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Magnetic circular x-ray dichroism study of La 1ÀxSrxCoO3
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The ferromagnetic oxide La12xSrxCoO3 has been studied by magnetic circular x-ray dichroism~MCXD! in
core-level absorption. In the Co 2p3/2,1/2 absorption, the orbital and spin magnetic moments of the Co 3d are
deduced with the use of magneto-optical sum rules and compared with magnetization measurements. In the O
1s absorption, large negative MCXD structures are observed, showing that the O 2p orbitals are heavily mixed
with the Co 3d orbitals and that the orbital magnetic moment of O 2p is parallel to the orbital magnetic
moment of Co 3d and the total magnetic moment. The relative magnitudes of the spin and orbital magnetic
moments are most consistently interpreted based on the intermediate-spin states of Co 3d within the ionic
model, although the absolute values of the spin and orbital magnetic moments are found to be smaller,
probably indicating that the itinerant electron description of the Co 3d states is more appropriate in
La12xSrxCoO3.
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I. INTRODUCTION

3d transition-metal~TM! oxides have interested many r
searchers for their various electronic and magnetic pro
ties. LaCoO3, which crystallizes in the rhombohedrally dis
torted perovskite structure, is a charge-transfer-ty
semiconductor1 with a transport gap of;0.6 eV~Ref. 2! and
is nonmagnetic at low temperatures. However, it becom
paramagnetic above;90 K and metallic above;500 K.3–5

The ground state of the Co31 ion is thought to take the
low-spin ~LS! state 1A1 (t2g

6 ). The temperature-induce
paramagnetism is thought to originate from the mixing of
LS ground state with magnetic excited states7 such as the
high-spin ~HS! 5T2 (t2g

4 eg
2) and the intermediate-spin~IS!

3T1 (t2g
5 eg

1) states, but the spin states at high temperatu
still remain controversial: the transition at 90 K has be
attributed to the LS to HS transition8,9 or the transition at 500
K to the LS to HS one;5,6,10,11alternatively, the 90 K transi-
tion has been attributed to the LS to IS transition.12 Hole-
doped LaCoO3, namely La12xSrxCoO3, also shows various
magnetic and electronic properties as functions of do
hole concentrationx. Sr doping remarkably increases th
magnetization and the system changes from the nonmag
semiconductor to a ferromagnetic metal forx>0.2.2–4,6,13–15

Itoh et al. showed that La12xSrxCoO3 with 0,x<0.18 at
low temperatures (;10250 K! takes a spin-glass state.13,16

The spin-glass state in La0.92Sr0.08CoO3 was observed in a
neutron-scattering study below;24 K.8 The Curie tempera-
ture TC increases monotonically with increasingx and
reaches a maximum of 280 K atx.0.7, and then decrease
linearly with x to 220 K atx51.17,18 As for the electronic
PRB 620163-1829/2000/62~7!/4455~4!/$15.00
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structure of the Co 3d states in La12xSrxCoO3, different spin
states, LS, IS, and HS states, have been considered, a
has been controversial which spin states are realized. F
magnetization measurements, Taguchiet al.17 have con-
cluded that superexchange interaction for Co31-O-Co41 is
stronger than those for Co41-O-Co41 and Co31-O-Co31 and
that the Co31 and Co41 ions are in the high- and low-spin
states, respectively. Potzeet al.19 have argued that the Co41

ion in SrCoO3 is in the intermediate-spin state because
d6L configuration dominates the ground state from the l
shape of the Co 2p x-ray-absorption~XAS! spectrum. A
recent photoemission and x-ray-absorption spectrosc
study of La12xSrxCoO3 has suggested that the intermedia
spin state is realized in the ferromagnetic phase.20

Magnetic circular x-ray dichroism~MCXD! in core-level
soft-x-ray absorption is a powerful method to obtain info
mation about the magnetic states at each atomic site. W
use of magneto-optical sum rules, it gives the orbital m
netic moment and the spin magnetic moment on each at
In this paper, La12xSrxCoO3 has been studied by MCXD a
low temperature~40 K! under a magnetic field~2 T! and the
result is compared with that of magnetization measureme
Based on the orbital and spin magnetic moments in the
3d states and the orbital magnetic moment in the O 2p states
deduced here, discussion is made about the spin state o
Co 3d states in La12xSrxCoO3.

II. EXPERIMENT

Polycrystalline samples of La12xSrxCoO3 were prepared
by the following procedure.20 Sintered mixtures of appropri
4455 ©2000 The American Physical Society
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4456 PRB 62J. OKAMOTO et al.
ate molar quantities of La2O3, SrCO3, and Co3O4 were
pressed into pellets. For LaCoO3, La0.9Sr0.1CoO3, and
La0.2Sr0.2CoO3, pellets were fired in an O2 atmosphere a
900 °C for 48 h, at 1200 °C for 24 h, and at 1300 °C for
h, and then slowly cooled to room temperature. F
La0.6Sr0.4CoO3 and La0.4Sr0.6CoO3, pellets were further an
nealed under an O2 pressure of 300 atm at 350 °C for 82
after the above process. For La0.2Sr0.8CoO32d and
SrCoO32d , whered was ;0.0520.1, pellets were fired a
1300 °C in a N2 gas flow, quenched into liquid N2, and
annealed under an O2 pressure of 200 atm at 350 °C fo
about a week. Each sample was checked to be single p
by x-ray diffraction.

MCXD measurements were made in the total-electr
yield mode using circularly polarized synchrotron radiati
from the bending-magnet beam line BL-11A at the Pho
Factory, High Energy Accelerator Research Organizat
The measurements were carried out at 4060.1 K, which is
well below TC ~Refs. 6,16,18! for the x>0.2 samples. The
sample chamber was kept at (223)310210 Torr. The
sample surface was cleaned byin situ scraping before each
series of measurement. Magnetic fields of62 T, which were
enough to magnetize the samples, were applied to the sa
using a superconducting magnet. The photon helicity w
fixed and the magnetic field direction was reversed para
and antiparallel to it. For eachx, we performed several set
of MCXD measurements and error bars were estimated f
the reproducibility of the MCXD spectra. The degree of c
cular polarization (PC) was estimated to be (7464)% by
comparison of measured Ni and Co 2p MCXD of Ni and Co
metal with reported MCXD intensities.21,22The incident pho-
ton flux was monitored using an Au mesh placed down
beamline of the postfocusing mirror. We have also measu
the magnetization by a SQUID magnetometer for samp
which were cut out of the same pellet that were used in
MCXD measurement under the same experimental condi
(B52 T, T540 K!. As for thex50 sample, the magnetiza
tion was nearly zero (<10mmB)

III. RESULTS AND DISCUSSIONS

Figure 1~a! shows the Co 2p XAS spectrum (m1

1m2)/2 and the background for La12xSrxCoO3 (x50.4),
and Fig. 1~b! shows the photon flux-normalized polarizatio
dependent Co 2p XAS spectra m1 and m2 for
La12xSrxCoO3. Here, m1 and m2 refer to the absorption
coefficients for photon helicity parallel and antiparallel to t
Co 3d majority-spin direction, respectively. MCXD spect
(Dm5m12m2) and their energy integrals are shown in F
1~c!. Each MCXD spectrum has been corrected forPc . The
background curve corresponds to the transition from the
2p levels to the continuum. As for the background form1

and m2, we have assumed a broadened step function
shown in Fig. 1~a!, i.e., an arctangent function whose st
height was set 2:1 for Co 2p3/2 and Co 2p1/2 and step ener-
gies were set at the peaks of the Co 2p3/2 transition
(;779.3 eV! and the Co 2p1/2 transition (;794 eV! for each
x. In the ferromagnetic region (0.2&x<1.0), large MCXD
structures were observed, while only very weak structu
were observed in the spin-glass (x50.1) samples. In the cas
of thex50 sample, the weak structures around the Co 2p3/2
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and the 2p1/2 peaks were not fully reproducible. Therefor
we shall not discuss thex50 data in the following analysis

From these spectra, the orbital magnetic momentMorb
and the spin magnetic momentM spin of the Co 3d states in
the ground state were estimated with use of the MCXD
bital sum rule23 and spin sum rule24

Morb522
DAL3

1DAL2

3~AL3
1AL2

!
~102N3d!, ~1!

M spin17MT52
DAL3

22DAL2

AL3
1AL2

~102N3d!, ~2!

whereMorb, M spin, and the magnetic-dipole momentMT are
in units ofmB/atom,N3d is the 3d electron occupation num
ber, DAL3

and DAL2
are the energy-integrated 2p3/2 and

2p1/2 MCXD intensities~up tohn;810 eV in the case of the
Co 2p core level!, respectively, andAL3

and AL2
are the

energy-integrated 2p3/2 and 2p1/2 XAS intensities. In esti-
mating the spin magnetic moments from the XAS and MC
spectra, we have to separate the Co 2p3/2 component and the
Co 2p1/2 component. We divided the Co 2p spectra into two
components at;790 eV, where the difference between th
XAS intensity and background becomes the smallest
shown in Fig. 1~a!, and the overlap of the Co 2p3/2 and the
Co 2p1/2 components is considered to be the smallest. In
the samples, exceptx50, DAL3

1DAL2
are seen to take

negative finite values. This means thatMorb.0 and M spin
.0, which is normally expected for a more-than-half-fille
d-electron shell.

The orbital Morb, spin M spin, and the totalM tot5Morb
1M spin magnetic moments estimated using the above s
rules are compared with the magnetization measured b
SQUID magnetometer in Fig. 2~a!. As for the spin sum rule,
the magnetic-dipole momentMT in Eq. ~2! is estimated to be
very small (&1% of M spin) in a ligand-field theoretical

FIG. 1. ~a! Co 2p XAS spectrum (m11m2)/2 and the back-
ground forx50.4, and~b! m1 and m2 spectra of La12xSrxCoO3.
The spectra have been normalized to the Co 2p3/2 peak height, from
which background has been subtracted.~c! Co 2p MCXD spectra
and their energy integrals. Corrections for the degree of circu
polarizationPc of the incident light have been made.
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calculation.25 Furthermore, our measurements were made
polycrystals, fulfilling an angle average with the resulta
vanishing magnetic-dipole term.26 N3d was deduced to be 6.
for x50 and 5.8 forx51 obtained from the cluster-mode
analyses.12,27 N3d for otherx were determined from theN3d
of x50 and 1 byN3d(x)56.83(12x)15.83x. The x de-
pendence of the MCXDM tot qualitatively agrees well with
that of the magnetizationMSQUID. This means that ou
MCXD measurements and subsequent analyses have g
reasonable results. As for the absolute value of the total m
netic moments, however, the MCXDM tot is 30–40 %
smaller thanMSQUID. There are two possible reasons for th
observation. First, we should take into account the correc
factor for the spin sum rule@Eq. ~2!# pointed out by Tera-
mura et al.25 From their ligand-field theoretical calculation
the magnitude of the correction factor was obtained to
20–30% of MCXDM spin. Thus, even if the correction ha
been taken into account, a finite discrepancy of 10–20 %
remains betweenM tot and MSQUID. Second, the magneti
moments of the O 2p orbitals contribute somewhat toM tot .
It is thought that magnetic moments are induced on the Op
orbitals as a result of mixing with the Co 3d orbitals. MCXD
Morb and PES measurements12,27 show that a rather large
amount of charges~nearly one electron! is transferred from
the ligand O 2p orbitals to the Co 3d orbitals, resulting in a
net magnetization of the O 2p orbitals.

The ratioMorb/M spin is plotted as a function ofx in Fig.
2~b!. Though there is a weak peak atx50.6, the ratio gradu-
ally decreases withx, which may be most naturally explaine
by the increasing itinerancy withx. In considering the elec
tronic and magnetic states of the Co ion in La12xSrxCoO3,
we compare the experimentally deduced magnetic mom
with those predicted by the ionic model, where three diff
ent spin states are considered for the Co31 and Co41 ions.
The Morb, M spin, and Morb/M spin for each spin state thu
predicted are given in Table I. From this information and t

FIG. 2. ~a! Orbital Morb, spin M spin, and totalM tot magnetic
moments per Co atom obtained from the MCXD orbital~Ref. 23!
and spin sum rules~Ref. 24! as functions ofx. The total magnetic
moment obtained from the SQUID measurements (MSQUID) are
values atB52 T andT540 K as in the MCXD measurements.~b!
Ratio Morb/M spin andMorb per Co atom.
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experimental values ofMorb/M spin, ;0.25 and;0.2 for x
50.1 and 1, respectively, the IS state is thought to be m
likely for the electronic states of the Co 3d ion throughout
0.2&x<1. However, the absolute values ofM spin and Morb
are significantly smaller than the prediction of th
ionic model. In order to explain this, the itinerant electr
description of the Co 3d states may be necessary f
La12xSrxCoO3.

In order to investigate the magnetic properties projec
on the O 2p orbitals, we have also made the MCXD me
surements for the O 1s XAS spectra. Figures 3~a! and 3~b!
show the photon flux-normalizedm1 and m2 O 1s XAS
spectra of La12xSrxCoO3. The average of them1 and m2

spectra has been normalized to 1 at the first peak. The Os
XAS spectra come from the unoccupied states mixed w
the O 2p unoccupied states: the Co 3d states in the region o
5242530 eV , the La 5d or Sr 4d states in the region o
5302537 eV, and the Co 4sp states in the region of 537
2545 eV. The difference between them1 andm2 spectra is
systematic and relatively large in the Co 3d region but small
in the La 5d /Sr 4d region and the Co 4sp region. Since
appreciable MCD structures were observed in the Cod
region and the magnetic moments in the O 2p states are
thought to be caused by the charge transfer to the Cod
states, we consider only the Co 3d region of the O 1s XAS
spectra in estimating the magnetic effects in the O 2p states
as shown in Figs. 3~b! and 3~c!. The O 1s MCXD spectra
and their energy integrals are shown in Fig. 3~c!. The MCXD

TABLE I. Orbital Morb and spinM spin magnetic moment of the
Co atom in La12xSrxCoO3 ~in units of mB /Co) and the ratio
Morb/M spin according to the ionic model~Refs. 25 and 29!.

Spin state x Morb M spin Morb/M spin

LS 0 (Co31) 0 0
1 (Co41) 0.859 0.384 2.236

IS 0 (Co31) &1 ;2 &0.5
1 (Co41) &1 ;3 &0.33

HS 0 (Co31) 0.711 3.3 0.215
1 (Co41) 0.01 4.96

FIG. 3. O 1s XAS spectra,m1 and m2, of La12xSrxCoO3 in
wide energy range~a! and in the threshold region~b!. The spectra
have been normalized to the average@(m11m2)/2# first-peak
height.~c! O 1s MCXD spectra and their energy integrals. Corre
tions for Pc have been made.
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signals in the Co 3d region (5242530 eV! are 10-15 % of
the O 1s XAS peak height and the energy integrals up
;530 eV are negative for the ferromagnetic samples (
&x<1). In another perovskite-type 3d TM oxide system
La12xSrxMnO3, the ratio of the MCXD signal to the XAS
one in the O 1s absorption region is&10%.28 This may
indicate that the mixing of the Co 3d orbitals with the O 2p
orbitals is relatively strong in La12xSrxCoO3. As for the O
1s MCXD signal, the negative finite signals show th
Morb(O2p).0. Then the orbital magnetic moment of the
2p orbital is parallel to the orbital magnetic moment of C
3d and the total magnetic moment of La12xSrxCoO3. As in
the case of La12xSrxMnO3, the orbital magnetic moment o
the O 2p orbital is antiparallel to the orbital magnetic mo
ment of Mn 3d, which is explained by the mechanism th
Morb(O2p) is induced by a direct transfer ofMorb(Mn3d)
via strongd-p hybridization.28 According to a recent calcu
lation on the TMO6 cluster model,29 the O 2p orbital mag-
netic moment becomes parallel to the TMd orbital magnetic
moment when there are holes in the TMd t2g states, namely
when the Co 3d ion in La12xSrxCoO3 takes the IS state.

IV. CONCLUSION

We have made Co 2p and O 1s core-level MCXD mea-
surements on La12xSrxCoO3. The Co 2p MCXD spectra
have been analyzed with use of the orbital and spin s
s

a,
. B

ys

R.
.

d

n

.2

m

rules. The MCXD magnetic moments obtained from the s
rules are compared with the magnetization measureme
showing qualitatively good agreement. From the informat
about the magnetic moments and the ratio between the
bital magnetic moment and the spin magnetic moment,
intermediate-spin state is suggested to exist in a wide c
centration rangex in La12xSrxCoO3. However, the absolute
values for these moments are small compared with the io
model, indicating the itinerant electron description of the
3d states may be more appropriate. Negative finite MCX
structures have been observed in the O 1s MCXD spectra,
indicating the mixing of the O 2p orbitals with the Co 3d
orbitals. The orbital magnetic moment of O 2p is shown to
be parallel to the orbital magnetic moment of Co 3d and to
the total magnetic moment, again consistent with
intermediate-spin state of Co 3d.
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