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Abstract

Polycrystalline perovskite cobalt oxides Sr1–xRxCoO3 (R ¼ Y and Ho; 0pxp1) were prepared by high-pressure/high-temperature

technique. X-ray powder patterns of the Y-system indicated cubic perovskite form for 0pxp0:5, and orthorhombic perovskite form for

x ¼ 0:8 and 1.0, while coexisting of the two phases for x ¼ 0:6. The cubic perovskite samples had metallic electric resistivities while the

orthorhombic ones with semiconducting or insulating nature. The parent compound SrCoO3 showed a ferromagnetic transition at

266K. With the Y substitution, the transition temperature increased slightly to �275K at x ¼ 0:1, then decreased rapidly to �60K for

x ¼ 0:6. The YCoO3 (x ¼ 1) sample showed non-magnetic behavior. The Ho-substituted system showed quite similar structural,

transport and magnetic properties to those of the Y-system.

r 2006 Elsevier Inc. All rights reserved.
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1. Introduction

The spin state and electron configuration of the
perovskite cobalt oxide SrCoO3 and its related systems
have been subject matter of various investigations and
disputes over the past few decades. It is well known that
energy difference between the low-spin (LS) state and high-
spin (HS) or intermediate-spin (IS) state is quite small for
both Co3+ and Co4+ due to the closeness of the crystal
field splitting and the exchange energy (Hund’s rule

coupling) in the octahedral coordination. SrCoO3�d

crystallizes in various structures depending on the oxygen
content [1–5]. SrCoO3�d (d ¼ 0:5) adopts a brownmillerite
structure with an orthorhombic lattice of a � c �

ffiffiffi
2
p

ap

and b � 4ap regarding the cubic perovskite lattice of ap,
and is an antiferromagnet with a Néel temperature of
�570K [3]. With decreasing oxygen deficiency (d! 0), the
compound is transformed to a cubic perovskite form via a
pseudo-cubic form having a tetragonal superlattice of a �
e front matter r 2006 Elsevier Inc. All rights reserved.
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ap and c � 2ap [5]. The cubic (or pseudo-cubic) form of
compound shows ferromagnetism with a Curie tempera-
ture (Tc) of �220K [6,7]. Taguchi et al. [7] investigated the
crystallographic and magnetic properties of cubic (pseudo-
cubic) perovskite SrCoO3�d (d ¼ 0:0520:26) synthesized
under high-oxygen pressure, to find the systematic increase
of Tc with decreasing d. They claimed that the Co4+ ion
was mainly in the LS state but some of the t2g electrons
were transferred into the eg band. Since then, various
results have been reported and most of them have
supported that the Co4+ ion is in the LS state [6–11].
Recently, however, several groups suggested the possibility
of IS state for Co4+ [12,13].
Rare-earth substituted systems of (Sr, R)CoO3�d (R: rare

earth element) have been also studied intensively. Although
studies have been rather focused on the R ¼ La system
[14–20], other systems with smaller rare-earth elements are
also attracting keen interest recently. For instance, a new
type of oxygen-deficient perovskite structure has been
reported for Sr1�xLnxCoO3�d (Ln ¼ Y, Ho and Dy,
x�0:3) systems [21–26]. The phase is brownmillerite like,
associated with oxygen vacancy ordering and A-site cation
ordering. Though its fundamental structure is described by

www.elsevier.com/locate/jssc
dx.doi.org/10.1016/j.jssc.2006.04.028
mailto:sarkarainadar.balamurugan@nims.go.jp
mailto:sarkarainadar.balamurugan@nims.go.jp


ARTICLE IN PRESS

(a)

(b)

Fig. 1. (a) XRD patterns of the Sr1�xYxCoO3 system. The data shown are

the lattice parameters of the cubic perovskite phases. (b) XRD patterns of

the Sr1–xHoxCoO3 system. The data shown are the lattice parameters of

the cubic perovskite phases.
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tetragonal system with I4/mmm and a � 2ap and c � 4ap,
the real structure is more complicated with a larger
superlattice. Very recently, it has been found that
Sr1�xYxCoO3�d is a room temperature ferromagnet with
a Curie temperature (Tc) of 335K in a very narrow range of
the Y content, 0:2pxp0:25 [27].

In the previous study [28], we successfully synthesized
cubic perovskite cobalt oxides Sr1�xCaxCoO3 (0pxp0:8)
under high-pressure (HP) and they showed mixing of LS
and HS or IS states for the Co4+ ion. We found that HP
synthesis is quite effective to prepare Co-perovskite oxides
with smaller A-site cations and without oxygen defects. The
purpose of the present study is to carry out A-site
substitutions by Y and Ho, and to elucidate substitution
effects on the structural, magnetic, transport properties
and the spin states of the cobalt ions for the perovskite
cobalt oxide SrCoO3. We expect that physical properties
for the perovskite type oxides prepared under HP are
different from those for the ambient-pressure brownmiller-
ite-like oxides.

2. Experimental details

The polycrystalline samples of Sr1–xRxCoO3 (R ¼ Y and
Ho; x ¼ 021) were synthesized by HP/high-temperature
(HT) (HP–HT) technique. The starting materials used were
high purity (43N) fine powders of SrO2, Co, Co3O4,
Y2O3, Ho2O3 and KClO4 (oxidizing agent). They were
thoroughly mixed and ground in an agate mortar with
pestle in a glove box. The oxygen content was exactly
adjusted to 3.0 in the starting mixture and we needed to
add KClO4 for that purpose for the samples with xX0:8.
Approximately 250mg of each mixture was put into an Au
or Pt capsule and sealed. The sealed capsule was then
allowed to react in a flat belt type HP and HT apparatus at
6GPa and 1450–1650 1C for 2–5 h then quenched to room
temperature followed by releasing of pressure. The weight of
the capsule was measured before and after the HP run. The
weight change was less than �0.3mg against total weight of
1 g of capsule (plus sample). To check the preservation of the
net oxygen content and oxygen stoichiometry, we prepared
SrCoOy perovskite samples with changing the y value
between 2.6 and 3.8 under 6GPa and 1450 1C and they were
measured by thermogravimetry (TG).

The structure and phase purity of the HP synthesized
samples were examined by powder X-ray diffraction
(XRD) performed on a diffractometer (Rigaku
RINT2200HF-Ultima) using the Ni-filtered CuKa radia-
tion. TG of the SrCoOy (2:6pyp3:8) samples was carried
out with a Perkin-Elmer Thermogravimetric Analyzer. The
samples were reduced under a 3% hydrogen/argon mixed
gas over a temperature range of 30–800 1C at a heating rate
2 1C/min. Each of the samples studied decomposed under
hydrogen reduction to give the component oxide SrO as
well as Co metal. The measured mass loss was then used to
determine the net oxygen present in the sample. The
magnetic properties of the Sr1–xRxCoO3 samples were
measured using a commercial magnetometer with the
superconducting quantum interference device (MPMS–XL,
Quantum Design). The transport and magneto-transport
measurements were carried out in a commercial apparatus
(PPMS–6600, Quantum Design) between 5 and 320K in
magnetic fields up to 70 kOe.
3. Results and discussion

The XRD patterns of the HP synthesized Sr1–xYxCoO3

(0pxp1) samples are shown in Fig. 1(a). For 0pxp0:5,
the XRD patterns could be indexed on the basis of cubic
perovskite structure and the lattice parameters decreased
with increasing x consistent with a smaller ionic radius
of Y3+ than that of Sr2+. On the other hand, the XRD
patterns for x ¼ 0:8 and 1.0 were indexed by the
orthorhombic structure except a few weak peaks of KCl
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(which was formed from KClO4 used as the oxidizer). These
weak peaks of KCl can be seen only in the enlarged form of
XRD patterns. The calculated lattice parameters for x ¼ 1:0
(a ¼ 0:51322 nm; b ¼ 0:54106 nm; c ¼ 0:73602 nm) are
slightly smaller than but in agreement with those reported
for the (distorted) perovskite YCoO3 [29–31]. For x ¼ 0:6,
the XRD pattern consists of superposition of the cubic and
orthorhombic patterns indicating the two-phase coexisting
region of cubic and orthorhombic perovskites.

The XRD patterns of the Sr1–xHoxCoO3 (0pxp1)
samples are shown in Fig. 1(b), which is quite similar to
Fig. 1(a). For 0pxp0:4, the XRD patterns were indexed
by the cubic system with the lattice parameter increasing
with the x-value while those for x ¼ 0:8 and 1.0 were by the
orthorhombic system. A few weak peaks of KCl (similar to
that of the Y-system) was seen in the XRD patterns of
x ¼ 0:8 and 1.0 samples. The calculated lattice parameters
for HoCoO3 (x ¼ 1) (a ¼ 0:51271 nm; b ¼ 0:53981 nm;
c ¼ 0:73479 nm) are slightly smaller than but in agreement
with those in the previous reports [29,32]. The XRD
pattern for x ¼ 0:6 can be indexed assuming mixing of the
cubic and orthorhombic structures indicating the two-
phase coexisting region.

In order to check the net oxygen content and oxygen
stoichiometry, the SrCoOy (2:6pyp3:8) perovskite sam-
ples were analyzed by TG. The TG analysis shows that the
net oxygen content was maintained in the HP process being
close to the nominal value (see Fig. 2). On the other hand,
lattice parameter of the SrCoOy first decreased with
increasing y then had an almost constant value for yX3:0
indicating the maximum limit of oxygen content in the
perovskite phase to be 3.0. The remaining oxygen atoms
may be concentrated in impurity phase(s) though it was not
detected by XRD. Thus oxygen stoichiometry of 3.0 was
realized by the nominal oxygen content of 3.0 in SrCoOy in
Fig. 2. TGA data for the SrCoOy perovskite samples with 2:6pyp3:8.
spite of the fact that oxygen deficiency tends to be
introduced easier in a Sr-richer phase. From these results,
we concluded that the present series of samples had oxygen
stoichiometry close to 3.0 because their nominal oxygen
contents had been adjusted to 3.0. The detailed results of the
SrCoOy perovsikite phases will be reported elsewhere [33].
Figs. 3(a) and (b) shows the temperature dependence of

electrical resistivity, r for the Sr1–xRxCoO3 with R ¼ Y and
Ho systems, respectively. In both systems, the sample
within the cubic perovskite region (0pxp�0:5) had
metallic electric resistivity with a positive temperature
dependence (except for slight upturn in low-temperature
region seen in some cases). With the substitution of Y or
Ho for Sr, the Co valence decreases from 4+ for x ¼ 0 to
(b)

Fig. 3. (a) Temperature dependence of electrical resistivity, r of the

Sr1–xYxCoO3 system. Inset shows the data for the x ¼ 0:6 sample.

(b) Temperature dependence of electrical resistivity, r of the Sr1–xHox

CoO3 system. Inset shows data for the x ¼ 0:6 sample.
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3+ for x ¼ 1:0, i.e., electrons (carriers) are doped by the
substitution. For the cubic perovskite samples of the both
systems, room temperature resistivity decreases significantly
with the substitution up to x�0:2 then increases for higher
substitution. The first decrease may reflect the enhancement
of the carrier density by the substitution while the increase
after further substitution may be caused by the introduction
of randomness accompanying the substitution. In addition,
temperature dependence of resistivity becomes less pro-
nounced with the substitution with upturn in low-tempera-
ture range in some cases. This may be also caused by the
low-temperature localization of carriers due to the random
potentials introduced by the substitution.

The x ¼ 0:6 samples of both systems which were the
mixtures of the cubic and orthorhombic perovskite phases
showed semiconducting behaviors with very high resistiv-
ities at low temperature. In the both systems, the
resistivities for x ¼ 0:8 and 1.0 were too high at low
temperatures to be measured by our measuring system. The
orthorhombic perovskites of YCoO3 [29,30] and HoCoO3

[29,32] have been reported to have semiconducting (or
insulating in low-temperature region) nature. The mixing
of the orthorhombic phase caused the high resistivity of
each x ¼ 0:6 sample. (The higher resistivities of the x ¼ 0:8
and 1.0 compositions may be partly due to the presence of
KCl at the grain-boundaries as well as the changes in the
electronic structure by replacing R for Sr.)

We reported previously that SrCoO3 showed a relatively
large (�5.5%) negative magnetoresistance in the vicinity of
the ferromagnetic transition temperature [28]. To test the
substitution effects of Y and Ho on the magnetoresistance,
electric resistivity under a magnetic field of 70 kOe was
measured for Sr1–xRxCoO3. Negative magnetoresistance
similar to that of SrCoO3 was observed in the substituted
systems but it became less pronounced with increasing x.

Fig. 4 shows M/H (M: magnetization, H: magnetic field)
plotted against temperature for the Sr1–xYxCoO3 system at
an applied magnetic field of 1 kOe in the field-cooling
Fig. 4. Temperature dependence of M/H for the Sr1–xYxCoO3 system

measured at an applied field of 1 kOe by the field-cooling mode.
condition. The SrCoO3 perovskite undergoes ferromag-
netic transition with Curie temperature depending on
oxygen deficiency; our sample prepared from stoichio-
metric starting composition under HP had Tc �266K [28].
For the Y-substituted system, Tc increased slightly to
�275K at x ¼ 0:1, then decreased rapidly to �60K for
x ¼ 0:6. For x ¼ 0:8, ferromagnetism disappeared almost
completely. The end member of YCoO3 showed no
spontaneous magnetization.
The magnetic hysteresis (M–H) curves were measured at

1.8K for the Sr1–xYxCoO3 samples and are depicted in
Fig. 5. SrCoO3 showed a very narrow magnetic hysteresis
loop with a small coercive field (Hc) of 0.07 kOe. With
increasing x, the coercive field increased to 8.3 kOe for
x ¼ 0:6 (Table 1) indicating that magnetic anisotropy
energy increases with the Y substitution (up to x ¼ 0:6).
Saturation magnetization, Ms of the system was obtained
from extrapolation of high magnetic field (H44:5T)
magnetization data to zero field. The Ms was 1.76 mB/Co
atom for x ¼ 0 and altered with increasing x ¼ 0:2 then
decreased steeply with increasing x.
The field cooled magnetization of the Y-substituted system

was measured above Tc at a high applied magnetic field of
2kOe to obtain the inverse molar magnetic susceptibility, w–1

as shown in Fig. 6. It is seen that the inverse susceptibility
obeys Curie–Weiss law, w21 ¼ C=ðT2YÞ, where C is Curie
constant and Y is Curie–Weiss temperature. From the Curie
constant, the effective number of Bohr magnetons Peff was
calculated, and then, the spin S was estimated according to
Peff ¼ g

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
SðS þ 1Þ

p
assuming that the g-factor was equal to 2

(spin-only moment). The Y, Peff, S thus obtained are listed in
Table 1.
Firstly, we will discuss the magnetic data of the Y-based

cubic perovskite samples. The Co oxidation state of
SrCoO3 is 4+, and based on ionic model, S ¼ 1=2, 3/2
and 5/2 are expected for the LS (t2g

5), IS (t2g
4eg

1) and HS
Fig. 5. Magnetic hysteresis curves for the Sr1–xYxCoO3 system generated

at 1.8K.
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Table 1

Composition (x), Curie temperature (Tc), Curie–Weiss temperature (Y), effective number of Bohr magnetons (Peff), saturation magnetization (Ms),

coercive field (Hc) at 1.8K, spin (S) and 2S/Ms value for the Sr1–xYxCoO3 system

x Tc (72K) Y (K) Peff (mB/Co) Ms (mB/Co) Hc (kOe) S 2S/Ms

0 266 (266)a 263.6 3.17 1.76 0.07 1.16 1.32

0.1 275 (270) 252.20 3.20 1.66 0.32 1.17 1.41

0.2 260 (260) 257.43 3.27 1.75 0.44 1.21 1.38

0.3 220 (230) 236.04 3.29 1.62 1.18 1.22 1.51

0.4 205 (200) 220.88 3.14 1.36 2.4 1.15 1.69

0.5 175 178.50 2.75 0.88 5.67 0.96 2.18

0.6 65 (60) 7.38b 2.93b 0.34b 8.3b 1.05b 6.17b

aTc in the parentheses is for Sr1–xHoxCoO3.
bNot corrected for the mixing of the orthorhombic perovskite phase.

Fig. 6. Temperature dependence of inverse molar magnetic susceptibility,

w–1 for the Sr1–xYxCoO3 system. Susceptibilities were measured under an

applied magnetic field of 2 kOe in the field-cooling mode. The inset shows

the data for the YCoO3 and HoCoO3 samples. The solid line represents

the Curie–Weiss fit.
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(t2g
3eg

2) state of Co4+. As stated previously [28], the
experimental value is close to S ¼ 1 and it is safely
concluded that some of d electrons are introduced into
the eg states (bands) because the t2g

5 configuration gives
S ¼ 1=2 at most even when it is fully polarized. The
S-value close to 1 suggests t2g

4eg
1-like configuration with

localized t2g electrons, and itinerant and depolarized eg

electrons [28]. With the Y substitution, electrons are doped
into the system, but the S-value was kept almost constant
being close to 1 for the cubic perovskite region (up to
x ¼ 0:6, though the x ¼ 0:6 sample contained the orthor-
hombic perovskite as the minor phase). This fact suggests a
picture that doped electrons by the Y substitution are
introduced into the eg bands forming t2g

4eg
1+x-like (IS-

like) configuration with localized t2g electrons and itinerant
(and depolarized) eg electrons.

Aforementioned picture implies the Zener’s double
exchange model [34] for the ferromagnetically ordered
state below Tc, i.e., the itinerant (eg) electrons couple the
Co (t2g) moments ferromagnetically when their spins are
conserved during transport. If we assume full polarization
for the eg electrons below Tc based on this model, we expect
3+xmB/Co atom for the saturation magnetization Ms.
Actual Ms is always much smaller than this value and tends
to decrease with x as seen in Table 1. This fact suggests
transfer of the electrons from eg to t2g states below Tc, i.e.,
mixing of the LS (t2g

5)-like configuration in low-tempera-
ture region. The tendency of decreasing of Ms with x may
reflect that such transfer is more pronounced in a Y-rich
phase. We reported [28] similar behavior for the ferromag-
netic system of Sr1�xCaxCoO3 in which Ms is smaller than
3 mB/Co atom and tend to decrease with x, though the Co
oxidation state of this system was kept constant to be 4+
different from the present case. According to the decrease
of the perovskite cubic cell parameter as x increases, the
orbital hybridization of the neighboring Co and O would
change along the solid solution. This effect may be taken
into account and the simple eg/t2g orbital filling model may
not be enough for explaining the magnetism of the present
system. On the other hand, for the Sr1�xCaxCoO3 system
[28], we suggested itinerant-electron ferromagnetism pic-
ture as a possibility other than the double exchange like
picture, because the simple relation of 2S ¼Ms was not
applicable but 2S/Ms had a value of 1.2–1.9 implying the
Rhodes–Wohlfarth relationship [35]. As shown in Table 1,
the present system also has 2S/Ms which is larger than
unity and increases with decreasing Tc remaining the
possibility of the itinerant-electron ferromagnetism picture
for the cubic perovskite of Sr1�xYxCoO3.
The orthorhombic YCoO3 showed non-magnetic beha-

vior under low temperature as shown in Fig. 5 indicating
the LS state for the Co3+ ion. The Curie–Weiss fit for the
magnetic data around 300K (see Fig. 6) gave apparent
values of Peff and Y to be 0.79 mB/Co atom (S ¼ 0:14) and
�996.3K, respectively. This result also suggests the non-
magnetic LS state for the Co3+ ion around 300K.
We obtained M–H curves and w–1 plots for the

Sr1�xHoxCoO3 system as well as for the Sr1�xYxCoO3

system. However, we can say only little from the magnetic
data of Sr1�xHoxCoO3 system because very large Ho
moment (Peff ¼ 10.58 mB/Co atom) hided the Co moment.
For instance, w–1 plot for HoCoO3 in a range around room
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temperature gave a Peff value of 10.29 mB/Co atom. This
value is close to (even smaller than) that of the Ho3+ ion,
and thus any information on the Co moment was not
obtained from this datum. The M–H curve of HoCoO3, on
the other hand, gave M ¼ 5:4mB/molecule at 1.8K and
70 kOe. If the Ho moment is completely saturated, we
expect M ¼ 10mB/Ho atom, and thus the Ho moment in
HoCoO3 was not saturated even at 1.8K and 70 kOe
probably due to antiferromagnetic interaction between the
Ho moments. This means again that we cannot draw any
information on the Co moment from the low-temperature
magnetization data. From the lattice parameter variation
and Tc variation (see Table 1) as functions of x in
Sr1�xHoxCoO3 very similar to those of Sr1�xYxCoO3, we
expect that essentially the same mechanism governs the
ferromagnetism of the both systems.

4. Conclusion

The structural, magnetic and the transport properties of
HP–HT synthesized polycrystalline Sr1–xRxCoO3 (R ¼ Y or
Ho; 0pxp1) samples have been investigated. In both systems,
the XRD patterns indicated the cubic perovskite structure for
0pxp�0:5 and the orthorhombic perovskite structure for
x ¼ 0:8 and 1.0. The XRD pattern of x ¼ 0:6 sample consists
of superposition of the cubic and orthorhombic patterns
indicating the two-phase coexisting region. The temperature
dependence of electrical resistivity, r measured for the both
systems showed metallic nature for the cubic perovskite region
semiconducting or insulating nature for the orthorhombic
region. The SrCoO3 (x ¼ 0) compound exhibited ferromagnet-
ism with Curie temperature, T c ¼ 266K. For the Sr1–xYx

CoO3 system, Tc increased slightly to 275K at x ¼ 0:1, then
decreased rapidly to �60K for x ¼ 0:6. The magnetic data
suggested mixing of the low-spin and intermediate-spin states
of the Co ion for the ferromagnetic region. But possibility of
itinerant-electron ferromagnetism picture could not be ruled
out. The orthorhombic perovskite YCoO3 showed non-
magnetic behavior indicating the low-spin state of the Co3+

ion. Quite similar results were obtained on the magnetism of
the Sr1–xHoxCoO3 system.
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