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Abstract

A large-size single crystal of nearly stoichiometric SrCoO3; was prepared with a two-step
method combining the floating-zone technique and subsequent high oxygen pressure treatment.
SrCoOj crystallizes in a cubic perovskite structure with space group Pm3m, and displays an
itinerant ferromagnetic behavior with the Curie temperature of 305 K. The easy magnetization
axis is found to be along the [111] direction, and the saturation moment is 2.5 ug/f.u., in
accord with the picture of the intermediate spin state. The resistivity at low temperatures (7') is
proportional to T2, indicative of the possible effect of orbital fluctuation in the intermediate spin
ferromagnetic metallic state. Unusual anisotropic magnetoresistance is also observed and its

possible origin is discussed.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Cobalt oxides have attracted great attention due to their
interesting structural and physical properties as well as
potential applications as solid-state fuel cells [1, 2]. For a
Co**(3d®) ion in an octahedral crystal field, its electronic
configuration or spin state sensitively depends on external
physical parameters such as temperature and pressure,
reflecting the subtle energy balance among the crystal field
splitting (10Dgq), the Hund’s-rule coupling, and the electron
transfer energy. In LaCoOs, for example, the spin state of
the Co** ion changes from low spin (S = 0) to intermediate
spin (§ = 1) or high spin (S = 2) as the temperature is
increased [3-6]. In contrast to the low spin ground state of
LaCoO0s3, a high spin S = 2 state emerges in the ground state
of BiCoO3 [7]. However, this high spin state is not so robust
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and is easily transformed to the intermediate or low spin state
by application of high pressure around 3 GPa [8].

The valence states of Co ions are quite variably dependent
on chemical compositions and synthesis conditions as well. An
interesting example is provided by the SrCoO;_5 (0 < 6 <
0.5) system, where the oxygen nonstoichiometry governs the
structural and physical properties. As is well known, SrCoO, 5
(6 = 0.5) crystallizes in an orthorhombic brownmillerite-
type structure [9, 10]. Like for BiCoOs3, a high spin state
with § = 2 is present in this material. With the oxygen
deficiency decreasing to § =~ 0.25, the structure becomes
cubic [11]. As § is further reduced to about 0.15, tetragonal
distortion is found to emerge [12]. In the end for compound
SrCo03, the cubic symmetry with space group Pm3m appears
again [13]. Because the 3d energy level of Co** ion is quite
deep, partial charge transfer from ligand to metal (i.e., p—
d hybridization) is present in SrCoO;3 [14]. Like for other
transition metal oxides with unusually high valence states, such

© 2011 IOP Publishing Ltd  Printed in the UK & the USA
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Figure 1. Crystal structure of (a) orthorhombic brownmillerite-type SrCoO, s, and (b) cubic perovskite-type SrCoOs. To show the similarity
of these structures, a 4 x /2 x /2 supercell is shown in (b). The large gray and small red spheres stand for Sr and O atoms, respectively, and
medium-sized green and cyan spheres correspond to Co atoms with sixfold and fourfold coordination.

as Fe**, Ni**, and Cu’*, negative charge transfer energy A
appears in SrCoOs. A unique characteristic of SrCoO3; among
these materials with negative A is that this compound exhibits
ferromagnetic (FM) ordering with a high Curie temperature
(Ty) [13, 15, 16]. Although there have been many studies on
SrCo0s3, chemically stoichiometric single crystal has not been
obtained as yet. As a result, physical properties such as the
FM Curie temperature and the resistivity are sample dependent
due to the different oxygen deficiencies and/or grain boundary
effects in polycrystalline samples. In particular, the spin state
of Co** in SrCoO3 has been a subject of active debate. Most
experimental results have shown that the Co** is basically in a
low spin state [17-21]. However, theoretical calculations have
predicted that the low spin state cannot be a stable ground state,
and that the most probable spin configuration should be an
intermediate spin state [14, 22]. To gain more insight into the
intrinsic physical properties, it is necessary to obtain a sizable
single crystal with as little oxygen deficiency as possible.
There have been reported some attempts to synthesize a
SrCoOj5 single crystal by a floating-zone method. However,
greatly oxygen-deficient single crystals, such as SrCoO; g4
and SrCo0O, 79, were only obtained due to the limitation of
oxygen pressure [23, 24]. As shown in figure 1, the structure
of brownmillerite-type SrCoO, 5 is composed of alternating
CoOg octahedron and CoQy, tetrahedron layers along the x-
axis. This can be viewed as a modified perovskite structure
with the ordered oxygen deficiency along the [011] direction
with a cubic setting, as described in [9]. If additional oxygen

atoms can fully occupy the deficient positions with the aid of
high pressure, then a perovskite structure may be obtained from
the brownmillerite one. Therefore, an opportunity to obtain
SrCoOs3 single crystal is provided by treating the oxygen-
deficient brownmillerite-type SrCoO,s single crystal under
extremely high oxygen pressure.

In this paper, we report the successful synthesis of
large-size, nearly stoichiometric SrCoQOj single crystal and
its anisotropic magnetic and transport properties. The T,
(~305 K) observed for our crystal is higher than any
other reported result for polycrystalline samples, by at least
20 K. The saturation moment obtained indicates that the spin
configuration of the Co** ion is close to an intermediate
spin state.  Although this compound possesses a highly
symmetric cubic structure, it shows significant anisotropic
magnetoresistance (AMR) with fields applied along different
crystal axes.

2. Experimental details

As the first step of the crystal synthesis, a brownmillerite-type
SrCo0, 5 polycrystalline sample was prepared by solid-state
reaction using analytical purity SrCO; and Co3;04 with a 3:1
molar ratio as starting materials. After completely mixing the
reagents, they were heated at 1173 K for 12 h. Then the product
was ground again and pressed into a rod 5 mm in diameter and
10 cm in length. A second heat treatment was carried out for
the rod at 1373 K for 12 h, followed by a quick quenching into
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liquid N, [10, 25]. Thus, the polycrystalline brownmillerite
phase was obtained. The brownmillerite-type single crystal
was grown by using a lamp-image-type floating-zone furnace
in flowing Ar gas. The isostructural SrFeO, s single crystal
was used as a seed. The growth rate was 2 mm h~!, and the
rotation speeds for the grown crystal and the feeding rod were
20 rpm in opposite directions. Finally, the oxygen-deficient
SrCo0, 5 single crystal was treated in a cubic-anvil-type high
pressure apparatus at 6.5 GPa and 1023 K for 1 h with the
presence of KC10, oxidizing agent, which was put all around
the SrCoQ, 5 crystal. The typical size of sample for the high
pressure treatment was 2 mm in diameter and 4 mm in length.

Powder x-ray diffraction (XRD) was used to investigate
pulverized crystals, using a Rigaku diffractometer with Cu Ko
radiation (40 kV, 300 mA). The back-reflection Laue method
was applied to confirm that the sample was indeed a single
crystal and also to determine the orientation of the crystal axes.
A thermogravimetry (TG) measurement was carried out from
room temperature to 1200 K in a mixed Ar (96%) and H; (4%)
gas flow with a heating rate of 10 K min~! by using a Rigaku
TG-8120 system. The temperature and field dependence
of the magnetization was measured by using a SQUID
(superconducting quantum interference device) magnetometer
(Quantum Design MPMS (magnetic property measurement
system)) in zero-field-cooling (ZFC) and/or field-cooling (FC)
runs. The resistivity and AMR data were collected with the use
of a Quantum Design PPMS (physical property measurement
system). The standard four-probe method was used for the
resistivity measurements on several specimens. The AMR was
measured at 6 T below T, by rotating the sample around the
field direction.

3. Results and discussion

Figure 2(a) shows the powder XRD pattern of the pulverized
single crystal of brownmillerite-type SrCoO,s. All the
diffraction peaks can be well indexed on the basis of an
orthorhombic structure with lattice parameters a = 15.735 A,
b = 5572 A, and ¢ = 5.466 A, in good agreement with
the reported neutron diffraction result [10]. (In figure 2(a),
the Miller indices are not shown for all the peaks.) As
seen from the XRD pattern in figure 2(b), the diffraction
peaks after high oxygen pressure treatment are well indexed
with a cubic Pm3m perovskite structure without any trace
of impurity phase. The lattice constant obtained is a =
3.8289 A. The Laue diffraction pattern shown in the inset
of figure 2(b) corresponds to that of the (100) plane. The
unambiguous Laue spots provide convincing evidence for the
present SrCoQO3 sample being a good single crystal. A previous
study showed that the lattice constant of oxygen-deficient
SrCoO3_; perovskite is clearly reduced with decreasing § [26].
In a nearly stoichiometric SrCoOj; polycrystalline sample, the
a was determined to be 3.8292 A [27]. This value is very
close to the lattice parameter obtained in this study. In order
to check the oxygen content directly for our single crystal,
a TG measurement was performed, and it was determined as
2.95 £ 0.02.

Figure 3(a) shows the temperature dependence of the
magnetization measured at 0.5 T with the field along three
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Figure 2. Powder XRD patterns and corresponding Miller indices of
the pulverized single crystals of (a) brownmillerite-type SrCoO; s
and (b) cubic SrCoOs; perovskite. The inset of (b) shows the Laue
diffraction pattern with fourfold symmetry of the (100) plane of the
SrCoO; single crystal.

highly symmetric crystal axes: [100], [110], and [111], and
the largest magnetization is observed when the field is applied
along the [111] direction. The present crystal displays a well-
defined FM transition around 305 K. In the previous studies
on polycrystalline samples [13, 15], the highest value of T,
is about 280 K. The present crystal has a considerably higher
T. value. The magnetization was also measured for several
different pieces from the same crystal batch, and all of them
exhibited identical FM Curie temperatures as well as saturation
moments, indicating a homogeneous chemical composition in
the present crystal.

For SrCoOs3 polycrystalline samples, semiconductor-like
and/or poor metallic behaviors were observed due to grain
boundary effects [15, 18, 28]. In contrast, our single crystal
shows a good metallic behavior, as shown in figure 3(b),
where the resistivity data for two different specimens A and
B are presented. In accordance with the FM transition, slight
anomalies are discernible in the resistivity curves. Since the
chemical composition is homogeneous as described above, the
difference in magnitude of resistivity between samples A and
B is probably attributable to microcracks within the samples
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Figure 3. Temperature dependence of the magnetic and transport
properties of SrCoO; single crystal. (a) Magnetization measured at
0.5 T for three field directions in FC runs. (b) Resistivity measured
for a specimen with unknown orientation (sample A) at 0 and 6 T
and for another specimen with current parallel to the (100) plane
(sample B) at zero field. The inset shows the 7% dependence of the
resistivity below 80 K. The open circles represent experimental data,
and the lines the result of fitting. (c) Magnetoresistance defined as
[p(6 T) — p(0)]/p(0) for sample A (squares) and B (dots) plotted
against temperature. The data were taken by sweeping the
temperature for sample A and sweeping the magnetic field at fixed
temperatures for sample B.

which might be caused by the high pressure treatment. In spite
of this difference, both of the resistivity curves show the T2
dependence in a wide temperature region below about 80 K, as
shown in the inset of figure 3(b). Considering the FM nature,
this 72 dependence can be ascribed not to the conventional spin
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Figure 4. Field dependence of the magnetization of a SrCoOj5 single
crystal measured at 2 K in a ZFC condition with the field along
different high symmetry crystal axes. The inset shows the
magnification of the low field region.

fluctuation effect, but, possibly, to the fluctuation in the orbital
sector of the intermediate spin state.

To observe a magnetic field effect on the charge transport,
the resistivity of sample A was measured also in a magnetic
field of 6 T (figure 3(b)). The calculated magnetoresistance
(MR) magnitude (=[p(6 T) — p(0)]/p(0)) is shown in
figure 3(c). Clearly, a negative MR effect is observed over
a rather wide temperature region, due to the suppression of
the spin scattering. In particular, the magnitude of the MR
takes a maximum value of about 5% around 7., and decreases
monotonically toward low temperatures. This behavior is
characteristic of a single-crystalline sample of FM metal and
is well understood in terms of the field suppression of the spin
fluctuation that becomes maximal at 7. [29, 30]. Besides this,
the MR effect was also studied for sample B by sweeping
the field at fixed temperatures, and the values obtained at 6 T
are plotted in figure 3(c). The two samples show similar MR
values.

Figure 4 shows the anisotropy of the magnetization curves
at 2 K with fields also along the [100], [110], and [111]
directions. In the low field region, the magnetization sharply
increases with increasing field, and the largest moment is
observed when the field is applied parallel to [111]. This means
that the easy magnetization axis is along [111] in SrCoOj3
single crystal, in agreement with the temperature dependent
magnetization (figure 3(a)). Above 3 T, almost no difference
is discernible for the three field directions. The saturation
moment observed at 7 T is about 2.5 ug/Co**, significantly
larger than the values reported previously for polycrystalline
samples [15, 27]. The low spin configuration of the Co**
ion (tggeg) should have a moment less than 1 pg/Co**, and
therefore can be ruled out from this experimental observation.
The intermediate spin configuration of the Co** ion (t‘z‘geé)
should have a moment comparable to or slightly less than
3 us/ Co*t, which is close to the experimental one. Therefore,
the ground state of the Co*" ion in SrCoO; appears to be
an intermediate spin state, in accordance with the theoretical
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Figure 5. (a) Field-orientation dependence of the normalized AMR
of the SrCoOjs single crystal. The symbols show the experimental
data and the curves represent the results of a fitting using the function
0(6) = po + pi cos? @ + p, cos* @, where @ denotes the angle
between the current and magnetic field directions. The inset shows
the geometrical configuration for the AMR measurement. (b) The
fitted parameters, p; and p,, as a function of temperature.

prediction [14]. As shown in the inset of figure 4, the coercive
force in the present cubic SrCoO; sample is only about 0.03 T
for all the directions and the hysteresis is quite small. This
is very different from the case for the tetragonal (K;NiF4-
type structure) Sr,CoOy thin film sample, where a coercive
force as large as 2.2 T was found for the easy-axis (c-axis)
magnetization process [31].

To investigate possible effects of the magnetic field
direction on the transport properties, we measured the AMR.
The inset of figure 5(a) shows the geometrical configuration of
the AMR measurement on the SrCoOs crystal. Here a (110)
plate of the crystal was used for the AMR study. The current
direction was along the [001] axis, while a field of 6 T was
rotated around the [110] axis. We defined the rotation angle as
6 = 0 deg when H || [001], i.e., with the field parallel to the
current, following the convention of [32]. In this definition, the
field direction coincides with the [111] axis at & = 55° and the
[110] axis at & = 90°.

Figure 5(a) shows the normalized AMR (=[p(#) —
0(90°)]/p(90°)) of SrCoOs measured at different tempera-

tures. Near 7;, the angular dependence is almost twofold
symmetric with the presence of a minimum at 6 = 0 (H || I)
and a maximum at & = 90° (H L [I). With decreasing
temperature, however, a striking change occurs in the angle
dependence; the maximum of AMR appears around 6 = 55°,
i.e., the H || [111] direction. Further lowering the temperature
enhances this tendency. As shown in figure 5(a), the data
are nicely fitted using the formula p(8) = py + p1 cos’>6 +
02 cos* 0. The fitting parameters p; and p, are plotted against
temperature in figure 5(b). Above 200 K, the value of p; is
rather small, suggesting that the contribution of the cos* § term
is not so significant. However, with decreasing temperature, 0,
increases in magnitude with negative sign. Also, p; changes
sign around 150 K.

For many FM metallic systems, including conventional
FM metals and perovskite-type manganites, when the
magnetization is saturated by the magnetic field, the AMR is
often well expressed with the cos? 6 term alone [32-35]. In the
present measurement, the applied field (6 T) is much larger
than the saturation field, as shown in figure 4. Therefore,
the magnetization is isotropic at this high field. Even in this
case, however, the AMR with a cos* 6 term is observed at low
temperatures, while the cos2 @ term is dominant above 200 K.
This cos? @ term at high temperatures should be ascribed to
the classical effect of the Lorenz force, i.e., transverse versus
longitudinal MR, but for the unusual AMR with the cos* § term
observed at low temperatures, we should take into account the
electronic configuration of Co** in detail.

As we inferred from the magnetization, an intermediate
spin state (3d’: t},e;) of Co*™ would be the most probable
configuration. According to the theoretical calculation [22],
the four ty, electrons form narrow bands, and hence their
orbitals and spins would be considered to be well polarized
even in the metallic state. The number of ty, electrons is
the one major difference between the present material and
manganites (three ty, electrons). In the case of manganites, the
AMR described by the cos” @ term is observed and explained
in terms of the field direction dependent modification of e,
bands originating from the spin—orbit interaction, even with
the assumption of an isotropic scattering rate. In addition
to the e, sector (conduction electrons), one extra electron
with minority spin in the tp, sector should be taken into
account in the present case, and the presence of this t,; down
spin would give rise to crystalline anisotropy as well as the
anisotropic scattering rate [36, 37], which depends on the
magnetization direction and the wavevector of the conduction
electron, although an elaborate theory would be necessary
for quantitatively elucidating the dominant contribution of the
cos* 6 term.

4. Conclusions

In summary, we succeeded in synthesizing the cubic perovskite
SrCoO3 single crystal with nearly stoichiometric oxygen
content. Considering the similarity in structure between
the orthorhombic brownmillerite-type SrCoQ, s and the cubic
perovskite-type SrCoO3, a SrCoO, s single crystal was first
prepared as a precursor by a floating-zone method. Then, this
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oxygen-deficient crystal was treated by high oxygen pressure
annealing at 6.5 GPa and 1023 K. This combined technique
proved to be very effective for obtaining SrCoOj5 single crystal
with nearly stoichiometric oxygen content (2.95 £ 0.02). This
method would also allow preparing other perovskite single
crystals with unusually high valence transition metal ions.

FM ordering was found to occur in the present synthesized
SrCoOs crystal at around 305 K; this Curie temperature
is higher than all other values reported for polycrystalline
samples, by more than 20 K. The [111] crystal axis was
found to be the easy magnetization axis. The observed
saturation moment at 2 K (2.5 wg/f.u.) indicated that an
intermediate spin Co*" state is most probable in SrCoOs,
although the real ground state should be regarded as strongly
hybridizing with the 3d°L state, namely, a high spin Co’*
state (3d°: t‘z‘geé) with an oxygen hole L [14]. Considering
the minimal spin fluctuation in the FM metallic ground
state, the observed 72 dependence of the resistivity at low
temperatures may indicate scattering of conduction electrons
by orbital fluctuation inherent to such an intermediate spin
state. While SrCoO;3 possesses a highly symmetric cubic
structure, AMR with a significant cos* 0 term was found for the
saturated magnetization state, where the magnetization shows
no anisotropy. The anisotropic rate of scattering of conduction
electrons by the localized ty; spin (t‘z‘g) was assigned as the
origin of the unusual AMR effect.
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