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By use of the ab initio Hartree-Fock method, La,CuO, in undoped and doped form is studied by
cluster calculations that take the La atoms explicitly into account. In these computations the im-
portant effects of the crystal field are studied in detail. Density-of-states curves are computed and
compared with experiment and other calculations. The charge and spin distributions and the extent
of covalent bonding in La,CuQ, are examined: We have found the bonding to be nearly ionic. Co-
valency becomes more important if one La atom in La,CuQ, is replaced by one of the alkaline-earth
elements (Ba, Sr, Ca, or Mg). This “doping” produces holes in the CuO, planes that are mainly oxy-
genlike and are of o symmetry. The alkaline-earth atoms are fully ionized, thus suggesting that
theoretical models based on the polarizability of these substituents may not be valid.

I. INTRODUCTION

The discovery of high-temperature superconductivity
in copper oxide ceramics by Bednorz and Miiller' has led
to the development of numerous theories concerning this
phenomenon.? However, the validity of none of these has
been unambiguously established up to the present time,
although it seems rather probable that standard phonon-
mediated BCS theory® does not hold. The most essential
information for developing and verifying theoretical con-
cepts undoubtedly comes from the detailed knowledge of
the electronic structure of these materials. Extensive
band and cluster calculations on the new materials have
already been reported.* However, even among those
numerous calculations that are described as “first princi-
ples” and that begin from the same starting point, the re-
sults are frequently quite different and often even con-
tradictory.

Then too there is the difficulty of knowing just what
the starting point should be. For example, it is now well
established that there are long-range two-dimensional
(2D) antiferromagnetic (AF) fluctuations within the CuO,
planes of stoichiometric La,Cu0O,, YBa,Cu;0,_, for cer-
tain values of x, and presumably in the other copper ox-
ide superconductors. Conventional, i.e., non-spin-
polarized band calculations are unable to give this order-
ing and even those few spin-polarized calculations that
have appeared give conflicting results. Similarly, the out-
come of “first-principles” cluster calculations depends
strongly on the initial assumptions about the type of cal-
culation that is needed, as well as the many approxima-
tions that must subsequently be made in order to actually
carry out the calculations. In this latter category fall
such questions as the following: (i) How should the core
of heavy ions such as Cu, La, Sr, etc., be treated? (ii)
How extensive must the basis set be? (iii) What consti-
tutes an adequate treatment of the crystal field, e.g., how
many point charges must be included?

In our own work on the high-7, materials, we have
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tried to emphasize a systematic approach to determining
the level of approximations that are needed to give reli-
able results. Thus, in this paper, we concentrate on
Hartree-Fock calculations of relatively small clusters (the
largest cluster is LaBaCuQ,) with the objective of answer-
ing some of the following questions. Given a particular
cluster how many and what distribution of point charges
are required to adequately represent the crystal field? At
what level of complexity must one approximate the cores
of heavy ions (essentially all ions but oxygen in these ma-
terials) in order to obtain reliable results? What do we
know about the choice of basis sets, e.g., the use of
minimal versus double-{ sets? In connection with this
last question, it must also be considered whether or not it
is adequate simply to take over basis sets from calcula-
tions on small molecules or must the basis orbitals be
reoptimized for the solid-state calculations. A prime ex-
ample of this problem is the 0%~ ion which, of course, is
unstable in free space but is stabilized by the crystal field
in alkaline-earth and transition-metal oxides.

The paper is organized as follows. In the next section
we give a brief review of some of the experimental and
theoretical work that is particularly relevant to the calcu-
lations of Sec. IV. In Sec. III we describe briefly the nu-
merical techniques and approximations used in the calcu-
lations. These are generally well known to quantum
chemists, but may not be familiar to many solid-state
physicists.

In a lengthy Sec. IV, we examine several clusters
within La,CuO,. First the stability of different oxidation
states of a single oxygen atom in different point-charge
environments is studied.

A second subsection deals with [CuO4]°~ (oxidized
cluster), which is examined with and without point
charges. The influence of the crystal field on the density
of states (estimated via one-particle level histograms) is
considered. In a third subsection the electronic structure
of a “stoichiometric” cluster, La,CuO,, is investigated.
We emphasize charge and spin distributions, compute co-
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valent bond orders, and discuss the influence of the crys-
tal field.

Finally, we replace one La atom by various alkaline-
earth elements (Ba, Sr, Ca, Mg). Lattice relaxation effects
are also roughly taken into account. Some suggestions
about hole formation are given and nonstoichiometry is
simulated via modifications of the crystal field.

In the final section, the most important results are
summarized, some conclusions are given, and the future
direction of our program of calculations is briefly out-
lined.

II. REVIEW OF SELECTED EXPERIMENTAL
AND THEORETICAL RESULTS

In attempting to formulate and evaluate mechanisms
of high-T, superconductivity one is particularly interest-
ed in (i) the density of states (DOS), (ii) the charge and
spin distribution on various atoms, and (iii) details of hole
formation due to cation alloying in the case of La,CuO,
(from now on 2:1:4), or variation of oxygen content in
YBa,Cu;0,_, (from now on 1:2:3).

The density of states is of central importance even in
standard BCS theory.> Photoelectron spectroscopy pro-
vides the information that there is a valence-band region
~8 eV wide in both the 2:1:4 and 1:2:3 superconductors.*
The states in this region are strongly dominated by Cu 3d
and O 2p orbitals. Additionally, the DOS peaks at a
binding energy around 12 eV below the Fermi level. This
peak has been identified as Cu 3d like.* Several band-
structure calculations of the density-functional type* and
within the framework of extended Hiickel theory’ have
been performed to reproduce the experimental DOS.
Cluster calculations followed the same line.*” Rough
agreement between theory and experiment is found, al-
though some discrepancies must be noted:® (i) The com-
puted valence-band region is shifted to 1-2 eV lower
binding energies with respect to photoemission data; (ii)
the calculated DOS near the Fermi level is too high; (iii)
the —12 eV satellite cannot be reproduced. Fujimori
et al.® attribute shortcomings to the neglect of correla-
tion effects. Performing configuration-interaction (CI)
calculations on a [CuO¢]'°” cluster they were able to
match the experimental DOS curve. However, the CI
matrix elements in this work are not determined via first
principles, but taken as parameters to fit the experimental
results.

Interest in the charge and spin distribution in copper
oxides arises for many reasons. First one wants to quan-
tify the balance between ionic and covalent bonding in
these materials. Secondly several theories of high-T, su-
perconductivity restrict their attention to the CuO,
plane—consequently, the effective charge in this plane
must be known. Moreover, some investigators are in-
terested in the charge of atoms other than Cu and O; e.g.,
Ronay and Newns® assume that the alkaline earth atoms
in high-temperature superconductors are not fully ion-
ized and consequently their high polarizability screens
the Coulomb interaction thus effecting T,.. Finally, the
interest in the spin distribution is strongly motivated by
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the remarkable magnetic behavior of these materials that
has given rise to several theoretical concepts based on ex-
change interactious (direct or via intermediate ions).!°

From core-level spectroscopy!! it is found that the
high-T, superconductors are highly ionic. Particularly,
Cu seems to be in the +2 state even in the doped or oxi-
dized systems, though this statement has been ques-
tioned, especially in early studies.'> Furthermore, oxygen
seems to be in the —2 state; doping or oxidation, howev-
er, leads to O~ (see below). For atoms other than
Cu and O the experimental data are less condensive.
Viswanathan et al.'® find some evidence for two ine-
quivalent Ba ions from photoelectron spectroscopy mea-
surements in NdBa,Cu;0,_,, but the nature of these ions
is not specified further. By neutron diffraction Vaknin
et al.'* identify a superlattice reflection resulting from
planar antiferromagnetic ordering of Cu spins in 2:1:4.
The Néel temperature Ty seems to be very sensitive to
the level of doping with divalent alkaline-earth elements
(for details see Ref. 4).

Several theoretical investigations try to elucidate the
questions concerning charge and spin distribution and
bonding character. The more or less generally accepted
picture is that there are strong ionic regions near some-
what covalent ones, the latter being identified with the
CuO, planes.* Density-functional computations appear
to some extent contradictory: Chen and Callaway'® have
studied the cluster Ba,Cu,0, (modeling a chain segment
in 1:2:3) to show that the ionicity of the copper oxides is
not very strong. Krakauer et al.,'® using a similar tech-
nique within the framework of a band calculation, advo-
cate the opposite. The amount of charge transfer has
been the subject also of some extended Hiickel studies on
several [Cu0,,]" ~ clusters.!” The theoretical predictions
of spin distribution were not very successful. Spin densi-
ty band theory with local exchange fails to stabilize the
observed antiferromagnetic ordering.* Even the location
of spins seems to be controversial: Weinert and Fernan-
do,'® treating a CuO, plane in this approximation, arrive
at the conclusion that “‘an important possible antiferro-
magnetic state of CuO, planes has the moments on the O,
rather than the Cu, sites.”

The question about charge and spin distribution is
closely related to the third feature of interest mentioned
above—the problem of hole formation, distribution, and
symmetry in doped (2:1:4 system) and oxidized (1:2:3 sys-
tem) superconductors. From Hall-effect measurements'®
we know that the charge carriers are positive (if we forget
the new electron-type superconductors®® for a moment).
All the models developed emphasize that T is a function
of the hole concentration.?! There is also agreement that
holes are created in the CuO, planes. Several theoretical
concepts use this fact together with assumptions about
the symmetry of hole containing orbitals to explain nor-
malnand superconducting state properties of the ceram-
ics.

Among the experimental studies on hole formation,
electron-energy-loss spectroscopy?® and optical experi-
ments?* indicate that the holes are in the CuO, plane on
the oxygen sites. In Ref. 23 arguments are given for the
pure p, and p, character of the holes, while Ref. 24 ar-



8826

gues for a small amount of p,-like behavior. In any case
the p,, symmetry turns out to be dominant but it
remains unclear whether the dopant holes are po type or
pw type, i.e., whether the corresponding orbitals are col-
linear with the Cu—O bonds or perpendicular to them.

Cluster calculations have been performed to attempt to
clarify the symmetry question and the hole distribution in
general. Guo et al.” apply the so-called generalized-
valence-bond (GVB) technique to several clusters model-
ing the 2:1:4 and 1:2:3 superconductors to show that
holes are initially created at oxygen sites and are of 7
symmetry. Since local density band calculations identify
the holes as o like,* Guo et al. conclude that the one-
electron picture is insufficient and that correlation effects
have to be taken into account. Eto et al.,”* using
the multiconfiguration self-consistent-field method with
configuration interaction (MCSCF-CI) to include correla-
tion, find that oxidation of a [Cu,0,,]'®” cluster produces
holes mainly on the bridging oxygen site of o symmetry.
Martin and Saxe?® perform CI calculations on a
[Cu,0,,]" " cluster (n =15 and 16), oxidized and nonoxi-
dized systems) and associate the ground state with a hole
on Cu rather than on oxygen. One recognizes that Refs.
7, 25, and 26 present contradictory results though the
methods used are potentially highly accurate, i.e., they
are free of experimental parameters, they treat exchange
in a nonlocal manner, and they take correlation correc-
tions into account. Looking for possible sources of errors
we note the following: (i) In none of the above publica-
tions were atoms other than Cu and O considered; (ii) the
crystal field is simulated by only a few hundred point
charges; (iii) in Refs. 25 and 26 correlation effects are cal-
culated with a minimal basis set although it is known that
for transition metals a high-quality basis set is required to
reach the Hartree-Fock limit;?” (iv) in Ref. 7 energy
differences of some meV are given significance, though
the Ar core of Cu is replaced by an effective potential.
There is, however, general agreement?® that 3s and 3p or-
bitals are crucial for a really accurate description of tran-
sition elements.

There are many other investigations on hole creation,
distribution, and symmetry, and on other effects due to
cation alloying.* For example, the hole distribution is
treated within a purely ionic (and semiclassical) model in
Ref. 29.

III. COMPUTATIONAL DETAILS

As mentioned above, for our calculations we use the
HF scheme. For clusters with an odd number of elec-
trons the frequently used different orbitals for different
spins (DODS) technique (which is an unrestricted variant
of the HF method) leads to a large spin contamination
due to the fact that the wave function is not an eigenfunc-
tion of § 2. To avoid this in the present calculations, the
annihilated DODS (ADODS) method developed by
Kovar®® was applied: Here in each cycle of the iteration
procedure the next higher spin component to the desired
one is annihilated using the appropriate factor of the spin
projection operator.’! In the case of La,CuO, (odd num-
ber of electrons; desired spin state: doublet) we obtain the

SAALFRANK, ABDEL-RAOUF, LADIK, AND WOOD 41

exact expectation value of (§2)=0.75 in this way
(82 =S(S+1)=L(1+1)=1].

To reduce the computational effort and to include rela-
tivistic effects for the heavy atoms (La, Ba, Sr, and Ca),
we used the quasirelativistic pseudopotentials given by
Preuss et al.** In this approach the (chemically almost
inert) core electrons are replaced by effective potentials;
relativistic corrections are included approximately by
fitting the core potential parameters to the results of
quasirelativistic all-electron HF calculations. Quasirela-
tivistic here means that only a one-component wave func-
tion is used, but the most important relativistic correc-
tions (mass velocity term, Darwin-spin-orbit term) are in-
cluded in the Hamiltonian.’? For La (atomic number 57),
only 5s, Sp, 5d, and 6s orbitals are explicitly taken into
account and for the heavy alkaline-earth elements only
the outermost s functions.

All calculations were performed with basis sets of
double-{ quality, i.e., each atomic orbital is represented
by two contractions (see Ref. 36). Preliminary computa-
tions>? indicated that, particulary for Cu, a minimal-basis
(MB) set3* (one contraction per atomic orbital) is entirely
insufficient. For example, the potential curve for CuO is
completely wrong. Even worse, results for molecules
containing Cu depend strongly on the copper MB set
used, i.e., whether this basis set is optimized for the atom-
ic S or for the atomic 2D state, while a double-{ basis is
not so sensitive to such differences.

For Cu we used a double-{ basis optimized for the
atomic 2D state®® (contraction scheme®® (14s 8p 5d)/

[8s 4p 2d]), for oxygen, Dunning’s widely used double-§

basis®’ ((9s 5p)/[4s 2p)), and for Mg, Clementi’s double-§
basis.’® For La ((6s 4p 4d)/[4s 2p 2d]), and the heavier
alkaline-earth ((4s)/[2s]), the basis sets of Preuss et al.’?
were adopted.

IV. RESULTS AND DISCUSSION

A. Oxygen in the crystal field of 2:1:4

Free O% is unstable, but in an ionic crystal it is stabi-
lized by the crystal field. Here we want to consider the
field produced by the 2:1:4 superconductor and how it
can be approximated by arrays of point charges. To do
this we compared the total energies of O, O™, and 0% in
successively more and more realistic crystalline environ-
ments as simulated by increasing numbers of point
charges. Figure 1 illustrates the layer structure of 2:1:4,
the numbers in parentheses being indices for the positions
of layers relative to the reference plane CuQO,(0).

First we considered only this single reference plane to
examine the horizontal or in-plane convergency behavior.
Oxygen was put in the middle of squares built up from
CuO, units (with a Cu—O distance of 1.89 A). The latter
were represented by point charges (+2 for Cu, —1 for O)
to ensure charge neutrality of the stoichiometric point-
charge distribution. Charge neutrality here is necessary
to prevent the total energies from diverging as increasing
numbers of point charges are taken into account—so
horizontal convergence can be studied. The relative ener-
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FIG. 1. Schematic representation of the layer structure of
La,CuQ,, showing CuO, planes (solid lines) and LaO sheets
(empty lines). The numbers in parentheses indicate the position
of the layers relative to the reference layer CuO,(0).

—

—C

gies of the three oxidation states of oxygen are given in
Table I. This table has to be understood as follows: The
first column gives the number of point charges, where 2
of them are for oxygen and 1 of them are for copper
The second column gives the length in A of the edge of
the point-charge square around the site O, while the third
and fourth columns list the energies of O, and O*~ rela-
tive to that of O~

In the case of isolated oxygen (no point charges, first
row of Table I) we see that the most stable state is O~
(due to the positive electron affinity of O, but the negative
electron affinity of O7), the neutral and doubly charged
negative oxygens being 2.08 and 12.93 eV higher in ener-
gy, respectively. If we take successively more point
charges into account we find that the ordering of O and
0?” is reversed, while O stays lowest in energy in all
cases. The quality of convergence is moderate since a
60.48 A square still does not give full convergency —but
the trend is clear.

Next the influence of neighboring planes was exam-
ined. Up to nine layers in total (see Fig. 1) were taken
into account. The horizontal point-charge distribution
was fixed at a square edge length of 30.24 A. Moreover,
as a first approximation the charges around the oxygen
were assumed to be formal ones, i.e., +3 for La, +2 for
Cu, and —2 for O, again to make the charge cage neu-
tral. From Table II it can be seen as expected, that O~
has the largest (most negative) total energy, when neigh-
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boring layers are included, i.e., the second additional
electron of O?~ also becomes bound. Furthermore, one
recognizes that the convergence behavior in the three-
dimensional case is even worse than in the two-
dimensional one.

The results above are true within the Hartree-Fock ap-
proximation and under assumption of formal oxidation
numbers. Basis set effects are small: Adding one more
diffuse p function (exponent 0.059) to the double-§ basis
set does not affect the qualitative features. We conclude
that as expected the crystal field of 2:1:4 tends to stabilize
the more ionic oxygen states but the convergence behav-
ior, especially perpendicular to the layers, is poor. These
results emphasize that great care must be exercised in in-
corporating crystal-field effects into cluster calculations.

B. Electronic states of [CuO¢]°~

The distorted CuOg octahedron is a structural segment
of the 2:1:4 superconductor (see Fig. 2). The square
CuO, unit represents the in-plane atoms (Cu-O distance
1.89 A), while the two apical oxygens (Cu-O distance 2.43

A) belong to La-O sheets. Since O®~ is unstable as a free
species, the influence of the crystal field on the highly
charged cluster [CuO¢]°~ is expected to be even stronger
than in Sec. IV A. The cluster [CuO¢]°~ was chosen in-
stead of the cluster [CuO4]'°” in order to model the sys-
tem with a positive hole, e.g., when La,CuQ, is doped by
alkaline-earth atoms (see below).

Two calculations were performed to verify the expect-
ed crystal-field effects, one without and one with point
charges. In the latter case, a point-charge distribution
similar to the above nine-layer charge distribution (see
last row of Table II) was used. Of course to realize the
CuOq cluster, some point charges had to be replaced by
real atoms. The whole system (cluster +1505 point
charges) was stoichiometric and neutral.

In Fig. 3(a) we give the molecular-orbital energy histo-
gram of the cluster without charges. The histogram, in
which levels belonging to 0.2 eV wide intervals are distri-
buted in ‘“boxes,” serves as an approximate representa-
tion of the DOS. The highest occupied molecular orbital
(HOMO) is set to zero. One can see that the major frac-
tion of the states considered falls in the energy region
0-4 eV. They are essentially (Cu 3d)-like and/or (0 2p)-
like in character. In agreement with the band calcula-
tions discussed in Sec. II, the DOS seems to be shifted to
lower binding energies compared to experiment. In par-
ticular, the DOS near the Fermi level (energy zero) is too

TABLE 1. Variation of the energies of O and O~ with the horizontal crystal field in La,CuO, (see

text). Energies are given relative to that of O ™.

Number of Relative energies (eV)
point charges Edge length (0] (oL
0 +2.08 +12.93
60 15.12 +12.69 +3.03
216 30.24 +13.24 +2.48
468 45.36 +13.43 +2.35
816 60.48 +13.54 +2.24
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TABLE II. Similar to Table I, but for an increasing number of planes in the vertical direction. Here
the second column gives the numbers of planes considered for an in-plane point-charge square of 30.24

A on an edge.

Number of Relative energies (eV)
point charges No. of layers (o) (oL
0 +2.08 +12.93
216 1 +13.24 +2.48
504 +24.70 —9.39
1512 9 +28.35 —13.33

high. This seems to support the statement cited in Sec.
I1,? that correlation effects are responsible for the devia-
tion of theory and experiment. The other proposed indi-
cator for the importance of correlation, the —12 eV peak
in the DOS,? however, can be observed for oxidized CuOg¢
on the HF level: There is a nonvanishing DOS in the
—10 to —12 eV energy region. The corresponding states
are strongly (Cu 3d)-like, as observed experimentally.

Switching on the crystal field gave the approximate
DOS in Fig. 3(b). The main differences compared to the
former case occur in the valence-band region: There is
some shift of the density of states to higher binding ener-
gies, especially in the lower-energy region. This implies
that the DOS curves calculated here and given in the
literature might be wrong not only due to the use of the
one-particle picture, but also to some extent because the
crystalline field was not properly included.

The [CuO]°~ system (even number of electrons) mod-
els the oxidized (“doped”) 2:1:4 system. Though the
significance of the virtual states in the HF approximation
should not be overemphasized, looking at the lowest
unoccupied molecular orbital (LUMO) gives some idea of
the nature of the hole orbitals. The LUMO of [CuO)°~
consists of Cu 3dx2_y2 and O 2p, and O 2p, orbitals
which interact in an antibonding manner. So the po-type
holes seem to be favored. The antibonding 7-type orbital
(consisting mainly of O 2p, and O 2p, orbitals and a very
small amount of Cu 3d,,) occurs according to these com-
putations in the =~ —3 eV range.

¢

1.89 A

O
Cu 0

243 A

O

FIG. 2. Geometry used for the [CuOg¢])°~ cluster.

C. Electronic properties of an La,CuQ, cluster

CuOy is a somewhat unrealistic cluster for 2:1:4, since
(i) only oxygen and copper are involved and (ii) the Cu to
O ratio is ¢ compared to the real ratio ;. So in a next
step we have treated the more realistic cluster La,CuO,
(see Fig. 4). Due to the demonstrated importance of the
crystal field, we again performed the calculations with
1505 point charges (representing 215 units corresponding
to the chemical formula) which were arranged in nine
planes as before. Note that the cluster has been chosen in
such a way that its components resemble the real system:
Two LaO units are attached to a CuO, unit according to
the real stoichiometry. The aim of this investigation was
to gain insight into questions of charge and spin distribu-
tion and the nature of the bonding.

Table III (first row) gives the effective charges on the
various atoms of La,CuO, obtained by Mulliken’s popu-
lation analysis.’® The charge of the LaO sheets is +0.91
and that of the CuO, layer is —1.82; the values expected
for the purely ionic system using formal oxidation num-
bers would be +1.0 and —2.0, respectively. Due to the
odd number of electrons in the system, one spin remains
unpaired. Population analysis gives the information that
the spin is strongly localized on the Cu site (Table III,
second row). The difference between the numbers of a
spins and B spins is 0.96 for the Cu site, while the spin

Q (a)
1 i ! ITI T T |

2 -8 -4 0
N (b) E (eV)
4
3
2

12 -8 -4 0]

E (eV)

FIG. 3. One-electron energy-level histograms for [CuQ¢)°~
without any point charges (a) and with 1505 point charges (b).
N counts the number of states per 0.2 eV.
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FIG. 4. Geometry and labeling of atoms for the La,CuO,
cluster.

densities of the other atoms are very small; at least if one
neglects (as we did) the exchange potential produced by
the crystalline environment. Since we considered only a
single chemical unit explicitly, conclusions about collec-
tive magnetic phenomena cannot be drawn. (Results of
calculations with a double chemical unit using the DODS
formalism will be reported shortly in another paper.)
The observations above indicate that ionic bonding in
La,CuO, dominates, at least when the realistic case of a
nonvanishing crystal field is considered. On the other
hand, high effective charges do not automatically exclude
considerable regions of covalent contributions. To quan-
tify this for 2:1:4 we used the concept of valencies and
bond indices introduced by Wiberg® in the improved ab
inito form of Mayer.*! The valency of an atom 4, V,,
gives a measure of its capacity for covalent bonding. It is
defined as (see notation in Ref. 39 for Mulliken’s popula-
tion analysis)

Va=2 3 (X P,Sy— 3 (BS)aBSh,) . (0
HEA v AEZ A
The bond index (or bond degree) B ,5 between two atoms

A and B counts the covalent bonds between pairs of
atoms:

Byp=23 3 (BS)uBShy - 2)
nE ALEB

Using these definitions, the valency of La in La,CuO,
is =0.5 and the bond indices between Lal and O3 (or
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La2 and O4, see Fig. 4) are =0.2, indicating weak co-
valency. There is also some degree of covalent bonding
between La and the oxygen atoms in the CuO, plane (O1
or 02): The bond index is 0.1, a value very nearly equal
to that found for Cu and O1 (O2). So the Cu—O bonds
are nearly fully ionic. It will turn out in the next section
that doping enhances the covalency character of the in-
plane copper-oxygen bonds. Though population and
bonding analyses always entail some uncertainties, we
conclude this section with the following statements about
undoped La,CuQ,: (i) The system behaves as strongly
ionic; (ii) the small amount of covalency does not bind the
atoms in the CuQO, plane to each other more strongly
than it couples the LaO plane with the CuO, layer. The
ionicity of the CuO, layer is not smaller than that of oth-
er regions in La,CuQO,. The latter statement somewhat
contradicts the picture given in Sec. II, that the CuO,
planes are ““islands of covalency” in otherwise ionic 2:1:4.

D. Doping with alkaline-earth atoms

This final section deals with effects due to the replace-
ment of one La atom (Lal in Fig. 4) by one of the
alkaline-earth elements Ba, Sr, Ca, or Mg. In particular,
we were interested in hole creation, distribution and sym-
metry, in the charge distribution (especially in the charge
of the alkaline-earth elements) and in possible trends as
the alkaline-earth ion is changed.

First we performed calculations with the same point-
charge distribution as in Sec. IV C for La,CuO,. Table
IV gives the Mulliken effective charges of the alkaline-
earth “‘doped” systems. Immediately one recognizes that
the alkaline-earth atoms are fully ionized: Their charge is
practically +2. Combining this information with the re-
sult of the preceding section about the charge on La
(= +2.8) tells us that =0.8 holes are formed (the termi-
nology ‘“hole” means hole with respect to the undoped
system) when one La is replaced by one alkaline-earth
atom. Sheetwise population analysis furthermore indi-
cates that the holes are created nearly exclusively in the
CuO, plane [the effective charge of the CuO, layer
changes from —1.82 (Table III) to —1.00 (Table IV)].
Some charge is removed from the Cu sites (=0.2); the
major fraction, however, leaves the oxygen positions
(=0.6). The hole symmetry cannot be directly taken
from our cluster results, but some information again may
arise from the inspection of the symmetry properties of
the LUMO. As in the case of CuOg one finds that it is
the o* orbital, again favoring the hypothesis of po-like
holes. The 7* orbital, as before, is found =3 eV below

TABLE III. Effective charges (first row) and spin densities (second row) on the atoms of La,CuQ, in
a crystal field accordingly to Mulliken’s population analysis. The labeling of atoms is the same as in
Fig. 4. The last two columns give effective charges (first row) and spin densities (second row) of the

CuO, and LaO planes, respectively.

Qcu Q. (=Qra2) Qo1 (=Qn) Qo3 (=Qo04) QCuo2 Q1.0
+1.79 +2.77 —1.81 —1.86 —1.82 +0.91
+0.96 0.00 +0.02 0.00 +1.00 0.00
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TABLE IV. Mulliken effective charges of LaECuO, (E =Ba, Sr, Ca, and Mg). Labeling of atoms as in Fig. 4 (E replaces Lal).

System Ocu OLa Ok Qo1 (=Q0,) Qo3 Qoa QCuOZ OL.0
LaBaCuO, +2.01 +2.83 +1.97 —1.50 —1.92 —1.88 —1.00 +0.95
LaSrCuO, +2.02 +2.83 +1.97 —1.51 —1.92 —1.88 —1.00 +0.95
LaCaCuO, +2.02 +2.84 +1.97 —1.51 —1.92 —1.88 —1.00 +0.95
LaMgCuO, +2.02 +2.83 +1.94 —1.51 —1.91 —1.88 —0.99 +0.95

the highest occupied molecular orbital, and again 7* is
more oxygenlike than o*.

Study of the computed bond indices reveals an interest-
ing feature: The bond degree between Cu and the nearest
(in-plane) oxygen atoms is enlarged from =0.1 to =0.5,
while the bonding between La and its neighbors is almost
unaffected (there is a small increase in ionicity). So we
conclude that, for these calculations at least, “doping”
tends to make the CuO, layer more covalent (metallic).
This can be understood if indeed the states near the Fer-
mi level are (i) built up from Cu 3d and O 2p orbitals in
the CuO, plane and (ii) are antibonding in character. Ox-
idizing the system then means removing an electron from
an antibonding orbital. Hence the antibonding character
in the CuO, plane will be reduced, which is synonymous
with the statement that covalency will increase. The
lower lying Cu 3d and O 2p orbitals remain occupied and
so they will not strongly affect the character of bonding.

We have already seen that the alkaline-earth atoms are
fully ionized according to our results. This seems to rule
out models based on not completely ionized, highly po-
larizable alkaline-earth elements—at least at the present
level of approximation and for the 2:1:4 system. On the
other hand, up to now we have considered only “rigid”
lattices, i.e., lattices not allowed to relax despite substitu-
tion of ions of quite different sizes. To include relaxation
effects, at least in an approximate way, we performed a
series of calculations in which the alkaline-earth ions
were allowed to displace along the ¢ axis of the crystal
(perpendicular to the layers) by ==+1.5 A; Ba, Sr, and Ca
were considered. In this way, we found that the oxida-
tion number of the alkaline-earth atoms is not influenced
by these displacements.

Due to possibly large differences in the polarizabilities
of incompleted ionized alkaline-earth ions, theoretical
concepts based on these polarizabilities might have given
a natural explanation for the fact that T, strongly de-
pends on the kind of atom substituted for La.’ Since our
calculations indicate that the residual valence-electron
charges on the alkaline-earth atoms are extremely small,
and hence the polarizabilities too, we need to seek an al-
ternative property to explain the observed behavior.

One could think of differences in the DOS. Figures
5(a) and 5(b) show the DOS curves for LaBaCuO, and
LaSrCuO,. They are nearly identical: A more accurate
examination shows that the maximal difference in the en-
ergy of the one-particle states considered here is 0.04 eV;
in many cases the difference is still smaller and therefore
negligible. The DOS patterns of the other alkaline-earth
elements (Ca and Mg), not given here, show also no
significant differences.

However, substituting one La atom with one alkaline-

earth atom again seems to be unrealistic. Superconduc-
tivity in La,_ E CuO, (E stands for an alkaline-earth
atom) only occurs for not too large x, the optimal value
(with respect to T,) being x =0.15 [for E=Sr (Ref. 4)].
It is impractical for us at the present time to compute
clusters large enough to describe an appropriate super-
cell. On the other hand, at least the crystal field (modeled
by point charges) can be rearranged such that non-
stoichiometry is included. So we replaced 32 +3 point
charges (representing La’*) by +2 point charges
(representing E2") randomly; this fraction corresponds
fairly well to a “doping value” of x =0.15. As we saw,
doping leads mainly to the oxidation of CuO, plane oxy-
gens. To account for this and to ensure charge neutrali-
ty, 64 point charges representing O ions in the three
CuO, layers considered (see Fig. 1) were randomly ‘“‘oxi-
dized” from —2.0 to —1.5. Repeating the calculations
on the Ba and the Sr doped systems with this “realistic
charge distribution” we obtained the DOS histograms
shown in Figs. 6(a) and 6(b), respectively. In contrast to
the small differences found with the “stoichiometric
point-charge distribution” remarkable deviations between
Ba and Sr are realized now. Especially in the low-energy
interval (—8 to —12 eV) shifts of the order of electron
volts are found in the DOS histrogram. The significance
of this feature is not clear due to the simplicity of the
model used, but it again suggests the importance of
crystal-field effects.

Interestingly enough, population analysis yields the in-
formation that the alkaline-earth atoms stay fully ionized,
and that in general the sheet effective charges remain al-
most uneffected. There is, however, some redistribution
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FIG. 5. One-electron energy-level histogram for LaBaCuO,
(a) and LaSrCuOQ, (b).
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FIG. 6. The same as Fig. 5 in the case of a modified point-
charge distribution modeling the real, nonstoichiometric crystal

of charge within the CuO, plane: Cu becomes more neg-
ative (=+1.7 instead = +2.0), while oxygen becomes
more positive. This suggests that the oxygen character of
holes becomes more important. One should be aware,
however, again of the simplicity of our nonstoichiometric
model and therefore the above-mentioned DOS difference
between Ba and Sr must be proven in detail.

V. CONCLUSIONS

In conclusion, these studies on nonoxidized and oxi-
dized La,CuO, have shown that the crystal field pro-
duced by surrounding ions is of central importance. We
found La,CuQ, in the presence of the field to be highly
ionic. Oxidation, which influences nearly exclusively the
CuO, planes, strengthens covalency in these planes and
produces holes of o* symmetry, while the 7* orbital
remains occupied. Alkaline-earth atoms appear to be ful-
ly ionized. In general, the calculated effective charges are
in reasonable agreement with the formal values expected
for fully ionic La,CuQO,. There is a charge transfer from
the LaO planes to the central CuO, layer of =~1.8 elec-
trons.

Our studies have been performed in the HF approxi-
mation. Though many of our results are encouraging,
the importance of correlation effects for transition-metal
compounds in general and hence the copper-based super-
conductors in particular must be stressed. As a conse-
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quence, inclusion of correlation corrections is in progress
in our Institute. Furthermore, the important crystal-field
effects were only considered in an approximate way. In
this connection the main points one might criticize are as
follows: (i) We used =~ 1500 point charges, but conver-
gence is still not achieved; (ii) the values for these charges
must be preassigned. To overcome both problems we are
going to use the full (converged) Madelung potential (the
lattice sums calculated by Ewald’s technique) in a self-
consistent form. With these methodological improve-
ments we plan to extend our research to the 1:2:3 super-
conductor, to the T1- and Bi-based species, and to the
new electron-type superconductors.

After performing cluster calculations on all these sys-
tems including the appropriate DODS versions to de-
scribe their magnetic properties, we will calculate the
band structure of the CuO, plane of the ceramics. In
these computations (which are in progress) we take into
account (i) the charge transferred from other planes to
the CuO, plane and (ii) the correct Madelung potential of
the system (preliminary ab initio HF calculations without
taking into account these two effects have already been
reported,’? both in the restricted and unrestricted
(DODS) case. After that we intend to correct the valence
and conduction bands of the system for correlation***
and calculate also correlated many-electron wave func-
tions for them. In our opinion only after such ‘“hard”
calculations will it be possible to test the different
theoretical models proposed for high-T. superconductivi-
ty, especially the “two-bands’” model (one or several nar-
row and highly polarizable valence bands and a broad,
partially filled conduction band) advocated by one of us a
long time ago.®
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