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A simple procedure is proposed for modeling the 0 2p bands of cuprate compounds in the limit

where the Cu 3d electrons are localized by correlation effects such as the on-site Coulomb energy

Ud. This scheme, which involves orthogonalization of the linear augmented-plane-wave (LAPW)
basis to the Cu 3d states, has been applied to Cao 86Sro, 4Cu02, the parent compound of the Bi-Sr-
Ca-Cu-0 and Tl-Ba-Ca-Cu-0 high-T, superconductors. Tight-binding fits to the LAPW results for

Ca086Sro, 4CuO& with localized and itinerant Cu 3d electrons yield 0 p-p interaction parameters

which describe both limits equally well. According to this model, the doping-induced holes in the 0
2p manifold depopulate initially bands containing o-antibonding p(x,y) orbitals that are pointed

along the 0—Cu bond directions, with m-antibonding p(x, y) and p(z) subbands entering only at

larger hole concentrations.

Since the discovery of high-temperature superconduc-
tivity in the La-Ba-Cu-0 system, ' there has been an enor-
mous theoretical and experimental effort to elucidate the
electronic properties of this ever-growing family of cu-
prate superconductors and parent compounds. The earli-
est insight was provided by the results, of band-structure
calculations ' for La2Cu04, the parent compound of the
Ba-doped La& „Ba„CuO~ superconductor. These calcu-
lations, carried out in the local-density approximation
(LDA), predicted that La2CuO4 should exhibit metallic
properties, resulting from a single half-filled Cu
d (x —y )—O p (x,y) o.-antibonding subband at E~. The
failure of subsequent local-spin-density calculations to
account for the observed insulating and antiferromagnet-
ic properties of LazCu04 raised doubts concerning the
adequacy of LDA results for describing the electronic
properties of these cuprates. Additional discrepancies be-
tween the calculated LDA valence-band density of states
(DOS) and that inferred from a variety of spectroscopic
studies on pure and Ba-doped LazCuO„(as well as subse-
quent cuprates) provided added support for Anderson's
early proposal that on-site Coulomb interactions are cru-
cial for determining the electronic properties of these cu-
prate superconductors.

Emery was the first to propose that the extra holes in-
troduced into the Cu02 planes of La2Cu04 by Ba or Sr
doping reside primarily within the 0 2p bands as a result
of electron-electron interactions. Assuming an extended
three-band Hubbard model involving the Cu d(x —y )

and o.-bonding 0 p (x,y) orbitals and approximate model
parameters estimated from LDA results, * Emery pro-
posed a model representation of the cuprate electronic
properties which is illustrated schematically in Fig. 1.

According to this model, the Cu 3d on-site Coulomb
energy Ud causes the LDA hybridized Cu 3d —0 2p mani-
fold to split into a filled lower Cu 3d Hubbard subband
and an unfilled upper state, with intermediate O 2p
bands. These 0 2p bands fall within the Hubbard d gap
provided that Ud &e, the 0 2p —Cu3d orbital-energy
difference. The extra holes introduced by Ba or Sr dop-
ing reduce the filling of the 0 2p manifold, thereby pro-
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FIG. 1. Schematic representation of the LDA band-structure
results for a prototype cuprate material (CaCu02) in compar-
ison with a correlated picture based on an extended Hubbard-
type model.

ducing metallic behavior as well as high-temperature su-
perconductivity.

A variety of theoretical models have been proposed
which specify the detailed symmetry of the 0 2p holes
within this p-band complex that originates from the Cu02
planes. These have been derived either from Grst-

principles quantum-chemical calculations on Cu—0 clus-
ters (including short-range correlation eff'ects) or various
combinations of theoretical and experimental results.
These proposals span the three possible orientations of
these O 2p orbitals, which include the o (x,y ), '
m.(x,y), ' ' and m(z) (Ref. 13) states. In this notation,
o (x,y) denotes 0 2p orbitals that are pointed along the
nearest-neighbor Cu—0 bond directions and form o.-type
bonds with the Cu d (x —y ) states. The m(x, y) and m.(z)
states are perpendicular to these and form m.-type bonds
with the appropriate neighboring Cu 3d orbitals.

The results of recent x-ray absorption' and electron-
energy-loss' spectroscopy studies on the 0 1s absorption
edges in BizSr~CaCu208 (Refs. 15 and 16) and
YBa2Cu307 (Ref. 16) single crystals exhibit polarization
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and orientation dependence that imply unoccupied 0 2p
hole states with either cr(x,y) or ir(x, y) symmetry. The
data suggest that the onset for rr(z) holes occurs at some-
what higher ( -2 eV) excitation energies,

A simple procedure for estimating realistic 0 2p bands
in a situation where the Cu 3d electrons are localized by
strong electron-electron interactions has been proposed
by McMahan, Martin, and Satpathy (MMS) and applied
to LazCu04. ' Their approach is based on the linear
muffin-tin orbital (LMTO) method. ' This scheme is
similar in many respects to a minimum-basis linear-
combination-of-atomic-orbitals (LCAO) approach. An
unimportant technical difference is the fact that each
valence orbital inside the muffin-tin (MT) spheres that
surround each atom is represented by a numerical solu-
tion of Schrodinger's equation which tails off'outside that
sphere as a spherical bessel function. An important
difference is that these basis-function tails, rather than
extending into neighboring MT s themselves, are contin-
ued into these MT's by numerical functions computed
within those spheres. This is done in such a manner that
both value and slope continuity are maintained at each
MT boundary. ' In general, a basis function with a par-
ticular angular-momentum symmetry at one site [e.g. , 0
2p(x)] will have components of all angular momenta
within neighboring MT's [e,g. , s, p (x,y, z), d (xy, yz, zx,
x —y, 3z —r ), etc. , within a Cu sphere]. The MMS
procedure' consists of dropping the Cu d basis functions
in addition to setting the d components of all other basis-
function tails within the Cu spheres to zero. No attempt
is made to restore wave-function continuity at the Cu
spheres, and the infinite kinetic energy associated with
the discontinuous basis functions is simply ignored.

The principal effect of the MMS procedure is to re-
move the strong (pd rJ ) bonding interactions between the
nearly degenerate Cu d (x —y ) —0 o (x,y) orbitals that
produce the single half-filled antibonding subband at EF.
Of course, the less strongly coupled Cu d bands are also
removed. As a result, the MMS scheme yields a model 0
2p LDA band structure in which the overall La2Cu04
valence bandwidth is reduced from about 10.2 to 6.7 eV,
while the Fermi level is lowered by —1.4 eV. The upper-
most 0 2p bands in this model represent states that did
not couple or were weakly coupled to the itinerant Cu 3d
states. MMS find a major redistribution of these LDA
states when Coulomb interactions are added in their
many-body treatment, which then yields 0 2p holes with
o (x,y) symmetry.

The purpose of the present investigation is to provide
an improved method for calculating the 0 2p LDA bands
in a cuprate compound where the Cu 3d electrons are as-
sumed to be localized by correlation effects. In simplest
terms, the procedure manipulates the linear augmented-
plane-wave (LAPW) method' in a way that forces the
calculated bands to be orthogonal to the Cu 3d states.
Although similar in intent to the procedure of MMS, '

the present approach represents a more clearly defined
physical approximation and yields results which differ in
important details from MMS. In particular, the predict-
ed symmetry of the mobile O 2p holes [i.e., cr(x,y)] at low
hole doping levels differs from the k,DA results of MMS.

Because of its structural simplicity, the present investi-
gation has focused on Cap ~6Srp I4Cu02, the recently syn-
thesized' parent compound of the Bi-Sr-Ca-Cu-0
and Tl-Ba-Ca-Cu-0 families of superconductor s.
Cap 86Srp, 4Cu02 crystallizes with a simple-tetragonal
structure (space group P4/mmm) with lattice parameters
a =3.86 A and c=3.20 A, respectively. As shown in Fig.
2, this compound consists of Aat Cu02 planes which are
separated by 0-free layers that contain cation sites occu-
pied by a Cap 86Srp I4 mixture. It is found' that partial
Sr~Ca substitution is required to stabilize this simple-
tetragonal phase, presumably to remove steric constraints
of the pure Ca compound. Since Cap ~6Srp, 4Cu02 con-
tains the essential structural features of the more compli-
cated cuprates, it represents an ideal model system for
studying the efFects of Cu 3d localization on the 0 2p
band states, simplifying both the details of the first-
principles results as well as their tight-binding (TB) inter-
pretation.

Since the Ca-Sr constituents are expected to be elec-
tronically inactive in Cap 86Slp, 4CuOz, the Sr alloying has
been neglected in the present LAPW calculations that
focus on the idealized parent compound, CaCu02. In
this compound, the individual atom coordinates in the
primitive unit cell correspond to Cu(0, 0,0), 0( —,'0, 0),
O(0, —,',0), and Ca( —,', —,', —,

' ), respectively, in units of (a, a, c).
From its structural features, one can anticipate that Ca-
Cu02 will exhibit band dispersion that is more three-
dimensional than its descendants, which have several "in-
sulating" layers (such as BaO or SrO) separating the
Cu02 planes. The c-axis dispersion in CaCu02 manifests
itself as molecular-orbital-type splittings of Cu—0 bands
in its descendants, which can have several adjacent Ca-
CuOz layers per primitive cell. The three-dimensional
banding in CaCuOz originates from direct interactions
along c since these interplanar bond distances are compa-
rable to those in the basal plane (c/a =0.83). The only
shorter bonds are the first nearest-neighbor (1 NN) Cu—
0 (d =a/2=1. 93 A) and 0—0 (d =&2a/2=2. 73 A)
bond distances within the Cu02 planes, which are -40%
and 15% smaller than those along the c axis.

The present implementation' of the LAPW method
imposes no shape restrictions on either the charge density
or the crystal potential. The exchange and correlation
contributions to the potential have been included with
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FIG. 2. Primitive unit ce11 for tetragonal Cao 86Sro ]4CuO~.
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the use of the Wigner interpolation formula. For the
standard band-structure model, where all the electrons
are itinerant, the self-consistent valence-electron charge
density and potential have been calculated for bands aris-
ing from atomic Ca 4s, Cu 3d' 4s, and 0 2s 2p states.
The more tightly bound corelike states of each constitu-
ent are treated with the use of a frozen-core approxima-
tion. ' The corresponding results for the band model in
which the Cu 3d electrons are localized have been deter-
mined directly from the self-consistent potential for the
itinerant Cu 3d LAP%' calculation, using a "pseudopo-
tential" trick that is described in detail below. The LDA
is believed to provide an accurate representation of the
charge density, and hence the self-consistent potential,
even in a case where strong correlation effects render the
LDA bands meaningless as excitation energies.

The LAPW basis size has been set to include all plane
waves with energies up to a 12 Ry cutoff ( -225
LAPW's). The spherical-harmonic expansion of the
LAP W's within the individual nonoverlapping MT
spheres [with radii R(Cu) = 1.98, R(O) = 1.66, and
R (Ca) =2.80 a.u. , respectively] has included terms
through l „=8. The charge density and potential have
been expanded using -2700 plane waves (64 Ry) in the
interstitial region and lattice-harmonic expansions
(I,„=6) within the MT's. The Brillouin-zone integra-
tions have been carried out using a six-point k sample in
the —,', irreducible wedge.

The self-consistent LAPW band-structure results for
CaCuOz with itinerant Cu 3d states are plotted along
representative symmetry lines in the simple-tetragonal
Brillouin zone in Fig. 3(a), where X=(m/a, 0,0),
M =(~/a, rr/Q, O), Z =(0,0, ~/c), R =(m. /a, O, rr/c), and
3 =(m. /a, m/a, ~/c), respectively. The band labels at M
and 3 reAect Luehrmann's symmetry notation. ' The

eleven-band complex that spans the energy range from
—7 to +2 eV originates from the Cu 3d and O 2p states
and contains a total of 21 valence electrons. The results
exhibit the characteristic feature of a cuprate supercon-
ductor parent compound in that the uppermost band, the
Cu d (x —y ) —0 o (x,y) antibonding subband, is exactly
half-filled. Consequently, it is not surprising that antifer-
romagnetism has been observed in the actual Sr-
substituted version of this compound.

Above EF, the lower portions of the Cu 4s and Ca 3d
bands overlap the antibonding d(x —y )—o(x,y) sub-
band near j. and A, respectively. The latter state has
predominant Ca d (xy) character. The pair of corelike 0
2s levels fall well below the energy range shown in Fig.
3(a), extending from —16.2 to —17.7 eV below EF.

As anticipated above, the LAPW band results for Ca-
CuOz exhibit significant dispersion ( —1 —2 eV) along the
c-axis direction (I Z) shown in Fig. 3(a). A comparison
of the band profiles in the basal plane (I XMI ) and top
face (ZRAZ) of the Brillouin zone demonstrates that
comparable c-axis dispersion extends throughout the en-
tire zone.

The corresponding results shown in Fig. 3(b) are deter-
mined from a simple 17-parameter TB model that in-
cludes a basis of Cu 3d and 0 2p orbitals. This TB
scheme, whose parameters are listed under model C in
Table I, provides a good qualitative description (rms er-
ror =0.3 eV) of the overall characteristics of the LAPW
results shown ln Fig. 3(a). This TB model includes 1 NN
(planar) Cu 3d—02@, 1 NN (interplanar) Cu 3d —Cu 3d,
and 1 NN (planar) and 2 NN (interplanar) 02p —02@ in-
teractions with the use of a modified two-center approxi-
mation. . The details are discussed below. However, it
is noted here that considerable complexity must be added
to this TB model (in the form of more distant-neighbor

EF

0
4)

2
EL
UJ

hJ

(a)
Z R A Z

(b)

Z R A Z

FIG. 3. LDA energy-band profiles for tetragonal CaCuO~, as determined from {a) LAPW calculations and {b) a tight-binding fit
{model C of Table I), respectively.
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TABLE I. Tight-binding parameters (in eV) for CaCu02 with
localized (model 3) and itinerant (models B and C) Cu 3d
states, as determined from fits to the LAPW results at symmetry
points in Figs. 3(a) and 5(a), respectively. Integer subscripts
denote 1 NN or 2 NN interactions over a distance d. Indepen-
dent 1 NN (ppo. )-type parameters are defined in Fig. 7. The 0
2p parameters are relaxed in model C but not B.

Parameter d (A) Model A Model B Model C

Ep
(PP~)l
(pp~) ~

(ppo. ) ~

(pp~) &

(pp~)
(PP m)2

d(3z2 r2)

d{x —y )

+d (xy)

+d (xz, yz)

(ddo. ) l

(ddt)
&

(dd5))
(pdo-),
(pd~),
l(m ~)1(PPO') li'"
rms error

2.73
2.73
2.73
2.73
3.20
3.20

3.20
3.20
3.20
1.93
1.93
2.73

—3.16
—2.28

0.87
1.37
0.57

—0.17
0.41

—0.09

0.88
0.38

—3.16
—2.28

0.87
1.37
0.57

—0.17
0.41

—0.09
—2.69
—2.51
—2.56
—2.42
—0.31

0.03
0.00

—1.35
0.72
0.88
0.32

—3.42
—2.33

0.85
1.04
0.61

—0.17
0.44

—0.07
—2.76
—2.20
—2.51
—2.40
—0.32

0.02
—0.01
—1.39

0.72
0.80
0.29

interactions as well as extra basis functions to represent
unoccupied Ca and Cu bands) in order to improve the
overall quality of the TB fit.

One can, in principle, utilize this TB model to simulate
the situation where the Cu 3d electrons are localized sim-

ply by setting the Cu 3d —0 2p and Cu 3d —Cu 3d interac-
tions to zero. However, experience has shown that this
can often yield inaccurate results, especially for TB mod-
els that utilize an orthogonalized atomic-orbital basis of
the type considered here. These inaccuracies originate
from the fact that TB parameters are "effective" matrix
elements (of undefined basis functions) rather than actual
matrix elements of a Hamiltonian, and this can severely
limit their extrapolative properties in relatively complex,
low-symmetry systems such as CaCu02. The procedure
of dropping these matrix elements would not fully accom-
plish our intent, even in an ab initio LCAO approach.
As noted above, the tails of neighboring O 2p orbitals can
combine with each other around a Cu site to produce
states with 3d-type symmetry. This will allow a residual
attractive Cu contribution to the 0 p-p interaction to
remain, even after the explicit p-d interaction is set to
zero, and will not properly represent the strongly corre-
lated situation we wish to model.

These possible difhculties have been avoided by carry-
ing out model LAPW calculations in which the Cu 3d
electrons have been artificially localized by orthogonaliz-
ing the LAPW basis states to them. We believe that this
gives the best possible one-electron representation of the
0 2p manifold in the correlated situation sketched in Fig.

1, where the upper and lower Hubbard-type Cu 3d sub-
bands are energetically removed from the range in which
they can hybridize with this manifold. The results of
such a calculation alter the valence bands in Fig. 3(a) by
eliminating the five Cu 3d bands, leaving only the six 0
2p bands. The dispersion characteristics of these remain-
ing 0 2p bands reAect hybridization with all but the Cu
3d states, though the inAuence of the localized Cu 3d
electrons remains via their contribution to the crystal po-
tential, and via a repulsive "pseudopotential" discussed
below. As mentioned earlier, we believe that these model
0 2p bands are most accurately generated by the stan-
dard LDA potential calculated with itinerant Cu 3d elec-
trons.

Our technique for orthogonalizing the LAPW basis
functions to the Cu 3d states exploits a characteristic
property of this method in a novel way. It has been
proved that valence-band LAPW basis functions are or-
thogonal to core states, but this proof involves the re-
quirement that the core states are identically zero beyond
the MT boundaries. ' This condition is poorly satisfied
for shallow core states, and we have discussed the fact
that it is sometimes necessary to adjust the energies EI at
which the MT radial basis functions are evaluated so as
to optimize the desired orthogonalization. ' Failure to
do so can result in the appearance of "ghost" bands,
poorly converged, shallow, corelike states falling within
the valence-band energy range, typically at isolated k
points. In the course of systematically exploring this
effect, we have observed that the LAPW basis set can be
switched from one which represents bands of principal
quantum number n (for a particular atom and I) to one
which corresponds to principal quantum number n+1.
Our normal procedure is to set the EI for each atom and I
so that it maintains the same energy relationship to the
spherically averaged potential in the core region as does
the corresponding atomic valence level. This systemati-
cally places the maximum accuracy for the corresponding
piece of the LAPW basis function in the bands where it
has the largest weight. '

The process of switching Cu 3d out of the LAPW basis
for CaCu02 is illustrated in Fig. 4. The cross-hatched
curve depicts the variation of the Cu d-band energies at I
as E& is increased from its reference' or atomic value to
one where E& —E~=20 eV. As expected, ' the band en-
ergies are initially very stable with respect to changes in
E&, but they then increase rapidly as the effective Cu d
principal quantum number shifts from n=3 to n=4.
Analogous results are obtained at other k values, though
I is simplified because there is no Cu d —Op mixing. For
E& —EI; =20 eV, where our calculation has been carried
out, this procedure produces moderately converged
bands of predominant Cu 4d character well up in the
conduction-band energy range, which we ignore. These
mix only weakly with the remaining 0 2p bands, whose
energies are essentially independent of E& once it is above
—16 eV. Physically, it is clear that the resulting band
states are poor solutions to the Schrodinger equation for
the crystal potential in the energy range of the 0 2p man-
ifold. They correspond in fact to accurate solutions for a
modified potential in which a repulsive d pseudopotential
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FIG, 4. Variation of the Cu d-band energies at I (which span
the cross-hatched energy range) as a function of Ed, the l=2
muffin-tin-orbital energy inside the Cu spheres.

has been added to each Cu site.
The application of this procedure to the CaCu0z sys-

tem with "localized" Cu 3d states produces the model
LAPW 0 2p bands that are shown in Fig. 5(a). Although
the energies of these localized Cu 3d states are undeter-
mined by this procedure, the TB results of model C in
Table I indicate that they fall in the energy range of —2.2
to —2.8 eV, while the unoccupied 4d bands have been
shifted to an energy —14 eV above E~ (Fig. 4). The six
remaining 0 2p bands are essentially decoupled into
noninteracting o (x,y) —m(x, y) (solid lines) and m(z)
(dashed lines) subbands. The band energies of those 0 2p

states that do not hybridize with the Cu 3d states (i.e.,

Mz+, Az+ as well as all the states at 1 and Z) are un-

changed from those shown in Fig. 3(a).
A significant feature of the 0 2p bands in Fig. 5(a) is

the fact that the uppermost valence-band states at M and
A retain the same M3+, A 3+ symmetry as found for the
itinerant Cu 3d limit [Fig. 3(a)], though their energies are
lowered so they nearly coincide with the original Fermi
level. Their energy position provides additional evidence
that the model accomplishes our intent: The energy at
which the first hole can be added, a quantity which is ac-
curately given by density functional theory, is preserved
in going from the metallic to the model correlated state.
According to these model LAPW results, any additional
holes that are introduced into the Cu0z planes will ini-
tially deplete o(x,y) bands near the vertical edges (i.e.,
along the MA line) of the simple-tetragonal Brillouin
zone. The n(x, y) and n(z) will contribute only at
higher-doping levels.

The model LDA results shown in Fig. 5(a) differ sub-
stantially from those of MMS, ' where the analogous
LazCu0~ Cu d (x —y ) —0 o (x,y) band drops to a
significantly lower ( —3 eV overall) energy. Their elim-
ination of the Cu d states within the Cu atomic spheres
without regard to the continuity of the 0 2p wave-
function overlap into these spheres causes the energies of
those 0 2p bands that interact with the Cu 3d states to be
artifIcially lowered. The "boundary condition" imposed
by our requirement that these band states be orthogonal
to the localized Cu 3d electrons is absent in the MMS ap-
proach. On the other hand, the present LAPW model for
localized Cu 3d states allows these 0 2p states to continu-
ously penetrate the Cu MT's, but forces them to have a
4d-like node near the sphere boundary, thereby increas-
ing their kinetic energy.

-2—
C9
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UJ

-8—r
(b)

X M I' Z R A Z I' X M I Z R A Z

FIG. 5. Model LDA energy-band results for CaCuOz with localized Cu(3d) electrons, as determined from (a} LAPW calculations
and (b) a tight-binding fit (model A of Table I), respectively. The dashed curves denote the ~(z) subbands.
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The nodal structure of our mobile 0 2p hole wave
functions is shown in Fig. 6, through contour plots of the
sum of the charge densities of the M3+ and 33+ states.
A small residue of d(x —y ) charge representing the
inner peak of the weakly admixed Cu 4d state can be
seen. Comparing Figs. 6(a) and 6(b) shows the 0 2p
charge to be essentially symmetric about the Cu-0 axis.
The 0 Zp charge in these states is quite compact, despite
the nominal —2 charge state of the 0 ions. In fact, a plot
of the charge density along the Cu-0 axis is essentially in-
distinguishable from that of the scaled neutral atomic 0
2p charge density. The compactness of our effective
mobile 0 2p hole state is apparently a result of the com-
bined confining tendencies of the Madelung potential and
the Cu repulsive d "pseudopotential. "

The LAPW results at the six symmetry points in Fig.
5(a) have been fit by means of an eight-parameter TB
model involving a six-orbital 0 2p basis. The resulting
bands, which are derived from the parameters listed un-
der model 3 in Table I, are shown in Fig. 5(b). While the
rms error in the fit is about 0.4 eV, the TB results mimic
adequately the general characteristic features of the
LAP W results.

In order to optimize the accuracy of this TB fit with a
minimal number of parameters, it is necessary to modify

the usual two-center approximation to the Slater-
Koster energy integrals E &(r„) that describe the in-
teraction between orbitals a and f3 which are separated
by r„. A detailed analysis of the LAPW results shows
that these modifications are especially important in treat-
ing I NN interactions among the o(x,y) and m(x, y) or-
bitals. The key elements of this modified two-center
treatment of these energy parameters are illustrated
schematically in Fig. 7. As shown, this approach main-
tains the distinction between the independent energy in-
tegrals E ~( —,

'
—,'0), E~ ( —,

'
—,'0), and E„(—,

'
—,'0) by introduc-

ing three (ppo )-type parameters [(ppo )I, (ppcr)II', and
(ppo. )„respectively] to describe the I NN interactions
between o(x,y) orbitals [Fig. 7(a)], ~(x,y) orbitals [Fig.
7(b)], and o(x,y) —~(x,y) [Fig. 7(c)] combinations. In all
cases [including interactions between Tr(z) orbitals], the
corresponding ~-type interactions are represented by
means of a single (pp~)I parameter.

The importance of this modified two-center treatment
is rejected in the TB parameters which are listed under
model 3 in Table I. According to these results, the ener-
gy integrals E ( —,

'
—,'0) and E ( —,

'
—,'0), which are equal

( =0.52 eV) in the standard two-center approximation,
have the optimal (fitted) values of 0.77 eV and 0.37 eV,
respectively. The effect of these differences on the TB
bands is discussed below. The hybrid parameter, (ppo )„
is accurately approximated by the geometric mean of the
o.(x,y) and ~(x,y) parameters, [(ppo )', (ppo. )~I]'~ . These
anisotropy effects become less important in the 2 NN pa-
rameters (i.e., those representing the c-axis dispersion)

4-
O
C)

(b)

E ( ——0) = —[(ppar) -(pp7r)xy 22 2 1 1
(--0)=—[(III&~) -(III&~) j11
22 2

O
O

0
0

I I I I I I

2 4 6
DISTANCE ALONG [100] (a.u. )

FICz. 6. Charge-density contours on the central (a) (001) and
(b) (100) planes of the CaCuO& structure for the M3+ 33+
states in Fig. 5(a). The diminished d (x —y') contours at the (a)
center and (b) edge of the plots reAect the slight Cu 4d admix-
ture with the predominant 0 o (x,y) component. The outermost
contour values are 0.01 electron/a. u. and the contour incre-
ments are spaced logarithmically, six to the decade (0.01,
0.0147, 0.0215, etc.).

E„„(&&0) = —" [(ppa-)& + (pp7r)I]

(ppar)I ~ [(ppa. ) (ppa. )&~j

(c)
FIG. 7. Pictorial representation of the Slater-Koster

nearest-neighbor 02@—02p energy integrals (a) E y( 2 ~0), (b)

Ey & ( 2 2
0 ) and (c) E & ( 2 p

0 ), including their decomposition in

terms of a modified two-center approximation.
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FIG. 8. Phase patterns depicting the bonding-antibonding
symmetry of the o-(x,y) (M, +/M&+ ) and ~(x,y) (M4+/M, +)
Q 2p-type orbitals for wave vectors along the MA line of the
Brillouin zone.

since they are reduced from the 1 NN values by about a
factor of 2.

In order to better understand the model 0 2p band-
structure results in Fig. 5, it is useful to analyze the phase
patterns which are imposed by translational symmetry on
the bonding and antibonding combinations of the cr(x,y)
and ~(x,y) orbitals for wave vectors along the MA line of
the Brillouin zone. These are illustrated in Fig. 8. Unlike
the usual picture where states with same symmetry in-
teract to form bonding and antibonding combinations,
the bonding and antibonding states within the Cu02
planes have diferent symmetry. In the case of the o (x,y)
orbitals, the bonding and antibonding combinations have
M, + and M &+ symmetry, respectively, whereas the
bonding and antibonding configurations of ~(x,y) orbit-
als have M4+ and M2+ symmetry, respectively.

By extending the phase patterns of the various cr(x,y)
and ~(x,y) bonding and antibonding states so as to fully
surround a Cu site, one can deduce visually the symmetry
of Cu-type orbitals that hybridize with these 0 2p com-
binations. For example, it is obvious that the M, + state
interacts with Cu s or d(3z r) orbital—s, M~+ with
d (x ~ —y ) orbitals, M4+ with d (xy) orbitals, while M2+
is orthogonal all Cu 3d states. In addition, one can also
understand why 0 2p —Cu 4p interactions vanish at the M
and A points.

This analysis permits us to describe more fully the rela-
tionship between the TB parameters in Table I and the 0
2p band results of Fig. 5. For example, by neglecting the
difference between the E —E TB orbital energies in
Table I, the TB estimate of the o(x,y) vr(x, y) —band-
width (solid lines) at I or Z, namely 8E„,( —,

'
—,
' 0)

=4[(ppo ), +(pp~), ], is about 2.8 eV, in agreement with
Fig. 5. Neglecting the (pro )', —(pro )~~ anisotropy, the
application of the standard two-center approximation
yields identical energy separations ( -4.2 eV) between the
M3 + M ]+ and Mz+, M4+ bonding-antibonding pairs,

whereas the modified two-center treatment properly de-
scribes the fact that the M&+, M, + separation
(8E «( ,' ,'0—)—=4[(ppo)',. (—pp~), ]=6.2 eV} is about twice
as large as that exhibited by the M2+, M4+
(8E~ ( —,

'
—,'0) =4[(pro )~&

—(pp~) &] =3.0 eV) subbands.
It is important to note that this (ppo. )', —(ppcr P, anisot-

ropy is also present in the band-structure results for the
body-centered-tetragonal (bct) cuprates such as LazCuOz,
though in a less obvious way. This ambiguity arises from
the fact that the corresponding [110] zone-boundary
states for the 14lmmm space group have lower point-
group symmetry. ' As a result, the corresponding
M, +,M4+ states in Fig. 5 share one symmetry (X,+ )

while the Mz+, M~+ pair shares another (X2+ ) in the bct
materials. The resulting ambiguity can lead to the in-
correct identification of bonding-antibonding pairs in a
TB fit to the bct bands when the standard two-center ap-
proximation is employed.

Efforts to improve the quality of the TB fit shown in
Fig. 5 reveal that a significantly more complicated model
is required. For example, while 3 NN 02p —02p in-
teractions will remove the accidental degeneracies at X
and R in Fig. 5(b), the sign of the LAPW splittings in Fig.
5(a) alternate between X and R in such a way that the net
improvement in accuracy is minimal. The source of these
difficulties is evident from an examination of the LAPW
wave functions. This reveals significant weight
( =0.05 —0.17) resulting from the admixture of the O 2p
bands with unoccupied Cu 4s-4p and Ca 4s-4p-3d states.
Thus, an improved TB treatment would require an ex-
panded TB basis which includes these orbitals as well as
more distant neighbor 0 2p —0 2p interactions.

A well-known problem of TB models is the fact that
the fitting parameters are not generally unique. This
problem becomes more serious when the parametrization
includes orbital-overlap effects or in cases where the pa-
rameter set is expanded to achieve a highly accurate fit to
first-principles band-structure results. Under these cir-
cumstances, the TB parameters lose the underlying physi-
cal significance that is an important asset of the TB ap-
proach. These effects are minimized in the present
analysis because of the relative simplicity of the CaCu02
structure. This is evident from a comparison between the
0 2p parameters in model 3 and model C of Table I.
With two exceptions, the parameter changes are less that
0.1 eV when unrestricted fits are carried out on the re-
sults in Figs. 5(a) and 3(a), respectively.

Additional insight regarding the significance of these
differences is provided by the model B results. In this
case, the O 2p parameters from model A have been
frozen and only the Cu 3d and Cu 3d —02p subset has
been varied. This yields a modestly higher (-0.03 eV)
rms error than that obtained in model C, where all pa-
rameters have been varied. Comparing the model B and
model C parameters, one finds that correlated variations
in E„, (pro. )'» and Ez~ »~ produce minimal changesd(x —y )

in the overall rms errors, which suggests that these pa-
rameters are not well determined by the standard Ca-
Cu02 bands, despite the relatively simple crystal struc-
ture of this material.
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Of course, similar ambiguities manifest themselves in
other attempts' ' ' to extract TB parameters for use in
studies involving Hubbard-type Hamiltonians. Estimates
of the 1 NN 02p —02@ hopping integral E, «( —,

'
—,'0) or

E,( —,', —,'0), which are usually denoted by t, vary in the
range from 0.65 eV (Refs. 14 and 27), 0.6 eV (Ref. 28),
0.53 eV (Ref. 9), 0.5 eV (Ref. 29), 0.33 eV (Ref. 26), to 0.1

eV (Ref. 30). The present TB model, which distinguishes
between the 0(x,y) and vr(x, y) interactions, yields t
values of E ( —,

'
—,'0)=0.77 eV and E „(—,

'
—,'0)=0.37 eV,

respectively. Neglecting this anisotropy, the present re-
sults imply a (geometrical) mean value of t =0.52 eV,
which is close to the average of the values quoted above.
This suggests that the use of a modified two-center ap-
proximation may be an important ingredient for obtain-
ing an accurate TB description of the cuprate band struc-
tures in the high-T, superconductors and their parent
compounds.

TB model B, which represents a simultaneous fit to our
itinerant Cu 3d or "mean-field" bands and our model lo-
calized Cu 3d results, eliminates these ambiguities. In an
earlier discussion, we pointed out that an attempt to de-
scribe the localized limit simply to zeroing the Cu—Cu
and Cu—0 matrix elements in fit C would be inaccurate
because of the effective" character of the TB matrix ele-
ments. While the parameters of model B are still effective

matrix elements between undefined states, they now ac-
complish this purpose. Since model B can represent the
two limits of itinerant and localized Cu 3d electrons with
comparable accuracy, we believe it represents an accurate
starting point for many-body calculations intended to
probe the real situation, which is undoubtedly intermedi-
ate between these extremes.

To summarize, we have proposed a simple procedure
for calculating the 0 2p bands in a cuprate compound
with localized Cu 3d electrons within the framework of
the LAPW method. The results predict that the chemi-
cally induced holes occur initially in the 0 2p cr(x,y) sub-
bands, with the m(x, y) and m(z) states contributing only
at higher-doping levels. A TB fit to the LAPW results
for itinerant and localized Cu 3d states yields 0 2p pa-
rameters that describe both limits. An important feature
of this TB model is the use of a modified two-center ap-
proximation to accurately describe 1 NN 0 2p —02p in-
teractions.
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