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Electronic structure and temperature-induced paramagnetism in LaCoQ
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We have studied the electronic structure of LaGdfy photoemission spectroscopy and x-ray absorption
spectroscopyXAS). The Co P core-level and valence-band photoemission spectra display satellite structures
indicating a strong electron-correlation effect. The Gocdre-level photoemission, the valence-band photo-
emission, and the OsIXAS spectra have been analyzed using a configuration-interaction cluster model for the
initial-state configurations of the low-spii.S: *A,), intermediate-spir(IS: T;) and high-spin(HS: 5T,)
states and their mixtures. The ground state of LagaCthe LS state is found to have heavily mixd@ and
d7l__ 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 La@b@ve~90 K is most likely due to a
gradual LS-to-IS transitior.S0163-182807)01607-X

. INTRODUCTION cated that the crystal structure Hasc symmetry below 648

N ) ) K andR3 above 648 K. However, a neutron diffraction study
3d transition-meta(TM) perovskite oxides have been the j the range 4.2 T<1248 K by Thornton, Tofield, and

sybject of many struc.tural, mggnetic, and transport studieﬁewafs has shown that the symmetryRSc at all measured
since 1950's. Recent interest in strongly correlated SyStemt%mperatures except for at 668 K where they concluded that

has brought about further extensive research in these comy . .
. . : . : the symmetry may bér3. Recent neutron diffraction and
pounds including LaCo@ studied here. LaCo@is unique NMR studies have revealed that a nonmagnetic-to-

in that it is a nonmagnetic semiconductor at low tempera- ; " & .
L Paramagnetlc transition occurs at about 9&*KThe electri-
tures but undergoes a gradual transition to a paramagnetic

state above-90 K and to a metal above 500 K. Although callcor)ductlwty(r is of the thermal activation type with an
activation energy of-0.1 eV at low temperatures and gradu-

there have a_Iready beeq many studies on.these phenome%ﬂy changes to a metallic one through a plateau between 620
their underlying electronic structure and spin states have na

o ; ; . ) ._and 750 K12 | ocal-density-approximatiofiLDA) band-
been clarified. Especially, it remains highly controversial . . .
whether the 90-K transition is a low-spin—to—high-spin tran-SUCture calculatiorf has predicted a valence-band density
sition or notl? The purpose of the present work is to inves- of states_(DQS) that is in good agreement with the x-ray
tigate the origin of the gradual nonmagnetic—to—paramagnetig _hotoemlss_|on spgctrosco;@( PS) spectra except that they
transition using electron spectroscopic methods give a semimetallic state and show no satellite structtfres.

. o : . Band- lculati ing the LB, hod®
The magnetic susceptibility of LaCoO; increases with and-structure calculations using the LBA) method" and

d sh . 0K ab hich unrestricted Hartree-Fock calculations on the multiband
temperature and shows a maximum-a90 K, above which ;134 moddf have shown that the intermediate-spin and
it becomes Curie-Weiss-like. There is also a plateau aroun

i _ 7 P the high-spin states exist only slightly above the nonmag-
500 K, above which the Curie constant increaSédleutron  etic ground state.

diffraction studies have revealed that no long-range magnetic gq far many photoelectron spectroscopic studies have
order exists down to 4.2 Rjndicating that the ground state been reported on LaCoG*"~%*Lam, Veal and Elli& have

of LaCoO; is nonmagnetic, namely, the €b ion is in the  measured the XPS spectra of LaCp@t room temperature
low-spin (t5,5: *A;) configuration. Naimanetal. and  and 573 K and suggested from ionic multiplet analysis that
Jonkef have proposed the formation of the high-spili{or  the low-spin and the high-spin states coexist at room tem-
t‘z‘geé) configuration by thermal activation and explained perature. Richter, Bader, and Brodsky have also observed a
their y-T data. Raccah and Goodenotidiave considered temperature-dependent change in the ultraviolet photoemis-
that the low-spin—to—high-spin transition occurs at a plateasion spectroscopy(UPS spectra® Recently, Chainani,
around 500 K from their x-ray diffraction data, which indi- Mathew and Sarnfainvestigated the XPS, UPS, and brems-
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strahlung isochromat spectroscopyBIS) spectra of
La;_,Sr,Co0;, and obtained the charge-transfer enefgy
the 3-3d Coulomb interactiond, and the O p—Co 3 LaCoO; O l1s
hybridization (pdo) of 4.0, 3.4, and 2.2 eV, respectively, for hv=1253.6 eV

LaCoO; by analyzing the Co j2 core-level spectrum with
configuration-interaction(Cl) cluster-model calculations.
They have estimated the band gap of LaGa®© be about
0.6 eV from the UPS and BIS spectaAbbateet al? have

reported that the Oslx-ray absorption(XAS) spectra show \Wm\: . ’(" .
no difference betweer 80 and 300 K while a new structure N’v,‘.‘l_f 5

1

.
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.

L/
appears above-500 K, and have interpreted this latter \"”"""\_‘
change as a temperature-induced low-spin—to—high-spin . . ,
transition. Their report has aroused controversy because the 545 540 535 530 525 520
neutron and NMR studies claim that the low-spin—to—high- BINDING ENERGY (eV)
spin transition occurs around90 K.° Barman and Sarnfa
have measured high- and low-temperature XPS and UPS giG 1. 0 & core-level XPS spectrum of LaCaOThe broad
spectra and concluded that their data are consistent with th&ak around 540 eV is due to €aM,3V and LaM 45N,V Auger
neutron measurement. Hence, how the effect of magnetigmissions.

transition appears in photoemission spectra is still unclear ]
and it is worthwhile to further investigate LaCgO eV. The energy resolutions of the XPS and He | UPS were

In this paper, we present the results of our XPS, UPS;~0.9 and~0.25 eV full width at half maximum(FWHM),
resonant photoemission, and XAS studies as well as affspectively. In the case of the UPS measurements using the
analysis of they-T data. In order to elucidate the magnetic VSW system, it was-80 meV for He II. The energy reso-
behavior of LaCoQ, we put emphasis on the analysis of lution of the measurements at SRL was-0@B4 eV FWHM
¥-T data and CI cluster-model calculations, both of whichfor photon energies from 40 to 80 eV. In the XAS measure-

take into account not only the low-spin$¢ed: *A;) and ~Ments, the resolution was0.2 eV.

high-spin (3,e5: °T,) states but also the intermediate-spin For surface cleaning, we have scraped the surfaces of the
5 1.3 samples with a diamond file situ at measurement tempera-

(t24€4: °T1) state.

9 tures. The O & core-level spectrum of LaCoQ(Fig. 1)
shows no shoulder on the higher binding energy Sidedi-
cating that a clean surface was obtained. In the case of UPS,

Polycrystalline samples of LaCoQwere prepared by the scraping was repeated until a bump_ aroundl19 eV _
solid-state reaction. Sintered mixtures of appropriate molaflisappeared and the whole spectrum did not change with
quantities of well-dried LaO5 and Co,0,, were pressed into further scraping.
pellets. Subsequently, the pellets were fired in &mo-
sphere at 900 °C for 48 h, at 1200 °C for 24 h, and at 1300 . RESULTS
°C for 24 h, and then slowly cooled to room temperature. A. Magnetic susceptibility

The magnetic susceptibility was measured using a Quan- _. .
tum Design superconducting-quantum-interference-device IFlg:U{edZa) _shovtvr? the ex%erllmentayl-'I; cutrvh: %r_‘l_d cturves
(SQUID) magnetometer. calculated using three models, namely, th&;-5T, two-

XPS and UPSHe I: hy=21.2 eV} measurements were state(LH) model, the'A;-3T; two-state(LI) model, and the

1A .37 .5 _
carried out using a spectrometer equipped with a Kig Ay tTlthTz Ithree .Staite(LIH.) tmode(lj,_ vtvherg Lg(rl’ and dH
source, a He discharge lamp, and a Physical Electronic%_enoe e low-spin °@,), intermediate-spin *Ty), an
(PHI) double-pass cylindrical mirror analyzer. All the XPS

igh-spin €T,) states, respectively. The result is in good
specira have been corrected for the Mg, ghost, UPS  2dreement with the previous repott€:12Although theoreti-
spectra were measured using a Vacuum Science Worksh

| studies on the spin-state transitions beyond the simple
(VSW) hemispherical analyzer and the He Il line ionic model, which took into account magnetic interaction

(hv=40.8 e\J. UPS spectra including 83d resonant- between neighbor sites or the spin-orbit interaction, are

. 4 - .
photoemission spectra were also measured at beamline BL?éla"able% we have analyzed our data within the _S|mple
of Synchrotron Radiation Laborator{SRL), Institute for lonic _model in order to know how well they explain the
Solid State Physics, University of Tokyo. XAS spectra Wereexperlmental result.

taken at beam-line BL-2B of Photon Factdi§F, National Th? x-T curve of the two-state model&l and LH) can
Laboratory for High Energy Physics. All the measurementéDe written as

using the PHI system and those at SRL were carried out at Naus2g2S(S+1)(2S+1)d
liquid-nitrogen temperatures~80 K). The measurements = 3M[PEat (25+ 1)d] :
using the VSW system and those at PF were done at various
temperatures ranging from-30 K to room temperature. in units of emu/g, whereB=1/kT, and Ny and M are
Binding energies of the photoemission spectra have beeAvogadro number and the molar weight of LaCgQ@espec-
calibrated using the Fermi edge of Au evaporated ontdively. S andd are the total spin and the orbital degeneracy
samples. Photon energies for the XAS spectra have beesf the 3T, or °T, statesg is theg factor, which we fix to
calibrated using the Oslabsorption peak of TiQat 530.7  2.0. E, is the activation energy from th®A; to the 3T, or

Il. EXPERIMENT
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B, Ty and °T, 3T, and®T, levels in the LIH model(solid line). E,’s are the same
H Sri N, e 1, i as those in Fig. 2.
o
T Lo e _ T or high-spin(HS) state will change the radius of the &b
; 05 ion, leading to a change iB,.* This would have a particu-
“k larly pronounced effect on the transition to the HS state
0.0k , i around ~500 K (Ref. 2 and would cause a more drastic

0 200 400 600 800 1000 1200 change in the population of the HS state as a function of
temperature than predicted here. Nevertheless, the thermal
expansion should be less important for th@0-K transition

FIG. 2. (8) Magnetic susceptibility of LaCoQ Applied mag-  because of the low temperature and the temperature-

Temperature (K)

netic field was 10 kOe. Dot-dashed lin&Tg): the A;-5T, two-  independentE, would be a good approximation for the
state(LH) model with an activation enerd, of 266 K. Note that ~Present analysis. . _
the magnitude is reduced by a factor of 0.27. Dashed fifig)( the Recently, Itohet al. have investigated a model based on

1A,-3T, two-state(Ll) model with an activation energg, of 257  the LH model taking into account level splittings due to the
K. Solid line GT, and 5T,): the *A,-3T,-5T, three-state(LIH)  trigonal distortion of the crystal structure and the spin-orbit

model with an activation energies 257 KEJ;) and 1731 K interaction?®> However, these effects could not reduce the
(Eaz). (b) LI model (dashed linpand LIH model(solid line) com- ~ Magnitude of the peak height and they inferred the presence
pared with the previous experimental déiidled circles, Yamagu-  Of antiferromagnetic coupling between the locéligh)
chi et al. (Ref. 12 (open circles and Bhideet al. (Ref. 10 (open spins®® Our analysis suggests that the LI or the LIH models
squares give fair agreement with experiment in spite of their simplic-
ity, encouraging us to proceed further without the spin-orbit
°T, state. The LIH model can be described in a way similarinteraction and the trigonal distortion. The LDAJ (Ref.
to Eq. (1). The Curie-Weiss term due to impuritlevith a  15) and Hartree-FockRef. 16 calculations also suggest that
Curie constant of 2.8 10 * emu K/g and a Weiss tempera- the intermediate-spin state can be the first excited magnetic
ture of —9.3 K) was subtracted from the raw data as shownlevel. It should be emphasized, however, that these ionic
in Fig. 2@). One can see from Fig.(@ that an activation models are too simplistic because the @bdbitals in fact
energyE, of about 260 K is needed in any model in order to Strongly hybridize with the O @ orbitals due to the small
produce the peak at 90 K and that the LH model cannot charge-transfer enerdf,as described below. _
reproduce its peak height. By contrast, the LI and the LIH We show the thermal population of the excited levels in
models can simulate both the position and the peak height. Ifhe three models in Fig. 3. In any model, the population of
fact, Heikes, Miller, and Nazelsky have explained theif ~ the *A; ground state is greater than 0.9 belevs0 K and
curve from~ 100 to~ 1000 K by a model in which electrons decreases with temperature. In the LIH model, for example,
are thermally excited from &=1 ground state t®=2 or this number decreases t00.2 at 300 K. Hence, if each state
S=3/2 states. Their analysis suggests that at high temperaiS thermally populated and the different staté&y( °T,, and
tures(above~500 K), a model including the high-spin state T,) produce different photoem|33|on spectra, the spectra are
may describe the experiment. In Figlb® the LI and LIH expected to change with temperature. In the following sec-
models are compared with the experimental data of Bhidéions, we will analyze the XPS, UPS, and ® XAS spectra
etall® and Yamaguchiet al’?> up to ~1000 K. Above Of LaCoO; with CI cluster-model calculations for theA,,
~800 K, the LIH model shows better agreement with experi->T1, and °T, initial-state configurations. Comparison with
ment than the LI model, although both models fail to repro-the band-structure calculatibhshall also be presented.
duce the plateau around 500 K. Here it should be noted that
we have assumed the, to be temperature independent for
simplicity although thermal expansion reduces the crystal-
field splitting and lowers theE, as assumed by Korotin In order to determine the electronic structure of
et al»® Furthermore, a transition to the intermediate-gj®) LaCoQ;, we have performed CI cluster-model calculations

B. Configuration-interaction cluster-model analysis
of spectroscopic data
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TABLE I. Parameters obtained from the CI cluster-model analy-
sis of the Co P core-level photoemission spectrum of LaCpfor
the low-spin(LS), intermediate-spirilS), and high-spi(HS) initial
states within the SSD schentim units of e\). Racah parameters
used in the analysis a®=0.132 eV andC=0.635 eV.

T
LaCoO;
Co2p :

A U (pdo)

£ LS 2.0:2.0 5.5:1.0 ~1.7+0.2
Z IS 2.0:2.0 5.5:1.0 ~1.8+0.2
g | ms HS 1.0:2.0 6.8-1.0 ~2.0+0.2

for the Co 2 core level, we have employed the SSD scheme
to obtain values for the parametexsU, and (pdo). For the
valence-band photoemission and ® XAS spectra, which
require more accurate treatment of multiplet structures, we
have performed calculations within the FMCI scheme.

1 ! 1 1
820 810 800 790 780 770

BINDING ENERGY (eV) 1. Co 2p core-level photoemission spectra

Calculated Co g photoemission spectra of LaCqs-
suming the LS, IS, and HS initial states are compared with
experiment in Fig. 4. The calculated spectra have been
broadened with a binding-energy-dependent Lorentzian
function and a Gaussian functiéh?®*°Obtained parameters
are listed in Table I. In every calculation, the main peak
largely consists ofcd’L and cd®L? final states, where

FIG. 4. Cluster-model analysis of the Ce Zore-level XPS
spectrum of LaCo@ within the single Slater-determinant scheme
assuming(a) the low-spin (Sgeg: LS), (b) the intermediate-spin

(t34e5: 1S), and(c) the high-spin (3,e5: HS) initial states.

for the Co 2 core-level photoemission, valence-band pho-
toemission, and OsLXAS spectra. Following the analysis of
the magnetic susceptibility, we have calculated spectra mﬂ_enotes_ a Cog core hole. Althoughh and (pdo) for the
only for the low-spin and the high-spin initial states, but also igh-spin state are S”.‘a”ef $nd larger than _thosg for the LS
for the intermediate-spin initial state. The model is describet@te(Table ), respectivelyd’L has large weight in the LS
by three parameters, namely, the multiplet-averaged initial state compared to the HS stdfEable II)..Thls is be-
Coulomb interactionU, the ligand p-to-transition-metal ~Cause the LS initial state has more emgpgyorbitals, whose
(TM) d charge-transfer energg, and the ligandp-TM d hybrldlzatlg(in strength is larger than that of thg states by a
transfer integral pdor). factor ~2.°* The netd-electron numberNy) and thed char-

We have performed the calculations in two ways: in oneacter of doped carriersQe and Clecron Where, e.g.,
scheme we have neglected the off-diagonal matrix element€ioe=1 means that the doped hole has pareharacter and
of the electron-electron interaction and retain only the diagCf,=0 means that it has pugecharactey, calculated using
onal part of thed-d Coulomb and exchange interaction, those parameters are listed in Table Ill. In every spin state,
using single Slater determinants as the wave functionsA is smaller tharU indicating that LaCoQ is in the charge-
We refer to this approximation as the single Slater-transfer regime. However, one can see from the values of
determinant (SSD schemé®?® The other is the full- C8  andCJ..that the band gaps of the LS state as well as
multiplet calculations, which include all the matrix elementsthe IS states have consideralplgp character, reflecting the
of the electron-electron interaction, and we refer to it as themall A value3? The N4 of each state decreases from LS to

full-multiplet configuration-interactiofFMCI) schemé® In  HS reflecting the decrease in tH&L andd®L2 weight in the

the SSD scheme, the bases are not necessarily eigenstateg;ffund staté® i B

the total spin nor do they have proper point-group symmetry,

but one can reduce the number of bases and hence calculate 2. Band gap and total energy

spectra for light TM compounds, which have fewkelec- . .
trons and require a much larger number of basis functions, |"€ band gapEg,) calculated using the cluster model is
For LaCoQ, the SSD scheme happens to be a good approxflSted in Table Il for the LS, IS, and HS states. The calcu-
mation for the low-spir(LS) state in reproducing the experi- 1at€dEgap cOrresponds to the peak-to-peak separation in the
mental spectra, because LS configuration has the cor- ] ) ] ) )
rect symmetry of the singlet ground stafeee below: TABLE 1. V_Velght_of various co_nflgur_atlons for the low-spin
However, as will be discussed below, the energy gain of thé-S) intermediate-spin(iS), and high-spin(HS) ground states
LS state in the SSD scheme is not enough to become th‘@Ithln the SSD scheme.
ground state for reasonable parameter values because of the

: e . g ds d’L d8L?
neglect of thed-d configuration interactions, which is gen- - -
erally important for states where the spins are not fully po1s 29 % 53 % 17 %
larized. In the calculations of the TMp2core-level spectra, IS 35 % 53 % 12 %
the SSD scheme gives similar results to the FMCI schemeis 49 % 44 % 7 %

because of the large lifetime width of thg peaks. Hence,
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TABLE lll. Net d-electron numbersNy), d characters of doped

. T
carriers Cfiye and Cliecro) and band gapsHy,, in eV) calculated ' ' ' ' '
within the SSD scheme. Band gaps calculated using the FMCL ;’2
scheme are given in the parentheses. hv=1253.6 ev c 5 A
PR I
Ng Chole Celection Egap g '-vf":':‘: O|25 Il) S
LS 6.9 0.36 0.42 0.75.9) I A
IS 6.8 0.44 0.42 -0.4(3.9 Z  [hv=800eV £ e
HS 6.6 0.30 0.64 2.54.0 E “"W‘WM/ V2
hv=40.0eV et /“"h-~
. . . . / FR
combined photoemission and BIS spectra aligned at the ’\/ \‘—
Fermi level Eg), and is estimated to be 2-3 eV for La- hv=21.2eV : -
CoO; from figures in Ref. 21. The magnitude of the band
gap cannot be correctly calculated within the SSD scheme TR 5 0 s 0
because of the too small energy gain compared to the FMCI BINDING ENERGY (oV)

scheme, particularly for the LS state. Indeed, the magnitude
of the gap of the LS state in the SSD scheme, 0.7 eV, is
much smaller than the above value. FIG. 5. Photoemission spectra of LaCQ@l the valence-band

In the calculations within the FMCI scheme, we have'egion with various incident photon energies. All the spectra were
taken into account the Doy due to the nonorthogonality normalized to the area from-0.5 to 3.0 eV. The integral back-
between the oxygep and TM d orbitals and the scaling ground for the XPS spectrufdashed linghas been obtained from
factor of 0.8 for the configuration dependence of the transfer 15t 27.0eV.

integrals® We have thus obtained the ground state to have o o
1A, symmetry for A=2.0 eV, U=55 eV, and cated within~0.1 eV) The Co 3l photoemission spectra of

(pdo)=—1.8 eV. The weight of the various configurations LaCo0; calculatedgusmg tk:se c.Iu_s'ter model in the FMCI
in the 1A, 3T,, and °T, states agrees with those obtained byscheme for thé'A,, 3T,, and °T, initial states are shown in

: 36 5 ioh i ;
the SSD scheme to within a few percent. Thg,, in the F:]g.r6. ; Tnhe iTZ Sr%eﬁtrturr’dmh'fhnﬁ Sprfp?g overta wide
FMCI scheme, especially that for the\; ground state, is energy rahge, 1s compietely ditterent irom ta, spectrum,

much larger than those of the SSD scheme as shown in Tab hile the °T, sp.eqtrum Is more sim?lar to theA, spectrum.
I, due to the greater stabilization of th¥¥ states. The cal- onsequently, it |s.expected that if the. yalenc?t—band spec-
culated Eg,;~5.4 €V is now too large compared to the trum can be described as a superposition of g and

3 . -y
experiment2—3 e\). This would probably be a shortcoming T, initial states, the spectra would show only small changes

of the cluster model, particularly for theA; ground state: Wlt\r}vfras\%a;i‘;% measured resonant photoemission r
intercluster hybridization would reduce the intracluster cor- P spectra

relation of theA,; state and raise its energy, thus reducingnear the Co @-3d core—abso.rpt|on threshold. The on- and
E off-resonance photon energies have been determined from

gap: the total yield(TY) spectra and constant-initial-staf€1S)
spectra. In the lower panel of Fig. 6, we show on-
(hv=63.5 e\) and off- (hr=60.0 e\j resonance spectra.
Figure 5 shows photoemission spectra of LaGd®the  The on-resonance spectrum is enhanced over a wide energy
valence-band region for various incident photon energiesiange, with the strongest enhancement frei® to ~ 15 eV,
Considering that the Cod3to-O 2p relative photoionization which can be identified as a satellite structure due to charge
cross sections increase with incident photon enétgytuc-  transfer. The on-off difference spectrum shows an intense
ture A has a large Co @ contribution and also structur@ peak neaEg and a shoulder at-6 eV as well as the satel-
and shouldeb have some Codcontribution whereas the O lite. Hence, apart from the enhancement of the satellite, the
2p contribution is dominant in structur@. This qualitative  spectrum is similar to the calculatéd, [Fig. 6(a)] spectrum
analysis is consistent with the cluster-model calculation foror the *A;+3T; spectrum(Fig. 7; see beloy Indeed, the
the low-spin state as well as with the band-structuretwo structures marked with arrows in the LaCgp&pectrum
calculation®® as described below. From9 to ~14 eV, in-  correspond to the first two peaks in tha, spectrum in Fig.
tensities due to satellite structures can be observed in thé(a).
80.0-eV spectrum. As for the XP$h{=1253.6 eV spec- In Fig. 7 are shown the valence-band XPS spectra of
trum, one cannot easily identify this feature due to the overLaCoQ; for a 70%(Ref. 1) A, + 30%°T, mixed initial state,
lapping tail of the intense Lagbpeak, but a residual intensity corresponding to the thermal population-a80 K deduced
appears after subtraction of the integral background. from the magnetic susceptibility. In order to simulate the O
In the following calculations, the relative energy positions2p band, we have used the He | spectfiffrig. 7(a)] or the
of the spectra for théA;, 3T,, and °T, initial states have calculated O B partial DOS® [Fig. 7(b)]. The Co 3
been fixed so that the three initial states have the same totd-to—O 2 intensity ratios of the spectra in Figs(ay and
energies, although théT, state is located at a somewhat 7(b) are ~88% and~ 60%, respectively, which are roughly
higher energy compared to thbA; and °T, states.(The equal to the calculated photoionization cross section
magnetic susceptibility implies that the three states are lof~85%).3°3°Both Figs. 7a) and 7b) show good agreement

3. Valence-band spectra
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.................................. 1 1 1 1 I 1 1 1
14 12 10 8 6 4 2 0 2
1 1] ] 1
20 15 10 3 0 5 BINDING ENERGY (eV)
BINDING ENERGY (eV) FIG. 7. Full-multiplet cluster-model analyses of the valence-

band XPS spectra of LaCaassuming the 7094, +30%°T; ini-

FIG. 6. Upper panel: Calculated Cd Photoemission spectra of tial states. The calculated valence-band spe@rdid lines are
LaCoQ, assuming thda) *A;, (b) 3T,, and(c) 5T, initial states  compared with the experimental spectdats. Dotted lines are the
within the full-multiplet configuration-interaction cluster model. calculated Co 8 spectra and the dashed lines are simulation of the
A=2.0eV,U=55¢eV, and pdo)=—1.8 eV have been used. The O 2p partial DOS taken from the He | spectrum of LaCp@) or
position of the spectra has been determined so thafThefinal the calculated O 2 partial DOS by Hamada, Sawada, and Terakura
peaks are located at 1.0 eV, for simplicity. The symmetry of the(Ref. 13 (b).
first ionization states of the spectra is also shown. Lower panel: Co
3p-3d resonant photoemission spectra and the on-off differences2g 4 eV, where Abbatet al. observed a prominent growth
spectrum. of a structure above 550 KWe cannot conclude, however,

whether the shoulder at 300 K in our data and the low-energy
between theory and experiment, with somewhat better agrestructure observed by Abba#t al. have the same origin or
ment in the latter. not. A very recent optical study has revealed that the

We also obtain good agreement between theory and exemperature-dependent optical spectra of Lags@ow dra-
periment by assuming a 70¥Ref. 1) A;+30%°T, initial matic changes above room temperature in a wide energy
state. However, théA;-°T, mixed spectrum is expected to range of several electron volts in spite of very small changes
strongly change with temperature, while the experimental
XPS spectra have not shown appreciable changes up to
T~570 K2 Figure 8 shows simulations of the temperature- T

T T T T T T T
dependent XPS spectra of LaCg@r the two types A;-
3T, and *A;-°T,) of mixed initial states. The ratios inlthe
initial states have been taken from the magnetic susceptibil- o | — 0%, +30%°T,
ity. One can easily see that thA;-°T, mixed spectrum E . 70% ‘A, +30% °T,
considerably changes from-80 to ~300 K, while the % ------ 30%:A1+70%ZT1
'A,-3T, mixed spectrum does not change so much. Hence, =E . 20% A, + 80% T
we may exclude the possibility of theA;-5T, mixed initial B
state in LaCoQ. i
4. 0 1s XAS spectra T 15 10 5 6 4 2 o 2
Figure 9 shows O 4 XAS spectra at low {55 K) and BINDING ENERGY (eV)

high (~300 K) temperatures. The overall spectral features

(not shown are in good agreement with the previous report,  Fig. 8. Simulations of the temperature-dependent XPS spectra
with the peak at 529.4 eV attributed to the empty @b&nd  of LaCoO, for the two types ¥A;-3T; and *A;-5T,) of the mixed
hybridizing with the O P band. One can find from Fig. 9 initial states. 70%A, +30%°T; and 70%A, +30%°T, correspond
that the intensity around the peak slightly decreases witlio ~80 K and 30%A;+70%°T; and 209%A,+80%°T, corre-
temperature while an increase in the weight is seen arounsbond to~300 K.
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relatively similar to each other, while tH, spectrum gives

' ' ' ' ' ' different results from the others. Simulations of the
temperature-dependent @ XAS spectra assuming the two
0 15 XAS gg&\ types (1.A1-.3T1 and 1A1-5T2). of mixed initial states are
> : ggOKK 3,? shown in Fig. 10b). In both simulations, th€E final state
r;z — 300K-55K & peak reduces its intensity from55 to ~300 K and the
2 P 1A;-5T, mixed spectrum shows larger decrease than the
& j‘f 1A;-3T; mixed spectrum. The experimental spectrum also
. reduces its peak heigfig. 9), but the change is quite small.
o Both simulations show that the intensity on the higher pho-
! ! ! ! ! ! ton energy side of théE final peak increases with tempera-
526 527 528 529 530 531 532 533 ture, which has not been observed in the experiment. Be-
PHOTON ENERGY (eV) sides, neither simulation can well explain the growing small

shoulder in the experiment at 528.4 eV. The effect of the O 1
FIG. 9. O 5 XAS spectra of LaCo@at 55 and 300 K near the s core-hole potential may have to be included to quantita-
threshold. The two spectra have been normalized to the integratqﬂ/e|y analyze the O 4 XAS spectra.
intensity from 526.5 to 533.0 eV. The difference between the high-
and low-temperature spectra is also shown.

C. Comparison with band-structure calculation

below room temperatuf®, consistent with the weak tem- Recently, Hamada, Sawada, and Terakufaave per-

pewg rﬁglzp?d?sdoer;)%erfgl;rahe%@clﬁ?irsr%i)cdt;?.calculations forformed band-structure calculations forN®; (M =Ti-Cu)
the O & XAS spectra of LaCoQ assuming the'A,, 3T, in the local-spin-density approximatiof. SDA) using the

and 5T, initial states, as shown in Fig. @4 As in the full-potential linearized augmented-plane-wayELAPW)

calculated XPS spectra, thbA; and the °T; spectra are method. For LaCog, they have obtained a nonmagnetic
semimetallic ground state. In order to compare their results

with our photoemission spectra, we have shifted the conduc-
' ; ; ; , tion bands upwards, taken only the DOS of the occupied
(a) [LaCo0;, 0 1s Xas bands}? and fixed the top of the valence band at 0.4 eV
belowE to obtain best agreement with the XPS spectrum as
shown in Fig. 12843t is noted that the activation energy
obtained from the resistivity is 0.1-0.25 gRefs. 10, 12,
and 44 and hence the location of the top of the valence
band, 0.4 eV, is too deep. A similar comparison has recently
o been made by Sarmet al*®
| CoTT We have measured high-resolution UPS spectra of La-
T E Co0; at several temperatures. Below 100 K, unfortunately,
ST, we could not take reasonable spectra due to charging of the
b, ! ! sample. In Fig. 12, one can observe four structukesB,
' ' ' ' ' C, andD as in Fig. 5. A small bump around 9 eV could be
(b) o 85% 4, 15% T, interpreted as due to a satellite structure and/or surface deg-
S U 25% Ay +75% T, radation. There is very little change in the whole valence
"""" i ?Z 1:‘:23; 5? band between 100 and 200(Kot shown, except for a slight
' ’ (a few me\j shift of the whole spectrum towards higher
binding energy at 100 K.
In Fig. 12, we compare the UPS spectra of LaGd&ken
at 100 K with the band-structure calculatibif®® Here we
526 528 530 532 534 have used only théoccupied O p partial DOS because the
PHOTON ENERGY (V) Co 3-to-O 2p relative cross section is only 8% around
this photon energy” Following the activation energy of the
electrical conductivity, which is at most 0.25 eV, we have
15 XAS spectra of LaCo@ assuming the-A,, 3T,, and 5T, iniial fixed the top of the valence band in the_ DOS to 0.25 eV
states. The spectra have been shifted so thafEhdinal state is below Eg. Although the four structures in the calculated

located at 529.4 eV(b) Simulations of the temperature-dependent DOS can be easily _assigned Qs structreB, C, andD, the
O 1s XAS spectra of LaCo@ for the two types {A,-3T, and  observed spectral line shape is much broader than the calcu-

1A,-5T,) of mixed initial states: 85%A,+15%°T, and lated DOS. Especially, the first peak in the band-structure
85%'A, +15%°T, correspond to~55 K and 25%A,;+75%°T, calculation located at-0.6 eV is very sharp while the ex-
and 159A,+85%°T, correspond to~300 K. The ratio has been perimental spectrum shows only a broad peak at0 eV. A
approximately fixed to reproduce the measured magnitude of thpossible origin for the discrepancy is a polaronic efféé
magnetic susceptibility at each temperat(see Fig. 3. but further studies are necessary to clarify this point.

INTENSITY

INTENSITY

FIG. 10. (a) Full-multiplet cluster-model calculations of the O
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FIG. 11. Valence-band XPS spectrum of LaGo@ompared =
with the LDA band-structure calculation by Hamada, Sawada, and =
Terakura(Ref. 13. Simulated valence-band spectsalid lineg are RARLEM
compared with the experimental spectr(uioty. The Co 3 partial — Band calculation B
DOS and the O 2 partial DOS are also shown. ! ! ! .
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IV. DISCUSSION
FIG. 12. Comparison between the high-resolution UPS spectra

Within the simple ionic model, théA;-3T; and A~ of LaCoO, at 100 K and the LDA band-structure calculation by
3T,-°T, models can account for the behavior of the mag-Hamada, Sawada, and Terak(Ref. 13. (a) Wide range(b) Near
netic susceptibility of LaCo@ up to around~300 and E..
~1000 K, respectively. On the other hand, tha;-°T,
model needs antiferromagnetic interaction between®thg
Co ions in order to explain the small absolute value of themagnetic moment. This localized magnetic excitation may
magnetic susceptibilify?®> whereas the inelastic neutron be spread over several sites due to the strong hybridization
scattering study has revealed the presence of weak ferromaetween the Co® and O 2 orbitals and stabilized by in-
netic correlation af=100 K! The calculated valence-band tercluster effects such @short-rangg orbital ordering.
spectrum assuming théA;-3T; initial state shows good The alternative approach to the electronic structure of
agreement with the XPS spectrum a80 K and qualita- LaCoQ; is the itinerant band picture, starting from the cal-
tively explains the small change in the valence-band speazulated LDA band structure. Except for the satellite struc-
trum with temperaturd.As for the O & XAS spectra, the ture, the band calculation also shows good agreement with
1A;-3T, model explains the temperature dependence of théhe XPS spectrum. Consequently, if one introduces correla-
experimental data only qualitatively. We consider that thetion effects into the band structure as a self-energy correc-
discrepancy comes from the fact that our calculations do naiion, one may have another description of LaGo®Along
include the effect of the Oslcore-hole potential in the final this line, the magnetic susceptibility may be calculated by
state of the x-ray absorption process. A main shortcoming o§pin-fluctuation theory as in the case of F&Sin fact, both
the *A;-3T; model is that the®T, state is located higher LaCoO; and FeSi can be considered as strongly correlated
than the®T, state according to the ClI cluster-model calcula-semiconductors from the fact that their magnetic and electri-
tion with reasonable parameter values, possibly due to theal properties at finite temperatures deviate from those of
limitation of the single-site cluster model: the LDAJ cal-  conventional semiconductors. While the spin gap is much
culation has found the IS state to be the first excited Sfate. smaller than the charge gap in LaCqQreSi(Ref. 51) has
According to the Hartree-Fock calculatiotfstoo, the total  similar magnitudes of the spin and charge gaps, indicating
energy of the IS state can be considerably lowered by athat there are no bound electron-hole pairs in the excited
ordering of theey orbitals. Further, the Hartree-Fock calcu- states of FeSi and hence that interaction between quasi-
lations predict that the system becomes a ferromagnetiparticles is weaker in FeSi than in LaC@Orlhus the band-
metal in the orbital-ordered IS state, consistent with the weaktructure calculation is certainly a better starting point for
ferromagnetic correlation observed by the neutron scatteringeSi than for LaCoQ@. For FeSi, the observed band edge is
study? Therefore, we consider that the magnetic transition ofshiftedtowards B compared to the band DOS, which indi-
LaCoO; at ~90 K is not the'A;-to-°T, transition but the cates a bandarrowingand enables us to analyze the spectra
IA,-to-3T; transition. The optical studies have shown thatusing a dynamical, local self-energy correcttdnOn the
the charge gap is-0.1 eV}?>**which is larger than the spin other hand, the band edge is shifesay from & compared
gap ~0.03 eV? suggesting that the lowest excited state isto the LDA result in LaCoQ (Fig. 12, indicating a band
an excitonic bound state of an electron-hole pair with localwidening
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