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Abstract
The ac and dc magnetic properties of hole-doped cobaltites with compositions
La0.5Sr0.5−x AxCoO3 (A = Ca, Ba) and La0.5−x Rx Sr0.5CoO3 (R = Nd, Eu)
have been studied. The suppression of the cluster glass behaviour of the
parent compound, La0.5Sr0.5CoO3, by substitutions for either the lanthanum
or the strontium ions is accompanied by an increase in coercive field
(HC) and thermomagnetic irreversibility. The results suggest that the large
thermomagnetic irreversibility and coercive fields observed in the hole-doped
perovskite cobaltites, arising due to the anisotropic nature of their ferromagnetic
character, cannot be correlated with the cluster glass freezing observed in them.

1. Introduction

The discoveries of high-temperature superconductivity in the layered cuprates and colossal
magnetoresistance in the perovskite manganites have created renewed interest in the transition
metal-based oxides with strongly correlated electrons. The perovskite cobaltites—the
evolution of their physical properties as a function of hole doping being similar to that
observed in the perovskite manganites—have also been studied quite extensively [1–23].
Although, like manganites, they exhibit doping-inducedferromagnetic and metallic characters,
the nature of their ferromagnetic state has been a matter of much discussion due to their
unusually large thermomagnetic irreversibilities in the ferromagnetic state. Itoh et al [9],
from their magnetic relaxation studies on La1−ySryCoO3 (0.0 � y � 0.5), suggested
that such large thermomagnetic irreversibilities are indicative of the absence of long-range
ferromagnetic order and explained them on the basis of mictomagnetic behaviour. Mira
et al [10], from their dc magnetic studies on La1−ySryCoO3 (0.0 � y � 0.3), also claimed
that long-range ferromagnetic order cannot exist in these compounds. Neutron diffraction
studies [11, 12], however, showed that long-range ferromagnetism exists in these compounds
at a Sr concentration as low as 0.1 [11] and up to x = 0.5 [12]. Recent studies on the
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La0.5Sr0.5CoO3 (x = 0.5) compound [13, 14] show that although it exhibits a transition
from a paramagnetic (PM) to a magnetically ordered phase at about 250 K, it undergoes
cluster glass freezing below the ferromagnetic transition temperature (TC). This is reflected
in the frequency dependence of its linear and non-linear ac magnetic susceptibility versus
temperature behaviours below TC . Anil Kumar et al [15], however, in view of the coercive
field (HC) versus temperature behaviour of the same compound, explain the observations of
large hysteresis in its M–H loop and the thermomagnetic irreversibility on the basis of the
anisotropic nature of its ferromagnetic character. A similar explanation was given for the
observation of large thermomagnetic irreversibilities and large hysteresis in the M–H loops in
the compounds La0.7A0.3CoO3 (A = Ca, Sr, Ba) [16]. The unusual properties of the cobaltites
are also reflected in the observation of giant anisotropic magnetostriction [17], which has been
explained on the basis of a spin state transition from LS (low spin, t6

2ge0
g) Co (III) with a

spherical electron cloud and zero orbital moment to the Jahn–Teller-distorted IS (intermediate
spin, t5

2ge1
g) Co (III) ion with finite orbital moment. Most of the studies on the spin states

of the Co ions suggest that the trivalent and tetravalent Co ions remain mixtures of LS or
IS states [18–22]. The presence of the IS ions with finite orbital moment, as observed from
magnetic circular dichroism spectroscopy [20], and thus with spin–orbit coupling, could be
the source of anisotropic exchange interaction in these compounds, as has been suggested in
the literature [16].

In this paper, we report studies on the magnetic properties of the cluster glass compound
La0.5Sr0.5CoO3, with respect to La or Sr substitutions. We show that the suppression of cluster
glass freezing in it as a result of such substitutions is accompanied by an increase in the
thermomagnetic irreversibility and coercivity. The results clearly show that for hole-doped
cobaltites, cluster glass freezing and large thermomagnetic irreversibilities are not correlated
with each other.

2. Experimental details

The samples, of compositions La0.5−x Rx Sr0.5CoO3 (R = Nd, Eu) and La0.5Sr0.5−x Ax CoO3

(A = Ca, Ba), in the concentration range 0.0 � x � 1.0, were prepared by solid-state reaction
in air, between La2O3, Nd2O3 (dried at 1000 ◦C), Eu2O3, CaCO3, SrCO3, BaCO3 and Co3O4

at 1100 ◦C. Room temperature x-ray powder diffraction (XRPD) patterns of the compounds
were taken in a Philips Diffractometer, using Cu Kα radiation. Rietveld refinements of the
XRPD patterns were carried out using the program Fullprof. Magnetic measurements (ac and
dc) were carried out using Quantum Design SQUID magnetometers (5 K � T � 400 K).

3. Results and discussion

Analyses of the room temperature XRPD patterns show that, except La0.5Ca0.5CoO3, all
compounds are single phase in nature. Although, in the literature, La0.5Ca0.5CoO3 is reported to
form as a single-phase compound with a rhombohedrally distorted perovskite structure [23, 24],
we failed to obtain that with our synthesis conditions. The space group and the values of the
lattice parameters, obtained from the Rietveld refinements of the x-ray diffraction patterns of
the compounds, are shown in table 1. In agreement with the literature [7], the La0.5Sr0.5CoO3

compound forms with rhombohedrally distorted perovskite structure. As shown by the Rietveld
refinement of the XRPD data, a decrease in the average size of the ions at the rare-earth site,
rA, with increase in the substituent ion concentration, results in: change in the symmetry
to orthorhombic perovskite for the La0.5−x Ndx Sr0.5CoO3 and the La0.5Sr0.5−x Cax CoO3
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Figure 1. Plots of dc magnetization versus temperature for the La0.5Sr0.5CoO3, La0.5Ba0.5CoO3
and La0.5Sr0.125Ca0.375CoO3 compounds, recorded at 100 Oe, under FC and ZFC conditions. The
insets show the corresponding M versus H loops.

compounds; and to monoclinic perovskite for the La0.5−x EuxSr0.5CoO3 compounds. In the
case of the La0.5Sr0.5−x Bax CoO3 compounds, on the other hand, an increase in rA-value with
increase in Ba concentration results in change in the structure to cubic symmetry. The structures
obtained for the Nd0.5Sr0.5CoO3 and La0.5Ba0.5CoO3 are in agreement with those reported in
the literature [25, 26]. For the Eu0.5Sr0.5CoO3 compound, however, in contrast to the literature
report [25], we observe not a cubic symmetry but a monoclinic symmetry. Since the smaller size
of Eu3+ compared to Nd3+ should favour the presence of a larger distortion in Eu0.5Sr0.5CoO3

than in Nd0.5Sr0.5CoO3, our result looks quite plausible.
Figures 1 and 2 show the field-cooled (FC) and zero-field-cooled (ZFC) magnetization

versus temperature plots for some of the compounds recorded at 100 Oe dc field. The M versus
H plots of the compounds recorded at 5 K are shown as insets with the corresponding M–T
plots. As shown in these figures and in table 1, the temperatures (TC) at which the transitions
from the PM to the magnetically ordered phase occur for these compounds decrease with
increase in the substituent ion concentrations. In the case of La0.5−x Rx Sr0.5CoO3 (R = Nd,
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Figure 2. Plots of dc magnetization versus temperature for the Nd0.5 Sr0.5CoO3 and Eu0.5Sr0.5CoO3
compounds, recorded at 100 Oe, under FC and ZFC conditions. The insets show the corresponding
M versus H loops.

Table 1. The structural parameters and coercive field values for the La0.5Sr0.5−x Ax CoO3 (A = Ca,
Ba) and La0.5−x Rx Sr0.5CoO3 (R = Nd, Eu) compounds.

Compound Space group a (Å) b (Å) c (Å) HC (Oe) TC (K)

La0.5Sr0.5CoO3 R3̄c 5.4117(5) — 13.299(1) 386 256
La0.5Sr0.375Ca0.125CoO3 R3̄c 5.3920(7) — 13.267(1) 703 245
La0.5Sr0.25Ca0.25CoO3 R3̄c 5.3812(5) — 13.230(1) 1275 235
La0.5Sr0.125Ca0.375CoO3 Pnma 5.367(1) 7.628(2) 5.442(1) 4507 233
La0.5Sr0.25Ba0.25CoO3 Pm3m 3.8577(7) — — 1150 227
La0.5Ba0.5CoO3 Pm3m 3.8820(6) — — 854 185
La0.25Nd0.25Sr0.5CoO3 R3̄c 5.3898(8) — 13.230(3) 1251 250
Nd0.5Sr0.5CoO3 Pnma 5.379(1) 7.603(2) 5.428(1) 4010 235
La0.25Eu0.25Sr0.5CoO3 R3̄c 5.3710(7) — 13.197(1) 1247 233
Eu0.5Sr0.5CoO3 P21/m 5.369(1) 7.577(1) 5.389(2) 3163 165

β = 89.39(1)

Eu) and La0.5Sr0.5−x Cax CoO3 compounds, the decrease in TC results from an increase in
structural distortion with decrease in the value of rA. A decrease in the value of rA results in
an increase in the cooperative displacement of the oxygen ion from its position in the ideal
perovskite structure, and leads to an increased deviation of the Co–O–Co bond angle from 180◦.
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Figure 3. Plots of dc magnetization versus temperature for the La0.5 Sr0.5CoO3 and Eu0.5Sr0.5CoO3
compounds, recorded at 3000 Oe, under FC and ZFC conditions.

Being cooperative, this distortion is reflected in the XRPD patterns and leads to a deterioration
of the ferromagnetic exchange interaction between the cobalt ions and subsequently the TC -
value. In the case of the La0.5Sr0.5−x Bax CoO3 compounds, on the other hand, an increase in
structural distortion in the form of non-cooperative displacement of oxygen ions (random in
nature, so not reflected in the XRPD patterns) with increase in the barium ion concentration
causes a decrease in TC . The effect of this non-cooperative distortion, which arises from large
size mismatch between the La3+ and the Ba2+ ions, has already been observed and discussed
in detail in the literature for various hole-doped cobaltites and manganites [16, 27, 28]. As
shown in figures 1 and 2, all these compounds show large thermomagnetic irreversibilities at
100 Oe applied field. The observed drop in the FC magnetization versus temperature plot of the
Nd0.5Sr0.5CoO3 compound below 70 K probably arises due to an antiferromagnetic alignment
between the Nd3+ and the Co ion moments, similar to what has recently been observed
from a neutron diffraction study on Nd0.67Sr0.33CoO3 [29]. The observed thermomagnetic
irreversibility in the parent compound, La0.5Sr0.5CoO3, has been explained in a large number
of literature reports as a signature of cluster glass behaviour, in the absence of any long-
range ferromagnetic character [9, 10]. Observation of the ordered moment from the neutron
diffraction study [12] and the frequency independence of the PM–magnetically ordered
transition [13] in this compound have, however, been explained on the basis of the presence
of long-range ferromagnetic character. Some literature reports [15, 16] also suggested that
the observations of large thermomagnetic irreversibility and coercive fields (HC) in the hole-
doped cobaltites arise due to the anisotropic nature of their ferromagnetic character. The large
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Figure 4. Plots of ac magnetization versus temperature at different frequencies for the
La0.5Sr0.5−x Bax CoO3 compounds (x = 0.00, 0.25 and 0.50), recorded at 3 Oe ac field.

increase in hysteresis and thermomagnetic irreversibility upon substitution of Co for Mn in
La0.67Ca0.33MnO3 [30] and a very large coercivity in the ferrimagnetic LaCo0.5Mn0.5O3 [31]
also reflect the ability of Co ions to induce anisotropy in exchange interaction in the
ferromagnetic characters of the manganites. As shown in figures 1 and 2, the values of the
relative anisotropy constant, Krelative (Krelative = Kcompound/KLa0.5Sr0.5CoO3 , where the K -values
are calculated from the formula K = (HC/MS)/2 (see [20]), considering M50 kOe as MS),
and the coercive field increase with increase in the substituent ion concentration. A large
increase in the coercive field with increase in x beyond x = 0.50 for the La0.5−x Rx Sr0.5CoO3

(R = Nd, Eu) and the La0.5Sr0.5−x Cax CoO3 compounds is probably associated with the change
in structural symmetry from rhombohedral to the more distorted ones, such as orthorhombic
or monoclinic, as has been discussed in earlier paragraphs. A comparison of magnetization
versus temperature plots for the La0.5Sr0.5CoO3 and the Eu0.5Sr0.5CoO3 compounds (figure 3)
at 3000 Oe applied field shows that this increase in coercive field results in an increase in
thermomagnetic irreversibility in the low-temperature region. Now, to understand the effect of
an increase in thermomagnetic irreversibility on the cluster glass freezing of La0.5Sr0.5CoO3,
the ac susceptibility versus temperature behaviours of the compounds are studied.
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Figure 5. Plots of ac magnetization versus temperature at different frequencies for the
La0.5Sr0.5−x Cax CoO3 compounds (x = 0.125, 0.25 and 0.375), recorded at 3 Oe ac field.

The ac susceptibility versus temperature behaviours of the compounds, recorded at various
frequencies, are shown in figures 4–7. The χ ′ and χ ′′ versus temperature behaviours of the par-
ent compound, La0.5Sr0.5CoO3 (figure 4), are similar to those reported in the literature [13, 14].
The sharp transitions observed near 250 K are frequency independent and were suggested to be
PM–magnetically ordered transitions [13]. The presence of long-range ferromagnetism in this
compound had earlier been confirmed by a neutron diffraction study [12]. Similar to findings al-
ready reported [13, 14], the present compound shows a second peak in its χ ′′ versus temperature
behaviour, which is frequency dependent, with broad and non-divergent nature. In the absence
of any clear frequency dependence in its χ ′ versus temperature behaviour, its observance for
the broad non-divergent peak in the χ ′′ versus temperature behaviour has been explained in
the literature on the basis of cluster glass behaviour [13, 14]. As has been explained [14], the
frequency dependence of the ac susceptibility versus temperature behaviour arises from the
relaxation behaviour of the short-range ferromagnetic clusters, which are present in the cluster
glass compounds. It appears when the relaxation time of the short-range clusters along the fluc-
tuating ac field directions increases with decrease in temperature and becomes of the order of the
measurement times associated with applied frequencies (reciprocal of frequency). As shown
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Figure 6. Plots of ac magnetization versus temperature at different frequencies for the
La0.5−x Ndx Sr0.5CoO3 compounds (x = 0.25 and 0.50), recorded at 3 Oe ac field.

in the figures, in all cases, increase in the substituent ion concentration results in suppression
of this frequency-dependent second peak. The χ ′′ versus temperature plots show frequency
dependence for the compounds in the intermediate concentration range, but not for the end
compounds, La0.5Ba0.5CoO3, La0.5Sr0.125Ca0.375CoO3, Nd0.5Sr0.5CoO3 and Eu0.5Sr0.5CoO3.
The frequency dependence in the La0.5Sr0.375Ca0.125CoO3, La0.5Sr0.25Ca0.25CoO3 and
Nd0.25La0.25Sr0.5CoO3 compounds is observed over larger temperature ranges than in
the parent compound, including the peak, which is supposed to arise due to a PM–
magnetically ordered transition. The absence of frequency dependence in the La0.5Ba0.5CoO3,
La0.5Sr0.125Ca0.375CoO3, Nd0.5Sr0.5CoO3 and Eu0.5Sr0.5CoO3 compounds with higher HC (ta-
ble 1) and supposedly larger thermomagnetic irreversibilities (as has been discussed in the last
paragraph) than in La0.5Sr0.5CoO3 clearly shows that the cluster glass behaviour observed in
these hole-doped cobaltites is not related to their large thermomagnetic irreversibilities. This
result is in agreement with the literature reports of the absence of any frequency dependence in
the ac susceptibility versus temperature behaviours of the La0.7A0.3CoO3 (A = Ca, Ba) com-
pounds, with much larger thermomagnetic irreversibilities than that of the La0.7Sr0.3CoO3 com-
pound [16, 32], which is considered to be a cluster glass [9]. This behaviour is opposite to those
observed in the case of the hole-doped perovskite manganites. A decrease in the average size of
the ions and an increase in size mismatch of the ions at the rare-earth site induce mictomagnetic
behaviours in them, with a simultaneous enhancement of thermomagnetic irreversibilities [33–
35]. In the present case, the observed increase in thermomagnetic irreversibility with increase
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Figure 7. Plots of ac magnetization versus temperature at different frequencies for the
La0.5−x Eux Sr0.5CoO3 compounds (x = 0.25 and 0.50), recorded at 3 Oe ac field.

in the dopant ion concentration is related to an increase in the coercive field (figures 1–3),
arising probably due to an increase in the anisotropic nature of the ferromagnetic character.

In conclusion, our studies on the La0.5−x Rx Sr0.5CoO3 (R = Nd, Eu), La0.5Sr0.5−x Cax CoO3

and La0.5Sr0.5−x Cax CoO3 compounds show that the cluster glass behaviour of the parent
compound (x = 0.0) is suppressed with increase in the substituent ion concentrations.
Since such suppression of the cluster glass behaviour is accompanied by an increase in the
thermomagnetic irreversibilities, the results clearly suggest that in the hole-doped cobaltites,
the cluster glass behaviour and the thermomagnetic irreversibilities are not correlated with
each other.
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