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New oxides of general formula Ba,In, .Co,05 (0.5 <x<
1.70) have been synthesized as polycrystalline materials and
fully characterized by means of X-rays. They are all isostruc-
tural and crystallize in a peroyskite-type structure, showing
cubic symmetry, space group Pm3m. The magnetic properties of
these oxides have been studied by y,. and y4. measurements as a
function of magnetic field and temperature. In the case of x=0.5
(Baln; 59Co¢ 505) the sample remains paramagnetic from 200 to
2K. However, the magnetic behavior of the oxides Ba,In, .
Co,05 (0.70<x<1.70) is rather different: y4. shows broad
maxima which are shifted with the x cobalt content. Below this
temperature a strong irreversibility between the zero-field-cooled
(ZFC) and field-cooled (FC) curves has been detected, more
pronounced as the cobalt content is higher. y,. measurements
also show all the common features of spin glasses, fully
confirmed from the analysis of the non linear part of the
Ade- © 2002 Elsevier Science (USA)
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INTRODUCTION

Many transition oxides show the very versatile structure
of perovskite. The rich variety of physical properties such
as high-temperature superconductivity, giant magnetorre-
sistence, and spin glasses observed in these compounds
makes them very attractive for both academic and
technological purposes.

Compounds belonging to the BaO-In,O; ternary system
have been the concern of different studies, including single-
crystal X-ray diffraction analysis, which show that most of
them are derived from the cubic perovskite structure (1-5).
Ba;In,04 (6) and BayIn,O5 (7) can be described as layers of
InOs square pyramids. The existence of Ba,In,Os5 crystal-
lizing in an orthorhombic-perovskite subcell with para-
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meters a,=6.111(1) A, by=5.992(1) A, ¢, =4.204(2) A has
been reported (4). Even though a related phase, BalnO, s,
which was prepared at 1400°C (6), has also been described
as a cubic perovskite (a=4.219(2) A), such a structure was
not observed at temperatures up to 1300°C (1). Several
authors (1, 2) have found that Ba,In,Os, as well as
Sr,In,05 (8), is isotypic with Ca,FeAlOs (brownmillerite)
(9), where the In(III) ions are located in both tetrahedral
and octahedral coordination.

On the other hand, the solid solutions Ba,M,_ ,Cu,
O4+5, M=1In, Sc, Lu, have also been synthesized and
characterized, leading to a double perovskite structure
(2,10). More recently, we have prepared the compound
Ba,ScCoOs, which has been described as a cubic oxygen-
deficient single perovskite with the B-sites randomly
occupied by Sc and Co atoms (11).

Magnetic materials with triangle-based lattice with
frustrate magnetic interactions have been the subject of
many studies in the past 20 years (12-14). Different
structural types have served as models to investigate their
geometrical frustration. More recently, magnetic frustra-
tion giving rise to spin-glass behavior has been reported for
perovskite oxides of general formula 4,BB Og4, where the B
and B’ ions are settled with either random or ordered
arrangement (15).

Recently, different cobalt oxide perovskites having a
cubic structure have been reported, where the B site
accommodates the random occupation of the Co and
different diamagnetic cations. This produces a kind of
magnetic dilution of the cobalt in the B sublattice that
yields a spin-glass-like behavior transition at low tempera-
tures (16, 17).

Cobalt is well known to exhibit three different spin
configurations for the Co® " ion in octahedral environment,
denoted as high-spin (HS; S=2), intermediate-spin (IS;
S=1), and low-spin (LS; S=0). These spin states are a
function of the temperature and many studies have been
reported concerning the spin transition in LaCoQOj, but
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recent reports (18,19) establish a consensus upon these
transitions that take place in LaCoO; following the
sequence LS —IS—HS with increasing temperature. The
coexistence of these IS and HS states of Co®* in the case of
the perovskite Ba,CoNbOjg has been stated to be the origin
of the magnetic frustration yielding the spin-glass behavior
displayed by this material (16).

The aim of our work is to prepare perovskites of the type
Ba,In,_,Co,0Os, for x values going to 0.5 to 1.7, which
have been characterized and to asses the influence of the
cobalt content along this solid solution on the magnetic
properties.

EXPERIMENTAL

Baln,_,Co0,05 (0.5<x<1.70) samples were prepared by
solid state reactions from stoichiometric amounts of In,O;
(99.9%), Co(Ac), - 4H,0 (99%), and BaCO;. The mixtures
were heated in air overnight for carbonate decomposition
at 850°C and then for 5 days at 1050°C with several
intervening regrinding to obtain the oxides as polycrystal-
line materials. The samples were cooled in the furnace from
the reaction temperature to room temperature.

Powder X-ray diffraction at room temperature was
carried out in a Philips X’Pert diffractometer using the
CuKuo radiation, in the angular range 10°< 20<120°, by
step scanning in increments of 0.02° and a counting time of
Ss per step. The data were analyzed using the Rietveld
method (20) using the FULLPROF program (21). A
pseudo-Voigt function was used to describe the peak shape
and a polynomial function with five refinable coefficients
for the background.
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2de and y,. magnetic susceptibility measurements were
performed using a SQUID XL magnetometer from
Quantum Design in the temperature range from 2 to
300 K. Measurements of susceptibility as a function of
external magnetic field up to 1kOe were performed.
Susceptibility was measured using field-cooled (FC) and
zero-field-cooled (ZFC) processes.

RESULTS AND DISCUSSION

Structural Characterization

X-ray powder diffraction patterns reveal that all the
samples have been obtained as pure phases. The patterns
have been indexed using the aristotype perovskite as a
model, with cubic space group Pm3m (No. 221). The X-ray
diffraction pattern refined by the Rietveld method for the
sample Ba,Ing sCo; 505 is shown in Fig. 1. Cell parameters
and reliability factors are summarized in Table 1.

It should be emphasized that while the studied phases
Ba,In,_,Co,O5 show a cubic perovskite structure, that is
not the case for the limit compounds. At one end (x=0) is
found the brownmillerite structure (Ba,In,Os: a=6.095(1)
A, b=16.7112(1) A, ¢=5.9601 A, Ibm2 (2)), and at the
other end (x=1) is found the hexagonal perovskite
(BaCoOs: a=5.645(3) A, ¢=4.752 A, y=120°, P63/mmc
(22,23)).

In the brownmillerite structure, Ba,In,Os, which derives
from the perovskite structure, there are alternating layers
of In (IIT) in octahedral and tetrahedral coordination sites.
The cubic symmetry is indicative of the existence of a
disorder distribution of the cations in the B positions of the
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Observed (dots) and calculated (solid line) X-ray diffraction patterns for Ba,InCoOs oxide. The lower part of the figure shows the difference

between observed and calculated plots, and the vertical marks are the allowed reflections for this perovskite oxide.
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TABLE 1
Cell Parameters and Reliability Factors Obtained from the Rietveld Refinement
Compound a (/QX) V (A3) 7 R, Ryp Rexp Rgrage
Ba,In; 5Cog 505 4.2277(2) 75.563 5.02 13.2 18.1 8.07 10.1
BasIn, 5Cop 705 4.1751(1) 72.780 3.58 16.5 21.0 11.1 8.17
Ba,InCoOs5 4.1623(2) 72.109 3.67 12.4 15.3 8.01 8.41
Ba,In, 5Co, 705 4.1191(2) 69.890 2.8 9.93 13.1 8.65 591

Number of refined parameters: 17; Reflection number: 44.

perovskite and a random location of oxygen vacancies in
the structure. Considering cobalt in the trivalent oxidation
state for the title compounds, the average coordination
number for both indium and cobalt ions should be 5. In the
case of the brownmillerite structure the coordination
number is averaged also to 5, as a result of the tetrahedral
and octahedral geometries for indium atoms. In our case,
this average coordination number of 5 leads to a large
number of anionic vacancies (one over six) that introduces
a strong distortion in the octahedra. Even though the
indium atoms show a preference for being located in
tetrahedral sites, they should be in a disordered distribu-
tion, as a global cubic symmetry is observed from the X-ray
diffraction patterns.

The decrease in the cell parameter observed (see Table 1)
when the cobalt content increases can be explained by the
replacement of Co® " ($1s=0.75, 1 s =0.68 A) by the larger
In** (°=0.94 A) (15).

Magnetic Properties

Figure 2 shows the temperature dependence of the
magnetic susceptibility for the oxide of composition
Ba,In; 5Cog 505 as measured in an applied magnetic field
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FIG. 2. Temperature dependence of the molar magnetic susceptibility
for Ba,In; sCog sOs oxide. The inset is the y~! vs T plot.

of 100 Oe. The magnetic susceptibility follows a Curie—
Weiss law (Fig. 2, inset) in the whole range of temperature
200-2 K and the calculated magnetic moment of 4.03 BM is
indicative of the coexistence of Co® " in the different states
of spin mentioned above. According to the Hund’s rules
the ground state of the Co® " free ion (3d°) has a S=2 spin
value corresponding to the high-spin configuration. But in
octahedral coordination can adopt both high-(t‘z‘geé, S=2)
and low-(tggeg, S=0) spin configurations. The high-spin
state (HS), which yields ° T>, as ground term, occurs in
weak octahedral ligand fields, as it is found in fluorides,
and yields an important orbital contribution to the
magnetic moment (24). The low spin (LS) state is found
in strong ligand fields, has lAlg as ground term, and will
yield diamagnetic susceptibility values. Oxygen is in the
middle of the spectrochemical series an shows an inter-
mediate value of the crystal field Dg. In fact, in oxides
containing (CoOg) octahedra, the energy gap between these
two states is only 0.08 eV and consequently the transition
from the less energetic low-spin (LS) Co® " (4,) to the high-
spin (HS) Co®" (°T») is relatively easy (25). Additionally,
an intermediate spin (IS) state (tggeé) yielding a °T le CH)
term has been proposed as the ground state in lower
symmetries such as axially distorted octahedra (26), which
in our case could be induced by the anionic vacancies.

As we indicated above, the obtained magnetic moment
of 4.03 BM is intermediate between the theoretical value
for the HS state, with a spin-only contribution of 4.9 BM,
and the IS state of 2.8 BM. The estimated Co® " in the HS
state is about 83% of the total amount of Co® ", while only
the remaining 17% will correspond to the IS state. This
particular paramagnetic behavior can be explained by
taking into account the random distribution of the
paramagnetic Co® " into the diamagnetic In®" matrix. It
can be also stated that the LS state is not attained even
down to 2 K as in the case of the Sr,CoSbOg¢ (17) very
recently reported and contrary to the classic LaCoQOj3 (27).

The increase of the cobalt content leads to important
changes in the magnetic properties. It can be observed that
the magnetic susceptibility for Ba,In;30Cog-0s, Ba,In
CoOs, and BajIng3pCoq.790s, Figs. 3-5, follow a Curie—
Weiss behavior in the temperature range 300-100 K. The
magnetic moments take values from 4.28 to 3.04 BM, while
the Weiss constants are negative in all cases that could
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FIG. 3. Thermal variation of the magnetic susceptibility at 100 Oe in
zero-field-cooled (ZFC) and field-cooled (FC) measurements for Ba,In; 3
C00>705.

indicate the existence of antiferromagnetic correlations of
the Co®>" magnetic moments below the maximum which
appears in all these samples. The obtained magnetic
moments, Table 2, are indicative of the coexistence of
Co®" in HS and IS states of spin. Magnetic interactions
between IS Co® " ions (tgge:;) are expected to be ferromag-
netic as predicted by Goodenough’s rule, since the
interactions between HS Co® " (z‘z‘geé) are antiferromagnetic
(28). Thus, the competition between ferro and antiferro-
magnetic interactions leads to spin-glass behavior as a
result of the magnetic frustration.

The differences between the FC and ZFC magnetization
observed below the maximum found in the plots already
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FIG. 4. Thermal variation of the magnetic susceptibility at 100 Oe in
zero-field-cooling (ZFC) and field-cooling (FC) measurements for
Ba,InCoOs.

FIG. 5. Thermal variation of the magnetic susceptibility at 100 Oe in
zero-field-cooling (ZFC) and field-cooling (FC) measurements for
Ba,Ing 3Co, 70s.

mentioned could be assigned to the spin-glass behavior at
these low temperatures. As in the case of canonical spin-
glass materials, the transition temperature 7, increases
with increased paramagnetic ions content, taking the value
of 10K for the Ba,In;3Co(70s and 30K for the more
concentrated sample Ba,Ing;Co;70s. In the case of
Ba,InCoOs, with an intermediate composition, 7, takes
the value of 20 K.

Figure 6 shows the ZFC and FC curves measured at
different magnetic field strengths. It can be observed that
the irreversibility between FC and ZFC curves is field
dependent and the 7T, value decrease gradually with the
increase of the magnetic field, see Fig. 6, even at 5T the
transition is not completely suppressed. This behavior is
usually found in spin-glass systems (29). However, these
features alone are still ambiguous and they could also be
explained within the superparamagnetism theory, where
the maxima found in the susceptibility would indicate an
accordingly a narrow size distribution of the magnetic
clusters.

In order to gain deeper insight in the spin-glass behavior
of these oxides, y,. measurements have been performed as

TABLE 2
Weiss Constant (¢), Magnetic Moment (u), and Temperature
at Which the Susceptibility Takes the Maximum Value (7max)
Obtained for the Different Ba,In,_,Co,05 Oxides

Compound Q(K) .u(,uB) szux (K)
Ba,In; 5C0( 505 -22 4.03 —
Bazln]jCO()jOs —66 4.28 6
Ba,InCoOs -52 3.33 12
Bazln0_3C01 _705 —17 3.04 25
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FIG. 6. Variation of the magnetic susceptibility at different magnetic
fields in zero-field-cooling (ZFC) and field-cooling (FC) measurements for
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a function of temperature at different frequencies and
magnetic fields.

It has been also observed that the real part of the
susceptibility ;' exhibits a maximum at 16 K which depends
very weakly on the frequency of the ac field, as described in
the literature for canonical spin glasses (29). This
maximum is also affected by the application of relatively
low dc fields and it smears out and shifts downwards, Fig.
7, as in the case of the isostructural Ba,ScCoOs (11). The
field dependence of T, follows the so-called Almeida—
Thouless (AT) law (2H2/3), this effect has also been
demonstrated as characteristic encountered in spin-glasses
(30). The observation of this set of phenomena has been
often taken in the literature as sufficient to confirm the
presence of a spin-glass system. However, it is worth noting
that all the commented dynamical features can still be
explained in terms of phenomenological model (31) derived
from the Néel Theory of superparamagnetism (32).

In order to confirm the spin-glass behavior in these
Ba,In,_,Co,0O5 oxides, we have analysed the temperature
dependence of the non-linear susceptibility (y,;) according
to the Sherrington—Kirkpatrick mean-field model (33). The
nonlinear coefficients of the magnetization were obtained
as follows. M was developed in terms of yoH instead of H,
to avoid an overestimation of the nonlinear contribution to
the susceptibility due to deviations from the Curie—Weiss
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behavior at temperatures slightly above T (usually up to
T=1.5Ty). The magnetization can be expressed as

M ~ mo+xoH — b3(xoH) +bs(xoH) + - -

The constant term accounts for a possible remanent
magnetization in the superconducting magnet and/or the
sample. A least-squares fit of the isothermal magnetization
curves constructed from our field-cooled data to the above
expression yields values for yo, b3 and bs.

Figures 8—10 show the temperature dependence of b3 and
bs obtained from these fit, for samples x=0.7, 1, and 1.7. A
more detailed analysis of the possibility of critical behavior
close to Ty is out of the scope of this paper, but an
inspection of these plots confirms the relevance of the non-
linear contributions to the magnetization developing on
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FIG. 8. Thermal variation of the first (b3) and second (bs) nonlinear
susceptibility coefficients for Ba,In; 3Co, ;05 oxide.
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approaching the freezing temperature, the expected beha-
vior for a spin glass in the frame of mean-field theories.
Focusing on b3, more representative than bs because it was
determined more accurately, it shows an increase by a
factor of about 30 when between T=2T; and Ty for
samples x=0.7 and 1.0. We interpret the maxima in the
nonlinear coefficients as the actual freezing temperatures,
in full agreement with those determined from the irrever-
sibility observed between the ZFC and FC curves (see
figures above). For the sample x=1.7, a much less marked
increase in b3, which amounts to a factor of only 4, was
observed. Notice that, compared with the other samples,
this one displays broad peaks and smoother features in the
ZFC-FC magnetization curves, in agreement with a poorer
definition of the freezing temperature revealed by the weak
increase of the nonlinear coefficients. Some sample
inhomogeneity and/or Co clustering could be expected
for these high-Co-content samples very close to the
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FIG. 10. Thermal variation of the first (53) and second (bs) nonlinear
susceptibility coefficients for Ba,Ing3Co; ;05 oxide.
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stability limit for its crystallographic structure, as was
discussed above.

These results, together with those of ac susceptibility
measurements, support the existence in these oxides of a
collective magnetic state below T}, very likely a spin-glass
state, at least for samples x=0.7 and 1.0. The substantial
increase in the nonlinear coefficients that takes place at T,
although smaller than the 2-3 orders of magnitude typical
of canonical spin glasses (34), is completely at variance
with the temperature-independent coefficients expected for
independent or moderately interacting superparamagnetic
grains or clusters (35, 36), the most obvious alternative to
spin-glass behavior. We point out that the determination of
nonlinear coefficients from M vs H curves is quite often
troublesome, due to the difficulty of accurate M (H)
measurements at low field when the magnetic moment is
low and/or there is some remanent magnetization coming
from small amounts of ferromagnetic contaminants. If the
spin-glass state displayed by this oxide is similar to that
observed in canonical systems or, as the moderate increase
in b3 could led one to speculate, is related to that observed
in other frustrated oxide systems, such as the kagome
system SrCrgGagOi9 (37), is a question that remains open
for further research.

CONCLUSIONS

Magnetic measurements, discussed in detail above,
confirm the spin-glass behavior of the oxides of general
formula Ba,In,_,Co0,0s5 (x=0.70, 1, 1.70). The origin of
this spin-glass behavior could be due to different reasons:

(1) Chemical site disorder, as has been demonstrated
from X-ray diffraction studies, which should contribute to
the frustrated magnetic ground state.

(ii) The presence simultaneously of Co®>" as high spin
(HS) and intermediate spin (IS) give rise to the competition
of ferro- and antiferromagnetic interactions, yielding
magnetic frustration. This frustration could have its origin
is the competing ferromagnetic and antiferromagnetic
interactions between the nearest neighbors and the next
nearest neighbors, which are intrinsic in a cubic arrange-
ment. Similar results have been recently reported in a
completely disordered perosvkites (16, 17).
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