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The hexagonal perovskite solid solution Ba,_Sr.CoO,
(0 < x < 0.5) was synthesized by treatment of cubic perovskite
precursors at 500°C in high-pressure oxygen. The structure con-
sists of parallel chains of face-sharing CoQ, octahedra and
alkaline-earth ion separators. All materials were found to be
semiconducting. Seebeck coefficient measurements indicate that
transport is by both electrons and holes. The slopes of the
magnetic susceptibility vs temperature data suggest that Co is in
the low-spin S=1/2 electronic configuration. The positive
Curie—Weiss O,’s indicate a predominantly ferromagnetic spin
interaction, and a complex magnetic state is seen at low temper-
ature in the temperature- and field-dependent magnetic data.
© 1999 Academic Press
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INTRODUCTION

To construct models for correlated electron behavior in
solids, many experimental and theoretical studies have con-
centrated on one-dimensional (1D) systems, as in such sys-
tems there is the realistic possibility that experimental
results can be successfully analyzed through theoretical
models. Novel phenomena which are the consequence of
electron correlations have often been found in 1D com-
pounds (1). BaCoOQj is a structurally 1D compound because
it has the hexagonal perovskite structure (P6s/mmc;
a = 0.5645(3) nm and ¢ = 0.4752(3) nm (2)) formed by 1D
chains of face-sharing CoOyg octahedra and Ba separators.
Two views of BaCoO3;, showing the structural anisotropy,
are shown in Fig. 1. The structure type is generally known as
the “2H type”; i.e., the stacking sequence unit along the
¢ axis of the hexagonal phase has two BaOj; layers before
repeating. The distance between the Co within the chain,
0.238 nm, is much shorter than the interchain distance,
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0.565 nm. The chains themselves are arranged in a triangu-
lar geometry which may at least partially frustrate long-
range order if the magnetic interactions between chains are
antiferromagnetic. There are no Co-O-Co links between
chains (2). As in many of the transition metal oxides (e.g., the
cuprates) presently actively under study, the presence of
significant oxygen p character in electronic states near the
Fermi energy may be expected to ameliorate the extreme
one-dimensional character of the structure and can result in
decreased electronic anisotropy.

Previous research on BaCoO; has indicated that it is
semiconducting (3). The origin of the semiconducting be-
havior, however, is unclear. Several possibilities can be
considered: (i) The low symmetry of the 2H-type structure
may produce an energy gap at the Fermi level even at the
partial band filling expected for low-spin Co** (¢3, €).
Although there are no spectroscopic measurements present-
ly available on BaCoOj, the charge-transfer-type electronic
configuration, ie., Co®* (13, e])L(L: ligand hole), can be
expected in this case, as was found in NaCuO, (4), LiNiO,
(5, 6), and SrFeO; (7), for example. Even if such measure-
ments are found to be consistent with an electronic config-
uration of Co** with one hole in oxygen p orbitals, BaCoOj3
would still be expected to be metallic. Indeed, the charge-
transfer-type oxide SrFeO; is a metallic conductor (7).
Moreover, the higher symmetry isoelectronic cubic perov-
skite SrCoQOj; has metallic conductivity down to 4.2 K (8).
(i1) Strongly correlated electrons may produce an energy gap
at the Fermi level. A Mott-Hubbard gap is for example
produced at the Fermi level at ~ 70 K in BaVS3;, which also
has the 2H-type structure (9), resulting in a metal-insulator
transition. (iii) The Co chains could be dimerized along the
¢ axis (so far unobserved), leading to the opening of a band
gap. (iv) Due to the presence of some as-yet-undetected
disorder in the structure, charge carriers could be scattered
by random centers, particularly effective in low-dimensional
systems, leading to Anderson localization.

Here, we report the synthesis and elementary transport
and magnetic properties of the Sr-substituted 2H-type solid
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FIG. 1. Structural views of BaCoO;. The CoOg¢ octahedra are shown
as polyhedra and the Ba as circles. The compound has a hexagonal unit cell
(P63/mmc; a = 0.5645(3) nm and ¢ = 0.4752(3) nm (2)).
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solution Ba;_,Sr,CoO; for the range of composition
0 < x <0.5. This isoelectronic substitution changes the sep-
aration between the chains and, possibly, the O-Co-O
superexchange bond angle and has a significant effect on the
properties. Although the compound BaCoOj; can be pre-
pared under relatively conventional synthetic conditions,
we have found that it is only possible to synthesize the
Ba-Sr solid solution by a precursor route involving the
formation of a perovskite. The synthesis conditions, charac-
terization via X-ray diffraction (XRD), and the electrical and
magnetic properties of the polycrystalline samples are re-
ported here.

EXPERIMENTAL

Polycrystalline samples were synthesized as follows. Mix-
tures of BaCOj; (99.95%), SrCO; (99.99%), and Co;0,
(99.9985%) with the ratios of Ba:Sr:Co=1—x:x:1
(x = 0-0.5 with a 0.1 step) were heated at 800°C for 24 h in
nitrogen. Subsequent to the initial heating, the samples were
heated at 900°C for 24 h in nitrogen three times. After
heating at 900°C, samples were pressed into pellets. The
pellets were heated at 900°C in nitrogen for 24 h. Finally,
the pellets were annealed at 500°C for 24 h in high-pressure
oxygen (34.2 MPa, Morris Research high-pressure furnace).
Alumina and gold crucibles were employed to hold the
samples at elevated temperatures in the nitrogen and high-
pressure oxygen treatments, respectively. Without this series
of synthesis steps, the amount of Sr taken into solid solution
in hexagonal BaCoO; was not significant.

Powder XRD with CuK« radiation, and thermogravimet-
ric analysis (TGA), were employed to characterize the sam-
ples after both the nitrogen and the high-pressure oxygen
treatments. A small amount of fine silicon powder was
mixed with each ground sample for XRD study as an
internal standard. The oxygen content of the samples was

determined by reduction to alkaline earth monoxides and
Co metal in the TGA by heating in 10% hydrogen/90%
nitrogen at a heating rate of 5 K/min to 800°C and holding
for 8 or more h. One of the precursors was characterized by
electron diffraction (ED) on a Phillips EM 200 electron
microscope. The electrical resistivity of the final polycrystal-
line samples was measured between 77 and 320 K by a con-
ventional four-probe ac technique with a gauge current of
11.1 pA at 132 Hz. Thermoelectric coefficients were mea-
sured in a commercial apparatus (MMR Technologies).
A  SQUID magnetometer (QUANTUM DESIGN
MPMSS) was employed to characterize the magnetic prop-
erties of the samples between 5 and 400 K. The highest
applied magnetic field was 55 kOe.

STRUCTURE AND STOICHIOMETRY

The precursor phase is not the subject of this study, but
was characterized in a preliminary manner to allow under-
standing of the Sr—Ba solid solution limits in the hexagonal
phase of interest. The powder XRD patterns for the nitro-
gen-treated precursors of composition Ba; _,Sr,CoO; s,
are presented in Fig. 2. The XRD study revealed that for all
samples with x greater than or equal to 0.2 a single-phase
cubic material is formed. TGA analysis of these cubic phases
indicated an oxygen content of 2.50(1) oxygen per formula
unit, less than the ideal perovskite value of 3.0. Careful study
of the composition Bag gSry ,CoO, 50 by ED revealed that
the unit cell was indeed a 3.9 A cubic perovskite. There were
no extra reflections, either sharp or diffuse, which would
indicate that there is short-range or long-range ordering of
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FIG. 2. Powder XRD patterns of the cubic and pseudocubic solid
solutions Ba; _ ,Sr,Co0, 5, (0.0 < x < 0.5). Numbers beside the left verti-
cal axis, above each pattern, represent the value of x. The peaks for
compositions greater than x = 0.1 can be indexed on a simple cubic unit
cell. For x = 0 and 0.1, distortions from the simple cubic perovskite occur.
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FIG. 3. Cubic lattice constant (a) and volume of the cubic unit cell (V)
of Ba;_,Sr,Co0, 50 (0.2 < x <0.5). Open circles indicate average cell
parameters at compositions of x =0 and 0.1.

the oxygen vacancies under the conditions of synthesis. For
x =0 and 0.1 compositions, the XRD patterns reveal that
the precursors are not simple cubic perovskites, but this was
not further studied. Figure 3 shows the cubic cell parameter
for the Ba,_,Sr.Co0O, s, perovskite solid solution (for
x =0 and 0.1 average cell parameters are employed) as
a function of Sr content. The formation of this cubic perov-
skite-like solid solution is essential for the later synthesis of
the hexagonal phases. For Sr concentrations greater than
x = 0.5, the single-phase cubic perovskite-like solid solution
cannot be synthesized in nitrogen, the factor which we
believe limits the extent of Sr content attainable in the
2H-type solid solution.

Figure 4 shows the powder XRD patterns for the
Ba, _,Sr,Co0O, 5., perovskite solid solution materials after
they have been heated at 500°C at high oxygen pressure.
They are now single-phase 2H-type Ba;_,Sr,CoO;
(0 < x <0.5). The TGA study for these samples confirmed
that they have stoichiometric oxygen contents within the
precision of the TGA method, e.g., 2.99(1) oxygen per for-
mula unit. The materials with the highest Sr contents,
Bay 5Sr5.5C0o0O, and Bag ¢Sry,Co0O,, appear to have
a slight oxygen deficiency, z = 2.97(1), under the conditions
of synthesis. We have no information about how this very
small oxygen deficiency is accommodated. It may occur
either in randomly distributed vacant sites or in a small
fraction of microdomains with a short-range ordering of
vacancies. All the observed powder XRD peaks at x =0
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FIG. 4. Powder XRD patterns of the solid solutions Ba;_ Sr,CoO;
(0 < x <0.5). Numbers beside the left vertical axis, above each pattern,
represent the value of x. The peaks at every composition can be indexed on
a hexagonal unit cell as shown at the bottom of the pattern.

(i.e., BaCoQO3) were indexed on the basis of the hexagonal
unit cell reported previously (2). The lattice constants at
x = 0 determined in this study are identical to those pre-
viously reported. The observed peaks at other compositions
were indexed by analogy. Lattice constants determined by
least-squares fitting of the peak positions, and volumes of
the unit cell derived from those constants, are plotted in
Fig. 5. The increasing XRD peak width with increasing Sr
content in the hexagonal phase tracks the peak widths in the
cubic precursors, suggesting that it is due to small
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FIG. 5. Lattice constants (a and ¢) and hexagonal unit cell volume (V')
of Ba; _,Sr,CoO; (0 < x < 0.5). Previously reported lattice constants for
BaCoOj; (2) are plotted with fine error bars.
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inhomogeneities in Ba/Sr distribution. Alternatively, the
excess peak widths may be due to the presence of defective
structural layers, such as those found in BaCoQOj; _;, stacked
randomly along the ¢ axis (10-12). Further study via elec-
tron microscopy would be required to identify the details of
the defect structure of these compounds.

The lattice constants a and ¢ decrease with increasing Sr
concentration in the solid solution, as does the volume of
the unit cell (V in Fig. 5), consistent with the smaller effective
ionic radius for Sr than for Ba (13). The lattice constant
a decreases by about 1.9% with the 50% Sr substitution for
Ba, about four times larger than that of the c-lattice con-
stant (0.48%). The Sr substitution therefore clearly de-
creases the separation between chains. The powder X-ray
diffraction measurements do not provide information on
possible changes in bond length or bond angle within the
CoOg octahedra as a function of Sr content.

ELECTRICAL AND MAGNETIC PROPERTIES

The temperature dependence of the electrical resistivity of
the samples is shown in Fig. 6. Semiconducting behavior is
observed for all samples in the studied temperature range.
The electrical resistivity of the 2H-type Ba, _ . Sr,CoO3 solid
solution slowly decreases with increasing x: The resistivity is
more than 1 order of magnitude lower at room temperature
at x = 0.5 than for BaCoOj3. To the first approximation,
there is no change in slope of the resistivity curves with Sr
content, rather generally a rigid shift to lower values. The
resistivity at 300 K for the most conductive compound,
Ba, sSry.5C00s5, is approximately 2 x 107! Q-cm, still an
order of magnitude larger than what might be expected for
a material which is approaching metallic behavior. Plots of
the temperature-dependent electrical resistivity on curves
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FIG. 6. The temperature dependence of electrical resistivity for poly-
crystalline samples of the 2H-type solid solution Ba,_,Sr,CoO;
(0 < x <0.5) as a function of Sr content.
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FIG.7. The thermoelectric coefficients for Ba;_,Sr,CoO; (0 < x
< 0.5) in the vicinity of ambient temperatures for selected compositions.

indicative of activated resistivity (log p vs 1/T'), or 1D local-
ization (log p vs 1/T '/?), are not straight lines. The shapes of
the resistivity curves therefore do not provide sufficient
evidence to determine the dominant influence on the trans-
port properties. This may be due in part to a possible
electronic anisotropy associated with the extreme structural
anisotropy.

The results of measurements of the thermoelectric coeffi-
cients in the vicinity of ambient temperature for representa-
tive compositions in the solid solution are presented in
Fig. 7. The thermoelectric coefficients are small and nega-
tive, indicating that the transport is dominated by n-type
carriers. The thermoelectric coefficient decreases in magni-
tude as a function of Sr concentration. Combined with the
curvature observed, and the zero crossing for the Sr concen-
tration x = 0.5, the data suggest that the transport in this
system is by both electrons and holes. The concentration of
holelike carriers apparently increases with increasing Sr
content. Alternatively, the mobilities of the holes could be
increasing with increasing Sr content. The two-carrier elec-
tronic system and the highly anisotropic crystal structure
suggest that single-crystal measurements parallel and per-
pendicular to the chain direction are needed for a more
detailed understanding of the transport properties.

The Sr concentration dependence of the magnetic proper-
ties of the 2H-type solid solution was studied in a SQUID
magnetometer. The temperature dependence of the mag-
netic susceptibility for all the final polycrystalline samples
was measured under a magnetic field of 10 kOe on cooling
(field cooling; FC) from 400 to 5 K. Those data are present-
ed in Fig. 8a and 8b as y (M/H) vs T and 1/y (H/M) vs
T plots.

In the high-temperature region, above 250 K, all samples
show a linear relationship between inverse magnetic suscep-
tibility and temperature (Fig. 8b). To analyze the magnetic
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FIG. 8. (a) Temperature dependence of magnetic susceptibility (M/H)

of Ba; -, Sr,CoO; (0 < x < 0.5). Each sample was cooled under an applied
magnetic field of 10 kOe from 400 K. (b) Inverse plots, H/M, vs temper-
ature. Effective magnetic moment and Weiss temperature, estimated from
fits to the Curie-Weiss law above 250 K, are summarized in the insert to
the upper figure.

data, several spin models were considered: a Curie-Weiss-
type paramagnetic model, and 1D-Heisenberg- and Ising-
type ferromagnetic chain (FM) models. For the Curie-Weiss
model, the effective magnetic moment (p) and Weiss temper-
ature (®,,) were estimated by least squares fitting the ob-
served data in Fig. 8b above 250 K. The insert to Fig. 8a
shows p and @,, as a function of Sr content. These fits clearly
indicate that an electronic configuration with a low-spin
state (13, eg or its equivalent 3, e; L; S = 1/2) occurs for Co,
rather than one with a high-spin state, although the ob-
served effective magnetic moment of approximately 2.3 ug
for the whole composition range exceeds the simple estima-
tion of 1.91 obtained by employing our preliminary room
temperature electron paramagnetic resonance measurement
of g =22 and S = 1/2. Thus, the system can be considered
as a spin 1/2 system.

To get an indication about whether the structural anisot-
ropy is reflected in the magnetic susceptibility, the magnetic
susceptibility data for BaCoO; were also fit to 1D-Heisen-
berg- and Ising-type FM chain models in the temperature
region above 250 K. Within the Ising model, the mag-
netic susceptibility is expected to be H/M = (kgT/N)
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exp(—2J/kgT), J > 0, where kg is the Boltzmann constant,
N is Avogadro’s number, T is the temperature, and J is the
magnitude of the exchange interaction. The inverse mag-
netic susceptibility of BaCoQOj is plotted in Fig. 9, with lines
drawn for the expected behavior for different values of the
nearest-neighbor spin interaction (J/kg). The data indicate
that within this model J/kp can be estimated to be approx-
imately 10 K. Above 250 K, the calculated curve is almost
linear. Fit to the high-temperature expansion of the Heisen-
berg model also yields a J/kg of 10 K. Hence, there is no
significant difference between the fitting results for the vari-
ous models in the high-temperature region where the data
are free from the influence of magnetic ordering.

The Weiss temperatures are positive over the whole com-
position range, indicating the dominance of ferromagnetic
interactions. The ferromagnetic interaction increases in
strength as the Sr content is increased, as ®,, increases from
+17 to +70K between BaCoO; and Bag 5Sry 5CoOs;.
The significant increment in ®,, with increasing Sr content
(insert to Fig. 8a) may be due to the changing of the
0O-Co-0 bond angle, which is expected to be an important
factor in determining the magnetic superexchange, strongly
influencing the inchain magnetic interactions. A detailed
structural study would be required to specify the change in
bond angle as a function of the Sr concentration and deter-
mine whether such a bond angle change can be the cause of
the increasing ferromagnetic interaction with Sr content.

For all members of the series, the magnetic susceptibilities
change character at temperatures below approximately
200 K. This is easily seen in Fig. 8b. The changes in slope
suggest that at low temperatures antiferromagnetic interac-
tions are becoming more significant. The effect is most
clearly seen in the material with x = 0.3. For 1D spin
systems, the effects of coupling between chains are expected
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FIG. 9. Fitting results for the 1D Ising-type FM model with the
parameter J, the magnitude of the nearest-neighbor spin interaction. Open
circles indicate the observed temperature dependence of the inverse mag-
netic susceptibility of BaCoOj;. All are normalized at 400 K.
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FIG.10. Temperature dependence of the magnetic susceptibility under

1 and 10 kOe and applied magnetic field dependence of magnetization at
several temperatures (insert) for BaCoO3 .

to appear at low temperatures (see, e.g., 14-17). The data
suggest that those interchain interactions have significant
antiferromagnetic character at low temperatures.

To investigate the magnetic properties further in the
temperature region below 250 K, samples at x = 0, 0.2, and
0.5 were studied in more detail. The magnetic susceptibili-
ties at applied fields of 1 and 10 kOe measured on heating
after cooling the samples without an applied magnetic field
(zero-field cooling; ZFC) and then on cooling in the field
(FC) were measured. At several temperatures, the magnetic
field dependence of the magnetization was measured to
+ 55 kOe. The results are summarized in Figs. 10-12. In
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FIG.11. Temperature dependence of the magnetic susceptibility under
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FIG.12. Temperature dependence of the magnetic susceptibility under
1 and 10 kOe and applied magnetic field dependence of magnetization at
several temperatures (insert) for Bay 5Sry sC00O; o7

Fig. 10, for example, the summary of the data for BaCoOs,
the deviation between curves measured under 1 and 10 kOe
below about 200 K, suggests that an ordering with a signifi-
cant ferromagnetic component appears in this temperature
region. The effect increases with increasing Sr content.

Below approximately 70 K, the magnetic properties of the
solid solution are seen to change again. Changes in slopes of
the M/H vs T curves, cusps in the M/H vs T behavior in the
two ZFC curves, and increased thermal hysteresis between
ZFC and FC curves measured under both magnetic field
were clearly observed. The magnetic field dependence of the
magnetization (insert to Figs. 10-12) reveals the presence of
weak spontaneous magnetization in BaCoOj; by 20 K (seen
by the fact that the extrapolation of M/H to H = 0 is not
zero). This effect also increases with increasing Sr content.
A comparison of the data in Fig. 11 to those in Fig. 10, for
example, indicates that the temperature of the magnetic
cusps increases and that spontaneous magnetization is
clearly observed at a much higher temperature (150 K) for
x = 0.2 than for x = 0. By x = 0.5, this trend becomes even
more obvious (Fig. 12).

Saturation of the magnetization was not reached under
the measurement conditions. However, an order-of-magni-
tude estimate of the ferromagnetic contribution to the mag-
netization can be made from the low-temperature data
(Fig. 13). For Bay 4Sr.3C005 at 5 K, for example, in a field
of 55 kOe, the magnetization is approximately on the order
of 27% of the saturated moment expected for a fully ordered
spin 1/2 system.

The magnetic data therefore suggest that the spin struc-
ture of the 2H-type solid solutions at low temperatures is
complex. Near room temperature, Curie-Weiss-type para-
magnetism is dominant. The inverse magnetic susceptibilities
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FIG. 13. Applied magnetic field dependence of the magnetization of
Ba,_,Sr,CoO; (0 < x < 0.5) at 5 K. Saturation of the magnetization was
not observed to the highest magnetic field (55 kOe).

deviate from the Curie-Weiss and 1D chain laws below
approximately 200 K, consistent with the increasing influ-
ence of antiferromagnetic spin coupling. Below about 70 K,
changes in slopes of the M/H vs T curves, cusps in the M/H
vs T behavior in the two ZFC curves, and increased thermal
hysteresis between ZFC and FC curves are observed. This
appears to be due to a balance between antiferromagnetic
and ferromagnetic coupling in the magnetic system. The
present data are very highly reminiscent of what is seen in
the one-dimensional high-spin Co-based 1D compound
Ca;Co0,0¢, where more extensive study has shown that the
magnetic system consists of ferromagnetic chains which
order ferrimagnetically at low temperatures due to antiferro-
magnetic coupling between chains (14-17).

CONCLUSION

The temperature-dependent magnetic susceptibility for
nonsubstituted BaCoO3; measured in the present study is
identical to the one set of previously reported data (18).
Because the maximum temperature of the measurement was
200 K in that work, a different sign for the nearest-neighbor
spin interaction within the chain was proposed. The data

YAMAURA ET AL.

are not in agreement with the previous report, possibly
due to oxygen nonstoichiometry, as was described in (19).
In the present study, the Sr-doped 2H-type compounds
Ba, _,Sr,CoO; (0 < x < 0.5) were synthesized and studied.
The structurally 1D character of the chains and their 2D
packing in this crystal structure makes the magnetic and
transport properties quite unusual. A more detailed study of
the magnetic properties would be of interest, for instance,
through neutron scattering, to fully elucidate the magnetic
system, as would detailed spin-polarized band structure
calculations to help clarify the relative strengths of the
magnetic interactions and the temperature ranges where
they may be important.
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