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Electronic structure and temperature-induced paramagnetism in LaCoO3
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We have studied the electronic structure of LaCoO3 by photoemission spectroscopy and x-ray absorption
spectroscopy~XAS!. The Co 2p core-level and valence-band photoemission spectra display satellite structures
indicating a strong electron-correlation effect. The Co 2p core-level photoemission, the valence-band photo-
emission, and the O 1s XAS spectra have been analyzed using a configuration-interaction cluster model for the
initial-state configurations of the low-spin~LS: 1A1), intermediate-spin~IS:

3T1) and high-spin~HS: 5T2)
states and their mixtures. The ground state of LaCoO3 in the LS state is found to have heavily mixedd6 and
d7LI character, reflecting the strong covalency. The magnetic susceptibility has been analyzed for various level
orderings of the LS, IS, and HS states. From the analyses of the photoemission spectra and the magnetic
susceptibility data, the temperature-induced paramagnetism in LaCoO3 above;90 K is most likely due to a
gradual LS-to-IS transition.@S0163-1829~97!01607-X#
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I. INTRODUCTION

3d transition-metal~TM! perovskite oxides have been th
subject of many structural, magnetic, and transport stu
since 1950’s. Recent interest in strongly correlated syst
has brought about further extensive research in these c
pounds including LaCoO3 studied here. LaCoO3 is unique
in that it is a nonmagnetic semiconductor at low tempe
tures but undergoes a gradual transition to a paramagn
state above;90 K and to a metal above;500 K. Although
there have already been many studies on these phenom
their underlying electronic structure and spin states have
been clarified. Especially, it remains highly controvers
whether the 90-K transition is a low-spin–to–high-spin tra
sition or not.1,2 The purpose of the present work is to inve
tigate the origin of the gradual nonmagnetic-to-paramagn
transition using electron spectroscopic methods.

The magnetic susceptibilityx of LaCoO3 increases with
temperature and shows a maximum at;90 K, above which
it becomes Curie-Weiss-like. There is also a plateau aro
500 K, above which the Curie constant increases.3–5Neutron
diffraction studies have revealed that no long-range magn
order exists down to 4.2 K,6 indicating that the ground stat
of LaCoO3 is nonmagnetic, namely, the Co31 ion is in the
low-spin (t2g

6 eg
0 : 1A1) configuration. Naimanet al. and

Jonker7 have proposed the formation of the high-spin (5T2 or
t2g
4 eg

2) configuration by thermal activation and explain
their x-T data. Raccah and Goodenough3 have considered
that the low-spin–to–high-spin transition occurs at a plat
around 500 K from their x-ray diffraction data, which ind
550163-1829/97/55~7!/4257~10!/$10.00
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cated that the crystal structure hasR3̄c symmetry below 648
K andR3̄ above 648 K. However, a neutron diffraction stud
in the range 4.2,T,1248 K by Thornton, Tofield, and
Hewat8 has shown that the symmetry isR3̄c at all measured
temperatures except for at 668 K where they concluded
the symmetry may beR3̄. Recent neutron diffraction and
NMR studies have revealed that a nonmagnetic-
paramagnetic transition occurs at about 90 K.1,9 The electri-
cal conductivitys is of the thermal activation type with a
activation energy of;0.1 eV at low temperatures and grad
ally changes to a metallic one through a plateau between
and 750 K.10–12 Local-density-approximation~LDA ! band-
structure calculation13 has predicted a valence-band dens
of states~DOS! that is in good agreement with the x-ra
photoemission spectroscopy~XPS! spectra except that the
give a semimetallic state and show no satellite structure14

Band-structure calculations using the LDA1U method15 and
unrestricted Hartree-Fock calculations on the multiba
Hubbard model16 have shown that the intermediate-spin a
the high-spin states exist only slightly above the nonm
netic ground state.

So far many photoelectron spectroscopic studies h
been reported on LaCoO3.

2,17–23Lam, Veal and Ellis18 have
measured the XPS spectra of LaCoO3 at room temperature
and 573 K and suggested from ionic multiplet analysis t
the low-spin and the high-spin states coexist at room te
perature. Richter, Bader, and Brodsky have also observ
temperature-dependent change in the ultraviolet photoe
sion spectroscopy~UPS! spectra.19 Recently, Chainani,
Mathew and Sarma21 investigated the XPS, UPS, and brem
4257 © 1997 The American Physical Society
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4258 55T. SAITOH et al.
strahlung isochromat spectroscopy~BIS! spectra of
La12xSrxCoO3, and obtained the charge-transfer energyD,
the 3d-3d Coulomb interactionU, and the O 2p–Co 3d
hybridization (pds) of 4.0, 3.4, and 2.2 eV, respectively, fo
LaCoO3 by analyzing the Co 2p core-level spectrum with
configuration-interaction~CI! cluster-model calculations
They have estimated the band gap of LaCoO3 to be about
0.6 eV from the UPS and BIS spectra.21 Abbateet al.2 have
reported that the O 1s x-ray absorption~XAS! spectra show
no difference between;80 and 300 K while a new structur
appears above;500 K, and have interpreted this latte
change as a temperature-induced low-spin–to–high-
transition. Their report has aroused controversy because
neutron and NMR studies claim that the low-spin–to–hig
spin transition occurs around;90 K.1,9 Barman and Sarma23

have measured high- and low-temperature XPS and U
spectra and concluded that their data are consistent with
neutron measurement. Hence, how the effect of magn
transition appears in photoemission spectra is still unc
and it is worthwhile to further investigate LaCoO3.

In this paper, we present the results of our XPS, UP
resonant photoemission, and XAS studies as well as
analysis of thex-T data. In order to elucidate the magne
behavior of LaCoO3, we put emphasis on the analysis
x-T data and CI cluster-model calculations, both of whi
take into account not only the low-spin (t2g

6 eg
0 : 1A1) and

high-spin (t2g
4 eg

2 : 5T2) states but also the intermediate-sp
(t2g
5 eg

1 : 3T1) state.

II. EXPERIMENT

Polycrystalline samples of LaCoO3 were prepared by
solid-state reaction. Sintered mixtures of appropriate mo
quantities of well-dried La2O3 and Co3O4 were pressed into
pellets. Subsequently, the pellets were fired in O2 atmo-
sphere at 900 °C for 48 h, at 1200 °C for 24 h, and at 13
°C for 24 h, and then slowly cooled to room temperatu
The magnetic susceptibility was measured using a Qu
tum Design superconducting-quantum-interference-de
~SQUID! magnetometer.

XPS and UPS~He I: hn521.2 eV! measurements wer
carried out using a spectrometer equipped with a MgKa
source, a He discharge lamp, and a Physical Electro
~PHI! double-pass cylindrical mirror analyzer. All the XP
spectra have been corrected for the MgKa3,4 ghost. UPS
spectra were measured using a Vacuum Science Work
~VSW! hemispherical analyzer and the He II lin
(hn540.8 eV!. UPS spectra including 3p-3d resonant-
photoemission spectra were also measured at beamline
of Synchrotron Radiation Laboratory~SRL!, Institute for
Solid State Physics, University of Tokyo. XAS spectra we
taken at beam-line BL-2B of Photon Factory~PF!, National
Laboratory for High Energy Physics. All the measureme
using the PHI system and those at SRL were carried ou
liquid-nitrogen temperatures (;80 K!. The measurement
using the VSW system and those at PF were done at var
temperatures ranging from;30 K to room temperature
Binding energies of the photoemission spectra have b
calibrated using the Fermi edge of Au evaporated o
samples. Photon energies for the XAS spectra have b
calibrated using the O 1s absorption peak of TiO2 at 530.7
in
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eV. The energy resolutions of the XPS and He I UPS w
;0.9 and;0.25 eV full width at half maximum~FWHM!,
respectively. In the case of the UPS measurements using
VSW system, it was;80 meV for He II. The energy reso
lution of the measurements at SRL was 0.320.4 eV FWHM
for photon energies from 40 to 80 eV. In the XAS measu
ments, the resolution was;0.2 eV.

For surface cleaning, we have scraped the surfaces o
samples with a diamond filein situ at measurement tempera
tures. The O 1s core-level spectrum of LaCoO3 ~Fig. 1!
shows no shoulder on the higher binding energy side,19 indi-
cating that a clean surface was obtained. In the case of U
the scraping was repeated until a bump around 9210 eV
disappeared and the whole spectrum did not change
further scraping.

III. RESULTS

A. Magnetic susceptibility

Figure 2~a! shows the experimentalx-T curve and curves
calculated using three models, namely, the1A1-

5T2 two-
state~LH! model, the1A1-

3T1 two-state~LI ! model, and the
1A1-

3T1-
5T2 three-state~LIH ! model, where L, I, and H

denote the low-spin (1A1), intermediate-spin (3T1), and
high-spin (5T2) states, respectively. The result is in goo
agreement with the previous reports.9,10,12Although theoreti-
cal studies on the spin-state transitions beyond the sim
ionic model, which took into account magnetic interacti
between neighbor sites or the spin-orbit interaction,
available,24 we have analyzed our data within the simp
ionic model in order to know how well they explain th
experimental result.

The x-T curve of the two-state models~LI and LH! can
be written as

x5
NAmB

2g2S~S11!~2S11!d

3M@ebEa1~2S11!d#
b, ~1!

in units of emu/g, whereb51/kT, and NA andM are
Avogadro number and the molar weight of LaCoO3, respec-
tively. S andd are the total spin and the orbital degenera
of the 3T1 or

5T2 states.g is theg factor, which we fix to
2.0.Ea is the activation energy from the1A1 to the 3T1 or

FIG. 1. O 1s core-level XPS spectrum of LaCoO3. The broad
peak around 540 eV is due to CoL3M23V and LaM45N45V Auger
emissions.
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55 4259ELECTRONIC STRUCTURE AND TEMPERATURE- . . .
5T2 state. The LIH model can be described in a way sim
to Eq. ~1!. The Curie-Weiss term due to impurities9 ~with a
Curie constant of 2.931024 emu K/g and a Weiss tempera
ture of29.3 K! was subtracted from the raw data as sho
in Fig. 2~a!. One can see from Fig. 2~a! that an activation
energyEa of about 260 K is needed in any model in order
produce the peak at;90 K and that the LH model canno
reproduce its peak height. By contrast, the LI and the L
models can simulate both the position and the peak heigh
fact, Heikes, Miller, and Nazelsky have explained theirx-T
curve from;100 to;1000 K by a model in which electron
are thermally excited from aS51 ground state toS52 or
S53/2 states.5 Their analysis suggests that at high tempe
tures~above;500 K!, a model including the high-spin stat
may describe the experiment. In Fig. 2~b!, the LI and LIH
models are compared with the experimental data of Bh
et al.10 and Yamaguchiet al.12 up to ;1000 K. Above
;800 K, the LIH model shows better agreement with expe
ment than the LI model, although both models fail to rep
duce the plateau around 500 K. Here it should be noted
we have assumed theEa to be temperature independent f
simplicity although thermal expansion reduces the crys
field splitting and lowers theEa as assumed by Korotin
et al.15 Furthermore, a transition to the intermediate-spin~IS!

FIG. 2. ~a! Magnetic susceptibility of LaCoO3. Applied mag-
netic field was 10 kOe. Dot-dashed line (5T2): the

1A1-
5T2 two-

state~LH! model with an activation energyEa of 266 K. Note that
the magnitude is reduced by a factor of 0.27. Dashed line (3T1): the
1A1-

3T1 two-state~LI ! model with an activation energyEa of 257
K. Solid line (3T1 and 5T2): the

1A1-
3T1-

5T2 three-state~LIH !
model with an activation energies 257 K (Ea1) and 1731 K
(Ea2). ~b! LI model ~dashed line! and LIH model~solid line! com-
pared with the previous experimental data~filled circles!, Yamagu-
chi et al. ~Ref. 12! ~open circles! and Bhideet al. ~Ref. 10! ~open
squares!.
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or high-spin~HS! state will change the radius of the Co31

ion, leading to a change inEa .
1 This would have a particu-

larly pronounced effect on the transition to the HS st
around;500 K ~Ref. 2! and would cause a more drast
change in the population of the HS state as a function
temperature than predicted here. Nevertheless, the the
expansion should be less important for the;90-K transition
because of the low temperature and the temperat
independentEa would be a good approximation for th
present analysis.

Recently, Itohet al. have investigated a model based
the LH model taking into account level splittings due to t
trigonal distortion of the crystal structure and the spin-or
interaction.25 However, these effects could not reduce t
magnitude of the peak height and they inferred the prese
of antiferromagnetic coupling between the local~high!
spins.25 Our analysis suggests that the LI or the LIH mode
give fair agreement with experiment in spite of their simpl
ity, encouraging us to proceed further without the spin-or
interaction and the trigonal distortion. The LDA1U ~Ref.
15! and Hartree-Fock~Ref. 16! calculations also suggest tha
the intermediate-spin state can be the first excited magn
level. It should be emphasized, however, that these io
models are too simplistic because the Co 3d orbitals in fact
strongly hybridize with the O 2p orbitals due to the smal
charge-transfer energy,26 as described below.

We show the thermal population of the excited levels
the three models in Fig. 3. In any model, the population
the 1A1 ground state is greater than 0.9 below;50 K and
decreases with temperature. In the LIH model, for examp
this number decreases to;0.2 at 300 K. Hence, if each stat
is thermally populated and the different states (1A1,

3T1, and
5T2) produce different photoemission spectra, the spectra
expected to change with temperature. In the following s
tions, we will analyze the XPS, UPS, and O 1s XAS spectra
of LaCoO3 with CI cluster-model calculations for the1A1,
3T1, and

5T2 initial-state configurations. Comparison wit
the band-structure calculation13 shall also be presented.

B. Configuration-interaction cluster-model analysis
of spectroscopic data

In order to determine the electronic structure
LaCoO3, we have performed CI cluster-model calculatio

FIG. 3. Population of the5T2 level in the LH model~dot-dashed
line!, the 3T1 level in the LI model~dashed line! and the 1A1,
3T1, and

5T2 levels in the LIH model~solid line!. Ea’s are the same
as those in Fig. 2.
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4260 55T. SAITOH et al.
for the Co 2p core-level photoemission, valence-band ph
toemission, and O 1s XAS spectra. Following the analysis o
the magnetic susceptibility, we have calculated spectra
only for the low-spin and the high-spin initial states, but a
for the intermediate-spin initial state. The model is describ
by three parameters, namely, the multiplet-averagedd-d
Coulomb interactionU, the ligand p-to-transition-metal
~TM! d charge-transfer energyD, and the ligandp-TM d
transfer integral (pds).

We have performed the calculations in two ways: in o
scheme we have neglected the off-diagonal matrix elem
of the electron-electron interaction and retain only the di
onal part of thed-d Coulomb and exchange interactio
using single Slater determinants as the wave functio
We refer to this approximation as the single Slat
determinant ~SSD! scheme.26–28 The other is the full-
multiplet calculations, which include all the matrix elemen
of the electron-electron interaction, and we refer to it as
full-multiplet configuration-interaction~FMCI! scheme.29 In
the SSD scheme, the bases are not necessarily eigensta
the total spin nor do they have proper point-group symme
but one can reduce the number of bases and hence calc
spectra for light TM compounds, which have fewerd elec-
trons and require a much larger number of basis functio
For LaCoO3, the SSD scheme happens to be a good appr
mation for the low-spin~LS! state in reproducing the exper
mental spectra, because thed6 LS configuration has the cor
rect symmetry of the singlet ground state~see below!.
However, as will be discussed below, the energy gain of
LS state in the SSD scheme is not enough to become
ground state for reasonable parameter values because o
neglect of thed-d configuration interactions, which is gen
erally important for states where the spins are not fully p
larized. In the calculations of the TM 2p core-level spectra
the SSD scheme gives similar results to the FMCI sche
because of the large lifetime width of the 2p peaks. Hence

FIG. 4. Cluster-model analysis of the Co 2p core-level XPS
spectrum of LaCoO3 within the single Slater-determinant schem
assuming~a! the low-spin (t2g

6 eg
0: LS!, ~b! the intermediate-spin

(t2g
5 eg

1 : IS!, and~c! the high-spin (t2g
4 eg

2 : HS! initial states.
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for the Co 2p core level, we have employed the SSD sche
to obtain values for the parametersD, U, and (pds). For the
valence-band photoemission and O 1s XAS spectra, which
require more accurate treatment of multiplet structures,
have performed calculations within the FMCI scheme.

1. Co 2p core-level photoemission spectra

Calculated Co 2p photoemission spectra of LaCoO3 as-
suming the LS, IS, and HS initial states are compared w
experiment in Fig. 4. The calculated spectra have b
broadened with a binding-energy-dependent Lorentz
function and a Gaussian function.27,28,30Obtained parameter
are listed in Table I. In every calculation, the main pe
largely consists ofcId7LI and cId8LI 2 final states, wherecI
denotes a Co 2p core hole. AlthoughD and (pds) for the
high-spin state are smaller and larger than those for the
state~Table I!, respectively,d7LI has large weight in the LS
initial state compared to the HS state~Table II!. This is be-
cause the LS initial state has more emptyeg orbitals, whose
hybridization strength is larger than that of thet2g states by a
factor;2.31 The netd-electron number (Nd) and thed char-
acter of doped carriers (Chole

d and Celectron
d , where, e.g.,

Chole
d 51 means that the doped hole has pured character and

Chole
d 50 means that it has purep character!, calculated using

those parameters are listed in Table III. In every spin st
D is smaller thanU indicating that LaCoO3 is in the charge-
transfer regime. However, one can see from the values
Chole
d andCelectron

d that the band gaps of the LS state as well
the IS states have considerablep-p character, reflecting the
smallD value.32 TheNd of each state decreases from LS
HS reflecting the decrease in thed7LI andd8LI 2 weight in the
ground state.33

2. Band gap and total energy

The band gap (Egap) calculated using the cluster model
listed in Table III for the LS, IS, and HS states. The calc
latedEgap corresponds to the peak-to-peak separation in

TABLE I. Parameters obtained from the CI cluster-model ana
sis of the Co 2p core-level photoemission spectrum of LaCoO3 for
the low-spin~LS!, intermediate-spin~IS!, and high-spin~HS! initial
states within the SSD scheme~in units of eV!. Racah parameters
used in the analysis areB50.132 eV andC50.635 eV.

D U (pds)

LS 2.062.0 5.561.0 21.760.2
IS 2.062.0 5.561.0 21.860.2
HS 1.062.0 6.861.0 22.060.2

TABLE II. Weight of various configurations for the low-spin
~LS!, intermediate-spin~IS!, and high-spin~HS! ground states
within the SSD scheme.

d6 d7LI d8LI 2

LS 29 % 53 % 17 %
IS 35 % 53 % 12 %
HS 49 % 44 % 7 %
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55 4261ELECTRONIC STRUCTURE AND TEMPERATURE- . . .
combined photoemission and BIS spectra aligned at
Fermi level (EF), and is estimated to be;2–3 eV for La-
CoO3 from figures in Ref. 21. The magnitude of the ba
gap cannot be correctly calculated within the SSD sche
because of the too small energy gain compared to the FM
scheme, particularly for the LS state. Indeed, the magnit
of the gap of the LS state in the SSD scheme, 0.7 eV
much smaller than the above value.

In the calculations within the FMCI scheme, we ha
taken into account the 10Dq due to the nonorthogonality
between the oxygenp and TM d orbitals and the scaling
factor of 0.8 for the configuration dependence of the trans
integrals.34 We have thus obtained the ground state to h
1A1 symmetry for D52.0 eV, U55.5 eV, and
(pds)521.8 eV. The weight of the various configuration
in the 1A1,

3T1, and
5T2 states agrees with those obtained

the SSD scheme to within a few percent. TheEgap in the
FMCI scheme, especially that for the1A1 ground state, is
much larger than those of the SSD scheme as shown in T
II, due to the greater stabilization of thed6 states. The cal-
culated Egap;5.4 eV is now too large compared to th
experiment~2–3 eV!. This would probably be a shortcomin
of the cluster model, particularly for the1A1 ground state:
intercluster hybridization would reduce the intracluster c
relation of the1A1 state and raise its energy, thus reduci
Egap.

3. Valence-band spectra

Figure 5 shows photoemission spectra of LaCoO3 in the
valence-band region for various incident photon energ
Considering that the Co 3d-to-O 2p relative photoionization
cross sections increase with incident photon energy,35 struc-
ture A has a large Co 3d contribution and also structureC
and shoulderD have some Co 3d contribution whereas the O
2p contribution is dominant in structureB. This qualitative
analysis is consistent with the cluster-model calculation
the low-spin state as well as with the band-struct
calculation,13 as described below. From;9 to ;14 eV, in-
tensities due to satellite structures can be observed in
80.0-eV spectrum. As for the XPS (hn51253.6 eV! spec-
trum, one cannot easily identify this feature due to the ov
lapping tail of the intense La 5p peak, but a residual intensit
appears after subtraction of the integral background.

In the following calculations, the relative energy positio
of the spectra for the1A1,

3T1, and
5T2 initial states have

been fixed so that the three initial states have the same
energies, although the3T1 state is located at a somewh
higher energy compared to the1A1 and 5T2 states.~The
magnetic susceptibility implies that the three states are

TABLE III. Net d-electron numbers (Nd), d characters of doped
carriers (Chole

d andCelectron
d ) and band gaps (Egap in eV! calculated

within the SSD scheme. Band gaps calculated using the FM
scheme are given in the parentheses.

Nd Chole
d Celectron

d Egap

LS 6.9 0.36 0.42 0.7~5.4!
IS 6.8 0.44 0.42 20.4 ~3.8!
HS 6.6 0.30 0.64 2.5~4.0!
e

e
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e
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cated within;0.1 eV.! The Co 3d photoemission spectra o
LaCoO3 calculated using the cluster model in the FMC
scheme for the1A1,

3T1, and
5T2 initial states are shown in

Fig. 6.36 The 5T2 spectrum, which is spread over a wid
energy range, is completely different from the1A1 spectrum,
while the 3T1 spectrum is more similar to the1A1 spectrum.
Consequently, it is expected that if the valence-band sp
trum can be described as a superposition of the1A1 and
3T1 initial states, the spectra would show only small chang
with temperature.

We have also measured resonant photoemission sp
near the Co 3p-3d core-absorption threshold. The on- an
off-resonance photon energies have been determined
the total yield~TY! spectra and constant-initial-state~CIS!
spectra. In the lower panel of Fig. 6, we show o
(hn563.5 eV! and off- (hn560.0 eV! resonance spectra
The on-resonance spectrum is enhanced over a wide en
range, with the strongest enhancement from;8 to;15 eV,
which can be identified as a satellite structure due to cha
transfer. The on-off difference spectrum shows an inte
peak nearEF and a shoulder at;6 eV as well as the satel
lite. Hence, apart from the enhancement of the satellite,
spectrum is similar to the calculated1A1 @Fig. 6~a!# spectrum
or the 1A11

3T1 spectrum~Fig. 7; see below!. Indeed, the
two structures marked with arrows in the LaCoO3 spectrum
correspond to the first two peaks in the1A1 spectrum in Fig.
6~a!.

In Fig. 7 are shown the valence-band XPS spectra
LaCoO3 for a 70%~Ref. 1! A1130%3T1 mixed initial state,
corresponding to the thermal population at;80 K deduced
from the magnetic susceptibility. In order to simulate the
2p band, we have used the He I spectrum37 @Fig. 7~a!# or the
calculated O 2p partial DOS38 @Fig. 7~b!#. The Co 3
d–to–O 2p intensity ratios of the spectra in Figs. 7~a! and
7~b! are;88% and;60%, respectively, which are roughl
equal to the calculated photoionization cross sect
(;85%!.35,39Both Figs. 7~a! and 7~b! show good agreemen

L

FIG. 5. Photoemission spectra of LaCoO3 in the valence-band
region with various incident photon energies. All the spectra w
normalized to the area from20.5 to 8.0 eV. The integral back
ground for the XPS spectrum~dashed line! has been obtained from
21.5 to 27.0 eV.
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4262 55T. SAITOH et al.
between theory and experiment, with somewhat better ag
ment in the latter.

We also obtain good agreement between theory and
periment by assuming a 70%~Ref. 1! A1130%5T2 initial
state. However, the1A1-

5T2 mixed spectrum is expected t
strongly change with temperature, while the experimen
XPS spectra have not shown appreciable changes u
T;570 K.2 Figure 8 shows simulations of the temperatu
dependent XPS spectra of LaCoO3 for the two types (1A1-
3T1 and

1A1-
5T2) of mixed initial states. The ratios in th

initial states have been taken from the magnetic suscept
ity. One can easily see that the1A1-

5T2 mixed spectrum
considerably changes from;80 to ;300 K, while the
1A1-

3T1 mixed spectrum does not change so much. Hen
we may exclude the possibility of the1A1-

5T2 mixed initial
state in LaCoO3.

4. O 1s XAS spectra

Figure 9 shows O 1s XAS spectra at low (;55 K! and
high (;300 K! temperatures. The overall spectral featu
~not shown! are in good agreement with the previous repo2

with the peak at 529.4 eV attributed to the empty Co 3d band
hybridizing with the O 2p band. One can find from Fig. 9
that the intensity around the peak slightly decreases w
temperature while an increase in the weight is seen aro

FIG. 6. Upper panel: Calculated Co 3d photoemission spectra o
LaCoO3 assuming the~a! 1A1, ~b! 3T1, and ~c! 5T2 initial states
within the full-multiplet configuration-interaction cluster mode
D52.0 eV,U55.5 eV, and (pds)521.8 eV have been used. Th
position of the spectra has been determined so that the2T2 final
peaks are located at 1.0 eV, for simplicity. The symmetry of
first ionization states of the spectra is also shown. Lower panel
3p-3d resonant photoemission spectra and the on-off differe
spectrum.
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528.4 eV, where Abbateet al. observed a prominent growt
of a structure above 550 K.2 We cannot conclude, howeve
whether the shoulder at 300 K in our data and the low-ene
structure observed by Abbateet al. have the same origin o
not. A very recent optical study has revealed that
temperature-dependent optical spectra of LaCoO3 show dra-
matic changes above room temperature in a wide ene
range of several electron volts in spite of very small chan

e
o
e

FIG. 7. Full-multiplet cluster-model analyses of the valenc
band XPS spectra of LaCoO3 assuming the 70%

1A1130%3T1 ini-
tial states. The calculated valence-band spectra~solid lines! are
compared with the experimental spectra~dots!. Dotted lines are the
calculated Co 3d spectra and the dashed lines are simulation of
O 2p partial DOS taken from the He I spectrum of LaCoO3 ~a! or
the calculated O 2p partial DOS by Hamada, Sawada, and Teraku
~Ref. 13! ~b!.

FIG. 8. Simulations of the temperature-dependent XPS spe
of LaCoO3 for the two types (

1A1-
3T1 and

1A1-
5T2) of the mixed

initial states. 70%1A1130%3T1 and 70%
1A1130%5T2 correspond

to ;80 K and 30%1A1170%3T1 and 20%1A1180%5T2 corre-
spond to;300 K.
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below room temperature,40 consistent with the weak tem
perature dependence of the O 1s XAS spectra.

We have also performed cluster-model calculations
the O 1s XAS spectra of LaCoO3 assuming the1A1,

3T1,
and 5T2 initial states, as shown in Fig. 10~a!.41 As in the
calculated XPS spectra, the1A1 and the 3T1 spectra are

FIG. 9. O 1s XAS spectra of LaCoO3 at 55 and 300 K near the
threshold. The two spectra have been normalized to the integr
intensity from 526.5 to 533.0 eV. The difference between the hi
and low-temperature spectra is also shown.

FIG. 10. ~a! Full-multiplet cluster-model calculations of the O
1s XAS spectra of LaCoO3 assuming the

1A1,
3T1, and

5T2 initial
states. The spectra have been shifted so that the2E final state is
located at 529.4 eV.~b! Simulations of the temperature-depende
O 1s XAS spectra of LaCoO3 for the two types (1A1-

3T1 and
1A1-

5T2) of mixed initial states: 85%1A1115%3T1 and
85%1A1115%5T2 correspond to;55 K and 25%1A1175%3T1
and 15%1A1185%5T2 correspond to;300 K. The ratio has been
approximately fixed to reproduce the measured magnitude of
magnetic susceptibility at each temperature~see Fig. 3!.
r

relatively similar to each other, while the5T2 spectrum gives
different results from the others. Simulations of th
temperature-dependent O 1s XAS spectra assuming the tw
types (1A1-

3T1 and 1A1-
5T2) of mixed initial states are

shown in Fig. 10~b!. In both simulations, the2E final state
peak reduces its intensity from;55 to ;300 K and the
1A1-

5T2 mixed spectrum shows larger decrease than
1A1-

3T1 mixed spectrum. The experimental spectrum a
reduces its peak height~Fig. 9!, but the change is quite smal
Both simulations show that the intensity on the higher ph
ton energy side of the2E final peak increases with tempera
ture, which has not been observed in the experiment.
sides, neither simulation can well explain the growing sm
shoulder in the experiment at 528.4 eV. The effect of the O
s core-hole potential may have to be included to quant
tively analyze the O 1s XAS spectra.

C. Comparison with band-structure calculation

Recently, Hamada, Sawada, and Terakura13 have per-
formed band-structure calculations for LaMO3 (M5Ti-Cu!
in the local-spin-density approximation~LSDA! using the
full-potential linearized augmented-plane-wave~FLAPW!
method. For LaCoO3, they have obtained a nonmagnet
semimetallic ground state. In order to compare their res
with our photoemission spectra, we have shifted the cond
tion bands upwards, taken only the DOS of the occup
bands,42 and fixed the top of the valence band at 0.4 e
belowEF to obtain best agreement with the XPS spectrum
shown in Fig. 11.38,43 It is noted that the activation energ
obtained from the resistivity is 0.1–0.25 eV~Refs. 10, 12,
and 44! and hence the location of the top of the valen
band, 0.4 eV, is too deep. A similar comparison has rece
been made by Sarmaet al.45

We have measured high-resolution UPS spectra of
CoO3 at several temperatures. Below 100 K, unfortunate
we could not take reasonable spectra due to charging of
sample. In Fig. 12, one can observe four structuresA, B,
C, andD as in Fig. 5. A small bump around 9 eV could b
interpreted as due to a satellite structure and/or surface
radation. There is very little change in the whole valen
band between 100 and 200 K~not shown!, except for a slight
~a few meV! shift of the whole spectrum towards highe
binding energy at 100 K.

In Fig. 12, we compare the UPS spectra of LaCoO3 taken
at 100 K with the band-structure calculation.13,46 Here we
have used only the~occupied! O p partial DOS because th
Co 3d-to-O 2p relative cross section is only;8% around
this photon energy.35 Following the activation energy of the
electrical conductivity, which is at most 0.25 eV, we ha
fixed the top of the valence band in the DOS to 0.25
below EF . Although the four structures in the calculate
DOS can be easily assigned as structuresA, B, C, andD, the
observed spectral line shape is much broader than the ca
lated DOS. Especially, the first peak in the band-struct
calculation located at;0.6 eV is very sharp while the ex
perimental spectrum shows only a broad peak at;1.0 eV. A
possible origin for the discrepancy is a polaronic effect,47,48

but further studies are necessary to clarify this point.
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IV. DISCUSSION

Within the simple ionic model, the1A1-
3T1 and 1A1-

3T1-
5T2 models can account for the behavior of the ma

netic susceptibility of LaCoO3 up to around;300 and
;1000 K, respectively. On the other hand, the1A1-

5T2
model needs antiferromagnetic interaction between the5T2
Co ions in order to explain the small absolute value of
magnetic susceptibility12,25 whereas the inelastic neutro
scattering study has revealed the presence of weak ferrom
netic correlation atT*100 K.1 The calculated valence-ban
spectrum assuming the1A1-

3T1 initial state shows good
agreement with the XPS spectrum at;80 K and qualita-
tively explains the small change in the valence-band sp
trum with temperature.2 As for the O 1s XAS spectra, the
1A1-

3T1 model explains the temperature dependence of
experimental data only qualitatively. We consider that
discrepancy comes from the fact that our calculations do
include the effect of the O 1s core-hole potential in the fina
state of the x-ray absorption process. A main shortcoming
the 1A1-

3T1 model is that the3T1 state is located highe
than the5T2 state according to the CI cluster-model calcu
tion with reasonable parameter values, possibly due to
limitation of the single-site cluster model: the LDA1U cal-
culation has found the IS state to be the first excited sta15

According to the Hartree-Fock calculations,16 too, the total
energy of the IS state can be considerably lowered by
ordering of theeg orbitals. Further, the Hartree-Fock calc
lations predict that the system becomes a ferromagn
metal in the orbital-ordered IS state, consistent with the w
ferromagnetic correlation observed by the neutron scatte
study.1 Therefore, we consider that the magnetic transition
LaCoO3 at ;90 K is not the1A1-to-

5T2 transition but the
1A1-to-

3T1 transition. The optical studies have shown th
the charge gap is;0.1 eV,12,49which is larger than the spin
gap;0.03 eV,12 suggesting that the lowest excited state
an excitonic bound state of an electron-hole pair with lo

FIG. 11. Valence-band XPS spectrum of LaCoO3 compared
with the LDA band-structure calculation by Hamada, Sawada,
Terakura~Ref. 13!. Simulated valence-band spectra~solid lines! are
compared with the experimental spectrum~dots!. The Co 3d partial
DOS and the O 2p partial DOS are also shown.
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magnetic moment. This localized magnetic excitation m
be spread over several sites due to the strong hybridiza
between the Co 3d and O 2p orbitals and stabilized by in-
tercluster effects such as~short-range! orbital ordering.

The alternative approach to the electronic structure
LaCoO3 is the itinerant band picture, starting from the ca
culated LDA band structure. Except for the satellite stru
ture, the band calculation also shows good agreement
the XPS spectrum. Consequently, if one introduces corr
tion effects into the band structure as a self-energy cor
tion, one may have another description of LaCoO3.

16 Along
this line, the magnetic susceptibility may be calculated
spin-fluctuation theory as in the case of FeSi.50 In fact, both
LaCoO3 and FeSi can be considered as strongly correla
semiconductors from the fact that their magnetic and elec
cal properties at finite temperatures deviate from those
conventional semiconductors. While the spin gap is mu
smaller than the charge gap in LaCoO3, FeSi ~Ref. 51! has
similar magnitudes of the spin and charge gaps, indica
that there are no bound electron-hole pairs in the exc
states of FeSi and hence that interaction between qu
particles is weaker in FeSi than in LaCoO3. Thus the band-
structure calculation is certainly a better starting point
FeSi than for LaCoO3. For FeSi, the observed band edge
shifted towards EF compared to the band DOS, which ind
cates a bandnarrowingand enables us to analyze the spec
using a dynamical, local self-energy correction.51 On the
other hand, the band edge is shiftedaway from EF compared
to the LDA result in LaCoO3 ~Fig. 12!, indicating a band
widening.

d

FIG. 12. Comparison between the high-resolution UPS spe
of LaCoO3 at 100 K and the LDA band-structure calculation b
Hamada, Sawada, and Terakura~Ref. 13!. ~a! Wide range.~b! Near
EF .
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V. CONCLUSIONS

We have studied the electronic structure of LaCoO3 by
photoemission spectroscopy and x-ray absorption spect
copy and analyzed them in terms of the local cluster
model. The Co 2p core-level and the valence-band phot
emission spectra display satellite structures. The1A1 ground
state of LaCoO3 is found to consist of;30% d6, ;50%
d7LI , and;20%d8LI 2 states, indicating a strongly hybridize

ground state. LaCoO3 is a charge-transfer-type insulator, b
the band gap has considerablep-p character due to the
strong hybridization. From the cluster-model analysis of t
spectra as well as the analysis of the magnetic susceptib
the magnetic transition in LaCoO3 at ;90 K seems most
likely due to the 1A1-to-

3T1 transition although agreemen
between theory and experiment is not yet satisfactory for
spectral line shapes.
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