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Electronic structure and magnetic states in La12xSrxCoO3 studied by photoemission
and x-ray-absorption spectroscopy
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We have studied the effects of hole doping on the electronic structure of La12xSrxCoO3 by photoemission
and x-ray-absorption spectroscopy. The Co 2p core-level and the valence-band spectra show charge-transfer
satellites, which have been more obviously observed in 3p-3d resonant-photoemission spectra. By Sr substi-
tution for La in LaCoO3, the valence-band spectra do not show rigid-band behavior but change systematically
and reflect the semiconductor-to-metal transition which occurs with hole doping. Only small changes withx
have been observed in the resonant-photoemission spectra. Combined with configuration-interaction cluster-
model calculations, this observation suggests that the intermediate-spin state is realized in the ferromagnetic
phase.@S0163-1829~97!05828-1#
id
-

c
is
ip

Co

en

n
et

w
io
n
tio

to
et
,
-

as
-

at

ing
-
e in
e-

t

an

the
-
s of
n,

the
es.

ate

s as

h,
m

I. INTRODUCTION

Numerous studies on perovskite-type manganese ox
La12xAxMnO3 (A 5 Ca, Sr, or Ba! have been made be
cause of their huge negative magnetoresistance~MR! called
colossal magnetoresistance.1 In these compounds, metalli
conductivity realized by a proper amount of hole doping
accompanied by ferromagnetism. This has been in princ
understood as due to the double exchange mechanism.2

There is another system which shows fairly large MR:
perovskites La12xAxCoO3 (A 5 Ca, Sr, or Ba!. MR in bulk3

and thin films4 has been observed only recently. The par
compound LaCoO3 is a nonmagnetic~low-spin! semicon-
ductor at low temperatures but it undergoes a gradual tra
tion from the nonmagnetic ground state to a paramagn
state above;90 K and then to a metal above;500 K. It has
been controversial whether the 90-K transition is a lo
spin–to–high-spin one or not. Recently, an interpretat
that the transition is a low-spin–to–intermediate-spin o
has been proposed by an electronic structure calcula
study5 and a detailed spectroscopic study.6 Previous work on
LaCoO3 is reviewed in Ref. 6.

By replacing La by Sr, one can introduce holes in
LaCoO3. Then the system changes from the nonmagn
semiconductor to a ferromagnetic metal up to the Sr end7–9

implying that La12xSrxCoO3 is an example of double ex
change systems like La12xSrxMnO3. In fact, a fairly large
negative MR has been observed by Yamaguchiet al.3 How-
ever, the saturation moment in the ferromagnetic ph
(0.3.x) is only about half of the full moment of the high
spin Co ion7,9 while La12xSrxMnO3 shows the full moment
560163-1829/97/56~3!/1290~6!/$10.00
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for 0.2<x<0.4.10 Itoh et al. have shown that lightly doped
samples (0.0,x<0.18) are in the spin-glass state and th
heavily doped ones (0.18<x<0.6) are in the~ferromagnet-
ic! cluster-glass state.11 Chainani, Mathew, and Sarma12 have
observed a semiconductor-to-metal transition with Sr dop
in ultraviolet photoemission~UPS! and bremsstrahlung iso
chromat spectra, but the data did not show a large chang
spite of the nonmagnetic-to-ferromagnetic transition. R
cently, Potze, Sawatzky, and Abbate13 have studied x-ray
absorption~XAS! spectra of SrCoO3, and concluded tha
SrCoO3 has the intermediate-spin (t2g

4 eg
1 , S53/2) ground

state. They have also pointed out the possibility of
intermediate-spin state in lightly doped LaCoO3. However,
there have been few studies so far from the viewpoint of
double exchange mechanism,3,4,14 especially by photoemis
sion spectroscopy. In this paper, we present the result
x-ray photoemission~XPS!, UPS, resonant photoemissio
and XAS studies on La12xSrxCoO3 and discuss hole-doping
effects on the electronic structure. We also discuss
smaller MR ratio of the present system than the Mn oxid

II. EXPERIMENT

Polycrystalline samples of La12xSrxCoO3 were prepared
by a solid-state reaction. Sintered mixtures of appropri
molar quantities of La2O3, SrCO3, and Co3O4 were pressed
into pellets. Subsequent processing for each sample i
follows: for LaCoO3 and La0.8Sr0.2CoO3, pellets were fired
in O2 atmosphere at 900 °C for 48 h, at 1200 °C for 24
and at 1300 °C for 24 h, and then slowly cooled to roo
temperature. For La0.6Sr0.4CoO3 and La0.4Sr0.6CoO3, the
1290 © 1997 The American Physical Society
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56 1291ELECTRONIC STRUCTURE AND MAGNETIC STATES IN . . .
pellets were further annealed under O2 pressure of 300 atm
at 350 °C for 82 h after the above process. F
La0.2Sr0.8CoO3 and SrCoO3, pellets were fired at 1300 °C
in a N2 gas flow, quenched into liquid N2, and annealed
under the O2 pressure of 200 atm at 350 °C. Stoichiomet
SrCoO3 was obtained by using a high pressure apparatu
which the oxygen-deficient composition sealed in a gold c
sule with an oxygen generator KClO4 was treated at 6 GP
at 600 °C.

XPS and UPS measurements were performed usin
spectrometer equipped with a MgKa source, a He discharg
lamp and a Physical Electronics~PHI! double-pass
cylindrical-mirror analyzer. UPS spectra including 3p-3d
resonant-photoemission spectra were measured at bea
BL-2 of Synchrotron Radiation Laboratory~SRL!, Institute
for Solid State Physics, University of Tokyo. O 1s XAS
measurements were performed at BESSY in Berlin. All
measurements were carried out at liquid-nitrogen temp
tures (;80 K!. The base pressures in the spectrometer w
in the low 10210 Torr range. Binding energies in photoemi
sion spectra have been calibrated using the Fermi edge o
evaporated onto samples. For the XPS spectra, the Auf 7/2
~84.0 eV! core level was also used. Photon energies of X
spectra have been calibrated using the O 1s absorption peak
of TiO2 at 530.7 eV. The energy resolution of the XPS, H
I UPS, and He II UPS measurements using the PHI sys
was;0.9, ;0.25, and;0.35 eV full width at half maxi-
mum ~FWHM!, respectively. The energy resolution of th
measurements at SRL was 0.320.4 eV FWHM for photon
energies from 40 to 80 eV. In the XAS measurements,
resolution was;0.2 eV.

Clean surfaces have been obtained by scraping
samplesin situwith a diamond file at;80 K. In the case of
XPS, the scraping was made until the O 1s core-level spec-
trum became a single peak and did not change with fur
scraping. A shoulder or a tail on the higher binding-ene
side of the O 1s peak is usually associated with contamin
tion or degradation of the surface. Figure 1 shows that su
contamination or degradation is small particularly for sm
x’s. In the case of UPS, scraping was repeated until a bu
around 9210 eV disappeared and the whole spectrum
not change with further scraping. We paid attention to
intensity of this bump and of a structure around 6 eV, wh
increase in time due to aging of the surface. We estima
how long a fresh surface lasted by observing the chang
the O 1s spectrum and the valence-band spectrum for X
and UPS, respectively, and scraped the sample before a
The lifetime was typically 122 h for XPS and;30 min to
1 h for UPS.

III. RESULTS

In Fig. 2, Co 2p core-level XPS spectra for various S
concentrations are shown. All the spectra have 2p3/2 and
2p1/2 spin-orbit doublet peaks located at;780 and;796
eV, respectively. The broad peaks located around 790
806 eV are charge-transfer satellites of the 2p3/2 and 2p1/2
peaks, respectively, in good agreement with previo
reports.12,15 Although all the compositions display the sate
lite structure, the intensity slightly decreases with Sr conc
tration. We have also measured La 3d core-level XPS spec
r
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tra ~not shown!. We shall discuss below energy shifts of th
core levels~O 1s, Co 2p, and La 3d) and the valence band a
a function of Sr concentration.

Figure 3 shows He II spectra of La12xSrxCoO3. One can
see four structuresA, B, C, andD as indicated in the figure
The most obvious hole-doping effect is the decrease of
intensity at structureA. One can also notice that structures
the valence band becomes less sharp. In order to see
changes with hole doping in more detail, we have subtrac
the background due to secondary electrons from each of
spectra and normalized them to the integrated intensity.
resulting spectra are shown in the upper panel of Fig. 4. N
it is very clear that structureA becomes weaker withx and a
weak tail develops on the lower binding-energy side a
crossesEF . Hence, with the collapse of structureA, the
valence band is shifted towardsEF and thus the spectra
intensity atEF monotonously increases to the extent simi
to other metallic 3d transition-metal oxides. The intensity i
much higher than that of La12xSrxMnO3.

16,17Those experi-
mental findings are in agreement with the recent XPS st
of La12xCaxCoO3.

18

It should be noted that the spectral line shape from str
tureC to edgeE is not affected significantly by Sr doping, a
shown in the lower panel of Fig. 4. In the lower panel, t
spectra fromx50.2 tox50.6 have been shifted so that edg
E is aligned. With these shifts, the region betweenE and
C in all the spectra are found to overlap well, meaning th

FIG. 1. O 1s core-level XPS spectra of La12xSrxCoO3. The
broad peak around 540 eV is due to CoL3M23V and LaM45N45V
Auger emissions.



an

io

n
in
ic

-
os
g
th
-
e
. 5
rte
-

t-

n
rp

of
ra
ol

ty has
nel,
n-

1292 56T. SAITOH et al.
this region does not change so much with Sr doping
hence the above shifts may reflect the shift ofEF with hole
doping. This is probably because the intensity of this reg
mainly comes from the oxygen nonbonding states~with
some contributions form O 2p–Co 4sp and O 2p–La/Sr
5sd bonding states!, which may show a minimal change i
its shape with doping. The predominance of nonbond
oxygen states in this region can be seen in Fig. 5, wh
shows the intensity in this region is stronger in the He
spectra than in the He II spectra.19 Moreover, the He I spec
tra show exactly the same behavior with Sr doping as th
of the He II spectra including the amount of the ener
shifts, strongly supporting the above argument. On the o
hand, with Sr doping, structureA continuously loses its spec
tral weight while structureD grows, thus increasing th
bandwidth with hole doping. It is also noted that from Fig
and spectra taken with higher photon energies repo
previously,12,18 structureA becomes more intense with in
creasing photon energy. This means that structureA has a
large Co 3d contribution,19 consistent with the resonan
photoemission spectra shown below.

The combined UPS and O 1s XAS spectra nearEF are
displayed in Fig. 6. Here the O 1s XAS spectra have bee
normalized;20 eV above the threshold, where the abso
tion intensity should be independent ofx. By Sr doping, the
intensity of structureA belowEF decreases and the peak
the O 1s XAS spectra grows, showing a transfer of spect
weight from the occupied to unoccupied states with h
doping.

FIG. 2. Co 2p core-level XPS spectra of La12xSrxCoO3. The
intensity has been normalized to the 2p3/2 peak height. The weak
peak at;776 eV is attributed to OKVV Auger emission.
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FIG. 3. He II UPS spectra of La12xSrxCoO3. The intensity has
been normalized to the total integrated intensity.

FIG. 4. He II UPS spectra of La12xSrxCoO3. The background
due to secondary electrons has been subtracted and the intensi
been normalized to the total integrated intensity. In the lower pa
the spectra forx.0 have been shifted towards higher binding e
ergy as indicated.
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56 1293ELECTRONIC STRUCTURE AND MAGNETIC STATES IN . . .
In order to extract Co 3d contribution from the valence
band spectra more directly, we have measured reson
photoemission spectra near the Co 3p-3d core-absorption
threshold. The on- and off-resonance photon energies w
determined from the total yield and constant-initial-sta
spectra. In Fig. 7, we show on- (hn563.5 eV! and off-
(hn560.0 eV! resonance spectra of La12xSrxCoO3. One
can see that all the on-resonance spectra are enhanced o
wide energy range, with the strongest enhancement f
;8 eV to;15 eV, which should be identified as a satell
due to O 2p-to-Mn 3d charge transfer. The on-off differenc
spectrum for LaCoO3 shows an intense peak nearEF and a
shoulder at;6 eV ~marked with two arrows! as well as the
satellite centered at;11 eV. It is worthwhile noting that
apart from the enhancement of the satellite the experime
LaCoO3 spectrum is in very good agreement with the calc
lated spectrum for the low-spin (1A1) ground state using the
configuration-interaction~CI! cluster model: the arrow
marked structures clearly correspond to the first two peak
the calculated1A1 spectrum shown in the figure or the ca
culated spectrum for the1A11

3T1 mixed ground state.
6 The

overall feature does not change significantly with doping
x50.2, but small changes can be observed forx50.4: the
first peak becomes broader and the shoulder at;6 eV is
weakened; the overall spectrum becomes broad and fea
less. According to Itoh and Natori,20 the intensity of signals
from the nonmagnetic Co31 ion in their NMR measuremen
decreased very rapidly with Sr doping, and no1A1 signal
was detected inx50.4. On the other hand, our recent calc
lations on LaCoO3 have shown that the spectrum for th
5T2 ~high-spin! ground state is completely different from th

FIG. 5. Comparison of the He I~dotted lines! and He II ~solid
lines! spectra of La12xSrxCoO3. The normalization is the same a
in Fig. 4.
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1A1 spectrum while the spectrum for the3T1 ~intermediate-
spin! ground state is much more similar to the1A1
spectrum.6 Hence the small change in the difference spec
suggests that the magnetic state is changing from1A1 to
3T1 rather than from1A1 to

5T2.
In Fig. 8, the energy shifts of several core levels and

valence-band feature are plotted as functions of Sr conc
tration. The figure shows that the O 1s and La 3d core levels
behave in the same way,21 and edgeE also shows a similar
shift up tox50.6. Since theA-site ions in perovskite oxides
ABO3 are not involved in the chemical bonding nor in th
metallic conductivity, the shifts of the La core levels wou
faithfully reflect the shift ofEF if the changes in the Made
lung potential withx are negligibly small.22 Considering that
the changes in the Madelung potential at the La cation
and the O anion site should be quite different, the same
havior of the La 3d and O 1s core-level shifts implies tha
the changes in the Madelung potential are effectiv
screened~within experimental errors! and that the La 3d and
O 1s core-level shifts reflect the chemical-potential shift. T
change in the Co 2p core-level position relative to the
O 1s core level will thus represent the so-called chemi
shift, which reflects the change of the valence of Co. On
other hand, the behavior of the core-level shifts forx>0.6 is
complicated. However, because the accurate determina
of core-leve shifts requires contamination/degradation-f
surfaces as demonstrated in Ref. 22, we defer discuss

FIG. 6. UPS and O 1s XAS spectra of La12xSrxCoO3 near
EF . Photon energies for the O 1s XAS spectra are references to th
O 1s binding energies plus 1.0 eV.



-

l t
om
pin
it
ns
or
ee

ta

ta
-
lt
o

of
e
hat
an

ll
se.

nd
h is
id

ly
en
nter-
-
ed
ro-
ion.
ave

n in

n

he

the
his

ra
-

nd
ty

in

.

1294 56T. SAITOH et al.
about the chemical-potential shift for thex>0.6 samples, the
O 1s spectra of which~Fig. 1! indicate weak signals of con
tamination or degradation.

IV. DISCUSSIONS

With Sr doping, structureA at;1 eV in the valence-band
photoemission spectra loses its spectral weight and a tai
wardsEF develops. This may be attributed to a change fr
the low-spin initial state to the high-spin or intermediate-s
initial state. The change of the on-off difference spectra w
x ~Fig. 7! is small, suggesting that the low-spin Co io
would not be converted to the high-spin states but m
likely to the intermediate-spin ones. This scenario has b
supported not only by our calculations on LaCoO3 ~Ref. 6!
and the NMR study by Itoh and Natori20 ~see Chap. III!, but
also by another XAS study: recently, Potzeet al. have pro-
posed the possibility of the intermediate-spin ground s
(t2g
4 eg

1 , S53/2) in SrCoO3 from Co 2p XAS.13 According to
these authors, the dominant configuration in the ground s
of SrCoO3 is not d5 but d6L due to the negative charge
transfer energy. This is consistent not only with our resu
but also with the small saturation magnetization
La12xSrxCoO3.

7,9

Electrons in the metallic phase of La12xSrxCoO3 are

FIG. 7. Upper panel: Co 3p-3d resonant-photoemission spect
of La12xSrxCoO3. Lower panel: On-off difference spectra com
pared with a CI cluster-model calculation for the low-spin (1A1)
ground state~Ref. 6!. For the experimental spectra, the backgrou
due to secondary electrons has been subtracted and the intensi
been normalized to the total integrated intensity.
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considered to be much more itinerant than those
La12xSrxMnO3 because of the stronger hybridization in th
former system. This is also supported by the fact t
La12xSrxCoO3 has a much higher Fermi-edge intensity th
La12xSrxMnO3 in the photoemission spectra.16,17 In the
band picture, the strongp-d hybridization would reduce the
exchange splitting of thet2g bands, resulting in the sma
saturation magnetization in the heavily doped metallic pha

Recently, Yamaguchiet al.23 have found that a hole
doped into LaCoO3 induces a large magnetic moment a
concluded that the doped hole creates a spin polaron whic
spread over;5–8 sites. This is consistent with the rap
decrease in the intensity of the1A1 signal in the NMR
measurement.20 Thus, the spin-glass behavior in the light
doped phase11 can be attributed to the competition betwe
the double exchange interaction and the superexchange i
action between the spins ofeg electrons. Also we may specu
late that the cluster-glass behavior in the heavily dop
phase11 might be accounted for by the increase in the fer
magnetic correlation due to the double exchange interact
The spin-glass behavior or the cluster-glass behavior h
not been observed in La12xSrxMnO3, which can be under-
stood as a result of the weaker superexchange interactio
the latter system arising from the fact that eacheg electron
has a smaller probability to find anothereg electron at adja-
cent sites due to the smaller number (12x per site! of eg
electrons than that (;1 per site in the intermediate-spi
state! in La12xSrxCoO3.

From the viewpoint of the local electronic structure, t
weaker MR in La12xSrxCoO3 than in La12xSrxMnO3 may
be explained by the stronger hybridization caused by
smaller charge-transfer energy than the Mn system. T

has

FIG. 8. Energy shifts of the core and valence levels
La12xSrxCoO3 as functions of Sr concentrationx. The Co 2p core-
level energy position relative to the O 1s core level is also shown
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56 1295ELECTRONIC STRUCTURE AND MAGNETIC STATES IN . . .
makes the ground state of LaCoO3 low-spin and leads to the
intermediate-spin state in the ferromagnetic phase and h
the small saturation magnetization. Another important rea
for the weaker MR in La12xSrxCoO3 is the absence of Jahn
Teller effect in contrast to La12xSrxMnO3: in the latter
system, it has been pointed out that the Jahn-Te
distortion plays an important role in the ‘‘colossal
magnetoresistance.24 On the other hand, La12xSrxFeO3, lo-
cated between the Mn and the Co systems, is not a do
exchange system because it remains insulating in most o
doping range due to the multiplet effect, i.e., the stabilizat
of thed5 configuration due to Hund’s rule coupling.25

V. CONCLUSIONS

We have studied the electronic structure
La12xSrxCoO3 by photoemission and x-ray absorptio
spectroscopy. The Co 2p core-level and the valence-ban
spectra display satellite structures, indicating correlation
fects. The doping dependence shows the evolution of s
tral line shape from the low-spin semiconductor to the me
which is not rigid-band like: with Sr doping, the structure
the lowest binding energy loses its intensity and becom
a

e
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broad. The lost spectral weight is transferred to the uno
pied states, as observed in the O 1s XAS spectra. At the
same time, spectral weight nearEF increases. The entire va
lence band is shifted towardsEF with doping, representing
downward chemical-potential shift with hole doping. Co
bined with the CI cluster-model calculations on LaCoO3, the
small changes in the resonant-photoemission spectra su
that the intermediate-spin state may be realized in the fe
magnetic phase.
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