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Electronic structure of Cu-0 chains in the high-T, superconductor YSa2Cu307
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The electronic structure of Cu-0 chains in the high-T, superconductor YBa2Cu307 is investi-

gated by self-consistent, all-electron, spin-polarized cluster calculations in the local-spin-density

approximation for the cluster Ba4Cu207. Four different charge states are considered. No local-
ized moments are present on the Cu atoms in any of the charge states considered. The ground
state of the cluster shows strong covalent bonding between the copper and oxygen atoms.
Transition-state calculations are made to determine electronic relaxation occurring in photoemis-

sion, to calculate the effective Hubbard interaction parameter U for both copper and oxygen sites,
and to find the energy required for charge transfer between oxygen and copper atoms. The re-
sults are compared with experiment.

I. INTRODUCTION

The superconductor YBazCu307, which has a transition
temperature above 90 K, is distinguished structurally
from La2Cu04 (which, when some of the La is replaced
by divalent Ba or Sr, gives a superconductor with T, close
to 40 K) by the presence of linear Cu-0 chains. Addition-
al evidence indicates that if the chains are disrupted by re-
moval of oxygen, the transition temperature decreases and
superconductivity ultimately disappears. ' For these
reasons, much attention has focused on the Cu-0 chains,
although in the absence of a comprehensive theory of su-

perconductivity in copper perovskites, the precise role of
the chains and their importance relative to the distorted
Cu(2)-0(2)-0(3) planes remains unclear.

Although several band calculations have not been re-
ported for YBazCu307, we chose to investigate the
electronic structure of this material by means of cluster
calculations. It is, at the present time, difficult to make
cluster calculations accurately for large systems; in fact,
we have had to restrict our consideration to a portion of
the material, rather than to consider a cluster big enough
to represent the entire formula unit. Furthermore, it is
also very difficult to simulate the eff'ect of the crystalline
environment on a cluster of atoms adequately. However,
there are some off'setting advantages to cluster calcula-
tions which make this approach to electronic structure in-
teresting and informative in the present case. These cal-
culations, although restricted to a small number of atoms,
can be made accurately self-consistent. Perhaps more
significantly, it is possible to compute the energies of lo-
calized excitations with allowance for electronic relaxa-
tion through applications of Slater's transition-state ap-
proach. 9 This method is employed here to determine en-
ergies of peaks in the photoemission spectra, to compute
the Hubbard electron interaction parameter U, and to find
the energies of Cu —0 charge-transfer processes. These
results may be useful in estimating the parameters of
model Hamiltonians, and in assessing theories of the in-

teraction leading to superconductivity.
A problem which has received much attention in regard

to the electronic structure of YBa2Cu307 is the question
of the valence of the copper atoms. If an elementary ionic
model is adopted, a nonintegral value of 2.3 is obtained,
sug esting that two of the Cu atoms should be in the
Cu + state, and one, in the Cu3+ state. There are, in fact,
two crystallographically inequivalent Cu sites in the unit
cell: a single Cu(1) site associated with the Cu-0 chains
and two Cu(2) sites associated with planes. It has been
argued from x-ra absorption measurements that the
copper is divalent. " The possible existence of Cu3+ is
controversiaL '0'z

A closely related question concerns the question of
magnetic moments on the copper atoms. In a localized
picture, a Cu2+ ion would be expected to have a S
and a moment. Measurements of the magnetic suscepti-
bility of YBa2Cu307 show an essentially temperature-
independent magnetic susceptibility above T„ in contrast
to the Curie law behavior observed when Y is replaced by
any one of several rare-earth ions. '3 The magnitude of
the paramagnetic susceptibility is larger by a factor of
(roughly) 2 than that predicted from the band-structure
result for the density of states, indicating some Stoner
enhancement. A possibility that YBa2Cu307 might be a
Kondo system with high Tg is hard to exclude, but is open
to the objection that the system fails to screen moments
when Y is replaced by a rare-earth ion. '3 Nuclear quad-
rupole resonance measurements show no sign of localized
moments. ' One paramagnetic resonance experiment
showed that at least some Cu ions are in the Cu2+ state
and have moments. '5 Another group failed to find either
parama, ~netic resonance or nuclear magnetic resonance
signals. 6 The resolution of this problem is not clear.

Structurally, a unit cell of YBa2Cu307 appears to con-
tain three loosely coupled Cu-0 subsystems: portions of
two Cu(2)-0(2)-(3) planes and one Cu(1)-0(1)-O(4)
chain. This calculation focuses on the latter, with which
we include some of the neighboring barium atoms.
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Specifically, the cluster considered is Ba4Cuq07. This
cluster is shown in Fig. 1. The atomic positions in this
cluster are determined from the structural information
given by Beno etal '7. Insofar as the picture of loosely
coupled subsystems is valid, the cluster approach and the
study of excitations localized on the cluster are reason-
able.

Note that in an ionic model the Ba4Cu20q cluster would
be expected to be electrically neutral if the copper were in
the Cu3+ state, whereas if the copper were Cu +, the
cluster would be expected to be negatively charged:
(Ba4Cu207) . Calculations for these clusters convinced
us that an ionic model was not appropriate; we have con-
sidered the charge states (Ba4Cu207)+ and (Ba4Cuq-
0&)2+ as well. In this way, we include the possibility that
the cluster might serve as an electron donor to the rest of
the crystal. In fact, we judge from the position of the Fer-
mi level that (Ba4Cu207)+ is the most realistic. Our
principal conclusions that the bonding is predominately
covalent and no moments are present apply to all the
charge states considered.

Photoemission studies, which are an important probe of
the electronic structure have been reported by several
groups. '0's 2' An important discrepancy between these
measurements and the results of band-structure calcula-
tions exists in that the energies of photoemission peaks in-
dicate stronger electron binding than do the calculations,
i.e., the peaks in the band-structure density of states are
closer to the Fermi energy than are the experimental
peaks by about 2 eV. This has been attributed to electron-
ic relaxation in the final state. 22 We are able to confirm
this suggestion by transition-state calculations. Addition-
al transition-state calculations are made to estimate the
Hubbard electron interaction parameter U, and the ener-
gies of charge-transfer transition between copper and oxy-
gen. Our results are compared with experiment. A sub-
stantial degree of agreement is obtained. A preliminary
account of this work has already been published.

The procedures of our calculation are described in the
next section, and the results are described in Sec. III. Our
conclusions are summarized in Sec. IV.

Bo
no(4 j

II. METHODOLOGY

p (r)- g )y,'(r) )',
J

(occupied)

(3)

Atomic units are used throughout this paper (energies
are sometimes expressed in eV when we think it is ap-
propriate). We use the index a to denote the spina of elec-
trons (f or J). In Eq. (2), R„designates the position of
the pth atom, and Z„ is the corresponding atomic number.
In Eq. (3), the index j is summed over all occupied states
in accord with the rules of Fermi-Dirac statistics. The
quantity V,„(r) in Eq. (2) is a spin-dependent interaction
term generally known as the exchange-correlation poten-
tial. In this paper, we take V,„(r) to have the von
Barth-Hedin form with numerical parameters given by
Rajagopal, Singhal, and Kimball. ~

Equation (1) is usually solved by transforming it into a
matrix equation. In the linear combination of Gaussian
orbitals (LCGO) scheme, the single-particle wave func-
tions are expanded into a set of Gaussian basis functions
QJ,

pP ~QCPu, (4)
J

Then, Eq. (1) is changed into a familiar secular equa-
tion,

The procedures of our calculation are discussed in this
section. This work may be described succinctly as a self-
consistent, all-electron calculation for a free cluster based
on local-spin-density functional theory. Previous work by
our group on the electronic structure of clusters has been
restricted to clusters of cubic symmetry. Here, a new and
more general program has been developed.

Local-spin-density functional theory yields a set of
Schrodinger-like equations, (the Kohn-Sham equations)
for a set of single-particle functions y; (r) which are em-
ployed to construct the spin and charge densities. These
equations are

[—V + V (r)) y; (r) e; y; (r),
where

V (r) 2g, d r'+2+ " + V,„(r),'(r') z
r —r' „r—

u

(2)
and

H+Ca ~EcrgCe (5)

CU O(t) where 5 is the overlap matrix (S; (u;~u )) and H
denotes the Hamiltonian matrix

H; &u;( —V +V (r)~u). (6)

~ —Ba —Cu o—0

FIG. 1. Structure of the Ba4Cu207 cluster, consisting of a
Cu207 plane intersected by a Ba4 plane perpendicularly in the
middle.

To keep the size of this Hamiltonian at a manageable
level, we used contracted basis sets: Ba(6s/4p/2d);
Cu(7s/Sp/3d); O(5s/2p/1d). These sets were obtained
from several sources. 2s In the case of copper, we used that
given by Wachters for the D states, and we added to
the Cu basis a polarization p function with exponent of
0.155 and a diffuse d function with exponent 0.1612. To
study the question of basis set completeness, we have also
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done some calculations using a slightly different basis set
for Cu, where the most diffuse orbitals were removed and
the basis set for the atomic states ~S was used with a con-
traction scheme suggested by Bagayoko. z6 We did not
find any appreciable changes in the final results by using
this basis. The size of the Hamiltonian matrix we have to
diagonalize is 319x319. The program does not require
any specific choice of symmetry.

The most straightforward method of evaluating the ma-
trix elements of the Coulomb interaction in Eq. (2) would

require us to compute and store about 3 & 10s numbers.
This is not practical for us at present. Therefore, we have
made an auxiliary fit to the charge density to avoid this
difficulty. We write

p (r)-ga; f~(r) (7)

to replace Eq. (3) in the evaluation of the Coulomb ma-
trix elements. In Eq. (7), the f;(r) represent a set of basis
functions composed of simple Gaussians of s type (e '" )
and r2 type (r2e ") centered on each atom. The ex-
ponents of the s-type Gaussians are twice those of the cor-
responding functions used in the wave-function expansion,
whereas those for the r -type Gaussians are twice those of
the corresponding p-wave function. We also added a few
diffuse basis functions in order to improve the quality of
charge fitting in the bond region. The restrictions of the
new fitting basis to spherical functions is a limitation of
this approach which we are unable to assess quantitatively
at this time. The fitting coefficients fa;} of Eq. (7) are
determined by a variational procedure which requires that
the charge fitting should produce minimum errors in the
electrostatic energy. This method was introduced origi-
nally by Sambe and Felton2 and in its present form, by
Mintmire and Dunlap. 2s It has been used by Lee et al. in
the calculations for iron clusters. 2v M The detailed formu-
lation of this variational charge fitting procedure will not
be given here. Interested readers should consult Refs. 29
and 30. The fitted charge density was found to be positive
everywhere.

Another difficulty encountered in the evaluation of
HJ arises from the fact that matrix elements of the ex-
change-correlation potential cannot be determined analyt-
ically. A separate fitting procedure is introduced for this
potential, which is similar to Eq. (7):

D d r V„(r) gbffj(r)—
)

One finds a set of linear equations to determine the fbi}.
This set of equations can be written in matrix notation,

(9)

M Q v (io)

V„(r)-gb, f;(r),
J

where we have used the same set of fitting basis functions
as in the case for charge fitting to reduce some extra work
in the computation of the resulting three center overlap
integrals. However, the fitting coefficients le} of Eq. (8)
are determined by a separate least-squares fitting pro-
cedure. We minimize the quantity,

with the definition of matrix M

d rft(r)f (r),
and a vector v

vg - d'rfk(r) V;„(r) . (i2a)

It is important that the matrix elements Mt~ be ob-
tained analytically so that Eq. (10) can be solved accu-
rately. However, the elements vf cannot be evaluated
analytically. Numerical integration techniques are uti-
lized here. We convert Eq. (12a) into a discrete summa-
tion over a set of sampling points fr;} with corresponding
weights ft0;},

vg +tv;fk(r;) V;„(r;) . (i2b)

The procedure of generating sampling points in Eq.
(12b) follows the Diophatine method, i' which was first
applied in electronic structure calculations by Ellis
etal 2ii . Essentially, this set of points is generated by a
random point technique with an equal-interval sampling
in the angular coordinates (8,&). The radial distribution
of these points follows a single function

tt(r)- (i3)
2(1+ a(r-r, ))

around each atom. i In Eq. (13), a and r0 are two pa-
rameters which can be adjusted to achieve optimal fitting
(usually, a-l, and r0-1 in atomic units). The overlap
integrals of Eq. (11) could also have been evaluated nu-

merically using the sampling points just mentioned, as it
might appear to be more consistent. We found that, how-

ever, direct analytical integration of Eq. (11) produced
more accurate fitting of V,„,especially in the regions close
to the nucleus.

To check the quality of this choice of points, we used
them to integrate numerically the total charge of the sys-
tem, and we found the error was about 0.6%. We also
compared the actual V,„with the fitted V,„ in some re-
gions of the cluster. We found that the error was less than
1% in the atomic core region and a few percent in the in-
terstitial bond region. In view of the relative smallness
and smoothness of the exchange-correlation potential in

comparison with other terms in Eq. (2), we believe the
current treatment of V,„is adequate and efficient.

The problem of simulating the effect of the crystal envi-
ronment on a cluster which is intended to represent a por-
tion of a solid (embedding) is difficult, and in our opinion,
has not been solved satisfactorily at the present time. A
procedure which has been employed in the case of ionic
clusters is to place point charges (fractional if necessary)
at the positions of the nearest shell of atoms omitted from
the cluster. ~s i6 In the present case, embedding potentials
for the Cu20p system representing the chain are furnished
by the four neighboring Ba + ions. It appears from the
results that the Ba4Cu20q cluster is close to neutral (in re-
gard to charge), so that it is not necessary to add addition-
al charges. Insofar as the Cu(1)-O(1)-O(4) chains are
somewhat isolated from each other and the remainder of
the crystal, this procedure may be reasonably satisfactory.
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The embedding problem would disappear if we per-
formed a self-consistent band calculation. If only the
electronic structure of the ground state of the crystal were
of interest, the band-structure approach certainly would
be preferable. It appears from the comparison of the
present results with current band-structure calcula-
tion, ~ s and with experiments as discussed in Sec. III that
the electronic structure of the cluster ground state as ob-
tained here is substantially consistent with the other stud-
ies mentioned. However, the principal reason for under-
taking cluster calculation is not to study the ground state
but rather to investigate localized excitations. Use of the
transition-state method makes this simple for a small clus-
ter, while it would be extremely difficult within the frame-
work of a full band-structure calculation. Of course, the
cluster calculations are meaningful only for those types of
excitations which are localized within the cluster.

III. RESULTS AND DISCUSSION

TABLE I. Fermi level of Ba4Cu207 clusters.

(Ba4Cup07) ~+

(Ba4Cu207) +

Ba4Cu207
(Ba4Cuq07) 2

EF (Ry)

—0.661
-0.321
—0.008

0.532

A. Cluster ground state

As mentioned in the Introduction, we have studied the
Ba4Cu207 clusters in four different charge states since it
was not clear at first what would be the charges of the ox-
ygen and copper atoms. Table I lists the Fermi energy of
the Ba4Cu20q cluster in 2+, 1+, 0,2 —charge states.
Judging from the energy of the Fermi level, we think that
(Ba4Cu207) '+ should represent the original crystal more
realistically. On the other hand, we find that all four clus-
ters give essentially the same results for the change distri-
bution and energy-level structure.

The actual charge state of the cluster, in reference to a
bulk sample, cannot be determined rigorously. If it were
possible to isolate a portion of the real crystal correspond-
ing to the cluster we study, we might expect to find in a
time average that the charge state of the cluster was not
an integer. Our calculation, however, is performed only
for the limited number of states listed. Two plausible but
inconclusive arguments suggest that the choice of 1+ is
most reasonable: (1) Results of a large number of calcu-
lations we have performed for other clusters with
transition-metal atoms for which the charge state is
known in advance, including Ni0, 36 yield a Fermi energy
in the neighborhood of 4 eV below the vacuum level. A
Fermi energy just at the vacuum level (our result for a
neutral cluster) or 9 eV below (the 2+ state) seems to be
unreasonable. (2) Energy-band calculations2 s unfor-
tunately do not show the vacuum level, but find that the
band associated with the Cu-0 chains extends about 2 eV

above EF. If it is assumed that an electron could be put
into one of these states without escaping from the crystal,
the Fermi energy should be more than 2 eV below the vac-
uum level. We are unaware of any evidence for an excep-
tionally low work function. These arguments ignore possi-
ble electrostatic energy shifts due to charging and electro-
static potentials on the atoms surrounding the cluster [Y,
and the Cu(2)-0(2)-0(3) planesj. The generally good
comparison of the density of states with that obtained
from band calculations argues against major errors in our
work due to charging; but it would be necessary in order
to make more conclusive statements to have band results
in which the position of the Fermi level was specified with
respect to the vacuum.

We want to emphasize that we did not find any local
magnetic moments in the Ba4Cu207 clusters in any of the
four different charge states even though our calculations
are spin polarized. The calculations were begun with the
assumption that there is a moment, but the input moment
disappeared quickly during the first few iterations leading
to self-consistency. Other cluster ground-state properties
obtained here such as high covalency of 0-p bond, strong
hybridization between Cu d and 0 p orbitals, and low
valency of the copper atom all support this zero moment
result in a consistent way.

Local-spin-density functional theory as implemented
for clusters with presently available exchange-correlation
potentials seem to err in the direction of predicting local
moments in systems where they do not exist (dilute Ni in
Cu, for example3 ). Therefore, the failure to find a mo-
ment in these calculations is an indication that no moment
is to be expected.

In contrast, antiferromagnetic order has been observed
in La2Cu04-y, with small moments and a Neel tempera-
ture of 220 K.3s However, in the LazCu04 system, every
copper atom is inside an elongated octahedron with six ox-
ygen atoms at each corner. In this geometry, which is
rather different from that studied here, a local moment
can be formed as demonstrated by the antiferromagnetism
of NiO. However, we are not aware that local-density
band (or cluster) calculations have obtained covered mo-
ments in La2Cu04. The rather small value of the Hub-
bard U obtained in local-density calculations for NiO sug-
gests that such calculations may overestimate p-d hybridi-
zation and thus underestimate localization (and magne-
tism) in transition-metal-oxygen systems. It seems clear
now that no Cu atoms have static moments above T, in
YBa2Cu30p. But recent work shows that if the oxygen
content of YBa2Cu307 is reduced to about 06, which des-
troys the Cu-0(1)-0(4) chains, a moment and antiferro-
magnetic order can be observed. 39

The prediction of local-spin-density theory that there
are no moments on copper contrasts with the results of
more conventional quantum chemical calculations in
which moments are obtained 0 for a variety of clusters, in-
cluding the chains studied here. We believe that methods
based on the Hartree-Fock approximation may err in the
opposite direction from local density in overemphasizing a
tendency toward localization.

The valence-electron populations of the atoms in the
cluster are presented in Table II. Two methods have been
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TABLE II. Valence population analysis for each atom.

Bas
Mulliken population

Cus Cup Cud Os Op Ba CU

Numerical integration
O(1) center O(1) edge O(4)

(Ba4Cu207) '+

(B~Cu20q) +

Ba4Cu20q
(Ba3Cu20p )

0.15
0.22
0.33
0.67

0.25
0.24
0.23
1.03

0.34
0.32
0.30
0.42

9.32
9.30
9.30
9.18

0.13
0.12
0.10
0.02

4.92
5.05
5.16
5.25

0.12
0.13
0.15
0.21

9.56
9.57
9.59
9.66

3.0
3.0
3.0
3.0

2.73
2.85
2.87
2.88

3.02
2.99
2.98
2.98

TABLE III. Core levels (Ry) in (Ba4Cu207)+.

Ba

1s —2608.2
2s —401.65
2p —379.34
3s —84.84
3p —75.26
3d —57.29
4s —16.71
4p —13.25
4d —7.00
Ss —2.60 to —2.50
Sp —1.86 to —1.45

Cu

—641.87
-76.51
—67.24
—8.32
—5.49 to —5.36

0
—37.24
—1.74 to —1.46

used to analyze the valence-electron charge distribution.
One is the traditional Mulliken population analysis in
terms of atomic states (s, p, d). The oxygen atoms are
treated as equivalent in the Mulliken analysis given in
Table III, although there are some differences between
the three different oxygen sites in the cluster. For the
(Ba4Cu207)+ cluster, this analysis yields the total (s+p)
charges for the oxygen atoms: 6.09, 0(1) center; 4.S4,
0(1) edge; and 5.27, Q(4). The Mulliken procedure is
not always reliable quantitatively, particularly for diffuse
functions. Therefore, we have considered another method
which involves numerical integration of the charge density
through a sphere around each atom. The sphere radii
were chosen to be covalent radii (Ba: 2.47, Cu: 2.21, and
0: 1.38, in a.u. ). The results of these two analyses are in
fairly good agreement, except for oxygen.

Several important conclusions can be drawn from Table
II. We first note that present calculation clearly indicates
that copper atom is in a low valence state. Cu3+ is not
found. Numerically, Cu is in a state around Cu ' +. This
result is qualitatively consistent with the conclusions of
Ref. 21. There it is observed that the oxidation of Cu in

YBa2Cu307 is less than that of CuO, and that Cu + does
not occur. In reality, the copper atom may fluctuate be-
tween Cu+ and Cu2+ states and produce instantaneous
moments. But the study of fluctuation effects is beyond
the scope of this work. Consistent with the observation
that Cu atoms are in low valence states, we find the oxy-
gen atoms are not in a strongly negatively charged state.
Most of the oxygen is present as 0 . From this and from
the density of states described below, we conclude that 0
p holes are important in the conduction mechanism. Also
note that no appreciable differences between the popula-

tion of the center 0(1) and the 0(4) sites are found in the
numerical calculation even though the copper atom
beyond Q(4) is omitted in the cluster. That the popula-
tion of 0(1) at the edges is always smaller can be attribut-
ed to the special geometry of the cluster studied here but
contrasts with the result for 0(4). Detailed studies of the
charge distribution on an orbital-by-orbital basis indicate
that the states near EF are oxygen 2p functions centered
around the edge 0(1) atoms. The relatively high energy
of these states can be attributed to the omission of the
copper atoms beyond. Therefore, the cluster calculation
overestimates the 0(2p) content near the Fermi surface in

comparison with band calculations.
The fact that the value of the charge given by integra-

tion of the density around each copper atom is very close
to that of the Cu d Mulliken population analysis indicates
Cu d electrons are substantially localized inside a sphere
of a radius about 2.21 a.u. On the other hand, the small
results obtained by numerical integration around the oxy-
gen sites indicate that the oxygen charge distribution is
quite diffuse. The general picture of the copper-oxygen
subsystem which emerges from these calculations, includ-

ing the results presented in Table II, the absence of mo-
ments on the Cu atoms, and the more detailed Mulliken
population analysis for the individual eigenstates (not
shown here) emphasizes Op-Cud hybridization and co-
valent bonding. Finally, we note that each of the Ba ions
simply donates its two valence electrons to the Cu-0
chain.

Next, we study the distribution of single-particle eigen-
values in the ground state. Core levels for each atom are
listed in Table III. Due to their diffuse nature, 0 2s states
and Ba 5p states are hybridized with each other producing
a distribution with a width of about 5.5 eV. Experimental
results "2o indicate Ba Sp states span a range of about
5-6 eV but the binding energies for this status are lower
than the results obtained from this cluster study. A simi-
lar discrepancy is also found for the Ba Ss states, where
the experimental value of binding energy is about 2.13 Ry
while this work gives a value around 2.24 Ry. Although
only a minimum basis is used for the Ba atoms here, so
that the accuracy of the Ba levels is limited, these results
may indicate that the charge state of Ba in the bulk ma-
terial is slightly different from that found here. A
discrepancy here is not unexpected since the Ba atoms are
boundary atoms in this cluster.

X-ray spectra of Ref. 11 indicate the Cu 3p state has a
binding energy of 5.42 Ry; the Cu 2p state, 69.0 Ry; and
the 0 ls state, 38.9 Ry. These values are comparable to
but lower than the single-particle energies listed here.



H. CHEN, J. CALLA&AY, AND P. K. MISRA 38

Toto I

F

V)I-
~ 0

6
Cu d

l-
CO

3
cf

CO
LLIi-
I-
v) 0
O6

I-
COz
LLj

3-

0 p

I I

-20 -l00-30 0 S
EF

Even though they are all lower than the cluster results, we
notice that single-particle energies agree with experimen-
tal results better for the Cu 3p states than for the Cu 2p
state. This is due to differing amounts of inal-state relax-
ation. Transition-state calculations for these core states

ENERGY (eV)
FIG. 2. Top: total electronic density of states. Middle: pro-

jected density of states for Cu d. Bottom: projected density of
states for 0 p. The Fermi energy has been chosen as the zero of
the energy scale.

are reported in Sec. III B.
We present the valence-band single-particle levels

graphically in Fig. 2, where each single-particle level has—(E—E, )2/~2
been broadened by a Gaussian function e ' with

0.5 eV. Table IV lists the results of the Mulliken pop-
ulation analyses for a few energy levels centered around
the major peaks of Fig. 2. It is quite obvious from this
table and Fig. 2 that the valence band is mainly composed
of Cu d and 0 p electrons. The valence-band width is
about 11 eV which is a little wider than that obtained
from band calculation 2 s (about 7 eV). Very close to the
Fermi energy, states are principally of 0 p type as dis-
cussed above. At about 2 eV above Fermi level, a peak of
unoccupied Ba 6s states is found (peak G). At 0.8 eV
below EF, peak F is composed of states predominately 0
p. Another peak, E, with states predominately Cu d is
found at about 3.4 eV below the Fermi level.

In general, the valence-band picture presented here is
consistent with the results obtained from the energy-band
calculations cited earlier. 2 s As can be seen from Table
IV, the state at the Fermi level is mainly of 0 p nature,
while band calculations indicate more Cu d components
than the present cluster results. But, the main results of
this cluster calculation such as the strongly covalent bond-
ing, nonexistence of magnetic moments, the location of
peaks in density of states, as well as the chemical origin
for each peak, agree fairly well with the results of most of
the band calculations (especially with Ref. 4, where de-
tailed comparison is possible). However, we also note
here that one set of results for energy bands based on
LMTO-ASA method differs rather substantially from
the results obtained by other band calculations. Judging
from graphical data, the results of Ref. 6 seem to imply
that Cu d states are concentrated at about 1-2 eV below
the Fermi level.

B. Transition-state results

In Ref. 23, our calculated density of states was com-
pared with the ultraviolet resonant photoemission mea-
surements of Kurtz et al. '9 A substantial degree of agree-
ment was found there. However, as in the band calcula-
tions cited, 2 s the calculated density of states is shifted to
higher energy with respect to the peaks in photoemission
spectrum by about 2 eV. We show here through
transition-state calculations, that this shift is due to elec-

TABLE IV. Results of a Mulliken population analysis for a few selected single-particle levels. Labels

for each peak are defined in Fig. 3.

Location

Peak A
Peak 8
Peak C
Peak D
Peak E
Peak F
EF
Peak G

Energy (eV)

—24.2
—21.8
-20.4
—9.47
—7.75
—5.18
—4.37
—2.30

Bas

0.90

Bap

0.84
0.30
0.49

Cus

0.04

Cud

0.44
0.69
0.11
0.04

Os

0.13
0.59
0.44

Op

0.53
0.28
0.86
0.94
0.06
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tronic relaxation.
Details of Slater's transition-state calculation procedure

have been described elsewhere. As shown there, the
transition-state procedure is expected to give an accurate
evaluation of electronic transition energy because the
dependence of total energies on occupation number is el-
iminated up to the third power. Thus, results obtained by
transition-state procedure are expected to be different
from those obtained from ground-state eigenvalues if par-
ticle interactions are not negligible. This is exactly the
case for the Ba4Cu207 cluster studied here. For a state in

peak F of Fig. 3, the ianizatian energy obtained from the
transition-state procedure is 0.533 Ry while the value
directly obtained from single-particle eigenvalues is 0.381
Ry. We thus see that peak F should be shifted down to-
ward lower energy by 0.152 Ry, about 2 eV, when elec-
tronic relaxation is taken into account. A similar transi-
tion state calculation on a state in peak E gives an ioniza-
tion potential of 0.739 Ry. We conclude from comparison
with the eigenvalue listed in Table IV, that this peak
should be shifted down by about 2.3 eV. Therefore, after
inclusion of electronic relaxation, the locations of peak E
and peak Fof Fig. 2 should be at 5.7 and 3.0 eV below Et. .
This is a substantial improvement over the single-particle
picture in comparison with experiments where photoemis-
sion spectra show two peaks 4.6 and 2.6 eV below Et: from
Ref. 20, and 4.3 and 2.3 eV from Ref. 18. The physical
processes likely to be involved in the electronic relatian
are discussed in Ref. 22.

Charge-transfer transition can also be studied via the
transition-state procedure. However, in contrast to the re-
sults for the ionization potential, we find that values ob-
tained from transition-state calculations are not signifi-
cantly different from values deduced from single-particle
eigenvalue differences. Through a transition-state pro-
cedure, we calculated the transitian energy of an electron
from a Cu d state to the first unoccupied state (61% 0 p
from Mulliken analysis) to be about 4.4 eV, while directly
from eigenvalues we found 4.2 eV. Since the bandwidth
of predominately Cu d states is about 1 eV (from Fig. 2),
we infer that the charge-transfer energy from Cu d to
unoccupied 0 p is in the range of 3.9-5.2 eV. The small
difference between the results from transition-state calcu-
lation and those from eigenvalues implies that electronic
relaxation effects are relatively small for this process as
would be expected in a highly hybridized situation. Simi-
lar observations have been made about Ni d to 0 p transi-
tions in a Ni06 ' calculatian.

We calculated the electron affinity energy for the unoc-
cupied peak G of Ba 6s state. The transition-state calcu-
lation gives a value of about 0.5 eV. The eigenvalue of the
corresponding state is —2.3 eV. The charge-transfer en-

ergy from 0 p to Ba s can then be calculated from the
difference between the 0 p ionization potential (7.25 eV)
and the Ba 6s affinity energy to be around 6.7 eV.

The Hubbard parameter Udd which measures the
intra-atomic Coulomb interaction energy between d elec-
trons on Cu sites is of considerable importance because
several model theories of high-temperature su]xrconduc-
tivity are based upon nonphonon mechanisms" stressing
the importance of electronic correlations as studied

through the Hubbard Hamiltonian. When all d orbitals
are almost full in the single-particle picture, the Hubbard
parameter can be estimated by the following procedure:

with

Udd +El ~2 i

hE / =E«$(nd, nd ) E«$(nd l, nd ),t

E«)(nd —l, nd ) E—«g(nd —l, nd
—1) .

(i4)

(i5)

(16)

IV. SUMMARY

The electronic structure of Ba4Cu207 clusters in four
different charge states has been studied via an all-electron,
spin-polarized, local-density functional approach. We did
not find any magnetic moment on the Cu atoms. The

The quantities AE~ and M2 can be easily evaluated
through transition-state procedures. They are —0.739
and —1.14 Ry. Thus, our result for Hubbard parameter
1S

Udd =0.401 Ry =5.45 eV.

This value is in good agreement with the estimates of 5-6
eV from synchrotron-radiation photoemission studies by
Takahasi et al 2a an.d Shen et al. ' This value is not large
compared to the bandwidth (7-11 eV), but it is large
enough so that electron correlations should be important.
A fully localized picture far the Cu d electrons, however,
is unlikely to be appropriate.

By performing similar transition-state calculations on a
single-particle state inside peak F of Fig. 2, we find

E«&(nt„ntI) —E«&(nt~ —l, nJ ) —0.533 Ry and E«&(nz~
—l, nJ ) —E«&(nj —I,nJ

—1) —0.885 Ry. Thus, one
can deduce an on-site p-p interaction energy:

Ut,~ =4.79 eV.

A Mulliken population analysis indicates this single-
particle state has over 85% 0 p nature, and its charge den-

sity is distributed mainly around one of the edge 0(1)
atoms. An alternative calculation of Ut,~ as the difference
between the ionization energy and the electron affinity
gives a result of 5.2 eV for Utt, . Here, the single-particle
state used for electronic affinity calculation has about 57%
Op character and its charge density is distributed among
two-edge 0(1) atoms and 0(4) atoms rather evenly.

From high-energy spectroscopy experiments, Wendin42

has deduced U~~ = 4 eV and Udd = 6 eV, which are also
in reasonable agreement with the present estimation.

Additional transition-state calculations have been per-
formed to determine the ionization energies of some core
levels. We find for the oxygen Is state 39.2 Ry, for the Cu
2p state 69.0 Ry, and for the Cu 3p 5.70 Ry. These may
be compared with the results of Ref. 11 (obtained from
graphical data which are referenced to the Fermi level) of
38.9, 69.0, and 5.42 Ry. Presumably, these values need to
be corrected by 0.2-0.3 Ry to allow for the difference be-
tween the Fermi level and the vacuum. The results for
0(ls) depend on the oxygen site chosen by only about 0.1

Ry.
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charge distribution in the Cu-0 chain shows highly co-
valent bonding. The valence-band structure agrees very
well with several band calculations. We find Cu d states
are very strongly hybridized with 0 p states, while near
the Fermi level, 0 p states dominate.

Transition-state calculations of photoemission energies
gave results in rather good agreement with experiment
which indicates, contrary to some opinions, that density
functional calculations can be reasonably successful in
this system. Specifically, we were able to explain the shift
of calculated valence-band structure near EF relative to
the photoemission data. Electronic relaxation is found to
be very important here. We also reported charge-transfer
transition energy from Cu d to 0 p in the range of 4-5 eV,
while the transition energy between 0 p and Ba s is about
6.7 eV.

A rather important conclusion from the present work is
that the repulsive energy of electrons with opposite spin in

copper orbitals is 5.5 and 4.8 eV for the oxygen p orbitals.
Together with the large relaxation effects observed, the
fact that the Hubbard parameter is in the range of
50-80% of the valence bandwidth indicates moderately
strong correlations between Cu d electrons. We believe
correlations between Cu d electrons and strong hybridiza-
tion between Cu d and 0 p must be very important in the
mechanism of high-T, superconductivity. Single-particle
local-density function calculations are not appropriate for
further study of these correlation effects. However, the
present results may be useful in estimating the parameters
of many-body theories of the superconducting interaction.
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