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Magnetic properties have been studied for the perovskite
Pr12xBaxCoO3 (04x40.5). Ferromagnetic order is observed
below &190 K for x50.2 in dc susceptibility+temperature
curves. Magnetic circular dichroism spectra were measured for
a ferromagnetic phase at Co+L2,3, Pr+M4,5, Ba+M4,5 , and O+K
edges. It is revealed that the Co ion has both spin and orbital
moments. It is also observed that the Ba 4f orbitals have a local-
ized moment and exhibit ferromagnetic order at low temper-
atures, though Ba21 is expected to be almost only in
a nonmagnetic 4f 0 state. Magnetic order is observed also for
Pr 4f and O2p . ( 2000 Academic Press

Recently, much attention has been received on perovskite
cobaltates ¸n

1~x
A

x
CoO

3
(¸n"lanthanides, A"alkaline

earth metals) because of their interesting and unusual phys-
ical properties (1}10). The end compounds ¸nCoO

3
contain-

ing Co3` are semiconductors or insulators with no magnetic
order. Doping of the A-ions (¸n

1~x
A

x
CoO

3
) introduces

the oxidized ion Co4`, leading to the ferromagnetic order
with Curie temperatures (¹

C
) below &250 K. La

1~x
A

x
CoO

3
with A"Sr and Ba are metallic ferromagnets. The com-
pounds containing heavier lanthanides exhibit semiconduc-
tive or insulating behavior. Magnetic properties have been
most extensively studied for La

1~x
Sr

x
CoO

3
(04x40.5)

(1}4), where the very complex behaviors are observed against
x, and have been discussed in detail (1). There exist the three
spin states of Co3` and Co4`, i.e., LS (low-spin), IS (inter-
mediate-spin), and HS (high-spin) states. This system with
x(0.1 shows superparamagnetic or spin-glass behavior
due to a formation of hole-rich clusters where low-spin
(LS) Co4` (t5

2ge0g ) and intermediate-spin (IS) Co3` (t5
2ge1g )

are ferromagnetically coupled. For 0.14x40.18, the size of
each IS cluster becomes larger. As the magnetic inter-
actions between the clusters are antiferromagnetic, spin-
glass behavior is observed. In the larger x region, the
57
cluster becomes large enough to change the system into
metallic ferromagnets accompanied by cluster-glass phe-
nomena.

For other systems, there have been comparably few re-
ports on their properties so far except those such as for
¸n

0.5
Ba

0.5
CoO

3
(¸n"lanthanides) (6,7), Gd

1~x
Sr

x
CoO

3
(8), and Pr

1~x
Sr

x
CoO

3
(9,10). In this paper, magnetic prop-

erties of Pr
1~x

Ba
x
CoO

3
(04x40.5) were studied by dc

magnetization measurements. Magnetic circular dichroism
(MCD) spectroscopy (11) was adopted to obtain the in-
formation of spin and orbital moments in a ferromagnetic
phase.

The Pr
1~x

Ba
x
CoO

3
(x"0, 0.1, 0.2, 0.3, 0.4, 0.45, and 0.5)

samples were prepared by the ceramic method. Stoichiomet-
ric mixtures of Pr

2
O

3
(3N, Soekawa), BaCO

3
(4N,

Soekawa), and CoO (3N, High Purity Chem. Lab.) were
"red in air at 12003C for 24}48 h. The "ring was repeated
two to three times. The oxygen contents were determined
from thermogravimetry in a reducing atmosphere. The
d values for Pr

1~x
Ba

x
CoO

3~d are 0}0.03 for
x40.1, 0.05}0.08 for x"0.2}0.3, 0.07}0.11 for x"0.4, and
0.10}0.12 for x50.45 ($0.02). The increase in d with x is
the same trend as that for Pr

1~x
Sr

x
CoO

3
(9) and

Gd
1~x

Sr
x
CoO

3
(8). The value for x"0.5 is close to that of

Tb
0.5

Ba
0.5

CoO
3
, d"0.13 (7). Roughly, the contents of

Co4` around x"0.5 are estimated to be &50}60% of
those for the oxygen stoichiometric samples. For conveni-
ence, the samples will be denoted as Pr

1~x
Ba

x
CoO

3
in most

of the discussion. Powder X-ray di!raction (XRD) measure-
ments (MAC Science Co., M03XHF22) revealed that their
crystal structures are the orthorhombic perovskite type
(Pnma; GdFeO

3
type). dc magnetization measurements

were carried out with a SQUID magnetometer (Quantum
Design MPMS). Other details have been given elsewhere
(10).

The MCD spectra were measured for the x"0, 0.1, and
0.4 systems using synchrotron radiation at a soft X-ray
7
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beamline BL25SU of SPring-8, Japan (12). Sample surfaces
were thoroughly "led in an analysis chamber before the
measurements. The spectra were obtained from the subtrac-
tion of XANES (X-ray absorption near edge structure)
spectra, which were measured at &40 K in a total electron
yield mode around Co}¸

2,3
, Pr}M

4,5
, Ba}M

4,5
, and O}K

edges. A magnetic "eld of $1.4 T was applied to the sam-
ples and was switched at each photon energy to #ip the
magnetization.

Figure 1 shows dc susceptibility}temperature (s}¹)
curves between 4.5 and 300 K with an applied "eld (H) of
100 Oe. The curve of PrCoO

3
was con"rmed to resemble

that previously reported (13). This compound exhibits no
magnetic order, since the Co3` ions are in a nonmagnetic
LS state (¸"S"0) below 300 K (13). With substituting Ba
for Pr, the Co ions are partially oxidized to Co4`, leading to
the obvious ferromagnetic transitions with Curie temper-
atures (¹

C
) of &150}190 K for x50.2.

For the curve of x"0.1, in#ection is observed around
40 K. As a Weiss temperature was found to be close to zero,
this might be owing to a spin-glass transition brought about
by the competition between ferromagnetic and antifer-
romagnetic interactions. Indeed, the compound showed
both logarithmic time dependence of magnetization at 4.5 K
and a susceptibility cusp only for the ZFC (zero-"eld-
cooled) curve, indicating the existence of spin- or cluster-
glasses as in La

1~x
Sr

x
CoO

3
(1}4). However, the aging e!ect,

characteristic of spin-glasses (4), has not been observed so
far. These phenomena have been found also for x50.2.

The curve of Pr
0.5

Ba
0.5

CoO
3
with ¹

C
&150 K has a sim-

ilar pro"le to that in the previous work (7). ¹
C

has a max-
imum (&190 K) around the composition x"0.3}0.4. This
FIG. 1. s}¹ curves for all the Pr
1~x

Ba
x
CoO

3
systems in FC ("eld-

cooled) condition with an applied "eld of H"100 Oe. Susceptibilities for
x"0.1 are multiplied by a factor of 3.
is di!erent from the behavior of the ¸n
1~x

Sr
x
CoO

3
systems

where ¹
C

tends to monotonically increase as x is increased
(1, 2, 4, 5, 9). Two of the authors have investigated also the
magnetic properties of Pr

1~x
Sr

x
CoO

3
and found the mono-

tonic increase in ¹
C

up to &250 K with increasing x (10).
As is well known, the value of ¹

C
strongly depends on both

a Co}O}Co angle and a Co}O length. From the Rietveld
analyses for the XRD data using RIETAN (14), a Co}O}Co
shows a maximum for Pr

1~x
Ba

x
CoO

3
(&1753 at x"0.4)

(15), while a Co}O length tends to decrease with increasing
x. Thus the present behavior is understood in terms of the
enhancement of exchange interactions due to the increase in
the Co}O}Co angle. On the other hand, for Pr

1~x
Sr

x
CoO

3
,

the angle tends to increase with increasing x (15).
For 0.44x40.5, the values of ¹

C
in this system are

lower than those for La
1~x

Sr
x
CoO

3
and Pr

1~x
Sr

x
CoO

3
in

the same x region (5&220}230 K) obtained in this work
and Ref. (10), where ¹

C
becomes higher with increasing x. It

was veri"ed that each ¹
C

was close to those reported in
Refs. (1, 2, 4, and 9). From the Rietveld analyses, no obvious
relationship between the crystal structures and ¹

C
was

obtained in these three systems. A possible origin is the
slightly larger oxygen de"ciencies d in Pr

1~x
Ba

x
CoO

3~d
than those for La

1~x
Sr

x
CoO

3~d and Pr
1~x

Sr
x
CoO

3~d
where d is less than &0.06 (2,9). Similar values were ob-
tained for these systems also in the present work. For
La

1~x
Sr

x
CoO

3
with x'0, the doping of Sr introduces the

LS Co4` ion, which stabilizes the IS Co3` (1). Thus the
dominant spin states are the LS Co4` and the IS Co3`.
Assuming the same situation for the other systems, the
content of the IS Co3` ions might be lower in
Pr

1~x
Ba

x
CoO

3
due to the lower content of Co4`. The other

Co3` ions are considered to remain in the nonmagnetic LS
Co3`, whose population is larger than in La

1~x
Sr

x
CoO

3
and Pr

1~x
Sr

x
CoO

3
. This leads to weaker magnetic interac-

tions and smaller localized moment per unit formula. As is
shown below, the ordered magnetic moment determined
from MCD is smaller than that of La

1~x
Sr

x
CoO

3
. This is

qualitatively consistent with this speculation, though the
magnetic structure is to be determined for quantitative
discussion. The maximum of ¹

C
at x"0.3}0.4 might be

explained also in this context, considering that the oxygen
de"ciency becomes larger with increasing x.

Figure 2 shows the XANES spectra around the Co}¸
2,3

and Ba}M
4,5

edges for PrCoO
3
, Pr

0.9
Ba

0.1
CoO

3
, and

Pr
0.6

Ba
0.4

CoO
3
. They are normalized by the intensities of

the Co}¸
3

absorption peaks. Based on the dipole selection
rule, the Co}¸

2,3
(2p

1@2,3@2
) and Ba}M

4,5
(3d

3@2,5@2
) peaks

correspond to the absorption to Co}M
4,5

(3d
3@2,5@2

) and
Ba}N

6,7
(4 f

5@2,7@2
) shells, respectively. Since the spectral

pro"le of PrCoO
3

is close to that of LaCoO
3

at 300 K (16),
the Co3` ions are mainly in the LS state. This result is
consistent with the magnetic data in Fig. 1 and the dis-
cussion in Ref. (13). The sharp Ba}M

4,5
absorption peaks



FIG. 2. XANES spectra for Pr
1~x

Ba
x
CoO

3
with x"0, 0.1, and 0.4

around Co}¸
2,3

and Ba}M
4,5

edges. The spectra for x"0 and 0.1 were
measured with no magnetic "eld. Cross markers and solid line for x"0.4
stand for parallel and antiparallel alignment of photon spin and magnetiz-
ation direction, respectively (11).

FIG. 3. (a) MCD spectrum for Pr
0.6

Ba
0.4

CoO
3

(PrBa) obtained from
the subtraction of XANES spectra in Fig. 2, (solid line)-(cross markers).
Intensity di!erence is normalized by the intensity of the Co}¸

3
absorption

peak. (b) The same for La
0.6

Sr
0.4

CoO
3

(LaSr) (17), where the base line is
shifted to around !0.25.
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reveal narrow band widths of the Ba 4 f orbitals due to their
localized nature. It is also noticed that the low energy
shoulder at the Co}¸

3
peak evolves with increasing x. As

was noted, the main spin-states expected are the LS Co4`

(t5
2ge0g ), and IS Co3` (t5

2ge1g ). Based on the general trend of
X-ray absorption, the electron excitation in the highly oxi-
dized ion Co4` is assumed to be located at the higher
photon energy side of each absorption peak. Around the
center of the peaks, there might exist the photoabsorption to
the LS Co3`, due to the large oxygen de"ciency noted
earlier. Thus the lower energy shoulders are assigned to the
photoabsorption to the IS Co3`. The analogous pro"les
were reported for LaCoO

3
at high temperature region

above 520 K where the population of the IS or HS (t4
2ge2g )

state is increased by thermal excitation (16). Based on the
theoretical calculations, this shoulder was regarded as the
transition to the mixed state of the LS and HS Co3`.
Identical spectral pro"les found for La Sr CoO for
1~x x 3
x'0 (17) imply that the shoulders are rather the transitions
to the IS Co3` state in the present system.

Figure 3 shows the MCD spectrum for Pr
0.6

Ba
0.4

CoO
3
,

which was obtained from the XANES spectra in Fig. 2.
Also the spectrum of La

0.6
Sr

0.4
CoO

3~d (¹
C
&240}250 K,

d&0.03}0.06) is displayed for comparison (17). No obvious
MCD e!ect was observed for both PrCoO

3
and

Pr
0.9

Ba
0.1

CoO
3

at &40 K. In the "gure, the peaks at the
two Co edges indicate the ferromagnetic order of Co 3d spin
moments (11). The intensity di!erences between the Co}¸

2
and }¸

3
MCD e!ects reveal the existence of a Co 3d orbital

moment (11). Apparently the LS Co4` (t5
2ge0g ) and the IS

Co3` (t5
2ge1g ) have both of spin and orbital moments, if the

orbital quenching is ignored. The result shows that the 3d
orbitals are not fully quenched by the crystalline "eld and is
also a direct observation for the origin of the magnetostric-
tion in La

1~x
Sr

x
CoO

3
(18).

The pro"les of these spectra at the two Co edges are
nearly identical. MCD e!ects at the edges in
Pr

0.6
Ba

0.4
CoO

3
are &63% of those in La

0.6
Sr

0.4
CoO

3
. It



FIG. 4. (a) XANES and (b) MCD spectra for Pr
0.6

Ba
0.4

CoO
3

around
an O}K (1s) edge. The hybrid orbitals are shown in the XANES spectrum,
based on the assignment in Ref. (16). MCD e!ects are de"ned as intensity
di!erence and are multiplied by a factor of 3.
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was also found that the XANES spectra of these systems
give essentially the same pro"les (17). These results mean
that the sum rules of MCD (11) lead to &63% spin and
orbital moments compared with those in La

0.6
Sr

0.4
CoO

3
,

assuming the same hole number of the Co ions in
Pr

0.6
Ba

0.4
CoO

3
and La

0.6
Sr

0.4
CoO

3
. The spin and orbital

moments for Pr
0.6

Ba
0.4

CoO
3

are &0.60 k
B
/Co and

&0.21 k
B
/Co, respectively. They are slightly decreased by

&3%, if the di!erent hole numbers arising from the oxygen
de"ciency are taken into account. The smaller moments
than in La

0.6
Sr

0.4
CoO

3
might indicate the larger popula-

tion of the nonmagnetic LS Co3` ions, as noted earlier.
The "gure represents also the two peaks with the MCD

e!ects (&3%) at the Ba}M
4,5

edges. Although the negative
sign of the two MCD peaks cannot be understood only on
the basis of the description for MCD usually seen in the
reviews (11), the remaining peaks are ascribed to ferromag-
netic order of Ba4 f moments. An analogous phenomenon
was reported for Ce}M

4,5
edges in a &&Kondo-like'' semicon-

ductor CeFe
4
P

12
, where the MCD e!ects at both edges

have a positive sign (19). This was explained in connection
with orbital polarization in Ce 4f states. Though this ex-
planation might be applicable also to the present phenom-
enon, the result is interesting since the Ba ion is considered
to be almost only in the ground state Ba2` with no 4 f
electron, 4 f 0. The Ba 4 f moment originates from the elec-
tronic states containing 4 f electrons, which are generated by
either electron excitation in the Ba2` ion, or hybridization
of Ba4f with the atomic orbitals of the other ions, which are
generally neglected in qualitative analyses. Theoretical cal-
culations are to be done for understanding both the elec-
tronic structure of Ba and the same negative sign of the
MCD e!ects. The direction of the Ba moment is plausibly
expected to be the same as that of Co 3d, because of an
e!ective magnetic "eld from Co. An analogous spectrum to
that of Ce in CeFe

4
P
12

was obtained also for Pr3` (ground
state 4 f 2) at the Pr}M

4,5
edges, where the MCD e!ects are

smaller than that for Ba, &1.5%.
Figure 4 shows a XANES and an MCD spectra around

the O}K (1s) edge. The O 1s electrons are excited to the np
character orbitals of oxygen hybridized with the La and Co
atomic orbitals as indicated in the "gure (n: principal quan-
tum number) (16). Also the excitation to Ba 5d}O p orbitals
plausibly occurs around the La 5d}O p excitation region.
The pro"le of the MCD spectrum around the region
pointed by an arrow is similar to that of La

1~x
Sr

x
MnO

3
(20). As this region consists mainly of the excitation to
O2p}Co3d orbitals, the O 2p moments have the same direc-
tion as the Co3d moments. This result implies the impor-
tant role of hybridization between Co3d and O2p in the
ferromagnetic order.

In summary, magnetic properties were studied for
Pr

1~x
Ba

x
CoO

3
(04x40.5). Ferromagnetic order is ob-

served for x50.2. The MCD spectrum measured at the
Co}¸
2,3

edges indicates that the Co ion has both spin and
orbital moments. Ferromagnetic order of the Ba moments is
also observed, which reveals the contribution of the elec-
tronic states having 4 f electrons. Magnetic order is found
also for Pr 4 f and O 2p.
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