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Abstract

A highly oxygen deficient perovskite, BaBig 23C0¢.7200,.,, was synthesized by solid state
reaction. The crystal structure was determined by means of neutron and x-ray powder
diffraction. The material exhibits semiconducting behavior with an energy gap of 1.8 eV. The
electron diffraction study does not reveal long range Bi:Co ordering; instead it shows the
existence of short range ordering in this phase. The AC and DC magnetic susceptibility studies
reveal cluster-glass behavior, which has its origin in the interacting ferromagnetic clusters

present.

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

1. Introduction

Perovskites have been the focus of intensive research for sev-
eral decades. With general formula ABX3, they display a full
range of physical properties, such as superconductivity, fer-
roelectricity, and giant magnetoresistance, and are especially
interesting as they often display complex correlations among
their structures, chemistry, and physical properties. There are
relatively few cobalt oxides that crystallize in the cubic per-
ovskite structure, including for example LnCoO; (Ln = La,
Pr, Nd, Sm) [1], SrCoO,¢4 [2], and BaC00O; 3 [3]. In the
latter two compounds, the perovskite structure is stabilized
through an increase of the Co size by reduction of its valence
and the lowering of its coordination number by removal of
some oxygen ions. BaBiOs and BaCoOj3 are well known com-
pounds. BaBiOj crystallizes in the double perovskite structure,
in which corner shared Bi*tQg and Bi’TOg octahedra alter-
nate, with Ba™2 ions in the cavity positions. BaCoOs3, on the
other hand, posses a hexagonal non-perovskite structure, con-
sisting of columns of face sharing CoOg octahedra separated
by Ba®* ions integrated into the close packed O planes. Both
materials are semiconductors: BaBiOs; is an unusual charge-
density-wave (CDW) semiconductor [4] and BaCoOj3 is an n-
type semiconductor that shows no long range magnetic order-

0953-8984/09/105801+07$30.00

ing [5]. BaCoOj3 can be considered as a spin 1/2 material with
an effective magnetic moment of approximately 2.3up [6].
The presence of non-interacting ferromagnetic clusters, with
a size of about 1.2 nm, has been theoretically predicted for
hexagonal BaCoOj; [7].

Our motivation in the present study was to dope the
parent BaBiO3; compound with Co to induce ferromagnetism.
Although Bi and Co are distinctly different chemically, and
random substitution of Co for Bi in a perovskite solid solution
is therefore unexpected, we made the BaBi;_,Co,O3_, series
of samples and found that a highly oxygen deficient, perovskite
type structure is stable for a small range of intermediate
compositions near 75% Co doping. The compound has the
formula BaBij3C0p72022. We find no evidence for long
range Co/Bi ordering, but through electron diffraction see that
they are ordered over the short range. The physical properties
of this compound, in particular its cluster-glass behavior, are
also discussed here.

2. Experiment

Polycrystalline BaBi;_,Co,0O3_s samples were prepared by
solid state reaction of BaO, (Sigma Aldrich 95%), Co304

© 2009 IOP Publishing Ltd  Printed in the UK
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(Alfa Aesar 99.7%), and Bi,O3; (Alfa Aesar 99.75%). Well
ground, pelleted, stoichiometric mixtures of the oxides were
fired under flowing high purity nitrogen at a temperature of
825°C for a total of 7 days. Samples were cooled quickly
in the nitrogen flow by removal of the process tube from the
furnace. Complete reaction required multiple regrinding and
re-heating.

Characterization of the products by room temperature x-
ray powder diffraction (XRD) was performed with Cu Ko
radiation (A = 0.154 60 nm) in the angular range 10° < 26 <
90° in steps of 0.02° using a Bruker D8 diffractometer, with
a graphite diffracted beam monochromator. One sample was
examined by neutron powder diffraction. Neutron diffraction
data were collected at the NIST Center for Neutron Research
on the BT-1 powder neutron diffractometer with neutrons of
wavelength 1.5403 A produced by a Cu(311) monochromator.
Collimators with horizontal divergences of 15" and 20" of
arc were used before and after the monochromator, and a
collimator with a horizontal divergence of 7" was used after
the sample. Data were collected in the 26 range of 3°-168°
with a step size of 0.05°. Rietveld refinements of the structures
were performed with GSAS [8, 9]. The neutron scattering
amplitudes used in the refinements were 0.507, 0.853, 0.249
and 0.581 (x107'2 cm) for Ba, Bi, Co and O, respectively.

Electron microscopy was performed on electron transpar-
ent areas that were obtained by crushing and dropping a sus-
pension of the powder in ethanol on a carbon coated holey
film. High resolution electron microscopy (HREM) and elec-
tron diffraction were performed with a Philips CM200ST elec-
tron microscope with a field emission gun operated at 200 kV
and equipped with an EDX (energy dispersive x-ray) element
analysis system. The magnetic susceptibility was measured on
a powder sample with a SQUID magnetometer (Quantum De-
sign) in the temperature range 5-300 K. Continuous measure-
ment of the electrical conductivity was made in air by the two
terminal method (reliable because the resistivity of the material
is very high) in the temperature range 400 K < 7 < 670 K.
In that temperature range BaBij 23C00 7,0, ., remains stable in
air.

3. Results

Figure 1 shows the crystallographic cell parameter for the new
cubic phase, determined by powder x-ray diffraction, as a
function of Co content (x) in the series of BaBi;_,Co,03_;
samples. Initial Co substitution for Biin BaBiCos, for x < 0.7,
leads to a mixed phase region consisting of two cubic phases:
BaBiO; and BaBi;_,Co,03_s. The unit cell of the new phase,
a = 4.1443(2) A, is slightly bigger than that of perovskite
BaCo0,3 (@ = 4.072 A) [3]. The fact that it is unchanging
in the low x region, and that a mixture of phases is observed
for low x, indicates that BaBi;_,Co,05_s is not a continuous
solid solution, and that a distinct phase is found for x near
0.75. Within the new phase, the lattice parameter changes
continuously with x, indicating that the cubic compound exists
over a range of compositions BaBi;_,Co0,03_s for 0.70 <
x < 0.90. The inset of figure 1 shows the high angle
x-ray diffraction pattern. A clear shift of the high angle
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Figure 1. Crystallographic cell parameter a of the BaBi;_,Co0,03_;
as a function of x. The inset shows powder x-ray diffraction patterns
(Cu Ka) of samples with nominal composition BaBi;_,Co,05_s,

x =0.7,0.75, 0.8, 0.85, 0.9, 1. Three regions are shown: (I)

x < 0.75 where both phases BaBiO; and BaBi,_,Co,05_; are
present (II) 0.75 < x < 0.9 where only BaBi;_,Co,0O5_; is present
and (IT) 0.9 < x < 1.0 where both BaBi( ¢Co( ;0;_s and BaCoO;
are present.

(221) peak with doping level above 0.75 is observed. The
purest sample was obtained for the nominal cation ratio: 4:1:3
(BaBip25C00750,) and this sample was employed for the
physical property measurements.

Figures 2 and 3 show the [121] and tilted [111] electron
diffraction patterns. The [121] electron diffraction pattern
shows the basic perovskite reflections and, in addition, diffuse
scattering in particular at positions that can be described with
a vector q; = (1/2)(a* + b* + ¢*) from each of the main
reflections. Apart from these diffuse diffraction spots one can
observe diffuse intensity closer to the basic diffraction spots
at q; = (1/6)(a* + b* + ¢*). Given the diffuse nature and
the fact that these q-type diffuse reflections also stretch out
along the viewing direction, it is not useful to give a more
precise value of q». The vector q; indicates a doubling along
[111], and is likely due to short range Bi/Co ordering: this
type of ordering is known to occur over long ranges in classical
double perovskites, even in cases when the B-site metal ratio
is not 1:1, such as occurs for BasMgTa,Og [10]. The vector
q is compatible with a 6 fold spacing along [111], which
suggests a relation of this short range ordering to O vacancy
ordering. The ~[111] diffraction pattern was not taken in
the exact [111] orientation, to enhance the visibility of the
superreflections and allow the determination of the extension
of the superreflections away from the exact [111] diffraction
plane. The basic reflections in the vertical line through the
origin are fully excited, in contrast with the rows of reflections
adjacent to this central row. It is clear that the intensity of
the diffuse scattering in these adjacent rows is quite strong
compared to the basic reflections, indicating that the diffuse
superreflections extend much more in the [111] direction than
the basic reflections do. One can also observe that the shape
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Figure 2. [121] electron diffraction pattern, showing (i) the basic
reflections, (ii) weak rather diffuse intensities at positions half way
between the basic reflections in the [111] direction (e.g. the reflection
1/2,1/2,1/2) and (iii) weak diffuse intensities close to the basic
reflections and also in the [111] direction.

Figure 3. A tilted [111] electron diffraction pattern, with a tilt of 8°
about the 101 direction to enhance the visibility of the diffuse
scattering. The basic reflections closest to the central spot are
indexed. The inset shows an enlargement of the 011 reflection (the
sharp dot) with the diffuse scattering around it.

of the diffuse superreflections is quite complicated, due to the
existence of very short range superstructure ordering occurring
in various symmetry related (in the basic unit cell) directions.
Rietveld analysis of the neutron powder diffraction data
(table 1, figure 4) confirms that the ratio of Bi:Co in the
perovskite is close to 1:3, with freely refined occupancies of
Bi: 0.28(1), Co: 0.72(1), and O: 2.19(2), yielding a formula
BaBi23C00.720,.,. An impurity phase of 3 wt% BaCoO; was
also included in the refinements. This fraction of BaCoOj5 is
consistent with the refined formula of BaBij13C0(.720,, for
the new phase, given that the ratio of starting materials for

BaBiD_ZBCO (0] 7
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Figure 4. The neutron powder diffraction pattern of the sample of
composition BaBij5C0¢7,0,.,. The asterisks mark main peaks of
the 3 wt% impurity phase BaCoOj.

Table 1. Crystallographic data for BaBig 23C0¢.720,.2. Space group
Pm3m (#221). Atomic positions, Ba: 1a(0 0 0), Bi/Co:
1b(1/21/21/2),0:3c(01/21/2).

BaBi.23C00.7202.2
a (A) 4.1431(1)
Ba U 0.045(1)
Bi/Co  Ngi/Nco 0.28(1)/0.72(1)
U 0.048(1)
0 N 0.731(8)
Uy =Un 0.048(1)
Us, 0.072(2)
X2 0.977
R, 4.28%
Rup 5.16%

this sample was 1:0.25:0.75 (Ba:Bi:Co). (As will be discussed
later, this amount of BaCoQs3, does not significantly influence
the physical properties of BaBip23C00720,22.) Substantial
oxygen deficiency is similar to what has been previously
observed in cubic BaCoO, 23 [3]. We have no information
about how this high oxygen deficiency is accommodated by
the Bi—O and Co-O coordination polyhedra: the vacancies
may be either truly randomly arranged, or they may occur
in specific coordination environments (eg CoO, squares or
CoOs pyramids) that are randomly arranged. This highly
oxygen deficient material also appears to be similar to what
is seen in the Ba;_, Sr,CoO3 system [6], where a cubic phase
made in nitrogen atmosphere for Sr content 0.2 < x <
0.5 appeared to be a single phase highly oxygen deficient
cubic material that did not show the presence of short or
long range vacancy ordering. Our electron diffraction data
for BaBip3C007,0,, indicate the presence of short range
ordering of Bi/Co and O vacancies. The broad features present
in the neutron powder pattern (figure 4) are attributed to the
diffuse scattering from this short range ordering. Thus neutron
powder diffraction confirms the average structure of the new,
highly oxygen deficient phase, with a refined stoichiometry of
BaBig 23C00.7202.5.
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Figure 5. The DC electrical conductivity of BaBig,5C00.720,.2
versus reciprocal temperature.

4. Physical properties

We measured the temperature dependence of the conductivity
of BaBip23C00720,,. Semiconducting behavior, and the
validity of the simple relation 0 = oy exp(—E,/2kgT), where
o is electrical conductivity and E, activation energy, are shown
in figure 5. From the fit we obtained a transport activation
energy E, equal to 1.8 eV. Previous studies on both parent
compounds have indicated that they are semiconductors as
well [6, 11, 12]. More detailed study, for instance spectroscopy
measurements, to understand the electronic configuration of
BaBi( 23C0¢.720,., may be of interest.

The inverse magnetic susceptibility versus temperature
behavior of BaBi( 23C0¢.7203.5 is shown in figure 6. In the high
temperature region, above 150 K, a linear relationship is found,
and the effective moment (u ) and the Weiss temperature
(®Ow) can be fitted. The solid line represents the least square
fit to the Curie-Weiss model with per = 1.2 up/Co-mol
and ®w = 33 K. The effective magnetic moment may be
slightly overestimated due to the presence of 3 wt% BaCoO;
impurity. Based on Rietveld analysis, the stoichiometry of
our sample is BaBi23C0p720,,. Making the assumption
consistent with expectations that Bi is present only as the
Bi** ion®, the Co oxidation state in our compound will be
slightly more than +2 (2.07). Because the low spin Co** state
yields a magnetic moment of 1.732 up/mol-Co, comparing
with observed effective magnetic moment 1.2 pg/Co-mol, we
conclude that some fraction of low spin (non-magnetic) Co>*
is present in BaBiy 28C00.7202..

There are two characteristic temperatures marked on
figure 6. Above 150 K the inverse of magnetic
susceptibility (1/x) is proportional to 7, and the positive
value of the Weiss temperature means that ferromagnetic

6 The assumption that Bi oxidation state is +5 makes the Co oxidation state
+1.4 and therefore is non-realistic.

BaBi_,.Co__ O
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uH=1T; ZFC
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Figure 6. Inverse of magnetic susceptibility (1/(x — xo)) versus
temperature of BaBij ,5C097,0,. The solid line represents the
Curie—Weiss fit. The two arrows indicate the temperatures discussed
in text.

interactions are dominant for 7 > 150 K. Below
150 K, some antiferromagnetic correlations and possibly
short range ordering of the spins occurs, which is
manifested by increase of 1/x (x decreases) as temperature
decreases.  Antiferromagnetic interactions (Ty = 15 K)
were recently investigated by neutron diffraction and
uSR in BaCoOs; [13]. Ferromagnetic interactions in
BaBi23C0¢ 720, are responsible for the rapid decrease of
1/x below 40 K (see the arrow on figure 6). Competing
antiferromagnetic and ferromagnetic interactions leads to
frustration, which often causes spin-glass ordering in
cobaltates [14-23]. In order to test for the presence of
a spin-glass, cluster-glass, or superparamagnetic phase in
BaBi23C00.720,.,, ac and dc magnetic measurements were
performed.

The temperature dependence of the dc magnetic suscepti-
bility was measured at a magnetic field of 0.01, 0.1 and 1 T (fig-
ure 7) on heating, after cooling without a magnetic field (ZFC)
and with a magnetic field (FC). As temperature increases, the
ZFC magnetic susceptibility reaches a maximum (7,,x) value
and then decreases. The data show that the T},,x temperature
and x (Tyax) strongly depend on applied magnetic field, which
is rather typical for a cluster-glass. In this scenario, the max-
imum is an outcome of the competition between the applied
magnetic field and local magnetization orientations of individ-
ual Co clusters [24].

The presence of Bi atoms, and non-magnetic Co*t, blocks
long range chemical ordering, so it is not visible on electron
diffraction patterns and in magnetic measurements; similarly,
the distribution of non-magnetic Co** ions in the chains of
BaCoOj3 [25] has been postulated to disturb the occurrence of
long range magnetic order in that phase. A maximum in x (7')
is not observed in field cooling (FC) measurement and a large
splitting of the ZFC and FC magnetization curves is observed,
as shown in the inset of figure 7. Under an applied field of
0.01 T, the FC and ZFC lines merge at about 7 = 25 K.
This temperature determines an upper limit of an irreversibility
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Figure 7. ZFC magnetic susceptibility x of BaBij,5C0¢.7,0.»
versus temperature under magnetic fields of 0.01 (circles), 0.1
(squares) and 1 T (asterisks). The inset shows the ZFC (open circles)
and FC (close circles) curves of y under a magnetic field of 0.01 T.

region and is called the blocking temperature and depends
on the size of magnetic clusters, the anisotropy constant of
the material, the applied field and on measuring time [7, 26].
Although a broad maximum of the ZFC line is typical for both
spin-glass and cluster-glass materials, the monotonic increase
of the FC line (with decreasing temperature) is characteristic
for cluster-glass compounds [24, 27, 28]. This is opposite
to what is observed in spin-glass compounds, in which a
small cusp in the FC behavior is often visible [28, 29]. This
observation is confirmed in the ac measurement discussed later.

Figure 8 shows the magnetization loops measured at 35,
20, and 60 K. At the highest temperature, M (H) remains
a straight line over the whole applied magnetic field region.
It is clear that M versus H does not saturate, even at the
highest magnetic field (5.5 T). The inset shows the open
hysteresis loop at 5 K and the coercive magnetic field,
about 1500 Oe, indicates that BaBiy23C0072,0, is relatively
hard magnetic material. Because one of the criteria for
superparamagnetism is the observation of an M(H) curve
without hysteresis [30], we conclude that superparamagnetism
is not present in BaBiy23C00.720,,. The remanence magnetic
field, measured at 7 = 5 K, reaches £0.01 pug/mol-Co. An
almost identical value has been obtained for pure BaCoOj3
([6]); therefore, the hysteresis loop in BaBij23C0072022
cannot originate from the presence of less than 3 wt% BaCoO3
impurity, a material in which the appearance of single-domain
FM clusters is suggested [31].

Finally we measured the ac magnetic susceptibility in the
temperature range 17-40 K, Hac = 2 Oe and at frequencies
f =1,10, 100, 1000 Hz. The maximum of the real part of the
magnetic susceptibility appears at about 7t = 25.5 K (see main
panel of figure 9), which is close to the blocking temperature,
Tr (see the inset of figure 7). The carefully determined
freezing temperature (7)) shifts slightly with frequency, and
our experimental data can be fitted by the empirical Vogel—
Fulcher formula: © = 1/f = 19 exp(ﬁ), where 1 is
an intrinsic relaxation time, E, is an activation energy, 7Ty is
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Figure 8. The magnetic hysteresis loops measured for
BaBij5C0(.720,, at 5 K (circles), 20 K (triangles), and 60 K
(squares). The inset shows more details of the magnetic hysteresis
loops.
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Figure 9. Temperature dependence of the real part of the AC
susceptibility (f = 1 Hz, Hac = 2 Oe). The inset shows the fit to the
Vogel-Fulcher law, assuming the relaxation time 7o = 1077 s.

the Vogel-Fulcher temperature [32, 33]. After modification of
the above equation, one can obtain a simple relation between
Trand f: Ty = Ty — f—};m with three fitting parameters:
Ty, E, and 19. The intrinsic relaxation time, 7y, can vary from
1077 s, found in Cog »Zng sFe, Oy cluster-glass compound [34],
to 10713 s typical for spin-glass compounds [35]. We did not
obtain a physically meaningful result when all three parameters
were varied freely. This is most likely caused by the fact that in
our study we have only four experimental points. Reasonable
results were achieved for fixed 7y and fitted T, and E,. For
79 = 1077 s the fit of Vogel-Fulcher equation yields: T, =
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25.04 £ 0.06 K and E,/kg = 6 £ 1 K. Assuming a four
order of magnitude shorter time: 7, = 1073 s, we obtained
Ty = 2487 £ 0.08 K and E,/kg = 14 £ 2 K. The very
low activation energy in BaBig 23C0¢ 720, , reflects the fact that
Tt changes only 0.14 K when the frequency changes by three
orders of magnitude. For spin glasses materials the relative
shift per frequency decade, §7t = ATy/(TrAlog(f)), is often
calculated. In BaBiy23C0¢720,, we estimate 7y = 0.002,
which is an order of magnitude smaller than for spin-glass
systems: 0.025 (URh,Ge;) [36], 0.016 (Ce,CuGes) [37], but
comparable to 0.005 reported for cluster-glass U,IrSi; [40]
and CuMn, which is an example of a canonical spin-glass
compound [33]. The activation energy E, is 0.24kgT:
or 0.55kgT; for 1y = 107° s and 107'3 s respectively.
Both values are much smaller than obtained for spin-glass
compounds: e.g. Fe,TiOs (3.4kgTr) [38], and U,MSi3 (6—
10k Ty), where M = Pd, Pt, Au [39], and is also smaller than
estimated for cluster-glass compounds: U,IrSi3 (1.6kg Tf) [40],
UCuGe(1.5kgTy) [41], and Cog,ZnggFe 04 (0.77kgTy) [34].
This comparison strongly suggest the formation of the FM
cluster-glass state in BaBig 23C0¢ 7205, below T.

5. Conclusions

In the perovskites, magnetic and/or electrical phase separation
is frequently observed, a characteristic that can explain many
of their interesting properties. Here we propose cluster-glass
behavior in the new perovskite BaBig23C0¢720,, based on
its frequency dependent ac magnetic properties and ZFC and
FC dc magnetization. The cluster-glass behavior may have its
origin in the formation of interacting ferromagnetic clusters.
The electron diffraction study confirms the existence of short
range ordering in this phase. We propose a nanoscale phase
separation scenario, perhaps with different ratios of Bi:Co
present in very small regions of the material, yielding the
existence of magnetic clusters in BaBi23C0¢7200,.,. Because
cubic BaBi;_,Co0,03_s forms in the range 0.7 < x < 0.9,
we believe that the size of the clusters can be tuned by both
cobalt and oxygen concentration. As a result, the physical
properties, e.g. activation energy and freezing temperature,
can be expected to change with composition and annealing
conditions. Cold-neutron elastic and inelastic scattering study
on BaBig3C0(.720,., would be of interest in future studies, as
these techniques have provided indirect evidence of existing
nanomagnetic droplets in La;_, Sr,CoO3 [42].
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