Results for other Vs are obtained by simple scaling;
UOWO simply adds to U, tr and does not modify the over-
laps. We see that the effective interaction is most attrac-
tive for O~m, and co- V; for 9~sr, S(0, 1) is small for
co ( V and large for co) V, and S(1,2) behaves in the op-
posite way. These results are easy to understand from the
strong-coupling limit: for co & V and 0—+m the states of
the background l

1' ), l 1) in the basis of eigenstates of o,
are
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and U,z = —2m, while for V & co & 2 V
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with U,&=2' —4V. That is, in the first case the first hole

FIG. 2. Overlap of single-site wave functions with zero and
one hole (a) and with one and two holes (b) [Eq. (4)] vs co. V = l.
Numbers next to curves are 0/~.

eff

will change drastically the state of the background and
the second hole only slightly, and the converse occurs in
the second case. As 0 is reduced, the effective attraction
becomes smaller and the overlaps increase. For the case
of interest in this paper, oxygen anions, the situation de-
scribed by Eq. (6) is qualitatively applicable, as we discuss
in Sec. III.

-1.5 III. ATOMIC PARAMETERS FOR OXVGKN

-2.0
0 0.5 1.5

FIG. 1. Effective interaction of two holes on a single site with
Hamiltonian Eq. {1)vs co. V=1, U0=0. The numbers next to
the curves are the values of 6I/m. .

VVe discuss here an estimate of the parameters in Eq.
(1) for the case of oxygen. Uo describes the bare interac-
tion between two holes in O without modifying the
state of the outer shell. This can be estimated from the
Slater integral F (2p, 2p )-20.5 eV for 0 (the spherical-
ly averaged Coulomb interaction between two electrons
in the p shell). Alternatively, we can estimate it from the
ionization energies of 0 + and 0
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I( 03+ ) =77.4 eV,

I(O +)=54.9 eV,

giving an estimate

(8a)

(8b)

unity, situating us in the case qualitatively described by
Eq. (6), i.e., 0~m, co ( V.

An estimate for the overlap S(1,2) can be obtained
from atomic wave functions the radial part of the
atomic 2p function for 0 and 0 is shown in Fig. 3; the
overlap yields

Up=I(O ) —I(O +)=22.5 eV . (8c) S(1,2)-0.91, (10)

The reason for using 0 + and 0 + is to avoid including
the effect of these electrons on other electrons in the p
shell in the estimate of the bare Uo. These two estimates
are very close, and we will consider Uo =22.5 eV to be an
upper bound in what follows.

The first two terms in Eq. (1) describe the change in the
orbitals and energies of the filled p shell when holes are
added to 0, which may be called "static relaxation"'
or simply polarization of the outer shell. This relaxation
or polarization substantially reduces the U for two holes
added to 0 . The electron affinities of 0 and 0 are"

E(O ) —E(O)= —1.45 eV,

E(0 ) —E(0 ) =8.75 eV,

(9a)

(9b)

where 0, 0 and 0 correspond to n=2, 1, and 0
holes, respectively. This yields an effective U of

U, IrE(O )+E(O)—2E(O )=10.2 eV .

This reduction from the bare U-20 eV to the effective U
is accounted for in the Hamiltonian Eq. (1) by the in-
teraction of the holes with the background (the pseudos-
pin) with appropriate values of V and rII. We do not at-
tempt to compute V and co from first principles but
choose them to satisfy Eq. (9). Table I lists values of co

and V obtained in this fashion as a function of' 0, as well
as the overlaps of the ground-state wave functions Eq. (4).

Now we know that 0 does not exist in free space,
while 0 does. That is, the "wave function" of 0 in
free space extends to infinity, while the wave function of
the outer electrons in 0 is not very different from that
in 0.' In the solid, 0 is stabilized by Madelung ener-
gy, but we sti11 expect its wave function to be substantial-
ly more extended and distorted from spherical symmetry
than that of 0 and O. Bussmann et al. ' have em-
phasized that 0 in perovshites exhibits a strongly an-
isotropic charge distribution. That is, the overlap S(0, 1)
should be small and the overlap S(1,2) should be close to

We describe the propagation of holes through the lat-
tice of anions by the Hamiltonian

O. B
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which is close to 1 but somewhat smaller than the values
found in Table I for any 0. We believe this discrepancy is
due to the oversimplification in modeling the background
by a two-level system, but does not invalidate the asser-
tion that our effective Hamiltonian contains the essential
physics. The overlap S(0, 1) should be a better way to
determine 0 as it depends sensitively on it. Unfortunate-.
ly, we do not have at the moment a way to estimate
S(0, 1), as it will involve the wave functions in the solid
and depends on the other ions in the system as well as the
overa11 structure. Nevertheless, the above considerations,
plus the fact that the effective bandwidth for holes ap-
pears to be quite small (as discussed later), lead us to be-
lieve that S(0, 1) is small. Note that within our model,
small S(0, 1) implies 0 close to vr, which is most favorable
to a large attractive U,z, and a sma11 t,~, the ideal situa-
tion for high- T, superconductivity. We believe that
8/m -0.8 to 0.9 is a reasonable choice for our case of in-
terest. Note also that the values of V and co obtained
(Table I) are of order of magnitude of Slater integrals and
atomic excitation energies, respectively.

The parameters derived in this section can be expected
to be only approximate at best. Thus, in the next two
sections we will study the effective interaction for a range
of parameters to understand the qualitative trends.

IV. EFFECTIVE INTERACTION IN CLUSTERS

TABLE I. Parameters of the eff'ective atomic Hamiltonian
Eq. (1) that satisfy the conditions (9), and hence U,~=10.2 eV.
The overlaps S are defined in Eq. (4). 0.2

1

0.9
0.8
0.7
0.6
0.5

co (eV)

6.15
6.41
7.30
9.37

14.76
55.71

V {eV)

21.04
21.12
21.38
21.96
23.42
32.43

S(0, 1)

0
0.221
0.434
0.634
0.812
0.966

S{1,2)

1

0.9993
0.997
0.993
0.987
0.986

0.0

rlap

FIG. 3. Atomic wave functions for 0 and 0 . P(r)/r gives
the radial part of the 2p atomic wave function.
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+top ( cosoo,'+ sin Oo „' ) + Uo g n; t n; t .

U,tt=E~(n+2)+E~(n) 2E~(—n +1) . (12)

We considered clusters of size X=2, 4, and 8, as shown
in Fig. 4. In order for the results of the different clusters
to resemble each other as much as possible, we have
chosen periodic boundary conditions in all cases and in
the two-site cluster the hopping was taken to be twice as
large as in the 4- and 8-site clusters. With that choice,
the single-hole bandwidth in the noninteracting case is 8t
for all the clusters studied.

If U,~ &0, as the cluster size diverges it will lead to su-

perconductivity unless another instability like charge-
density wave (CDW) occurs. For an almost empty band,
however, and short-ranged interactions, no tendency to
CDW occurs. Because of the high polarizability of the
oxygen anions the long-range interaction between 0 holes

We discussed an estimate of the atomic parameters in the
previous section. For the case of 0, the effective atomic
U is U =10.2 eV. However, in the oxide superconduc-
tors U is estimated from various calculations and experi-
ments to be about —,

' this value. ' The reduction occurs
from polarization processes not included in our Hamil-
tonian. Nevertheless, we believe U, fr for any anion will

be positive or else lead to an unstable situation: in partic-
ular, if U was negative for oxygen in the oxides any add-
ed holes would immediately pair to form 0 that would
tend to leave the sample creating vacancies.

In this section we will demonstrate that the Hamiltoni-
an Eq. (11) can lead to an effective attractive interaction,
and hence to superconductivity, for a wide range of pa-
rameters even when the on-site interaction is large and
repulsive. We find the ground-state energy of the Hamil-
tonian Eq. (11) Ez(n) on clusters of size X containing n

holes and compute the effective interaction between two
holes:"

will be highly screened and thus can be neglected.
Let us start with the parameters derived in the previ-

ous section. Figure 5 shows U,z for two holes versus
hopping t for %=2, 4, and 8 with V=21.4, co=7.3,
UO=22. 5, and 0=0.8w. For t=0 the effective interac-
tion is zero as the two added holes go on different sites
(the effective interaction for a single site is repulsive). As
t is turned on U,z first increases but for suKciently large t
it becomes increasingly negative as t increases. The
minimum t that yields an attractive interaction increases
somewhat with cluster size and is t —1 for %=8. The
direct hopping between 0 holes in the oxide supercon-
ductors is estimated at about 0.65 eV, ' and there should
be additional contributions from hopping through the
cations. We should remember, however, that our param-
eters are only approximate; in particular, Uo should
probably be taken smaller, as mentioned before. With
Uo = 17 eV we get an effective on-site repulsion of
U =4.7 eV, close to various estimates, ' and a minimum
t where U,z becomes negative of t =0. 5 5 for the 8-site
cluster. Also taking 0 closer to m it is easy to reduce fur-
ther the values of t that yield attractive interactions.
Note that the fact that the interaction becomes more at-
tractive as t increases suggests that the superconducting
T, will increase with pressure.

We find in this and the following cases that as the size
of the cluster increases the magnitude of the effective in-
teraction decreases. This is reasonable as the effective
hopping of holes from cluster to cluster will also decrease
with cluster size. Similar behavior is observed in the at-
tractive Hubbard model. '

Figure 6 shows the dependence of U,z on Uo. Note
that the effective interaction remains attractive up to very
large values of Uo Uo=22. 3 eV for the 8-site cluster.
This corresponds to an effective on-site repulsion
U =10.0. For these parameters, U becomes negative
for Uo &12.3. Thus there is a wide range of physically
acceptable values of Uo that yield U )0 and U,&&0 in
the clusters. As the cluster becomes bigger the maximum
Uo that yields attractive interactions decreases some-
what.

{c} eff

/& /&

0.5

FIG. 4. Clusters used in exact diagonalization calculations.
Periodic boundary conditions were used in all cases, and for
%=2 the hopping was taken twice as large as for %=4 and 8.

FIG. 5. Dependence of U,z on hopping t. V=21.4, co=7.3,
Uo=22. 5, and 0=0.8~. The effective interaction for a single
site is U,~= 10.2 eV in this case.
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FIG. 6. Dependence of U,& on on-site repulsion Uo.
V=21.4, co=7.3, t =1, and 0=0.8m.

In Fig. 7 we examine the dependence of U,z on 49 for
the case V=21.4, co=7.3, Up=17, and t =1. U,& is at-
tractive in the region of large 0, as expected. For the sin-
gle site, these values of the parameters yield values of U,~
that are not unreasonable: U,&=2.6, 3.0, 3.8, 4.7, 5.8,
and 6.9 eV for 0=0.95, 0.9, 0.85, 0.8, 0.75, and 0.7, re-
spectively. The effective interaction changes sign approx-
imately at the same value of 0-0.7~ in all cases.

As mentioned earlier, we can estimate the single-hole
effective hopping t,ff from the overlap of the single site
wave functions with zero and one hole, Eq. (5). Alterna-
tively, we can look at the energy lowering of a single hole
in a cluster compared to its energy in a single site to ob-
tain an estimate for its bandwidth. This energy lowering
is —4t in the noninteracting case. Thus we define an
"effective hopping" derived from the X-site cluster by

t'a. ' = IEx(1) Ex(0)—lEi(1)—Ei(0) j I ~4 .

In Fig. 8 we plot these effective hoppings as a function of
0 for the same parameters as Fig. 7. The fact that the es-
timates obtained through the various methods give very
similar results gives us confidence in our procedure to es-
timate t,~, and in particular in the simple expression Eq.
(5). Note that t,ft goes to zero as 0 +sr, as we —had found
in Fig. 2(a) for co( V. Figures 7 and 8 clearly show that
the region where the interaction is most attractive is also
the region that gives rise to the most band narrowing.
For this case, t,z is less than 0.35t in the region where

FIG. 8. Effective hopping for a single hole vs 0 from Eq. (5)
(solid line). V=21.4, co=7.3, U0=17, and t=1. The circles
show t, ff calculated from the N=2 cluster as described in the
text [Eq. (13)]. The results from 4- and 8-site clusters are indis-
tinguishable from the ones for X=2.

b, '=EN(3) —E~(2)—
f E~(1)—E~(0)] (14)

was calculated and found to be always positive, indicating
that there is no tendency to an instability in the regimes
where U,z (0. This is in cont'rast to the model discussed

U,z(0; the band band-narrowing is about 5 for 0=0.8m

and 12 for 0=0.9m.
We consider next the dependence of the effective in-

teraction on V. Figure 9 shows U,z versus Vfor co=7.3,
Up 17 0 0.8~, and t = 1 . It decreases monotonically
with V, as one would expect. The value of V where U,ff
changes sign is almost the same for all clusters, V-12 for
this case. For the single site, U,& decreases slowly with V
in this interval, from 6.8 at V= 10 to 4.3 at V= 32.

Finally, Fig. 10 shows U,z versus co for V=21.4,
9=0.8, Up=17, and t=1. It shows a minimum at low
frequency that becomes sharper as the cluster size in-
creases. This is presumably associated with the reduction
of the instantaneous repulsive Up to a weaker "pseudopo-
tengial, " and this reduction is most effective for low fre-
quencies. U,z also starts to decrease at large co; this is as-
sociated with the on-site U,z becoming negative.

We have also calculated the energy of a third particle
added to the 8-site cluster to see if there is a tendency to
condensation rather than pairing. The quantity'

"eff
N=4 ~

N=B

Ueff

¹8
I

30

-0.5—

0.9 0.7 0.5 0.3

FIG. 7. Dependence of U,& on overlap parameter 0.
V=21.4, co=7.3, Uo=17, and t=1.

FIG. 9. Dependence of U,z on V. co=7.3, U0=22. 5, t=1,
and 0=0.8m.
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Ueff

0.3

10
10 20 30

FIG. 10. Dependence of U, ff on ~. V=21.4, Uo =22.5, t = 1,
and 6I=O. 8~.

FIG. 2. Ueff vs V for 4 + 2 cluster. ~=7 3 U —17
and 0=0.8m.

in Ref. 11, where the attractive interaction could easily
lead to an instability.

V. DOPING DEPENDENCE

To obtain information on the dependence of the
effective interaction on band filling, we now consider U,z
on 8-site clusters for 2, 3, and 4 particles and compare it
with the one for 0, 1, and 2 particles. Unfortunately,
t ere is a sensitive dependence on the shape of the cle c uster
an the boundary conditions. For the 8-site cluster with
periodic boundary conditions we find U,z & 0 for 2, 3, 4
particles even as V~O. This is related to the fact that
there is a large degeneracy at the Fermi energy for this
case in the noninteracting case: the single-particle energy

an six states atevel structure is one state at E = —4t d
E=O thE2=, the Fermi energy for 3 to 14 particles. A similar
situation was observed recently in studies of the repulsive

ubbard model near half-filling in one dimension for
sizes 1V multiple of 4, U,&&0 was found around half-
filling because of the degenerate states at the Fermi ener-

0.3

Ueff

0.5 1.0

FIG. 13. U, ff vs t for 4X2 cluster. V=21.4, co=7.3, Uo=17,
and 0=0.8.

eff

0.1— Ueff

-01—

30
-0.5—

12 16

FIG. 11.1 Ueff vs V for 8-site cluster of Fig. 3. co =7.3,
Uo = 17, t = 1, and 0=0.8~ for 0,1,2 and 2,3,4 particles.

FIG. 4.IG. 14. U, ff vs on-site repulsion Uo for 4X 2 cluster.
V=21.4, co=7.3, t =1, and 0=0.8m.
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VI. DISCUSSION

Ueff

2,5,4

0.9 0.7

FIG. 15. U, ff vs 0 for 4X2 cluster. V=21.4, co=7.3,
Uo=17, and t =1.

gy. Similar effects occur in two dimensions. This is an
unphysical artifact of finite systems, and the effect should
disappear as the cluster size increases. In addition to the
8-site cluster of Fig. 4, we have therefore considered a
4 X 2 cluster with periodic boundary conditions where the
single-particle energy level structure has less degeneracy:
the lowest state at E& = —4t is nondegenerate and the
next state at E2 = —2t is doubly degenerate only.

Figure 11 shows U,z versus V for the 8-site cluster of
Fig. 1 for 0, 1,2 and 2,3,4 particles. Over most of the
range studied the higher doped case shows less attractive
interaction; we believe the crossing for small Vis related
to the unphysical effect discussed above. Similarly, Fig.
12 shows the same case for the 4X2 cluster, exhibiting
qualitatively similar behavior but less attraction in the
higher doped case.

Figure 13 shows the dependence on hopping t for the
4 X 2 lattice. Once again, for higher doping the interac-
tion becomes less attractive. Figure 14 shows the depen-
dence on Uo, exhibiting the same qualitative effect. In
Fig. 15 we show the dependence on 0. Here again there
is a small attractive interaction in the higher doped case
in a region where the lower-doped case is repulsive,
which we believe is due to the unphysical effect discussed
above; for 0~~, however, where the interaction becomes
strong, once again the lower doped case shows a larger
effective attraction.

To summarize, despite some difficulty in interpretation
due to boundary effects, we believe the results discussed
in this section strongly suggest that the effective attrac-
tive interaction in our model will decrease as the band-
filling increases. This is easy to understand qualitatively:
for small band filling the holes have room to move
around and avoid the repulsive on-site interaction while
still taking advantage of the retarded attractive interac-
tion; as the band filling increases, the eff'ect of the repul-
sive interaction becomes stronger and will at some level
of filling lead to a net effective repulsive interaction at the
Fermi surface in the parameter regime where the effective
interaction for a single site is repulsive.

We have studied the effective interaction of holes in
small clusters with an effective Hamiltonian to describe
the interaction of holes with the filled outer shell of O
anions. We found this effective interaction to be attrac-
tive in a wide range of parameters that include our esti-
mates for the case of 0 anions from atomic properties.
The following findings we believe deserve special atten-
tion.

(I) The effective interaction is found to be attractive in
the same regime where there is significant band narrow-
ing, 0 close to ~. Many experimental observations point
towards a small polaron model to explain the normal-
state properties, as discussed by Scalapino et al. ' for the
case of electron-phonon interactions. Their analysis of
the normal-state properties applies equally well to the
"electronic polaron" that our model describes in the re-
gion 0—+~. Consistent with experimental information,
our model predicts a large enhancement of the thermo-
dynamic density of states manifest in an enhancement of
susceptibility and specific-heat coefficient by the same ra-
tio in that regime. In addition, as discussed in Ref. 17,
optical properties, thermopower, and resistivity measure-
ments are also consistent with conduction by small pola-
rons. Our analysis of the single-site problem (Sec. II)
showed that the fact that the overlap of the wave func-
tion of 0 with that of 0 is expected to be much
smaller than the corresponding one for 0 and 0 puts
us necessarily in the region of parameter space O~m. in
our effective Hamiltonian that gives rise to a narrow
band. This is also the region that gives rise to the strong-
est effective attraction. We believe the combination of
these facts is very strong evidence in support of our pic-
ture.

(2) The energy scale of the effective interaction (co) is
much larger than the effective hopping t,~. This implies
that within the standard BCS treatment of superconduc-
tivity the cutoff in the BCS integral equation for T, will
be given on one side by the Fermi energy rather than the
energy scale of the interaction. This leads to a depen-
dence of T, on density of holes T, ~ n ', which is con-
sistent with what is observed experimentally for small
doping. Our comparison of the effective interaction in
the 8-site cluster for 0, 1,2 particles and 2,3,4 particles in-
dicated that the effective attraction would be reduced as
the doping increases. This suggests that as a function of
n T, would first increase due to increasing Fermi energy,
reach a maximum, and then drop due to the decrease in
the attractive interaction. This is consistent with what is
observed experimentally. '

(3) The effective interaction becomes more attractive
with increasing t, which suggests that the effect of pres-
sure should be to raise T, . This is observed in all the ox-
ide superconductors. This behavior also provides an ex-
planation for the lower T, 's observed in the non-Cu ox-
ides compared to the Cu oxides: the Q-Q distance in
Ba& K Bi03 for example is 3.04 A, ' while it is only
-2.75 A in YBa2Cu307 .&, thus, one would expect the
effective hopping between oxygens to be smaller in the
former case. Note also that if the hopping t is too small
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the effective interaction is not attractive, which is one
possible reason for the absence of superconductivity in
other oxides.

(4) Finally, we would like to stress, as discussed in Ref.
6, that we expect this generalized mechanism to be re-
sponsible also for the "transient" high-temperature su-
percoriductivity observed in CuC1 (Ref. 20) and CdS (Ref.
21) occurring through hole conduction in Cl and S
anions respectively, and to play a role in other "conven-
tional" superconductors. For example, our model would
naturally explain why superconductivity occurs under
pressure in the semimetals and semiconductors in the
right portion of the Periodic Table.

To conclude, we believe that the picture of high-
temperature superconductivity discussed in this paper
and in Ref. 6 is quite compelling. We have shown that
our model yields effective attractive interactions for real-
istic parameters, and that it seems to be able to correlate
a variety of experimental facts. A more realistic calcula-
tion of the parameters in our effective Hamiltonian is

clearly feasible, and also a more detailed description of
the local interaction of the hole with the outer shell back-
ground appears to be within reach. Combined with a cal-

culation of the superconducting T, by nonperturbative
Monte Carlo calculations or reliable analytic means,
these calculations should definitively establish the validi-

ty of the mechanism discussed here.
The mechanism discussed here is incompatible with

electrons being the charge carriers in the CuOz planes, as
recently proposed for Nd2 Ce„Cu04, We specu-
late that in these materials electron doping of Cu +

causes transfer of electrons in neighboring 0 to other
nearby Cu + because of nearest-neighbor Coulomb repul-
sion, the net result being creation of hole carriers on 0
anions. This becomes possible in these materials due to
the absence of apical 0 ions, which lowers the energy
for transferring electrons from 0 to the Cu + ions.
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