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Apex oxygen and critical temperature in copper oxide superconductors:
Universal correlation with the stability of local singlets
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Electronic-energy-level structures of the layered Cu oxide compounds are drawn within the ionic
model. Correlations between the level separations obtained and the superconducting critical tern-
perature T, are examined for all families of the Cu oxide superconductors. It is proposed that the
position of the energy level of the apex oxygen atoms is of primary importance for the electronic
states of the Cu02 plane and governs the optimum T, 's of all families of hole-carrier suprconduc-
tors. The pressure effect of T, is discussed within this framework. Based on cluster-model calcula-
tions, where the covalency neglected in the ionic model is fully taken into account, we argue that
the role of the apex oxygen atoms is to prescribe the stability of local singlet states made of two
holes in the Cu 3d 2 2 and 0 2p orbitals of the Cu02 plane, and thereby to control the maximumx —y

T, of each family.

I. INTRODUCTION

Many Cu oxide superconductors have been discovered
so far. Among the variety of their layered structures, '

the hole-carrier superconductors contain the Cu02 plane
with apex oxygen atoms as a common structural unit. It
is either pyramidal or octahedral copper coordination
whose apical sites are occupied by oxygen atoms. It has
been observed that the superconducting critical tem-
perature T, changes universally as a function of the dop-
ing rate p of the CuO2 plane: the antiferromagnetic
long-range order disappears at p =0.04 (per unit Cu02)
and T, shows a maximum uniquely at p=0. 15—0.2.
However, the maximum T, 's are dispersed from 40 K in
the La family, 90 K in the Y family, to 125 K in the Tl
family. An obvious question is what is the decisive factor
that governs the maximum T, of each family.

One of the important directions for studying the mech-
anism of high-T, superconductivity is to extract sys-
tematics from a large database complied for the Cu ox-
ides. We construct a database for this purpose and
present it in the Appendix. In this paper we examine the
rnaxirnum T, 's among a number of measured quantities
because T, is always measured and most directly related
to the mechanism of superconductivity. A number of
empirical variables to scale with T, have been proposed
so far. They include electronegativity, ' bond lengths, '

interlayer spacings, ' '" bond-valence sums, ' ' and car-
rier numbers. ' ' Some ' ' are used within each
family of superconductors and others ' "" ' are
applied over the different families. A meaningful correla-
tion must, however, be compatible with the microscopic
description of the electronic states of the Cu02 plane
which are characteristic of the strong electron correla-
tion. ' ' Useful suggestions for the elucidation of the
mechanism will be made only through such a successful

correlation.
In this paper we extract a variable which governs the

maximum T, on a quantum-mechanical microscopic
basis. Any mechanism for high- T, superconductivity
may be constructed basically upon the electronic-energy-
level structure by which the dynamics of the carriers are
constrained. It is thus important to see how the change
in the energy-level structure affects the superconducting
properties including the T, . The ionic model has success-
fully been used for describing the carrier distribu-
tions' and for their characterization. We will show
in this paper that the Madelung site potential calculated
in the ionic model may be a direct measure of the one-
body energy level of each orbital. The positions of the
energy levels for the 3d 2 2 and 3d 2 2 orbitals of
copper and the 2p orbitals of apex and in-plane oxygen
atoms are estimated quantitatively for each parent com-
pound. The correlation between the obtained level struc-
tures and the T, 's are thus examined. Our brief reports
may be seen in Refs. 24 and 25.

Importance of the role of apex oxygens in high-T, su-
perconductivity has been suggested in several experi-
ments and theories. For example, it is empirically
known that the presence of apex oxygen atoms makes the
Cu02 plane easier to dope with holes; compounds with
the square coordination have not yet been doped success-
fully but those with the octahedral coordination have
been made overdoped. Another example is the pressure
effect of T, ; the superconductors with the apex oxygen
atoms, e.g. , the T*-phase superconductor with the py-
ramidal copper coordination, show a very large pressure
enhancement of T„whereas, in the T'-phase supercon-
ductor which has no apex oxygen atoms, the pressure
coeKcient of T, is negligibly small. In this paper we
will propose a new scaling variable of T„i.e., AVz. A V~
is the difference in the Madelung site potentials for a hole
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between the apex and in-plane oxygen atoms and a mea-
sure of the position of the energy level of the p, orbital on
apex oxygens. We will show that AVz is a primary pa-
rameter for the electronic states of the Cu02 plane and
governs the optimum T, 's throughout all the families of
Cu oxide superconductors. It will be shown that the
pressure effect of T, may be understood within this
framework. Some suggestions for the material designing
will also be made.

Another important aspect of the electronic states of
the Cu02 plane, which is not taken into account in the
ionic model, is covalency. We examine its importance in
terms of the cluster-model calculation. This approach
has been used successfully' ' for explaining the local
electronic states of the highly correlated electron systems.
The antiferromagnetic superexchange interaction J and
transfer energy of the Zhang-Rice local singlet t has
been evaluated by this approach. They are the pa-
rameters of the so-called t-J model. ' The t-J model has
been used ' for explaining dynamical properties of the
hole introduced into the Cu02 plane, and is one of the
candidates for explaining the pairing mechanism in high-
T, superconductors. We will employ the cluster-model
approach to calculate the electronic states of the Cu02
plane, and show that the transfer parameter of the local
singlet t is controlled primarily by the energy level of
apex oxygens (or b, V~ ). The local singlet is well defined
and stable when the energy level of the apex oxygen
atoms is suKciently high, but with its decrease other
components are mixed up with the singlet and destabilize
the local-singlet picture. The decrease in t is associated
with this destabilization. We argue that the T, versus
6V~ correlation is a direct consequence of this effect.

The rest of the paper is organized as follows. In Sec. II
we describe the ionic model and deduce quantitatively
the energy-level structure of the CuOz plane plus the
apex oxygen atoms for the large variety of Cu oxide com-
pounds. In Sec. III we examine correlations between the
maximum T, 's and energy-level separations. We show
that the parameter AVz is of primary importance and
governs the maximum T, 's. In Sec. IV we take the model
for high-T, superconductivity and examine the T, versus
AV~ correlation further in terms of the cluster-model
calculation. We argue that the stability of Zhang-Rice
local singlet is the essence of the correlation with T, .
Conclusions are given in Sec. V. In the Appendix we give
the database of Cu oxides on which our calculations are
based.

Ed+ Ud = Vc„(p) /e( ~ )+Ic„(3), (2)

where Ud is the Coulombic repulsion when two holes are
on a Cu(P) site and Ic„(3) is the third ionization energy
of copper. The potential for a hole introduced into an
0(P) site is similarly written as

even though the covalency within the CuO2 plane is rath-
er strong. The latter (ii) may be why their carrier distri-
bution has been explained successfully by the ionic mod-
el. ' ' (iii) Band calculations provide the same tendency
for the electronic-level structures as the ionic model pro-
vides. We will see this point in Sec. III. In this section
we show that the parameters characterizing the electron-
ic states, especially the energy-level structures, may be
extracted for the Cu oxide compounds within the frame-
work of the ionic model. The energy levels are given in
the hole representation throughout this paper.

A central role is played by the Madelung site poten-
tials. The Madelung potential for a hole at the i site is
defined for a given assembly of point charges IZ I as

Z:'
V;=g

,.~,. /r,
—r, /

(l)

where r is the position of jth ion and Z e is its associated
charge. We assume the lattice periodicity and total
charge neutrality g Z =0. The standard Ewald
method is used for the lattice summation. V, is the
electrostatic energy to bring a hole from infinity to the i
site. Note that the potential from the ith ion itself is ex-
cluded in V;; we count it in the atomic ionization or elec-
tron affinity energy. In the actual systems we should take
into account the reduction of the Madelung site potential
due to the polarization of surrounding ions. Because the
polarization is characterized by the dielectric constant at
optical frequencies e( ~ ), the effective Madelung site po-
tential is expressed as V;/e( ~ ).

We focus our attention on the Cu02 plane plus the
apex oxygen atoms. It is the charge-transfer-type insula-
tor when there are no extra holes (or when the formal
valence states are Cu + and 0 ). We are to draw its
energy-level structure. The so-called d-p model descrip-
tion of the CuO2 plane is referred to for this purpose.
Hereafter we denote the in-plane copper and oxygen as
Cu(P) and 0(P), respectively, and the apex oxygen as
0(A).

First we consider the energy to introduce a hole into a
Cu(P) site of the undoped CuOz plane. Demanding con-
sistency between the d -p and ionic models, we write it as

II. ENERGY-LEVEL SCHEME IN IONIC MODEL
E„=Vo(i ) /e( ~ )+ A o(2) (3)

We employ the ionic model; i.e., the crystal is supposed
to be an assembly of polarizable point charges.
Justifications of the model may be given from the follow-
ing considerations: (i) The system is a charge-transfer-
type insulator when there are no carriers in the CuOz
plane, for which the ionic model description is an accept-
able starting point. Even if a small number of carriers
are introduced, the ionicity may persist strongly. (ii) The
ionicity between the layers is retained predominantly

b, =6, VM /e( ~ ) —Ic„(2)+Ao(2) —e /d~

with

(4)

where Ao(2) is the second electron affinity of oxygen.
The energy-level difference 5 may be defined in the

ionic model as the energy required to move a hole of the
undoped Cu(P) site to one of the neighboring 0(P) sites.
Since this is the energy to introduce an electron into
Cu(P) and a hole into 0(P), we obtain
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~ V~ = Vo(P) VcU(P)

where Ic„(2) is the second ionization energy of copper.
We note that the Coulombic attraction between the intro-
duced electron and hole, —e /dz [where dz is the
Cu(P)-0(P) bond length], must be taken into account
since this energy is not included in Madelung site poten-
tials. We will see in Sec. III C that b, VM (or b, ) is a mea-
sure of the charge-transfer gap E~. The energy c,d may be
defined as '7

7
'I

A=,( = 6):d/~(oo)

Asg = A~V~/e(oo)

6 = &&.'M/s(oo) —const.

Ud =Ic„(3) Ic„(2)—e /dI—
where we note that the atomic Coulomb repulsion

U„, =Ic„(3)—Ic„(2)

is reduced by e /d~. The value of Ud determined from
the experimental ionization energies of copper, Ud =9.0
eV, is consistent with the values determined from the
analysis of the photoemission spectroscopy.

The energy level of 0( A) relative to e may be written

b.E ~
=b, V~ /e( co )

with

Vo( A ) Vo( p)

We will emphasize the importance of 6 Vz in connection
with the superconducting critical temperature T, .

The crystal-field splitting of the d orbitals of Cu(P) may
also be calculated from the spatial variation of the
Coulombic potentials around the Cu(P) ion. Here we
take six points along the Cu(P)-0(P) and Cu(P)-0(A)
bond directions at which the atomic wave function of the
copper 3d orbital is maximum [or at points 0.32 A
apart" from the Cu(P) siteI, and evaluate the Madelung
potentials there. We define AVd to be an average of the
potential differences, those along the Cu(P)-0(A) bond
direction minus those along the Cu(P)-0(P) bond direc-
tions. The crystal-field splitting of the copper 3d orbital
may thus be approximated as

AE„=b, Vd /e( co ) . (10)

Thus, in terms of cd+ Ud, 6, Ar. ~, and AEd, we can draw
the energy-level scheme for the Cu02 plane plus 0(A)
quantitatively. We see that the whole crystal structure
affects the energy-level positions; the position of the ener-

gy level of 0(A) is especially very sensitive to the struc-
ture. The energy-level scheme obtained is illustrated
schematically in Fig. l.

Contributions which we have not taken into account so
far are twofold: (i) the covalency due to hopping of holes
and (ii) the local Coulombic and exchange interactions
appearing due to the hopping. Such quantum-

Cd =Cp

This energy corresponds to the energy of the d level of
the d-p model.

From Eqs. (1)—(6) we find the on-site Coulomb repul-
sion on the Cu(P) site to be written as

Cn(P) O(P)

FIG. 1. Schematic energy-level structure of a ho1e on the
Cu02 plane plus the apex oxygen atoms deduced from the ionic
model. The constant in 6 is given in Eq. (4), and Ud is ex-
pressed by Eq. (7).

mechanical effects are examined by the cluster-model cal-
culation in Sec. IV. Note that the hole-hole repulsion in
the doped compounds should be taken into account as an
additional Coulombic interaction, not as a change in the
Madelung site potentials. Such an interaction among
moving holes is subject to the strong dynamical screen-
ing.

The Madelung site potentials are calculated for the
parent compounds so that we can draw their energy-level
structure. We consider that the information concerning
the maximum T, 's of superconductors, which are at-
tained when they are optimally doped, is already con-
tained in their parent compounds. The well-defined
parent compounds exist in most cases; e.g., LazCuO4 for
the La2 Sr Cu04 superconductor. They are the un-
doped compounds whose CuOz plane is directly doped
when a hole is introduced. However, care must be taken
in some cases. In Tl monolayer families, a compound
T18a2YCu207 which has Y in place of Ca, for example,
could be called a parent since no holes are doped in the
Cu02 plane. But holes introduced by the Ca substitution
for Y first sit on the Tl layer rather than the CuOz
plane. ' Here we do not adopt such a compound for the
parent because the carrier distributions are rather
different from those in the optimally doped supercon-
ducting compound. In Tl double-layer families, it has
been suggested' ' ' that the change in the valence of
the T10 layer produces a small number of holes (self-
doping). In such cases we adopt the hypothetically un-
doped compounds, i.e., the compounds with Tl +. Col-
lected compounds and their parents are summarized in
the Appendix. They cover all the representative families
of the layered Cu oxides including electron-carrier as well
as hole-carrier superconductors. Assigned ionic charges
and crystal structures used for the calculation are also
listed. Note that most of the compounds have been well
examined by experiment and their maximum T, 's are
well settled, but some are still under examination. We list
here the present best available data.

Calculated results for the differences in Madelung site
potentials hV~, EVM, and AVd, are summarized in the
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III. FACTORS GOVERNING T,

In this section we examine correlations between the
energy-level structure derived in Sec. II and the observed
maximum T, 's. We first take the variables AV~ in Sec.
III A and demonstrate a clear correlation with the T, 's.
In terms of this correlation we discuss the pressure effect
of T, in Sec. III B. Correlations with other level separa-
tions are examined in Sec. III C by taking the variables
b, V~ and b, Vd. Correlations with the Cu(P)-0(P) and
Cu(P)-0( A) bond lengths are also examined. We hope
that the factors governing the T, 's will thus be revealed.

A. T, versus EVE correlation

The maximum T, 's of hole-carrier superconductors,
which have been achieved by optimum doping, are plot-
ted in Fig. 2 as a function of 6V~. We find that T, scales
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FIG. 2. The T, vs 5 V~ correlation. Compounds labeled
A —Z are summarized in the Appendix.

Appendix. To evaluate the energy levels from Eqs,
(2)—(10), we further need the values of e( oo ), Ic„(2),and
A o(2). We assume that e( oo ) =3.5 and

Ic„(2)—Ao(2)+e /d&=10. 9 eV

independently of compounds. These values are deter-
mined through the cluster-model calculation (see Sec.
IV) so as to fit the energies of the charge-transfer gap E
(see Sec. III C) of the T , T',-and T*-phase compounds
measured from the optical conductivity experiment.
This value of e(oo) agrees with values for the usual
transition-metal oxides. The on-site Coulomb repulsion
Ud is determined in Sec. IV. The obtained energy ranges
for the energy-level separations are 2.3 ~ 5 ~ 3.3,—0.8 ~ Ac ~ ~ 3.6, and 0.2 ~ Ac.d

~ 0.3 eV. They are con-
sistent with the values usually supposed. A large varia-
tion in hc, ~ among families reAects the variety of their
constituent layer types, especially those above 0( A )

and/or below Cu(P). The layers containing 0(A), such
as the BaO and SrO layers, are characteristic of the
strong ionicity and thus the energy level of 0( A ) directly
reAects the electrostatic potentials from the layers above
0( A).

very well with b, V&', all the compounds (except Z, see
below) are located in the shaded area which exhibits a
characteristic curve. The curve indicates that (i) com-
pounds with a larger b, V„have a higher T„(ii) T, ap-
pears at AVz ———2 eV and increases rapidly with in-
creasing b, V„, (iii) below this threshold the system is me-
tallic but not superconducting, and (iv) the curve tends to
have a smaller gradient dT, /db Vz for larger AVz. We
call this correlation the T, versus AV~ correlation and
the characteristic curve the T, versus AVz curve. We
consider that this is not just an empirical correlation but
the energy level of the apex oxygen atom plays an essen-
tial role in the electronic states of the doped holes and
thereby determines the maximum T, 's. In Sec. IV we
will examine the origin of this correlation on the basis of
the cluster-model calculation and propose that the corre-
lation comes from the stability of Zhang-Rice local sing-
let.

Let us give some descriptions of the plotted com-
pounds. For detailed descriptions see the Appendix.
Compound 2, LazSrCu206 z, is known to be metallic but
not superconducting. We attribute the reason to a large
negative value of AV~. This does not mean that the
holes are introduced into 0(A)'s instead of the Cu02
plane. We see that most of the holes are in the CuO2
plane because of the lowering of the energy level of 0(P)
due to the strong covalency between 0(P) and Cu(P).
We will show in Sec. IV that the Zhang-Rice local sing-
let, which is argued to be essential for the superconduc-
tivity, becomes unstable for such a small value of AV~.
Compound 3', La2CaCu206, is isostructural to A. This
compound is not superconducting simply because there
are no holes in the Cu02 plane. The position of 3' in
Fig. 2 suggests that it will become superconducting if the
hole doping an be operated successfully. In Fig. 2, point
3 ' is enclosed in parentheses in this sense.

Compounds 8 and C are the well-known La families of
superconductors, where the CuOz plane has the octahe-
dral coordination. Compounds D and E are of the so-
called T* phase. The ionic charge is assigned for each
site by taking into account the observed site occupancy.

Compounds G, H, and I are the Y family of supercon-
ductors, Yo 8Cao zBa2Cu306», YBazCu306 5,

47

YBa2Cu307, respectively. These three points are clearly
on the T, versus 5 Vz curve. This family provides a pos-
sibility to separate the structural effect on the magnitude
of T, from the hole concentration effect. Compound G is
tetragonal with T, =50 K. Very few oxygens are in the
chain block. Cu ions in this block are in the Cu'+
valence state. On the contrary, compound I is ortho-
rhombic with T, =93 K. The lattice constants and bond
lengths are significantly different from those of G. The
parent compound adopted is orthorhombic YBa2Cu306 5
where the CuO chains with Cu + and O are formed.
The difference in 5V~ between these two compounds
amounts to -4 eV, which we argue is the origin of the
difference in T, . Compound H is the so-called 60-K-class
Y-family superconductor. Here we assume that oxygen
atoms are randomly distributed without forming the
chains and the structure is tetragonal. The parent com-



2972 Y. OHTA, T. TOHYAMA, AND S. MAEKAWA 43

pound adopted is YBazCu3O6 5. A formal ionic charge is
assigned in each ion. We thus argue that not only p but
the structure that determines 6 Vz is also an important
factor governing the magnitude of T, in this family.

The compounds R —V are the Tl families and X and Y
are the Bi families of superconductors, respectively. The
large values of AV~ are common in these high-T, com-
pounds. The CuOz layer inserted between the two py-
ramidal CuOz layers, in e.g. , TlzSrzCazCu30io, which has
no apex oxygen atoms, are quite depleted of holes as
shown by a number of studies. ' '" Here we take the
CuOz plane next to the apex oxygen atoms to be active in
superconductivity.

Compounds R, T1BazCaCuz07 &, and I, YBazCu307,
are isostructural to each other if the T10 layer in R is
identified with the CuO chain layer in I. Note, however,
that the maximum T, of R (-100 K) is considerably
larger than that of I ( —90 K). An important structural
difference is that the Tl and Ca + sites in R are occu-
pied, respectively, by Cu + and Y + ions in I. This site
selection of cations produces a significant difference in
the electrostatic potentials and leads to different values of
6V~. We argue that these two classes of T, 's are due to
this difference in 4V~. The comparison between these
two families thus supports our electrostatic viewpoint on
T, and may provide a suggestion to material designing
for obtaining higher T, 's.

Compound Z, Bi2Srz(Gd& „Ce„)CuzO&o+, shows a
very low T, . The number of holes so far doped in ex-
periment is rather small (P SO. 1); we expect a higher T,
at optimum doping, which can be consistent with our
correlation. The experiment also suggests a valley in T,
versus p curve, which may be another reason of the low
T, . Further experimental works are desired.

Compounds 8, C, Q, T, and W'are of the octahedral
copper coordination. All of these points are on the T,
versus 6 Vz curve, indicating that the T, 's are not simply
related to the copper coordination. La, 8Sro zCu04 and
TlzBazCu06 are typical examples with lower and higher
T, 's, respectively.

The trend that the compounds with a higher T, have
larger AVz is also seen in the results of band calculation.
Although the band calculation in the local-density ap-
proximation does not describe the highly correlated elec-
tron systems well, the ground-state charge density can be
determined self-consistently and the covalency, as well as
ionicity, is taken into account. A complementary
knowledge to the ionic model may thus be extracted from
the results of the band calculation. ' Comparing the re-
sults for a number of compounds, we note that the
local density of states of electrons on O(A) apparently
shifts to lower energies (by up to —2 eV) in accordance
with the increase in T, (or with La —+Y—+Bi~Tl fami-
lies). This is consistent with the T, versus b, V& correla-
tion. This means that the effect of the Madelung term
contained in the band calculation persists under the effect
of covalency. These results also imply that the ionicity
between the layers remains strong in the layered Cu-oxide
compounds.

Through the perspective obtained in the above discus-

sions, we note that the rather local geometry of the ions
surrounding the CuOz plane has comparatively large con-
tributions to the Madelung site potentials. It may thus be
possible to make some suggestions useful for material
designing, especially how to synthesize compounds with
higher T, . They are (i) to arrange cations with a higher
valence in the 0( A) side, (ii) to arrange cations with a
smaller valence below the CuOz plane of the pyramidal
coordination, (iii) to put 0( A ) close to the Cu02 plane by
applying pressures (see Sec. III B for details). This may
be the case for YBazCu~03, but we note that smaller
Cu(P)-O(A) bond lengths do not necessarily mean large
hV~ (see Sec. III C). The whole structure is important.
(iv) The last is to dope the square-coordinated Cu02
planes [without O(A)' s] with holes. Although such sug-
gestions may be possible, we should note that the T,
versus AVz correlation has a rather broad width and
thus the origin of the width must be clarified first of all.
We hope that the experimental works will be made in the
directions suggested above and will provide stringent
tests on the T, versus 6 Vz correlation.

B. Pressure erat'ect of T,

Applied pressure generally enhances T, in hole-carrier
superconductors. An issue is whether this effect can be
explained in terms of the change in p, the hole concentra-
tion in the CuOz plane due to charge redistribution. If
the T, enhancement is just due to the effect of the change
in p, then nothing new may be seen through the pressure
experiments since the same effect has been seen in the
substitution and oxidation experiments. However, Hall-
effect measurements ' suggest that p does not change
due to pressure. T, enhancements are observed in op-
timally doped (and even overdoped) samples. The chem-
ical pressure with fixed p also changes T, . These experi-
mental facts indicate that changes in the electronic states
other than the change in p play an essential role in the
pressure effect of T, . In this subsection we consider the
pressure effect of T, in terms of the T, versus 6 Vz corre-
lation.

Take the ionic model and let the lattice compression be
uniform, then AV~ simply scales with the change in
volumes without inducing the charge redistribution. This
effect is rather small, dAV&/dP=9. 4X10 eV/GPa,
for a compound with A V~ =3.2 eV if we assume a bulk
modulus of 1.14 Mbar, so that we can expect a rather
small change in T, . However, let the shortening of the
Cu(P)-O(A) bond be a major effect of pressure, as in
YBa~Cu~O& (see below), then 6, V„ increases largely due
to the decrease in the hole potential of Cu(P). We thus
expect a larger enhancement of T, . We consider that the
important part of the pressure enhancement of T, is ex-
plained in terms of this increase in hVz. If the crystal
has the reservoir block with holes, then p may increase
due to charge Aow. The increase in p, however, does
not always mean the enhancement of T, as mentioned
above.
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In a quantitative argument, e.g. , in YBa2Cu408, a mea-
sured distortion

d lndz /dP = —2.5%/GPa

[where d~ is the Cu(P)-0( A) bond length], a calculated
change

dAV&/d lndz = —14.7 eV

(where only the shift of d„ is taken into account), and a
gradient roughly estimated from Fig. 2,

dT, /dhV~ =10 K/GPa,

lead to a theoretical value of

dT, /dP=3. 7 K/GPa .

If we use the structural data of the whole crystal at 1

GPa then we obtain dhV~/dP=0. 12 eV/GPa, which
leads to an estimation of

dT, /dP=1. 2 K/GPa .

Experimentally, the pressure coefficient of

dT, /dP =2.6—5. 5 K/GPa

C. Other correlations

We examine possible correlations between the T, and
other level separations, namely, 6 and bed, which relate
to AVM and AVd, respectively. The T, 's are plotted in
Figs. 3(a) and 3(b) as a function of hV~ and AVd. Fair
correlations may be seen: the compounds with a higher
T, have a smaller value of 6V~ and/or a larger value of
6Vd. The former correlatio~ with 4 V~ has been noticed
in the band calculation. As for the latter T, versus 6 Vd
correlation, we notice, by comparing Fig. 3(b) with Fig. 2,
that the change in AVd is in rough connection with the
change in A V~. This is because the Coulombic potential
around Cu(P) rejects the potential difference between
0(A) and 0(P). In Sec. IV we will show that the effect
of 5 Vd is rather small and unimportant.

Torrance and Metzger have argued in their pioneering
work that the Madelung site potential AV~ plays an
important role in the hole conductivity in Cu oxides.
Their conclusion is that AVM separates two classes of
compounds; those with 6V~ ~ 47 eV are metallic with
high T, and delocalized holes, whereas those with lower
b VM are semiconductinq because their holes are self-

150 i

(a)

has been reported ' in Y, „Ca„BazCu408 depending
on x or the hole concentration, and even in optimally
doped samples dT, /dP seems not to vanish. Our re-
sults are thus consistent with experiment. The separation
between the intrinsic structural effect and the hole-
concentration effect should be clarified through further
experimental studies.

A trend has been found that the pressure derivatives
of T, (or d lnT, /dP) observed for various hole-carrier su-
perconductors scale with the T, 's of the compounds onto
a decreasing line (see Fig. 4 of Ref. 27); i.e., the com-
pounds with lower T, 's show larger pressure dependence
and those with higher T, 's show smaller dependence.
Supposing that the pressure derivatives of 6Vz are not
quite dependent on compounds, we may argue that this
trend is consistent with the T, versus 6 V~ curve because
the gradient of the curve decreases with increasing 6V~.

The negligible pressure coefficient of T, in the T'-phase
compound, which suggests the importance of the role of
0(A) played in the pressure enhancement of T„ is also
understood within the present framework. This system
does not contain 0( A)'s whose effect, we argue, works to
enhance the T, .

We therefore consider that the intrinsic part of the
pressure effect of T, may be understood in terms of the
change in AV~, or the position of the energy level of
0( A ), induced by the structural change. Detailed
structural data for various compounds under pressures
are required for further investigations. The experimental
studies which enable one to separate the intrinsic
structural effect on T, from the hole-concentration effect
are especially highly desired.
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FIG. 4. The Eg vs AV~ correlation. Symbols ( ), (0), and
(0) denote the square, pyramidal, and octahedral coordinations
of copper, respectively. Small circles are the compounds
dificult to dope. Descriptions of the compounds are given in
the Appendix.

Cu(P)-O(P) bond length] and d~ [the Cu(P)-O(A) bond
length]. No correlation may be seen in both figures. For
example, both dz and dz are large in the Tl family which
shows very high T„whereas the Bi family, which has
rather small bond lengths, also shows very high T, . This
result suggests that the magnitude of covalency itself is
not a major factor governing the T, . We have argued
that the shifts in the one-body energy levels are of pri-
mary importance in layered Cu oxides. Such systems are
characterized by the strong ionicity and the intuition val-
id for covalent bonded systems does not necessarily hold.
We examine this point further in Sec. IV. Within each
family some correlations between the bond lengths and
T, have been noticed. We consider that the changes in
d~ are just a result of the changes in the hole concentra-
tion which correlates with T„ the hole concentration
may contribute to the cohesion of the Cu(P)-O(P) bonds
as well as to T, .

150

trapped on oxygen atoms. The problem we consider is
thus whether the T, versus AVM correlation involves im-
portant aspects of the origin of the difference in T, s or it
is just a result reAecting the T, versus 6 V~ correlation,
and if both contributions play roles then which is dom-
inant quantitatively. It is possible to point out the follow-
ing: (i) By comparing Fig. 2 with Fig. 3(a), it is seen that
EV„scales with T, better than b, V~ does. (ii) The pres-
sure dependence of T, suggests that AV~ rather than
6VM is essential because both AV~ and AVM increase by
pressure but only the former is consistent with the ob-
served positive pressure coefficient of T, . Further argu-
ments must be waited until any model for high-T, super-
conductivity is assumed. In Sec. IV, we take the model
that the Zhang™Rice local singlet is an important in-
gredient for the superconductivity, and discuss this point
further.

The charge-transfer gap E observed in the optical
conductivity experiments44 6I 62 is a direct measure of 5
because b, coincides with E in the ionic model [see Eq.
(4)]. We show the correlation between E and b, V~ in

Fig. 4. The compounds that can be doped to make them
superconducting are clearly on a straight line. This
correlation provides a partial justification of the ionic
model description for the energy-level structure. Two
compounds falling off the line in Fig. 4. may be due to the
following peculiarity of these compounds: Sr2CuO~C12
has an exceptionally large Cu(P)-O(P) bond length. This
reduces the hopping integral between the p orbitals of
the O(P)'s and thus gives a larger value of Es. Sr2CuO3
has no CuO2 planes but has Cu04 chains running along
the a direction so that the oxygen bandwidth can be re-
duced considerably.

The bond length is the most direct measure of the mag-
nitude of co valency since the hopping integrals are
directly related to the bond lengths. In Figs. 5(a) and 5(b)
we plot the T, 's as a function of d~ [one-half of the
nearest Cu(P)-Cu(P) distance, which is roughly equal to
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IV. STABILITY OF LOCAL SINGLET

The correlations extracted through the ionic model
strongly suggest that the maximum T, 's of hole-carrier
superconductors are essentially governed by the one-body
energy levels of the relevant orbitals, especially by that of
the apex oxygen atoms. However, since the mechanism
of high-T, superconductivity is unknown yet, a direct
connection of the energy levels with T, is impossible at
present. Instead we seek hints on the mechanism from
such correlations. The best way for this may be to take
one of the possible models for high-T, superconductivity
and examine how the relevant electronic states are
affected by the energy levels. Attention should be fo-
cused here on the electronic states of the doped holes. In
this paper we take the picture that the Zhang-Rice sing-
let, the spin-singlet made of two holes in the 3d 2 2 or-

x —y
bital of Cu(P) and p orbital of O(P), is an important in-
gredient for the superconductivity. Then our procedure
is to examine what happens to the singlet when the
energy-level structure changes.

We take the cluster-model approach. Basic roles of
0( A ) revealed for a Cu05 cluster with the C4, symmetry
are (i) the singlet state is well-defined and actually stable
in a possible parameter range even in the presence of
0( A ) and (ii) there is a crossover to the triplet state when
the energy level of 0( A ) becomes low (or As „~—l. 5 eV
in our calculation). These have been pointed out first by
Fujimori. ' However, since we assume that the local
singlet is mobile, its dispersive behavior (or propagation)
has to be examined as a next step. The propagation of
the local singlet may be examined by the linked cluster
containing two Cu ions, e.g., Cu207 and Cu20i] cluster.
It has been found ' that the ground state in such clus-
ters is represented very well by the "bonding" state of lo-
cal singlets, each of the two being formed between the
doped spin and each of the two Cu(P) spins. It has also
been found ' that the first-excited state is mainly
represented by the "antibonding" state of the two local
singlets. The difference between these lowest two energy
eigenvalues may thus be a measure of the transfer energy
of the local singlet. We define a parameter t to be one-
half of this energy difference. The parameter t of the t-J
model has thus been extracted. ' Note that these argu-
ments are appropriate, in particular, when there are no
effects of 0(A)' s. Let us now consider the role of 0(A)
explicitly. We note that the stabihty of the singlet
propagation is infiuence strongly by the other (mainly
triplet) components involved in the first-excited states; a
ratio of the singlet component to all the other com-
ponents involved in the first-excited state decreases asso-
ciating with the decrease in the energy level of 0( A).
The decrease in this ratio is nearly proportional to the de-
crease in the energy difference 2t. There occurs, there-
fore, a crossover to a state where the first-excited states
are not well written by the antibonding states of the two
local singlets. This crossover actually happens around—1 ~ Ac, ~ & 0 eV. With a further decrease in the energy
level of 0( A ) (or b,E„~—2 eV), the local-singlet picture
totally breaks down. The first-excited-state energy
crosses the ground-state energy at Ac. z ~ —2.0 eV and t

vanishes. Note that the singlet state unstable for
—2 ~ Ac, z ~ —1.5 eV in the Cu05 cluster becomes stable
in the Cu209 cluster. This is because the local singlet is
stabilized by its propagation. Hereafter we refer to t as a
measure of the stability of the local singlet. Note that
this t tends to a parameter t of the t-J model at Ac, z ~ 00,
because in this limit the ground- and first-excited states
are very accurately written by the bonding and antibond-
ing states of the local singlet, respectively.

We demonstrate in this section that the maximum T, 's

are determined basically by the stability of the local sing-
let. For this purpose we evaluate t through the cluster-
model calculations by using the parameters obtained in
Sec. II for each compound. We set up the calculation as
follows (see Ref. 30 for further details of the calculation).
The Cu2O9 and Cu20ii clusters are taken for simulating
the pyramidal and octahedral Cu02 planes, respectively.
We put relevant orbitals on each site [see Figs. 6(a) and
6(b)j; they are the 3d 2 2 and 3d 2 2 orbitals on Cu(P),
the p orbital on 0(P), and the p, orbital on 0( A). Oth-
er orbitals, whose contributions are less important, are
neglected for simplicity. Small rhombic distortions and
shifts of 0(P)'s are also neglected. The hopping integrals
are assumed to have the dependence r and r for the
p-p and p-d interactions, respectively, where r is the in-
teratomic distance. Their proportionality coefficients are
determined from the band calculation. Values of the
hopping integrals determined for La2Cu04, are
T =0.49 and 0.29 eV between the neighboring p orbit-
als, and between the p and p, orbitals, respectively, and
T~d=1. 13, 0.65, and 0.49 eV between the 3d p p andx —y

(a)

(b)

FIG. 6. (a) The Cu209 and (b) the Cu2O» clusters with their
assigned orbitals.
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p orbitals, the 3d 2 2 and p orbitals, and the

3d & 2 and p, orbitals, respectively. The bond lengths

used for calculations are taken from the experimental
data for each compound and listed in the Appendix. We
use the intraorbital Coulombic interactions Ud and U
calculated by the constrained-occupation local-density
method; the values are consistent with those of the pho-
toemission spectroscopy experiments. The interorbital
Coulombic and exchange interactions Jd and Ed, respec-
tively, are also taken into account by using the Racah pa-
rameters. We assume that these interactions Ud, U~, Jd,
and Kd are independent of compounds and have values
8.5, 4.1, 7.62, and 2.36 eV, respectively. There are three
parameters for the one-body energy levels i.e., Ac~, AEd,
and b, . b, E~ is the energy level of the p, orbital of 0( A)
relative to the energy level of the p orbital of 0(P), b ed

is for the 3d, , orbital of Cu(P) relative to the 3d &3z —
1 x —y

orbital of Cu(P), and b, is for the p orbital of 0(P) rela-
tive to the 3d 2 & orbital of Cu(P). Their values depend

critically on compounds; we use the values determined in
Sec. II. Now we put three holes in the cluster and diago-
nalize the Hamiltonian exactly to examine the electronic
states of the doped hole.

First, we evaluate t of all the compounds using their in-
dividual data and show how the level separations scale
with t when all the contributions are put on. The results
are plotted in Figs. 7(a) —7(c) as a function of he&, b, ,
and AE:d, respectively. It is found that there exist fair
correlations between t and the level separations, and each
correlation resembles the corresponding one given in Sec.
III (see Figs. 2 and 3). This implies that our electrostatic
description of the energy levels works well and the co-
valency has no primary significance in determining the
magnitude of t. This result also suggests that t may be a
good measure of the T, (see below). To show more ex-
plicitly how t is affected by the energy-level splittings, we
calculate the dependence of t on Ac. ~, 6, and Acd by us-

ing the pyramidal Cu209 cluster with the fixed hopping
parameters. The results are given in Fig. 8. We see that t
behaves just like the survey given in the first part of this
section: the local singlet is well defined when the energy
level of 0(A) is sufficiently high, but with decreasing
AE~, t decreases predominantly accompanied by the de-
stabilization of the local singlet, i.e., the local-singlet pic-
ture is most strongly affected by Ac. ~. Althongh, when 6
is small and/or Acd is large, comparatively large values
of t result, these effects are only about one-sixth of the
change in t due to b.E~ and quantitatively small (see Fig.
8). We thus consider that the correlations with 6 and
EEd shown in Fig. 7(b) and 7(c) (and the correlations with
b, VM and 6 Vd shown in Fig. 3) are shadows of the corre-
lation with Ac~,' i.e., these level separations are described
by the electrostatic potentials and come from the com-
mon ionic charge distribution, so that 4V~ and AVd
correlate eventually with AV~, through which the above
correlations are seen. Results calculated for the octahe-
dral Cu20&& cluster indicate a slightly faster decrease in t
with respect to the decrease in Ac. ~, but general features
of the curves are the same as the above results. We may

therefore conclude that the energy level of 0( A ) primari-
ly determines the value of the parameter t, i.e., the stabili-
ty of the Zhang-Rice local singlet. We argue that this is
the most important e8'ect persisting against all the other
effects and a basic origin of the T, versus 6 V~ correla-
tion.

Let us now examine the correlation between t and the
maximum T, . The result is shown in Fig. 9. It is found
that the maximum T, correlates linearly with t; the T,
appears for t ~0.22 eV and increases linearly with in-
creasing t. We may thus conclude that the maximum T,
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of hole-carrier superconductors scales universally with t,
the stability of the Zhang-Rice local singlet. Because t
directly reflects the energy level of 0( A) as shown above,
the T, versus hVz correlation given in Sec. IIIA is a
direct consequence of this effect. We may point out from
Fig. 9 that the compound A' (La2CaCu206) will be a su-
perconductor, in contrast with the compound A
(La2SrCu206), if successful hole doping can be operated.
The square-coordinated compounds Nd2Cu04,
Cao 86Sro,4Cu02, and Sr2Cu02C12 have the calculated
values of 2t of 0.57, 0.63, and 0.55 eV, respectively,
reflecting their large bond-length P~ characteristic of the
square-coordinated compounds, so that if they were suc-
cessful in hole doping then we would expect fairly high
T, 's of -70, —100, and -60 K, respectively, from Fig.
9. It will be interesting to see whether the T, of
electron-carrier superconductors may be understood in
terms of this universal correlation with the stability of a
local singlet. A possibility is that the Cu 4s orbital
strongly destabilizes the local singlet, which leads to a

rather low T, observed. The negative pressure coeScient
of T, observed could be due to an enhancement of the
overlap of the Cu 4s orbitals. The T, versus t correlation
further suggests an interesting hypothesis that the T, of
any layered Cu oxides at arbitrary doping rates is written
in terms of a single variable. This variable would express
the amount of the mobile local-singlet component.

We have calculated the antiferromagnetic superex-
change interaction J and found that the calculated values
J=0.15 eV do not depend significantly on the com-
pounds. We therefore conclude that J does not correlate
with T, .

The bond lengths are not the major factor as seen in
Fig. 5; the smaller d~ does not necessarily mean the
larger b, V„(or a higher T, ). The pressure experiments
will provide a possible test on this argument. If we as-
sume that the pressure brings 0( A) close to the CuOz
plane, then the hybridization between the p, orbital of
0( A ) and the 3d» orbital of Cu(P) is enhanced. The
local singlet is thus destabilized. This effect is opposite to
the effect of 6V~ examined in Sec. III B, so that we need
a quantitative study to clarify which effect survives.
However, data on the pressure dependence of atomic po-
sitional parameters are quite limited at present, and thus
we cannot make reliable cluster-model calculations for
this point. The experimental works are highly desired.

It has been reported from the polarized Cu L3 XAS
(x-ray absorption spectroscopy) experiments 6 that a part
of the hole carriers is of the 3z —r character and the
relative intensity of the spectrum with this symmetry in-
creases with increasing the doping rate. It may be possi-
ble to argue, however, that the holes with the x —y
symmetry which contribute to form the local singlet must
also increase with the doping rate and this contribution is
essential to increase T, . The increase in the holes with
the x —y symmetry with the doping rate is actually
seen in the results ' of the cluster-model calculation.

Implication of the three-dimensionality is as follows.
We note from our arguments that T, would increase if
there were no effects of the 0(A)' s. However, without
the 0( A)' s, it is difficult to dope the CuOz plane with
holes, as it is known empirically. In the actual system
with the 0(A)' s, the whole structural block determines
the energy level of the 0( A)' s, and this energy level con-
trols the stability of the Zhang-Rice local singlet in the
two-dimensional Cu02 plane.
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FICx. 9. The correlation between 2t and T, . Compounds la-
beled A —Z are summarized in the Appendix.

The ionic model has been used to draw the electronic-
energy-level structures of the layered Cu oxide com-
pounds including all the known families of both hole-
carrier and electron-carrier superconductors. The corre-
lations have been examined between the maximum T, ob-
served for each family and the energy level of the apex
oxygen atoms, charge-transfer gap, crystal-field splitting,
and copper-oxygen bond lengths; among these, the ener-
gy level of the apex oxygen atoms has been shown to play
a fundamental role in the electronic states of the CuO2
plane and govern the maximum T, of each family of the
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hole-carrier superconductors. The pressure effect of T,
has been explained in this context. Some suggestions for
the material designing have also been made.

The cluster-model calculations have been employed to
examine the electronic states of the doped hole. The co-
valency neglected in the ionic model has been fully taken
into account in this model. We have shown, by taking
the picture that the Zhang-Rice local singlet plays an
essential role for high- T, superconductivity, that the
maximum T, of each family is determined basically by
the parameter t, a measure of the stability of the local
singlet. The T, appears for t ~0.22 eV and increases
linearly with t. We have seen that the value of t is pri-
marily determined by the energy level of the apex oxygen
atoms and argued that the T, versus 5 V~ correlation is a
direct consequence of this effect. We have thus obtained
the universal correlation with T, of all the known Cu ox-
ide hole-carrier superconductors.

After we finished writing this paper we were informed
of the recent experiment by Cava et al. , who succeeded
in introducing holes into the compound A ' (LazCaCuz06)
by replacing La partially with Sr and observed the super-
conductivity with T, =60 K. This observation agrees
with our prediction ' as seen in Figs. 2 and 9. We have
added this compound in Figs. 2, 3, 5, and 9 as 3", as-
suming that the crystal structure is the same as 3 '.

ACKNOWLEDGMENTS

This work was supported in part by a Grant-in-Aid for
Scientific Research on Priority Areas Grant Nos.
63631007 and 63306033 from the Ministry of Education,
Science, and Culture of Japan.

APPENDIX

Database for the layered Cu oxide compounds. Listed
are (i) the observed maximum T„(ii) formal hole concen-
tration p (per unit CuOz) at which the maximum T, is ob-
served, (iii) reference for the structural data used, (iv)
coordination number of Cu(P), (v) adopted parent com-
pound, (vi) assigned ionic charges, (vii) one-half of the
nearest Cu(P)-Cu(P) distance d~ (an average distance is
shown for the orthorhombic compounds), the
Cu(P)-O(A) bond length dz, and calculated results for
the differences in the Madelung site potentials 6 V~,
b, V~, and b, Vz, and (viii) some notes. The bond lengths
and Madelung potential differences are given in units of
A and eV, respectively. The labels 3 —Z and a —d below
are used in Figs. 2—5, 7, and 9 to distinguish the com-
pounds.

LazSrCuz06z. (i) T, =0 K (Ref. 45). (ii) p =0.2.
(iii) Structure: Ref. 69. (iv) Cu-coordination: 5. (v)
Parent compound: LazSrCuz06. (vi) Assigned ionic
charges: formal. (vii) dz = l.930, d „=2. 260,
bV& = —2.639, b, V~=48. 154, and XV&=0.735. (viii)
Note: Reported to be metallic but not superconduct-
ing. An isostructural compound La, 9Ca, ,Cu206 is
semiconducting because no successful hole doping has
been operated. Parameters obtained for
Lai 9Ca, iCu206 are dp =1.912, d~ =2.305, hV~

= —1.316, AV~=48. 416, and AV&=0. 817, where we
use the stuctural data in Ref. 70 and assign the charges
2.92+ at the 4e site and 2.16+ at the 2a site. This com-
pound, La& 9CaI &Cu206, is plotted as 3' in parentheses.
If we use the structural data in Ref. 69 instead and assign
the charges 3+ at the 4e site and 2+ at the 2a site then
we have d~ =1.910, d~ =2.361, 6 V~ =0.277,
XV~=48.236, and AVE=0. 854. In La2SrCu2062, it is
reported ' that excess oxygens are inserted between the
two CuOz planes.

B: La, s~Sr~ »Cu04. (i) T, =38 K (Ref. 2). (ii)

p =0.15. (iii) Structure: Ref. 72. (iv) Cu coordination: 6.
(v) Parent compound: LazCu04. (vi) Assigned ionic
charges: formal. (vii) d~=l. 889, d„=2.412, AV„=—
0.750, b, V~=49. 620, and b, V&=0.719. (viii) Note: Data
for room-temperature tetragonal phase are used. If we
use the structural data for La2Cu04 reported in Ref. 73,
we have d~ = 1.904, d„=2.397, b, V„=—l. 267,
6 V~ =49.461, and 6 Vz =0.653. This is plotted as 8'.

C: La~ sgBap ]~Cu04. (i) T, =30 K (Ref. 74). (ii)

p =0.15. (iii) Structure: Ref. 75. (iv) Cu coordination: 6.
(v) Parent compound: LazCu04. (vi) Assigned ionic
charges: formal. (vii) d~ = 1.894, d „=2.429,
b Vz = —0.861, b, V~=49.467, and b, V&=0.721. (viii)
Note: T, versus p curve has a valley at p =0.12.
Structural data at T=295 K are used. If we use the
data at 10 K, we have dz = 1.891, d z =2.417,
6 V~ = —0.861, 5V~ =49.577, and 6 V~ =0.716. C'
shows this case.

Cu04 with

y =0.135. (i) T =28 K (Refs. 76 and 77). (ii) p =0. 13.
(iii) Structure: Ref. 76. (iv) Cu coordination: 5. (v)
parent compound: MM'CuO~ s (T* phase). (vi) As-
signed ionic charges: M=2. 8+ and M'=3. 2+. (vii)
dp =1.928, d~ =2.220, A V~ = —0.224, A VE =48.366,
and 6 V& =0.646, (viii) Note: Isostructural to E.

F.: Sm, LaQ 75S1Q z5Cu03 95 (i) T, =37 K (Ref. 78). (ii)

p =0. 15. (iii) Structure: Ref. 78. (iv) Cu coordination:
5. (v) Parent compound: T* phase. (vi) Assigned ionic
charges: Sm +, (La —Sr) ' +, and O(A)' . (vii)
dp = 1.929 d~ =2.238 6 V~ = 0.463 6 V~ =48.209
and b, V&=0.753. (viii) Note: Deficient nature of O(A)
(Ref. 78) results in its average valence state of l. 7 —.

F: (Ba, ,Eu )z(Eu, ~Ce~)zCu30s+, with x =y
=0.33. (i) T, =48 K (Refs. 79 and 80). (ii) p =z —x —y:
unknown. (iii) Structure: Ref. 81. (iv) Cu coordination:
5. (v) Parent compound: MzMzCu30s+, . (vi) Assigned
ionic charges: M =2.4+, M'=3. 38+, and z =0.78.
(vii) d~=1.937, d„=2.228, AV„=0.630, b, V~=48. 216,
and hV~ =0.681. (viii) Note: Experiment for T, versus p
relation is absent at present.

G: Y~ sCa~ zBazCu306
~ I. (i) T =50 K (Ref. 47). (jj)

p =0.1. (iii) Structure: Ref. 47. (iv) Cu coordination: 5.
(v) Parent compound: Y~ 9Ca~, BazCu3O6, . (vi) As-
signed ionic charges: Cu in the oxygen-deficient block is
in the 1+ valence state. (vii) d~=1.931, d„=2.482,
b Vz = —0. 141, b, V~=47. 756, and b, V&=0.863. (viii)
Note: If we adopt YBa2Cu306 as a parent we have
A V~ = —1.691, A V~ =47.892, and A V~ =0.851. 6'
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shows this case. If we use the structural data for
YBa2Cu&06 0& (Ref. 82) and assign the charge 1+ to Cu
in the oxygen-deficient block, we have d~ = 1.930,
dz =2.466, 6Vz = —0.770, 6 VM =47.808, and
AVd=0. 800. G" shows this case. This compound may
be a parent of the 60-K-class superconductor of the Y
family.

H: YBa2Cu~06 ~. (i) T =60 K. (ii) p =0. 12. (iii)
Structure: Ref. 82. (iv) Cu coordination: 5. (v) Parent
compound: YBazCu&065. (vi) Assigned ionic charges:
formal. (vii) d+=1.931, dz =2.440, b, V& =0.815,
b, VM=47. 776, and b, Vd=0. 793. (viii) Note: A tetrago-
nal compound with random oxygen atoms in the oxygen-
deficient block, which could be achieved by rapid quench-
ing.

I: YBa2Cu&O&. (i) T, =93 K (Refs. 82 and 83). (ii)

p =0.2. (iii) Structure: Ref. 82. (iv) Cu coordination: 5.
(v) Parent compound: YBa2Cu~06 ~. (vi) Assigned ionic
charges: formal. (vii) d~ = 1.927, d„=2.296,
b, V& =3.533, b, VM =47. 802, and b, Vd =0.736. (viii)
Note: Orthorhombic phase. Listed are the averaged pa-
rameter values. The valence states of Cu and 0 in the
CuO chain block are assumed ot be 2+ and 1 —(in aver-
age), respectively, for the parent compound.

J: ErBa2Cu&06 &z. (i) T, =60 K (Ref. 84). (ii)

p =0.12. (iii) Structure: Ref. 84. (iv) Cu coordination:
5. (v) Parent compound: ErBazCu~06 (tetragonal). (vi)
Assigned ionic charges: Cu in the oxygen-deficient block
is in the 1+ valence state. (vii) dp=1. 923, dz =2.450,
b, V~ = —0.698, b, VM=47. 979, and EVd=0. 805. (viii)
Note: If we adopt an orthorhombic structure
(ErBazCu&06 53) as a parent and assign the same ionic
charges as above, we have dz = 1.922, d z =2.368,
4V~ =0.716, AV~=48. 018, and AVd=0. 777. J' shows
this case.

IC: ErBa2Cu~O~. (i) T =92 K (Ref. 84). (ii) p =0. 12.
(iii) Structure: Ref. 84. (iv) Cu coordination: 5. (v)
Parent compound: ErBa2Cu&06 ~. (vi) Assigned ionic
charges: formal. (vii) d~ = 1.919, d „=2.284,
6V„=3.679, b, V~ =47.992, and b, Vd =0.743. (viii)
Note: Listed are the average parameter values. Valences
in the CuO chain block are 0' (in average) and Cu +.

I.: Yo ~Cao, Ba2Cu408. (i) T, =90 K (Ref. 85). (ii) p:
unknown. (iii) Structure: Ref. 26. (iv) Cu coordination:
5. (v) Parent compound: YBazCu&08. (vi) Assigned ion-
ic charges: oxygen atoms in the CuO chain are in the
average valence state of 1.5 —. (vii) dp = 1.927,
d~ =2.275, 6 V~ =3.244, 6 VM =47.967, and
b, Vd=0. 741. (viii) Note: In YBazCu~Os, 0.5 holes per
unit formula distribute between the plane and reservoir
blocks, resulting in a small number of mobile holes in the
CuO2 plane. We thus assume that oxygens in the chain
block are in the average valence state of 1.5 —in the
parent compound. If we use the structure under 1 GPa
pressure [at which T, =92.4 K (Ref. 26)], we have
dp = 1 ~ 927 d~ =2.226 AV~ =3~ 362 AVM =48. 156 and
6 Vd =0.747. L' shows this case. If we use the structural
data in Ref. 86, we have dz = 1.930, d ~ =2.299,
AV~ =2.837, AVM=47. 803, and AVd =0.728.

M: (Cao 5Lao 5)(Ba, 2~Lao z~)Cu&06+&. (i) T, =75—90

K (Ref. 87). (ii) p: unknown. (iii) Structure: Ref. 25.
(iv) Cu coordination: 5. (v) Parent compound:
(Cao ~Lao ~)(Ba, 25Lao 75) Cu~06 62~. (vi) Assigned ionic
charges: (Ca-La) '+, (Ba-La) . '+. Oxygen atoms in
the deficient CuO block are in the average valence state
of 0.625 —.(vii) dp=1. 937, d„=2.278, b, V~ =3.896,
b, V~=47. 556, and b, Vd =0.793. (viii) Note: A pseudo-
"CaBaLaCu307 compound. Tetragonal phase. Oxy-
gens are randomly distributed in the "chain" block.

X: Pb2Sr2YO ~Cao ~Cu~Os. (i) T, =78—83 K (Refs. 88
and 89). (ii) p =0.25. (iii) Structure: Ref. 90. (iv) Cu
coordination: 5. (v) Parent compound: Pb2Srz YCu~Os.
(vi) Assigned ionic charges: Cu in the oxygen-deficient
block is in the 1+ valence state and Pb is in the 2+
valence state. (vii) dp =1.914, dz =2.284, b, Vz= —0.242, EVM =48.550, and EVd=0. 743. (viii) Note:
if we use the stductural data cited in Ref. 91, we have
dp=1. 910, d~ =2.074, kV~ =1.S60, AV~=49. 123, and
AVd =0.691. N' shows this case.

0: Pbo &Tlo &SrzCaCuzO&. (i) T, = 85 —110 K (Refs. 92
and 93). (ii) p =0.25. (iii) Structure: Ref. 93 (iv) Cu
coordination: 5. (v) Parent compound:
Pb& Tl SrzCaCuzO& with x =0. (vi) Assigned ionic
ch rges: Tl + and Pb +. (vii) dp=1. 901, d~ =2.443,
b, Vz = 11.033, b, V~ =47.840, and 6 Vd = 1.008. (viii)
Note: Isostructural to R.

P: Pbo ~Tlo ~SrzCa2Cu~O~. (i) T, =122—125 K (Refs.
93 and 94). (ii) p =0.25. (iii) Structure: Ref. 93.
(iv) Cu coordination: 5. (v) Parent compound:
Pb, ,T1 Sr2Ca2Cu&O~ with x =0. (vi) Assigned ionic
charges: Tl + and Pb +. (vii) d~=1.910, d~ =2.392,
b, Vz =12.008, hV~ =47.671, and b, Vd =0.903. (viii)
Note: Isostructural to S. Square-coordinated CuOz
planes are inactive for the superconductivity. ' '

Q: Tl(Bao 6Lao z)zCuO~ s. (i) T, =40—52 K (Refs. 95
and 97). (ii) p: unknown. (iii) Structure: Ref. 95.
(iv) Cu coordination: 6. (v) Parent compound:
Tlo z(Bao &~Lao 6&)zCuOz z. (vi) Assigned ionic charges:
formal. (vii) dp = 1.992, d~ =2.499, 6 V„=1.739,
KVM =48.409, and EVd=0. 755. (viii) Note: Tl and 0
atoms are rather deficient, so that the above parent is
taken. The T, versus p experiment is unclear at present.

R: TIBa2CaCu~O~ z. (i) T, = 100—103 K (Refs. 98
and 99). (ii): p: unknown. (iii) Structure: Ref.99. (iv) Cu
coordination: 5. (v) Parent compound: TIBazCaCuzO~.
(vi) Assigned ionic charges: 0 in the Tl layer has the 1—
valence, and Tl +. (vii) dp=1. 928, d& =2.761,
6 V~ = 11.812, b, V~ =46.698, and b, Vd = 1.051. (viii)
Note: Oxygen atoms in the Tl layer are somewhat
deficient. Holes distribute between oxygens in Tl layer
and Cu02 plane, ' so that we adopt the above parent
compound.

S: T18azCa2Cu&O& s. (i) T, = 117—120 K (Refs. 100
and 101). (ii) p: unknown. (iii) Structure: Ref. 101.
(iv) Cu coordination: 5. (v) Parent compound:
T18a2Ca2Cu309 (vi) Assigned ionic charges: Oxygen
atoms in the Tl layer are in the 1 —valence state, and
Tl +. (vii) dp = 1.923, d„=2.763, 6V„=12.584,
b, V~ =46.706, and b, Vd = 1.033. (viii) Note: Oxygen
atoms in the Tl layer are somewhat deficient. Holes dis-
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tribute between oxygens in the Tl layer and Cu02 plane, '

so that we adopt the above parent compound. The re-
sults are for the pyramidal Cu02 layers. The square-
coordinated Cu02 layers are inactive for the supercon-
ductivity.

T: TlzBazCu06. (i) T, =87 K (Refs. 42 and 102). (ii) p:
unknown. (iii) Structure: Ref. 103. (iv) Cu coordination:
6. (v) Parent compound: TlzBazCu06. (vi) Assigned ion-
ic charges: formal. (vii). dp

= 1.933. d „=2.714,
b, V~ =8.942, b, VM =47.081, and b, Vd =0.959. (viii)
Note: Mechanism of hole doping (self-doping, ' Cu in
the Tl site, oxygen defect, etc. ) is controversial.

U: TlzBazCaCuz08. (i) T, =110 K (Ref. 102). (ii) p:
unknown. (iii) Structure: Ref. 104. (iv) Cu coordination:
5. (v) Parent compound: TlzBazCaCuzOs. (vi) Assigned
ionic charges: formal. (vii) dz = 1.928, d ~ =2.704,
b, Vz = 11.112, b, V~ =46. 864, and 6 V& =1.038. (viii)
Note: As in T.

V: TlzBazCazCu3O, O. (i) T, =125 K (Ref. 105). (ii) p:
unknown. (iii) Structure: Ref. 104. (iv) Cu coordination:
5. (v) Parent compound: TlzBazCazCu30, 0. (vi) As-
signed ionic charges: formal. (vii) dp = l.924,
dz =2.725, 6Vz = 11.346, 6 VM =46.981, and
b, Vd=1.039. (viii) Note: As in T. The CuOz layer in-
serted between the two pyramidal Cu02 layers is quite
depleted of holes, ' ' so that we take the Cu02 plane
next to 0( A ).

IV: BizSrzCu06+s. (i) T, =17—80 K (Refs. 106—110).
(ii) p: unknown. (iii) Structure: Ref. 111. (iv) Cu coordi-
nation: 6. (v) Parent compound: BizSrzCu06. (vi) As-
signed ionic charges: formal. (vii) dp = l.901.
d~ =2.461, 6 Vz =9.088, 6 V~ =48.437, and
b Vd=0. 888. (viii) Note: Maximum T, is ambiguous; in
the main text we show the reported highest T, with an
error bar. Observed small orthorhombic distortion is
neglected in the calculation.

X: BizSrzCao, Y, ,Cu, O, „. (i) T, =93 K (Refs. 112
and 113). (ii) p =0.19. (iii) Structure: Ref. 114. (iv) Cu
coordination: 5. (v) Parent compound: BizSrzCaCuz08.
(vi) Assigned ionic charges: formal. (vii) dp = 1.914,
d~ =2.029, 6 V~ =10.901, 6V~ =48.247, and
6 Vd =0.754. (viii) Note: Small orthorhombic distortion
is neglected in the calculation. A monoclinic phase with
a higher T, of 99 K, Bi] 6Pbp gSr2CaCu2O~, has recently
been discovered" in this family. A nonstoichiometric

compound Biz+ Srz+~Ca, +,Cuz08 & (x +y +z =0. 1)
with T, =99—100 K has also been synthesized" in this
family. %e assume the same parameter values as above
and label those compounds X'.

Y: BizSrzCazCu30&o+&. (i) T, =110 K (Refs. 106, 107,
and 117). (ii) p: unknown. (iii) Structure: Refs. 107 and
118. (iv) Cu coordination: 5. (v) Parent compound:
BizSrzCazCu3O, O. (vi) Assigned ionic charges: formal.
(vii) d&=1.90, b, V& =8.3, and b, V~=46. 3. (viii) Note:
A single phase sample is difficult to synthesize. The cal-
culated Madelung potentials are taken from Ref. 19.

Z: BizSrz(Gd& Ce )zCuzO&0+~ with x =0.18 and

y =0.24. (i) T, =34—40 K (Refs. 49 and 50). (ii) p=0. 1.
(iii) Structure: Ref. 49. (iv) Cu coordination: 5. (v)
Parent compound: BizSrz(Gdo ~5Ceo z5) CuzO, O z5. (vi)
Assigned ionic charges: formal. (vii) dz = 1.927,
d~ =2.221, AV~ =5.056, A V~ =48.310, and
b, Vd =0.737. (viii) Note: Relatively low T, may be due
to a small hole concentration or a valley in T, versus p
curve.

a: Nd, s5Ceo»Cu04. (i) T, =24—27 K (Refs. 119 and
120). (ii) p = —0. 15. (iii) Structure: Ref. 121. (iv) Cu
coordination: 4. (v) Parent: NdzCu04. (vi) Assigned ion-
ic charges: formal. (vii) d =1.973, b V~=46.435, and
b, Vd =0.858. (viii) Note: Electron-carrier superconduc-
tor with CuOz plane without 0( 3 ). If we use the
structural data in Ref. 122 for a superconducting sample
at 11 K, we have dz = 1.971, 6 VM =46.500, and
6 Vd =0.861.

b: Cap s6Sr0, 4CuOz. (iii) Structure: Ref. 123. (iv) Cu
coordination: 4. (v) Parent: (Ca-Sr) CuOz. (vi) Assigned
ionic charges: formal. (vii) d~=1.931, b, VI=46. 646,
and 6 Vd = 1.086. (viii) Note: Semiconductor. The CuOz
plane without 0( A ).

c: SrzCuOzClz. (iii) Structure: Ref. 124. (iv) Cu coor-
dination: 4. (v) Parent: SrzCuOzClz. (vi) Assigned ionic
charges: formal. (vii) dp=1. 986, b, V~=46. 089, and
6 Vd =0.849. (viii) Note: Semiconductor. The CuOz
plane without 0( A ).

d: SrzCu03. (iii) Structure: Ref. 125. (iv) Cu coordi-
nation: 4. (v) Parent: SrzCu03. (vi) Assigned ionic
charges: formal. (vii) d~ = 1.96, b, V~ =45.653, and
b. Vd = 1.068. (viii) Note: Semiconductor. The Cu04
chain.
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