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We present band-structure and cluster-model calculations of LaCo03 in the low-spin phase. The pur-

pose of these calculations is to contrast and complement the results and conclusions of recent spectro-

scopic studies. The total density of states (DOS) is compared to the photoemission spectrum; the agree-

ment is very good except for the many-body satellites which appear at higher binding energies. The
unoccupied 0 p DOS reproduces fairly well the 0 1s x-ray-absorption spectrum; the main discrepancy

appears in the Co 3d region and is attributed to core-hole efFects. The ground state predicted by the
cluster-model calculation is highly covalent and contains mainly 62% of tz~('A&) and 36% of
t&~e~('E)L. The first (one-electron) removal state has more 3d L than 3d' character whereas the first

addition state is almost completely dominated by the 3d state. This means that low-spin LaCo03 is in

the charge-transfer regime and the optical band gap is of the p-d type. The Co 3d contribution to the

photoemission spectrum calculated with the cluster-model reproduces not only the leading peaks but

also the many-body satellites. The main drawback in this case is the absence of the spectral weight com-

ing from the 0 Zp bands.

I. INTRODUCTION

The purpose of this paper is to present band-structure
and cluster-model calculations of LaCo03 in the low-spin
phase. This compound has attracted much attention in
the past because it shows fascinating changes in the elec-
tric and magnetic properties as a function of tempera-
ture. ' Recent x-ray and electron spectroscopy studies
have helped to elucidate some aspects of its electronic
structure. But there is a real need to contrast and
complement these experimental findings with theoretical
calculations. %e show below that a combination of
band-structure and cluster-model calculations confirm
the conclusions of these works and provide a deeper in-
sight into the electronic structure of this material.

The electric and magnetic properties of LaCo03
present several anomalies around 500 K. These
anomalies include not only the low-spin to high-spin
transition but also a broad semiconductor to metal transi-
tion. ' The latest spectroscopic results indicate that the
material is in a low-spin state at 1ow temperatures and
the high-spin component increases in the interval
400—650 K. In the following, we concentrate mainly on
the electronic structure of LaCo03 in the low-spin phase.
%e hope that the results of this study could be the basis
for a future attempt to understand the microscopic origin
of the spin-state transition.

Band-structure calculations have long provided some
of the basic information needed for an understanding of
the electronic structure of solids. They offer a good

description of ground-state properties such as the total
energy and the electronic density. In addition, they do
not require adjustable parameters and provide a good
treatment of the translational symmetry of the solid.
However, this independent-particle approach cannot pre-
dict the excitation spectra of narrow-band materials. "
For instance, band-structure calculations of transition-
metal oxides disagree with the magnitude of the experi-
mental band gaps. '

The failure of the band-structure approach in the pre-
diction of the excitation spectra of narrow-band systems
prompted the development of alternative calculation
methods. " These methods are often based on model
Hamiltonians and taken into account the multiplet split-

ting caused by Coulomb and exchange interactions. For
instance, the cluster-model approach provides a good
description of the excitation spectra and treats many-

body effects explicitly. ' ' However, this method re-
quires adjustable parameters and neglect completely the
dispersion of the bands in the solid.

This survey shows that neither band-structure calcula-
tions nor the cluster-model method can be expected to
describe correctly all the electronic properties of
LaCo03. However, if both method are used in combina-
tion they provide complementary information and the
good points of one method compensate, to a certain ex-

tent, for the bad points of the other. In addition, we note
that the band-structure calculations are expected to be
particularly reasonable in this case because 1ow-spin

LaCo03, with a t&~ configuration, is a pseudo-closed-shell
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system. We also note that the parameters used in the
cluster-model calculation are not completely arbitrary
and follow the expected chemical trends.

TABLE I. Wyckoff labels, ionic positions (with x =0.2003),
ionic radius, and atomic radius used in the band-structure cal-
culation of LaCo03 (all radius are given in angstroms).

II. CALCULATION DETAILS Element
WyckofF

label
Ionic

position
Ionic

radius
Atomic
radius

A. Band-structure calculation

The band structure was calculated within the local-
density approximation (LDA) of the density-functional
theory. ' ' The exchange and correlation term was ap-
proximated by the formula of Hedin and Lundqvist.
The calculation scheme is based on the localized-
spherical-wave method, which applies the idea of most-
localized orbital to the well-known augmented-spherical-
wave method. The program includes an extended basis
set to improve the description of the electron bands far
above the Fermi level. The same method was used re-
cently to study the electronic structure of the related
LiCo02 compound.

The input of the calculation consists of crystallograph-
ic data and a suitable choice of the radius for each atomic
sphere. The former can be readily found in the literature,
LaCo03 has a pseudocubic perovskite structure with a
rhombohedral distortion along the (111)direction. The
space group determined by a best fit to neutron
diffraction data is R3c and the lattice parameters are
a=5.3778 A and a=60.798. The unit cell contains
two formula units; the ionic positions are given in Table

The choice of the radius for each atomic spheres is nei-
ther unique nor trivial. We found out that the total den-
sity of states (DOS) is rather insensitive to the choice of
the radius. This is reasonable since the total DOS should
not depend on how the space is divided. By contrast, the
electronic charge projected on a given site depends slight-
ly on the size of the spheres. We known by experience
that the most sensible results are obtained by using an
average of the ionic and atomic radius which are listed in
Table I.

The self-consistent potential was determined by itera-
tion on 32 k points of the irreducible part of the Brillouin
zone (IBZ). We contemplated only nonmagnetic solu-
tions because in this work we are interested mainly in the
low-spin (S=O) phase. The calculation of the potential
included the contribution of both the core electrons and
the valence electrons. Finally, the DOS was calculated
using a linear tetrahedral technique on 189 k points of
the IBZ.

La
Co
0

(2a)
(2b)
(6e)

(0,0,0)
(x —' —x —')

1.02
0.63
1.40

1.95
1.35
0.66

B. Cluster-model calculation

The cluster considered in the present calculation con-
sists of a cobalt ion surrounded by an oxygen octahedra.
The lanthanum ions are assumed to be fully ionized and
do not contribute to the calculation. The cluster model is
solved by the configuration-interaction method which in-
cludes various relevant many-body effects. The basis
functions are ionic configurations with a well-defined
symmetry and include the possibility of multiple charge
transfer from the ligands to the metal ion. The ground
state can be expanded as

(C „&=a~3d'&+P~3d'I, &+y ~3d'I, '&,

where 3d" corresponds to the metal configuration and L
denotes a ligand hole. Higher-energy configurations are
neglected because they have very small occupancies. The
basis functions used in the calculation of the ground state
are listed in Table II.

The average energy of each term is determined by the
values of the charge-transfer energy 6 and the Mott-
Hubbard repulsion U. The term splitting caused by
Coulomb and exchange interactions as well as crystal-
field effects is considered explicitly. The electrostatic in-
teractions are calculated in terms of the Raccah parame-
ters ( A, B, and C) and the ionic contribution to the crys-
tal field in terms of 10Dq. The hybridization among the
different configurations is given by the corresponding
transfer integral T. The transfer of an e (t2 ) electron,
which forms o bonds (n bonds), is related to T (T ). In
turn, the transfer integrals can be written in terms of the
Slater-Koster parameters (pdcJ) and (pdn. ). ' 2 In the
present calculation, the transfer integrals are determined
solely by (pdo) because we assume that T = —T /2.
The matrix elements of the Hamiltonian in the ground
state as well as the relationship between the different pa-
rameters are given in Table II.

TABLE II. Basis functions, matrix elements, and parameters used in the cluster-model calculation of the ground state [where t(e )

denotes a ligand hole of t2e(e, ) symmetry].

Basic functions

~1&= (t,', ('a, ) )
I2& = lt,'see('E)e &

)3)=[t e ( A )e )
)4& = [threes('A, )e2&

(5&=[t e ('E)e )

Diagonal matrix elements

308+ 15C E(d ) 24Dq
H» =21 A —368+18C—E(d') —18Dq+ 5
H3 3 28A —50$ +21C —E(d )—12Dq+25+ U

H4 4 =28A —34B+25C—E(d )—12Dq+2h+ U

Hq q =28A —428+23C —E(d )—12Dq+25+ U

Off-diagonal

Hl 2 =2T
a„=+,' T'. —

a24=+ ,'T. -
H25= —T

Parameters

T =&(3)(pdcr)
T= —T/2
E(d")= ~n(n —1)U
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TABLE III. Basis functions used in the cluster-model calculation of the final state [where t(ge
denotes a ligand hole of tzg (e, ) symmetry].

Final-state functions

I tz, ('Tz) &

It,'geg('T, )e & Itz, eg( E)t e)
ltzgeg( T~)e&

Itz, eg( T, )e')
It,'geg('T, )e &

Itz, eg( T, )e'&
It,'geg('T, )e &

I t z, e,'('Tz )e' &

The metal-d contribution to the photoemission spectra
was calculated using the sudden approximation

where the d operator annihilates a metal-d electron and
the sum extends to all possible final states I@I). The
final states can be expanded as

ICq)=tzql3tl')+bII3&'I. )+cII3& L'), (3)

where A&, B&, and C& are the appropriate transition ma-
trix elements. The calculation of these matrix elements
in systems with several open shells involves not only the
corresponding fractional parentage coefficient but also
the necessary coupling coefficients. ' The coefficient of
fractional parentage can be found in Ref. 35, the orbital
Raccah W coefficients are given in Ref. 36, and the spin
Raccah W coefficients are listed in Ref. 37. The relative
matrix elements of the most relevant transition channels
are given in Table IV.

where the subindex f labels difFerent final states. The
basis functions used in this calculation are listed in Table
III; the matrix elements of the Hamiltonian in this case
are omitted for brevity. The formula for the photoemis-
sion spectra can then be written as

I(E)= g IaaI AI+pb~BI+ycICI I 5(E EI+Eo—s),
(4)

First of all, the results predicts a metallic behavior for
LaCo03 because the total DOS is continuous at the Fer-
mi energy, although it has a sharp minimum at E~. This
is in contrast with the semiconducting behavior observed
for LaCoOs in the low-spin phase. 9' As mentioned
above, this kind of discrepancy can be expected in
narrow-band materials and shows clearly the limitations
of the band-structure approach. ' Second, the total DOS
presents rather sharp features in the valence band and,
except for the sharp band at 4 eV, a relatively smoother
structure in the conduction band. The 0 and Co spectral
weights are heavily mixed and appear concentrated main-
ly in the valence band. By contrast, the La spectral
weight contributes mainly to the unoccupied electronic
states in the conduction band. This suggests that La
presents a more ionic character stabilized by the
Madelung potential while the covalent contribution to
the bonding is much larger within the Co-0 octahedra.
These conclusions are in agreement with intuitive chemi-
cal ideas.

The partial DOS for each element projected on the
difFerent orbital quantum numbers are shown in Figs.
2-4. First of all, La contributes with small amounts of
6sp and Sd character to the valence band. However, most
of the La character remains unoccupied and appears
spread in the conduction band. In particular, the sharp

III. RESULTS AND DISCUSSION

A. Band-structure calculation

Figure 1 shows the total DOS of LaCo03 projected on
the di6'erent atomic sites. We stress again that these
DOS results correspond to a nonmagnetic solution be-
cause we are interested only in the low-spin (S=0) state.

TABLE IV. Relative transition matrix elements between the
different basis functions used in the cluster-model calculation of
the ground state and the final state [where t(ge denotes a ligand
hole of t,g(eg) symmetry] Only the. most relevant ionization
channels are shown here.

Transition matrix elements

(t,', ('T, )Idlt'„{'A, ) &=&6

(tzgeg('Tz )e Id It zgeg( E)e ) = —&3/2

Cl ~ ~ ~ ~ ) ~ ~ ~ ~
/

~ ~ ~ ~
/

l ~ ~ ~ l ~ \ ~ ~
l

~ ~ 0 ~ l I ~ ~ ~
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~ ~ ~
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FIG. 1. Total density of states (DOS) of LaCo03 projected on
the different atomic sites (states/eV).
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FIG. 2. Partial DOS of LaCo03 at the La site projected on
the different orbital quantum numbers (states/eV).
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FIG. 4. Partial DOS of LaCo03 at the 0 site projected on the
different orbital quantum numbers (states/eV).
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FIG. 3. Partial DOS of LaCo03 at the Co site projected on
the different orbital quantum numbers (states/eV).

feature at 4 eV above the Fermi level corresponds to the
La 4f band, the band at 4-8 eV is composed mainly of
La Sd states, and the La 6sp states contribute mainly in
the 10-20 eV region. The Co 3d states contributes very
strongly to the valence band and to the first 4 eV in the
conduction band. By contrast, the Co 4s and 4p charac-
ters are present, respectively, in the 10—15 and 15-20 eV
regions of the conduction band. Finally, the 0 2s states
form the sharp band at 17-18 eV below the Fermi level
while the 0 2p states present strong features throughout
the valence band. These results suggest a strong covalent
bonding between the 0 2p and Co 3d states and almost
complete ionization of the Co 4sp and the La 6sp elec-
trons. In turn, this supports the assumption made above
that only the Co 3d and the 0 2p electrons should be con-
sidered in the cluster-model calculation.

The Co 3d states are very important and deserve to be
discussed in more detail because they determine the elec-
tronic properties of LaCo03. First of all, the strong peak
below the Fermi level corresponds to the Co t2g bands.
These relatively nonbonding states produce weak Co-0-
Co interactions which give rise to a narrow band. By
contrast, the Co eg states produce very strong Co-0-Co
interactions which give rise to a much larger dispersion
and results in the broader eg band observed just above the
Fermi level. Finally, the Co 3d spectral weight at the
bottom of the valence band is mixed in states which have
mainly 0 2p character. This mixing provides a direct in-
dication of the covalent contribution to the Co 3d —0 2p
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bonding. We note that the overall picture is consistent
with a low-spin state where the tz band is completely
filled and gives rise to a t& configuration, while the e
band remains completely empty.

The Co 3d bands presents some similarities with those
observed in the related compound LiCoOz, which also
has Co + ions in a low-spin state. The main differences
in the Co 3d bands of LiCoOz are (i) the band gap be-
tween the tzs and es bands is larger, (ii) the eg states
form a narrower band, and (iii) the Co 3d-0 2p mixing
at the bottom of the valence band is smaller. These
differences are caused by a completely different chemical
and crystallographic structure which cause changes in
the Madelung potential and the Co 3d-0 2p interac-
tions. The relatively larger separation between the tzg
and eg bands in LiCoOz is consistent with a well defined
and stable low-spin state. By contrast, the smaller sepa-
ration in LaCo03 suggests a near instability which is con-
sistent with the observed spin transition. Finally, the
much larger Co 31-0 2p mixing at the bottom of the
valence band in LaCo03 indicates a more covalent
ground state than in LiCoOz.

The results of the band-structure calculation can now
be compared to the valence-band and x-ray absorption
spectra reported recently. As indicated above, the com-
parison is feasible because low-spin LaCo03 is a pseudo-
closed-shell system and consequently multiplet effects are
expected to be negligible. The band-structure result used
in the comparison depends on the experimental tech-
nique. For instance, the photoemission spectrum can be
related in a first approximation to the total DOS because
the total ionization cross section of the Co 3d and 0 2p
electrons in this compound (which give the main contri-
bution to the valence-band spectrum) are of the same or-
der (0.4and0. 2X10 Mb, respectively). On the other
hand, the 0 1s x-ray absorption spectrum should be com-
pared to the unoccupied 0 p DOS to take into account
the local character of the excitation process and the di-
pole selection rule. The band-structure results were
broadened with a Gaussian function to take into account
the experimental resolution and with an energy-
dependent Lorentzian function to account for the finite
lifetime of the final state. In addition, the calculated
spectrum was shifted by hand to get the best overall
agreement with the experimental result.

Figure 5 compares the photoemission spectrum of
LaCo03 in the low-spin phase taken from Ref. 4 with the
total DOS. As expected, the calculated spectrum repro-
duces quite well the intensity and energy position of al1
the major peaks. The main discrepancy is the absence of
the satellites at 10—12 eV in the calculated spectrum.
These sateHites are caused by many-body effects which
are beyond the capabilities of the band-structure calcula-
tion approach. As discussed above, the sharp peak at 1.3
eV corresponds mainly to the Co tzg band. On the other
hand, the broader features at 3.5 and 5.5 eV correspond
mainly to the 0 2p bands. It is worth noting here that
the 0 2p character contributes significantly to the spec-
trurn and presents a rich structure in the 3—6 eV region.
This means that the d-metal contribution to the photo-
emission spectrum calculated with the cluster-model
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FIG. 5. Comparison between the broadened total DOS (solid
line) and the photoemission spectrum of LaCo03 in the low-spin
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below cannot be expected to explain all the spectral de-
tails in this energy region.

Figure 6 compares the 0 1s x-ray absorption spectrum
of LaCo03 in the low-spin phase taken from Ref. 4 with
the unoccupied 0 p DOS. The calculated spectrum
reproduces most of the experimental features and the
overall agreement is fairly good. The comparison
confirms precisely the same qualitative assignments pro-
posed in Ref. 4. In particular, the peak at 530 eV corre-
sponds to the Co eg band, the bump at 536 eV to the La
Sd band and the broad structure with two peaks around
539-547 eV to Co 4sp and La 6sp bands. The main
discrepancy appears in the Co 3d band region, namely,
the experimental result shows a peak skewed towards
threshold while the calculated spectrum presents a rather
flat band. Grioni et al. have shown convincingly that
this redistribution of the spectral weight in the
transition-metal 3d region can be attributed to the
influence of the 0 1s core hole. There are also some
minor discrepancies in the peak positions of the La Sd
and (La+Co) sp bands which are attributed to additional
self-energy effects.
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B. Cluster-model calculation

TABLE V. Parameter set used in the cluster-model calcula-
tion (all values are given in eV).

Fixed parameters

10Dq = 1.2
8=0.13
C=0.64

Adjustable parameters

U= 5.0
5=4.0
(pdcr )= —1.5

The cluster-model calculations were performed with
the parameter set listed in Table V. Some of these pa-
rameters were fixed beforehand while others were treated
as adjustable parameters. For instance, the Raccah pa-
rameters 8 and C are hardly affected by the solid-state
environment and were set to the free-ion values quoted in
Ref. 30. In addition, the ionic contribution to the
crystal-field splitting 10Dq was set to 1.2 eV; this value
was chosen to ensure that the low-spin state were more
stable than the high-spin state. By contrast, the other
parameters, including b„U, and (pdo}, depend very
strongly on the compound and are very difficult to esti-
mate. It is customary to adjust these parameters to ob-
tain the best agreement with the spectroscopic results.
We note that the values of the parameters used in the
present calculation are similar to those used in the related
LiCo02 compound and follow the expected chemical
trends

The schematic energy level diagram for a low-spin
Co + ion in octahedral symmetry is given in Fig. 7. First
of all, the average energy of the different configurations is
given in terms of 6 and U, as indicated in Fig. 7(a). We
show below that the influence of higher-energy
configurations is very small and can be neglected in a first
approximation. Next, the term splitting caused by the
electrostatic interactions and crystal-field effects is illus-
trated in Fig. 7(b). These unperturbed energy levels cor-
respond to the basis states used in the present cluster-
model calculation. Finally, the different basis states are
mixed by the corresponding transfer integrals. The
ground state corresponds to the combination with the
lowest energy, as shown in Fig. 7(c).

Table VI summarizes the symmetry, spin, and
configuration occupancies of the ground state, the first
(one-electron) removal state and the first addition state.
The ground state is composed mainly of tzs('A, ) and

trees( E)e' the occupancies of these states are 0.62 and
0.36, respectively. The relatively large occupancy of the
3d L state indicates a highly covalent ground state.
Table VI shows also that the contribution of higher-
energy configurations is very small; the total occupancy
of the 3d L terms is only 0.02. These occupancies are in
good agreement with previous estimates based on a much
simpler model. The relative occupancies of the different
configurations in the ground state is dictated mainly by
the ratio between the hybridization strength (pdo) and
the energy difference A. The main contributions to the
stability of the ground state come from the crystal-field
energy of the primary t2g('A i) basis state, see Fig. 7(b),
and the extra energy lowering caused by the particularly

t, 6e ('A, )e'

3dsJ t
g eg ('Eje'

t
g eg ('A )e'

h, +U

t,g'eg('E}c

3d6

@GS

{b} {c}

FIG. 7. Approximate energy-level diagram of a low-spin
Co3+ ion in octahedral symmetry. (a) The average energy of the
different configurations is given in terms of 5 and U. (b) The
term splitting is caused by electrostatic interactions and

crystal-field effects. (c) The hybridization mixes the different

basis states and gives rise to a highly covalent ground state.

strong hybridization with the tzses( E)e state, see Fig.
7(c).

The character of the first (one-electron) removal states
is dictated by the tzs(~Tz) state, which derives from the
one-electron removal of the primary tz ('A, ) term in the
ground state. However, the total occupancy of the 3d I.
terms (approximately 0.57) is much larger than that of
the 3ds configuration (around 0.13). This means that the
first (one-electron} removal state contains more 0 2p than
Co 3d character; this is an important factor in determin-

ing the nature of the optical band gap; see below. The
relative occupancies in this case are given by the ratio be-
tween the hybridization strength (pdo} and the energy
difference (U —6). The sign of the energy difference

( U —6) is very important because it determines the dom-
inant configuration (either 3d or 3d I.) in the first (one-
electron) removal state. On the other hand, the symme-

try and spin of the first addition state is dictated by the
tz eg( E) term which is the result of adding one electron
to the primary tz ('Ai) state. Table VI shows that the
first addition state is dominated almost completely by the
3d configuration with an occupancy of approximately
0.81. The relative population in this case depends on the
ratio between th'e hybridization strength (pdo} and the
energy difference ( U+ 6).

We discuss now the nature of the optical band gap of
LaCo03 in the low-spin phase. In particular, we want to
know whether LaCoO& is in the Mott-Hubbard (d-d band

gap} or in the charge-transfer (p-d band gap} regime.
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TABLE VI. Orbital occupancies of the diferent configurations in the ground state { A l), the first
(one-electron) removal state ( T&), and the first addition state ( E).

Ground state ('A I) Removal state { T, ) Addition state ( E)

3d
3d L

0.62
0.36
0.02

3d'
3d L
3d L

0.13
0.57
0.30

3d7

3d L
3d'L'

0.81
0.17
0.02

This is determined by the relative values of U and 5
defined with respect to the lowest energy multiplet, as
shown by Zaanen, Sawatzky, and Allen. Alternatively,
the nature of the optical band gap is given directly by the
character of the first (one-electron) removal and the first
addition state. In this case, the removal state is dominat-
ed by the 3d L terms and the addition state by the 3d
configuration. This means that the optical band gap in-
volves excitation from 0 2p states to Co 3d states and
that low-spin LaCo03 is in the charge-transfer regime.
We note that this kind of behavior is to be expected in
most late-transition-metal oxides. Finally, we want
to point out that the optical gap might not coincide with
the conductivity gap. In particular, the true first remo-
val state might really derive from the high-spin
taxes( A, ) state. This state cannot be reached by a one-
electron excitation of the ground state but could be
thermally excited in a conductivity experiment.

Figure 8 compares the photoemission spectrum of
LaCo03 in the low-spin phase taken from Ref. 4 and the
Co 3d removal spectrum calculated with the cluster mod-
el. The values of the adjustable parameters used in the
cluster-model calculation were tuned according to the
following criteria. First, the hybridization strength (pd0 )
was adjusted to give the correct energy spread of the mul-
tiplet. Next, the energy difference (U —b, ) was tuned to
give the correct distribution of spectral weight among the
different features. Finally, the approximate value of the
charge-transfer energy 6 was estimated from the energy
shift with respect to the experimental spectrum. The cal-
culated spectrum reproduces fairly well the leading peaks
and all major features; the main discrepancy is the lack of

LaC003 XPS

spectral weight in the 4-6 eV region. The agreement is
reasonable if we remember that the 0 2p contribution to
the spectrum appears precisely in this energy region.
First of all, the leading peak at 1.3 eV corresponds to the
first (one-electron) removal state of LaCo03. According
to the cluster-model calculation this state contains more
3d L than 3d character while the band-structure calcu-
lation predicted wrongly that this peak corresponds
mainly to the Co 3d band. Next, the peaks at 4 and 6 eV
correspond to mixtures of 3d L and 3d5 states which
were related in the band-structure spectrum to 0 2p
bands mixed with Co 3d states. Finally, we note that the
cluster-model calculation reproduces also the many-body
satellites at higher binding energies which were absent in
the band-structure calculation.

It is worth discussing the differences between the
independent-particle (band-structure) and the many-body
(cluster-model) approaches. In particular, the discrepan-
cy concerning the interpretation of the 1.3 eV peak in the
photoemission spectrum. According to the band-
structure calculation this band contains mainly Co 3d
character. This interpretation is wrong because this
independent-particle approach neglect electron correla-
tion e8'ects. The correct interpretation in this case is
given by the cluster-model calculation which indicates
that the peak contains more 3d L than 3d character.
This kind of discrepancy is not just a coincidence, but it
is to be expected for all charge-transfer materials such as
the late-transition-metal oxides. ' ' In our previous pa-
per (Ref. 4) we failed to recognize that the 1.3 eV peak
contained more 0 2p than Co 3d character. However,
even containing more 0 2p character, this peak is still
characteristic of the low-spin state. Therefore, the con-
clusion in Ref. 4 that the decrease of this peak at higher
temperatures is related to the decrease of the low-spin
population is still correct.
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FIG. 8. Comparison between the Co 3d removal spectrum
calculated with the cluster model (solid line) and the photoemis-
sion spectrum of LaCo03 in the low-spin phase (dots).

To summarize, we have presented band-structure and
cluster-mode1 calculations of LaCo03 in the low-spin
phase. The band-structure calculation predicts a metallic
state for LaCo03 in the low-spin phase which is at vari-
ance with the semiconducting behavior observed experi-
mentally. This discrepancy illustrates once more the lim-
itations of the simple LDA approach to narrow-band ma-
terials. The band-structure results suggest a strong co-
valent bonding between the 0 2p and Co 3d states and al-
most complete ionization of the Co 4sp and La 6sp elec-
trons. The total DOS is compared to the valence-band
photoemission spectrum; the agreement is very good ex-
cept for the many-body satellites at higher binding ener-
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gies. The unoccupied 0p DOS compares reasonably well
with the 0 1s x-ray absorption spectrum; the main
discrepancy appears in the Co 3d region and is attributed
to core-hole effects. Finally, the relatively good agree-
ment with the spectroscopic results is due to the fact that
low-spin LaCo03 is a pseudo-closed-shell system.

The cluster-model calculation predicts a highly co-
valent ground state with 62% of tz ('A, ) and 36% of
tzses( E)e. The main contributions to the stability of the
ground state are the crystal-field energy of the tz ('A, )

basis state and the strong hybridization with the
ts e ( E)e state. The first (one-electron) removal state
contains more 3d L than 3d character whereas the first
addition state is almost completely dominated by the 3d
state. This means that low-spin LaCo03 is in the
charge-transfer regime and the optical band-gap is of the

p dtype-. The Co 3d contribution to the photoemission
spectrum calculated with the cluster-model reproduces
the leading peaks and the many-body satellites but fails to
explain the spectral weight coming from the 0 2p bands.

Finally, we want to point out that the adjustable parame-
ters used in the cluster-model calculation follow the ex-
pected chemical trend.

To conclude, this work illustrates the complementary
point of views of band-structure and cluster-model calcu-
lations and shows the potential of studies of narrow-band
materials based on the combined use of both approaches.
Finally, we hope that the results presented here could be
the basis for a future attempt to understand the micro-
scopic origin of the spin-state transition in LaCo03.
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