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Electronic structure of tetragonal LaCuO3 studied by photoemission
and x-ray-absorption spectroscopy
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The electronic structure of the formally Cu31 metallic LaCuO3 has been studied by photoemission and
x-ray-absorption spectroscopy. By analyzing the valence-band and Cu 2p core-level photoemission spectra
using a CuO6 cluster model, the charge-transfer energy is estimated to be21 eV, indicating that the ground
state is dominated by thed9LI configuration with which thed8 configuration is strongly hybridized, whereLI
denotes a ligand hole. However, agreement between the experimental results and the cluster-model calculations
is not satisfactory for the detailed line shape of the main peaks. Especially, the Cu 2p x-ray-absorption
spectrum cannot be well explained by the single-site cluster-model calculation, suggesting the importance of
intercluster interaction. On the other hand, the existence of the charge-transfer satellite in the Pauli-
paramagnetic state is explained by Hartree-Fock band-structure and self-energy calculations using parameters
deduced from the analysis of the photoemission spectra.
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I. INTRODUCTION

Since the discovery of the high-Tc copper oxides,1 the
electronic structure of the hole-doped Cu21 oxides has been
subject to extensive investigations. X-ray-absorption a
photoemission studies on the high-Tc cuprates have reveale
that the doped holes mainly go into the O 2p orbitals.2–4

Formally Cu31 oxides such as NaCuO2 and LaCuO3 have
been frequently used as reference compounds in discus
the existence of Cu31 species in the high-Tc cuprates.5,6 On
the other hand, the electronic structure of the formally Cu31

oxides, which can be viewed as 100% hole-doped Cu21 ox-
ides, has attracted interest because it remains to be clar
whether the ground states are dominated byd8 ~real Cu31! or
d9LI ~formally Cu31 but actually Cu21 plus an oxygenp hole
LI !. If the latter is the case, the description of the electro
structures of such insulating and metallic states provides
with a challenging problem. One such compound, NaCu2,
has been studied by photoemission spectroscopy and clu
model analysis and has been found to have a ground sta
d9LI character with whichd8 character is heavily mixed.7 We
have argued that in a compound with this type of grou
state the magnitude of the band gap is determined by
relative strength of the hybridization within the local CuOn
cluster and that between the clusters.7 NaCuO2, which has a
90° Cu-O-Cu bond angle, is insulating because the band
opens due to the strong Cu 3d– O 2p hybridization within
the CuO4 cluster and the intercluster interaction is weak. O
570163-1829/98/57~16!/9550~7!/$15.00
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the other hand, in LaCuO3 with a perovskite-type structure
which has an almost 180° Cu-O-Cu bond angle, the in
cluster interaction is expected to be strong.

For LaCuO3, two types of crystal structures have be
reported: a rhombohedrally distorted perovskite struct
synthesized at higher oxygen pressure8 and a tetragonally
distorted perovskite structure synthesized at lower oxy
pressure.9 Both the rhombohedral and tetragonal LaCu3

have been found to be a poor metal,8,10 whereas it has also
been reported that the stoichiometric tetragonal LaCu3

shows a semiconducting behavior.11 Band-structure calcula
tions using the local-density approximation~LDA ! predict
LaCuO3 to be a Pauli-paramagnetic metal.12,13 Based on the
LDA1U calculation, which predicts LaCuO3 to be an anti-
ferromagnetic ~AFM! insulator, Czyzyk and Sawatzky12

have claimed that the tetragonal LaCuO3 is a semiconductor
for the ideal stoichiometry and that its metallic behavior
derived from the oxygen deficiency. Few high-energy sp
troscopic experiments such as photoemission spectrosc
which provide important information on the electronic stru
ture, have been reported. In this paper, we present ph
emission and x-ray-absorption spectra of tetragonal LaCu3,
which is almost stoichiometric and metallic. We have an
lyzed the spectra by the configuration-interaction~CI!
cluster-model analysis and have extracted the electro
structure parameters. Using the parameters deduced from
cluster-model analysis, we have performed unrestric
Hartree-Fock~HF! and subsequent self-energy correcti
9550 © 1998 The American Physical Society
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57 9551ELECTRONIC STRUCTURE OF TETRAGONAL LaCuO3 . . .
calculations on a Cu 3d– O 2p lattice model in order to
explain the photoemission spectra of Pauli-paramagn
LaCuO3. We have also analyzed the Cu 2p x-ray-absorption
spectra in order to study how the intercluster interact
manifests itself in high-energy spectroscopy.

II. EXPERIMENT

Polycrystalline samples of LaCuO3 were prepared by the
following procedure. A mixture of La2O3 and CuO was
pressed into a pellet and fired at 850 °C for 2–3 h in air. T
product was milled and pressed into a pellet again. A
firing at 1000 °C in air for 24 h, LaCuO2.5 was obtained. The
sample was further fired at 800 °C and 200 atoms for 4
and at 400 °C and 400–500 atoms for 3–4 in an O2 gas flow.
Stoichiometry of the compounds was established by io
metric titrations as LaCuO2.9760.02. The samples show meta
lic and Pauli-paramagnetic behaviors.10

A Mg Ka source (hn51253.6 eV) was used for x-ra
photoemission spectroscopy~XPS!. XPS spectra were cor
rected for the MgKa3,4 ghost. Photoelectrons were collecte
with a PHI double-pass cylindrical-mirror analyzer. Th
resolution including both the source width and the inst
mental broadening was;1.0 eV for XPS. Ultraviolet photo-
emission spectroscopy~UPS! spectra were measured
beamline BL-2 of the Synchrotron Radiation Laboratory,
stitute for Solid State Physics, University of Tokyo. The e
ergy resolution was 0.3–0.5 eV for photon energies rang
from 40 to 100 eV. The Fermi level was determined
evaporating Au on the sample. The binding energy in X
was calibrated using the Au 4f 7/2 peak at 84.0 eV. In order to
prevent possible loss of oxygen atoms from the surface,
samples were cooled to liquid-nitrogen temperature~LNT!
during the measurements. X-ray-absorption spectrosc
~XAS! was done at beamline BL-2B of Photon Facto
Laboratory for High Energy Physics. The energy resolut
was ;0.2 eV at 530 eV. The photon energy was calibra
using the O 1s edge of TiO2 at 530.7 eV~Ref. 14! and the
Cu 2p3/2 edge of Cu metal at 932.5 eV.15 The XAS spectra
were taken at room temperature~RT! in the total electron
yield method. In order to obtain fresh, clean surfaces,
samples were scrapedin situ with a diamond file. The O 1s
core-level spectrum became almost a single peak by scra
both at RT and at LNT~Fig. 1!, which is an indication of

FIG. 1. O 1s XPS spectrum of LaCuO3.
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good sample quality. The shoulder at;531 eV may be due
to surface contamination. Since the amount of the shoulde
less than 10% of the O 1s peak, the surface contaminatio
does not affect the following cluster-model analyses of co
level spectra. The base pressure in the spectrometer wa
the low 10210-torr range for XPS and UPS and was;1
31029 torr for XAS.

III. RESULTS AND DISCUSSIONS

A. Core-level XPS

The Cu 2p core-level XPS spectrum is shown in Fig.
The binding energy of the Cu 2p3/2 peak is 934.5 eV, which
is ;1 eV higher than that of CuO and is;2 eV higher that
those of Cu2O and Cu metal.16 The Cu 2p spectrum has
satellite structures, which have generally been observe
late transition-metal oxides. Therefore, we have applied
CI cluster-model analysis including the multiplet effect.17,18

Since in tetragonal LaCuO3 there are four in-plane Cu-O
bonds of 1.909 Å and two apical Cu-O bonds of 1.986 Å10

we have employed an elongated octahedral CuO6 cluster
with D4h symmetry. The wave function of the ground state
given by a linear combination ofd8, d9LI , and d10LI 2 con-
figurations, whereLI represents an oxygen 2p hole. The O
2p to Cu 3d charge-transfer energyD is defined byD
[E(d9LI )2E(d8) and the 3d-3d Coulomb interaction en-
ergy byU[E(d9)1E(d7)22E(d8), whereE(dnLI m) is the
center of gravity of thednLI m multiplet. The transfer integrals
between the Cu 3d and O 2p orbitals are expressed in term
of Slater-Koster parameters (pds) and (pdp).19 The ratio
(pds)/(pdp) is fixed at;22.2.20,21 The transfer integrals
between the O 2p orbitals are given by (pps) and (ppp),
which are fixed at 0.60 and20.15 eV, respectively. In addi
tion, we have scaled the transfer integrals following Har
son’s rule, which predicts the dependence of the transfer
tegrals on the interatomic distance.21 The value of (pds)
given below is for the in-plane Cu-O bond. The multipl
coupling between the 3d electrons is included through Raca
parametersB andC, which are fixed at 0.150 and 0.667 eV
namely,;80% of the atomic HF values.22 The wave func-

FIG. 2. Cu 2p core-level spectrum of LaCuO3 compared with
the CI cluster-model calculation~upper panel!. Decomposition of
the line spectra into final-state configurations is shown in the lo
panel.
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9552 57T. MIZOKAWA et al.
tions of the final states are given by linear combinations
cI d8, cI d9LI , andcI d10LI 2 configurations, wherecI denotes a Cu
2p core hole. The multiplet coupling between the Cu 2p
core hole and Cu 3d electrons is expressed in terms of Sla
integralsF2, G1, andG3, which are also fixed at 7.08, 5.37
and 3.06 eV, namely,;80% of the atomic HF values.18,22In
the cluster-model analysis of the Cu 2p XPS, we have four
adjustable parameters:D, U, (pds), and the multiplet-
averaged 2p-3d Coulomb interactionQ@[F02(1/15)G1

2(3/70)G3#.
Here, we have fixedU andQ at 7.0 and 9.0 eV, respec

tively, which are close to the values obtained commonly
the cluster-model analyses of the late transition-me
oxides.18,23The best fit is obtained forD521.061.0 eV and
(pds)521.760.2 eV as shown in Fig. 2. The energy sep
ration and relative intensity between the main and sate
structures are reproduced. The ground state is the high-
state with3B1g symmetry as in the cubic cluster because
elongation of the octahedra or the ratio of the apical Cu
bond length to the in-plane one;1.04 is too small. In order
to stabilize the low-spin state compared with the high-s
state, the ratio is required to be larger than 1.13 with
best-fit parameter set. The ground state has 37%d8, 53%
d9LI , and 10%d10LI 2 characters. The final states are deco
posed into thecI d8, cI d9LI , and cI d10LI 2 components in the
lower panel of Fig. 2. The main peaks have predominan
both cI d10LI 2 and cI d9LI character and the satellite structur
havecI d9LI character. In the ground state, the net numbe
the 3d holes is 1.27, which is close to the ionic value
Cu21 rather than Cu31. In this sense, the electronic structu
of LaCuO3 given by the single-site cluster model is similar
that of NaCuO2.

7 However, it is expected that the interclust
interaction is important in LaCuO3, which has an almos
180° Cu-O-Cu bond. Actually, the asymmetric line shape
the main peak cannot be explained by the single clus
model calculation as the other Cu oxides such as La2CuO4,
which may be due to the intercluster interaction beyond
single-site cluster model.24 The Cu 2p XPS spectrum of
LaCuO3 should be further investigated by a model includi
the intercluster interaction.

B. Valence band

The valence-band photoemission spectra taken at var
photon energies from 40 to 1253.6 eV are displayed in F
3. Since the relative photoionization cross section of O 2p to
Cu 3d increases as the photon energy decreases, the s
tures at 3 and 5 eV mainly have the O 2p and Cu 3d char-
acters, respectively. In the UPS spectrum taken athn
590 eV, the existence of the satellite structure located
;12 eV is clear. The satellite region from 9 to 13 eV
strongly enhanced and the main-band region from 0 to 7
is not enhanced by the 3p-3d resonance~hn574 eV: on
resonance;hn570 eV: off resonance!, indicating that the
satellite can be regarded as a so-called charge-transfer s
lite.

The calculated line spectra withD521.0 eV, U
57.0 eV, and (pds)521.7 eV have been broadened with
Gaussian and a Lorentzian and are compared with
valence-band XPS spectrum in Fig. 4. The full width at h
maximum ~FWHM! of the Gaussian is;1.0 eV, which is
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mainly determined by the energy resolution of the analyz
and that of the Lorentzian is;0.410.3EB eV, where the
first term is derived from the natural width of the x-ra
source and the second term proportional to the binding
ergy EB is from the lifetime of the final states. The satelli
structure, whose existence becomes clear by subtracting
background due to secondary electrons, is well reprodu
Here, we have added the contribution from the O 2p band of
a Gaussian form centered at;3 eV whose relative cross sec
tion to the Cu 3d band is assumed to be three times larg
than that of the atomic calculation.25 From the cluster-mode

FIG. 3. Valence-band photoemission spectra of LaCuO3 taken at
hn540, 70, 74, 90, and 1253.6 eV.

FIG. 4. ~a! Cluster-model calculation~thick solid curve! for
valence-band photoemission spectra compared with the experim
tal result (hn51253.6 eV) of LaCuO3 ~dots!. The thin solid curve
indicates the contribution from the Cu 3d orbitals, which is ob-
tained by broadening the line spectra.~b! The line spectra are de
composed into the configurational components.



m
re

-

ra
sa
th

an
nd
th
m
a

er
ue

or

-

e

ed
,
ra
ta

th
ct
r

ar
ar
he

a
tz

cor-
V.
as

the

he
ure
nd
tur-
ap-
nce
the
nd
re-

the
ive
ing
ac-

to
ree-

ted
y-
ntal
vel
en-
tum

lti-
,

ermi
de-

tion
the
f-
rgy
b-

he

set

r-

t

57 9553ELECTRONIC STRUCTURE OF TETRAGONAL LaCuO3 . . .
analysis, the final states both of the main-band region fro
to 8 eV and of the satellite region from 8 to 13 eV a
mixtures of thed8LI andd9LI 2 configurations. The first ion-
ization state has2A1g symmetry, which is obtained by emis
sion from thex22y2-type orbitals.

Although the cluster-model calculation gives us an ove
picture of the valence-band XPS spectrum including the
ellite structure, it is unable to describe the structure near
Fermi level. Here, we are going to interpret the valence-b
XPS spectrum of the metallic sample starting from the ba
structure calculation. This attempt is meaningful even if
metallic behavior is derived from the small nonstoichio
etry. In order to investigate the effect of the translation
symmetry of the Cu 3d orbitals beyond the single-site clust
model, we have performed HF calculations and subseq
self-energy correction calculations on a Cu 3d and O 2p
lattice model.26 In this model, the intra-atomic 3d-3d Cou-
lomb interaction is taken into account in terms of Kanam
parameters,u, u8, j , and j 8, for which the relationshipsu8
5u22 j and j 85 j are assumed.27 These Kanamori param
eters are related to Racah parameters throughu5A14B
13C and j 5(5/2)B1C. The parameters used for th
present calculation areD50.0 eV, U57.5 eV, (pds)5
21.8 eV, andj 50.92 eV, which are close to those obtain
from the cluster-model analyses. In the HF calculation
G-type AFM insulating state is lower in energy than a pa
magnetic~PM! metallic state, contradicting the experimen
result. The situation is similar to that found in the LDA1U
calculation by Czyzyk and Sawatzky.12 Here, we are going
to compare the density of states of the PM solution with
photoemission spectrum. The HF and self-energy corre
results are shown in Fig. 5. In the insets, the calculated
sults, where the partial density of states of Cu 3d and O 2p
are multiplied by their photoionization cross section and
broadened with a Gaussian and a Lorentzian, are comp
with the experimental results. For the HF result, t
FWHM’s of the Gaussian and Lorentzian are the same
those for the cluster-model calculation, that is, the Loren

FIG. 5. Spectral function of LaCuO3 calculated using the HF
approximation~upper panel! and that including the self-energy co
rection calculated using the second-order perturbation~lower
panel!. The shaded area indicates the transition-metal 3d spectral
weight. In the insets, the calculated results are compared with
valence-band XPS spectrum.
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ian is taken to be energy dependent. For the self-energy
rected result, the FWHM of the Lorentzian is fixed at 0.4 e
The HF solution for the PM metal is essentially the same
that of the LDA calculation.12,13 In the HF calculation, the
broadeg band, in which the O 2p and Cu 3d orbitals are
strongly hybridized, crosses the Fermi level. As a result,
calculatedt2g band is located at;3 eV, which is too deep,
and the deviation from the experimental result is large. T
HF calculation also fails to reproduce the satellite struct
from 8 to 13 eV. In order to calculate the self-energy arou
the HF solution, we have performed a second-order per
bation expansion in Coulomb interaction using the local
proximation, namely, neglecting the momentum depende
of the self-energy. In the self-energy-corrected result,
broadeg band is strongly renormalized and is narrowed a
part of the spectral weight is transferred to the satellite
gion. However, the band narrowing and the intensity of
satellite structure are too strong, indicating the excess
self-energy correction. In the metallic solution, the screen
effect may be important and may have to be taken into
count, e.g., through the random phase approximation~RPA!.
Inclusion of higher-order RPA-type diagrams is expected
weaken the self-energy correction and improve the ag
ment with the experimental result.

The intensity near the Fermi level, which is overestima
in the HF calculation, is still too strong in the self-energ
corrected spectral function compared with the experime
result. In order to reproduce the intensity at the Fermi le
using the self-energy calculation, strong momentum dep
dence of the self-energy is required. When the momen
dependence of the self-energy is strong andmk /mHF is much
lower than 1, the spectral weight at the Fermi level is mu
plied by the factormk /mHF and is strongly reduced. Here
mHF is the band mass in the HF calculation andmk is the
so-calledk mass defined by28

mk /mHF[
]«k

HF

]k FSS ]«k
HF

]k
1

]Sk~v!

]k D
FS

21

.

Sk(v) is the self-energy and«k
HF is the HF energy level. FS

represents that the above formula is evaluated on the F
surface. In three-dimensional systems, the momentum
pendence of the self-energy beyond the local approxima
is not so strong as long as the interaction is restricted on
same site.29 Therefore, it is natural to consider that the insu
ficiency of the momentum dependence of the self-ene
would not be due to the local approximation but would pro
ably be due to the deficit of thed-p lattice model.

C. X-ray-absorption spectra

The O 1s XAS spectrum of LaCuO3 is shown in Fig. 6.
The peak at;528 eV is mainly derived from the O 2p
weight hybridized into the unoccupied Cueg state. If
LaCuO3 is viewed as a 100% hole-doped Cu21 oxide, the
peak corresponds to that growing with hole doping in t
pre-edge region of La22xSrxCuO4.

4 The structures ranging
from 530 to 545 eV are due to the La 4f ,5d and Cu 4s,4p
states. In Fig. 7, the Cu 2p XAS spectrum is compared with
the CuO6 cluster-model calculation using the parameter
for Cu 2p XPS. From the local-cluster viewpoint, the 2p3/2
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and 2p1/2 main peaks located at;931 and;951 eV, respec-
tively, havecI d10LI character and the broad satellite structu
at ;940 and;960 eV to havecI d9 character. However, the
2p3/2 and 2p1/2 main peaks are split into two structure
which makes it impossible to fit the Cu 2p XAS spectrum by
the single-site cluster-model calculation. Let us denote th
structures asA, A8, B, and B8, respectively, as shown in
Fig. 7. Sarmaet al.6 and Chenet al.30 have observed that th
new structure, which is located at;2 eV higher energy than
the main peak, grows as an insulating Cu21 oxide is hole
doped. van Veenendaal and Sawatzky have calculated th
2p XAS for 50% hole-doped Cu21 oxide using a two-site
cluster model and have shown that a new structure, in wh
the intercluster screening effect is weak, appears on the h
energy side of the main structure, in which the interclus
screening effect is strong.24 Very recently, Okada and Kotan
have calculated the Cu 2p XAS and XPS spectra for Cu31

oxide or 100% hole-doped Cu21 oxide using a multisite clus
ter model with a 180° Cu-O-Cu bond angle and have fou
that the main peak is split into two structures in Cu 2p XAS
and is almost single in Cu 2p XPS.31 Therefore, it is natural
to consider that structuresA and A8 are derived from the
states strongly screened by intercluster interaction and s
turesB andB8 from those weakly screened. The Cu 2p XAS
spectrum suggests that the intercluster interaction is v
strong in LaCuO3, which has a 180° Cu-O-Cu bond angl
When the intersite interaction is weak, the splitting betwe

FIG. 6. O 1s XAS spectrum of LaCuO3.

FIG. 7. Cu 2p XAS spectrum of LaCuO3 ~dots! compared with
the cluster-model calculation~solid curve!.
s

se
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A (A8) and B (B8) is expected to disappear.24 Actually, in
NaCuO2, which has a 90° Cu-O-Cu bond angle, the Cu 2p3/2
and 2p1/2 main peaks are almost single peaks.6

In order to investigate the effect of the intercluster inte
action, we have considered a two-site cluster model, wh
two Cu 3d sites and two O 2p sites are included. In the
present model, a hole on each O 2p site can be transferred t
the Cu 3d site in the same cluster with transfer integralt and
to the other Cu 3d site with t8 (t.t8) as shown in Fig. 8~a!.
The ratiot8/t shows the strength of the intercluster intera
tion. The degeneracy of the 3d orbitals and the multiplet
coupling is neglected. The values forD, U, Q are fixed to
22, 7, and 11 eV, respectively. In order to reproduce
energy separation between the two peaks, we had to in
duce another parameterVcp , which can be viewed as th
Coulomb interaction between a Cu 2p core hole and an O
2p hole within a cluster. While the effect ofVcp can effec-
tively be included inQ for the single-site model, it is rel-
evant for the two-site model. Witht51.5 eV, Vcp51.8 eV
and t8/t50.55, the double-peak structure of the Cu 2p3/2
XAS for tetragonal LaCuO3 is well reproduced as shown i
Fig. 8~b!. The value ofVcp is too large for intersite Coulomb
interaction. This is probably because the present two-
model is too simplified and fails to include some interclus
interaction. The final state for the well-screened peak
dominated by the configuration where the two holes are
cated at one O site. Here, the O site belongs to the clu
without the Cu 2p core hole. On the other hand, in the we

FIG. 8. ~a! A schematic drawing of the two-site cluster mode
~b! Cu 2p XAS spectra of LaCuO3 ~dots! compared with the two-
site cluster-model calculations~solid curves!.
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screened state, the weight of the configuration where the
ligand holes are distributed to the two O sites is enhanc
With decreasingt8/t, the intensity ratio of the well-screene
peak to the poorly screened one becomes smaller and
main peak of Cu 2p3/2 XAS becomes single fort8/t50.0.

IV. CONCLUSION

We have investigated the electronic structure of LaCu3
by means of photoemission and x-ray-absorption spect
copy. The charge-transfer satellite observed in the valen
band and Cu 2p core-level photoemission spectra allow us
apply the CI cluster-model analyses to LaCuO3. From the
analyses, the charge-transfer energy is estimated to b;
21 eV and the ground state mainly hasd9LI character al-
though in the ground state thed8 configuration is strongly
hybridized into thed9LI configuration. The Cu 2p XAS spec-
trum, which cannot be explained by the single-site clus
model calculation, shows the importance of the interclus
interaction in LaCuO3. In order to understand the XAS spe
tra of LaCuO3, we have performed two-site cluster-mod
calculations. These experimental results and analyses s
that LaCuO3, which has an almost 180° Cu-O-Cu bon
angle, is accompanied by the strong intercluster interact
which is in contrast to NaCuO2 with 90° Cu-O-Cu bond
angle. The strong intercluster interaction in LaCuO3 is ex-
pected to reduce the magnitude of the band gap comp
with NaCuO2. However, it should be noted that we cann
determine from the present photoemission measurem
which of the strong intercluster interactions and the sm
deviation from the stoichiometry is responsible for the m
tallic behavior of LaCuO3 since it is impossible to confirm
the stoichiometry of the sample with an accuracy less t
1%. Even if stoichiometric LaCuO3 is an AFM insulator and
a small amount of oxygen deficiency makes it metallic,
i,
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may be due to the 180° Cu-O-Cu bond angle that the sm
amount of electron doping by oxygen deficiency makes
metallic.

We have also performed the HF and subsequent s
energy calculations on the Cu 3d– O 2p lattice models using
the electronic-structure parameters obtained from the clus
model analysis of the photoemission spectra. The valen
band photoemission spectra including the satellite struc
is to some extent reproduced but the weak spectral inten
near the Fermi level compared with the band-structure
culation cannot be explained by the second-order pertu
tion calculation of the self-energy. Although the AFM ins
lating solution has the lowest energy in the HF and LDA1U
calculations,12 the fluctuation around the mean-field sol
tions may make the PM metallic state lower in energy th
the AFM insulating state. Further study along these lin
should be made in the future.
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