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a  b  s  t  r  a  c  t

Polycrystalline  (PC)  and  single  crystalline  (SC)  samples  of  La0.7Ca0.3CoO3 (LCCO)  with  the  perovskite
structure  were  synthesized  by  conventional  solid-state  reaction  and  the  floating-zone  growth  method.
We  conducted  isothermal  magnetization  measurements  of the  PC  and  SC  samples  at  temperatures  from
2.8 K  to  140 K,  and  evaluated  the  magnetic  entropy  change  (−�SM) under  zero  field  cooling  (ZFC)  and
field  cooling  (FC)  to  2.8  K.  An  interesting  result  has been  obtained,  where  the  −�SM–T  curves  in the
low  temperature  range  show  totally  different  features  between  the  ZFC  and  FC cooling  procedures.  The
−�SM shows  a large  inverse  irreversibility  value  for the  ZFC  process,  while  the  −�SM also  shows  a  normal
positive  value,  but  one  that  is  slightly  larger  at  2.8  K for  the  FC process  for both  samples.  We  also  present
rozen spin
agnetocaloric effect

luster-spin-glass

the  results  of  a comprehensive  investigation  of the  magnetic  properties  of the  LCCO  system.  Systematic
measurements  have  been  conducted  on  DC magnetization,  AC  susceptibility,  and  exchange-bias.  These
findings  suggest  that  complex  structural  phases,  including  ferromagnetic  and  spin-glass/cluster-spin-
glass  (SG/CSG))  states  and  their transitions,  exist  in  PC  samples,  while  there  is a much  simpler  magnetic
phase  regime  in  SC  samples.  It  was  also of  interest  to discover  that  the  CSG  induced  a  magnetic  field
memory  effect  and  an  exchange-bias-like  effect.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

Rare-earth manganates of the general formula Ln1−xAxMnO3
Ln = rare earth, A = alkaline earth), possessing the perovskite
tructure, exhibit interesting properties such as colossal mag-
etoresistance, charge ordering, and electronic phase separation
1–5]. These properties of the manganates are strongly influenced
y the average radius of the A-site cations, 〈rA〉. Perovskite cobal-
ates of the type Ln1−xAxCoO3 (Ln = rare earth, A = alkaline earth)
re somewhat similar to the manganates [6–8]. Accordingly, many
f the cobaltates show ferromagnetism and metallicity, depending
n the composition and the size of the A-site cations. The cobaltates
lso show some unusual features in their magnetic properties.

Currently, there is an ongoing debate and increased research
ntensity on the magnetism of the LaCoO3 system, due to the
ascinating properties of compounds in this family and possi-
le multifunctional applications [9–16]. The main controversial
oints are concerned with the spin states (low to intermediate/high

pin), magnetic behaviors (phase separation and spin glass (SG)
tate), and transitions between them. It is commonly accepted
hat the ground state of LaCoO3 is a non-magnetic insulator. It is

∗ Corresponding author. Fax: +61 2 4221 5731.
E-mail address: jcd341@uowmail.edu.au (J.C. Debnath).

925-8388/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2011.08.104
commonly considered that with increasing temperature, a param-
agnetic insulating state continuously develops above 50 K, and an
insulator-to-metal transition is observed around 500 K [15]. There
has been controversy over the nature of the high-temperature spin
state, namely, whether it is high-spin (HS), intermediate-spin (IS),
or even a mixture of both [16].

The La1−xCaxCoO3 system has been studied by many groups
[16–25].  The substitution of Ca2+ on La3+ sites oxidizes part of the
Co3+ into Co4+. The spin configuration of Co4+ has been proposed
by different investigators to be low spin (LS) (t2g

5 eg
0, S = 1/2), HS

(t2g
3 eg

2, S = 5/2), and even IS (t2g
4 eg

1, S = 3/2), depending on the
Ca content and temperature [14,16]. The theoretical effective mag-
netic moment (�eff) of Co3+ and Co4+ in the LS, IS, and HS states
are 0, 2.83, and 4.90 �B, and 1.73, 3.87, and 5.92 �B, respectively
[19–25].

Many efforts have been made to determine the influence of
Co addition on the magnetic and electrical transport properties
and magnetocaloric effect (MCE) in various materials. Roy and Das
[26] investigated the effects of particle size on the electrical trans-
port and magnetic properties of La0.5A0.5CoO3 (A = Sr, Ca, and Ba)
nanoparticles. The magnetization results indicate that Co3+ ions

are in the intermediate spin state, but Co4+ ions exist in a mix-
ture of intermediate and high spin states. The observed frequency
dependent shoulder in the in-phase and the peak in the out-of-
phase component of the AC susceptibility indicate the glassy nature

dx.doi.org/10.1016/j.jallcom.2011.08.104
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:jcd341@uowmail.edu.au
dx.doi.org/10.1016/j.jallcom.2011.08.104
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f the samples. The analysis of the AC magnetization results sug-
ests that the magnetic behavior is consistent with the cluster
lass model. Debnath et al. [27] measured the effect of Co substi-
ution on the MCE  in La0.7Ca0.3MnO3 and found that the entropy
hange value decreases slightly (3.163 for La0.7Ca0.3Mn0.95Co0.05O3
nd 4.63 J/(kg K) for La0.7Ca0.3MnO3 at 1 T), but the relative cool-
ng power is enhanced by about 41% due to small changes from
o doping. The effects of Co substitution on the magnetocaloric
ffect in La0.67Pb0.33Mn1−xCoxO3 were measured by Dhahri et al.
28]. It was found that the maximum change in magnetic entropy
or La0.67Pb0.33Mn0.7Co0.3O3 is 3.22 J/(kg K) at Curie temperature,
C = 260 K for a magnetic field change of 1 T. The magnetic field
nd temperature dependence of the magnetic susceptibility of
a0.9Ca0.1CoO3 single crystal has been measured by Szymczak et al.
29]. The irreversibility line characteristic of spin-glass-like systems
as identified on the H–T plane. It was shown that the magnetic
oments in this lightly doped crystal freeze into a cluster spin glass

tate. Magnetic properties of the La0.9Ca0.1CoO3 single crystals have
een described in terms of a spin-state transition of the Co3+ ions
ith increasing temperature from a LS ground state to an IS excited

tate, with energy gap � = 268 K.
Direct and inverse magnetocaloric effects in A-site ordered

rBaMn2O6 manganite have been observed by Aliev et al. [30].
hese direct and inverse MCE  are observed at the correspond-
ng Curie and Néel points. The value of the inverse MCE  in
he heating run is less than in the cooling regime. This effect
an be attributed to competition between ferromagnetic and
ntiferromagnetic interactions. Inverse and direct magnetocaloric
roperties were also observed by Ma  et al. [31] in melt-spun and
nnealed Ni42.7Mn40.8Co5.2Sn11.3 ribbons. The maximum inverse
nd direct magnetic entropy change values (�SM) were −1.3
nd 6.8 J/(kg K) for a melt-spun and −1.6 and 32.8 J/(kg K) for an
nnealed sample for a field change of 1 T. The magnetic properties
nd magnetocaloric effect (MCE) in GdCo3B2 have been studied by
i et al. [32]. The compound undergoes a magnetic Co–Co order-
ng at ∼160 K, and a second magnetic Gd–Gd ordering transition at
4 K. A reversible magnetocaloric effect has been observed, accom-
anied by a second-order phase transition at around the Gd–Gd
ublattice ordering temperature. The values of maximum magnetic
ntropy change (−�SM) reach 5.0 and 11.6 J/(kg K) for field change
f 2 and 7 T, respectively, with no obvious hysteresis loss around
6 K. A field-induced MCE  conversion is observed in CoCl2, associ-
ted with the field-induced transition from the antiferromagnetic
AFM) to the ferromagnetic (FM) state by Liu et al. [33]. The value of
he magnetic-entropy change, 4.1 and 11.5 J/(kg K) at 27 K for a field
hange of 3 and 7 T, respectively, but below the Néel temperature,
N, for small magnetic field change 2.1 T, shows inverse MCE.

The structural and magnetic properties of MnCo1−xVxGe
x = 0.00, 0.02, 0.04, 0.06, 0.08, 0.10, 0.20, and 0.30) compounds
ere investigated by Meng et al. [34]. The magnetization measure-
ents show that the MnCo1−xVxGe compounds exhibit complex
agnetic behavior. The Curie temperature can be tuned from 360 K

o 148 K by increasing x. The maximal magnetic-entropy change is
.9 J/(kg K) for x = 0.06 at a field change from 0 to 1.5 T at about
65 K. The spin-reorientation and magnetocaloric properties in
d1−xDyxCo4Al (x = 0, 0.1) alloys were investigated by Ma  et al. [35].
hese alloys undergo two  successive spin-reorientation transitions
round room-temperature, which results in a positive and nega-
ive magnetic entropy change, respectively. The maximum values
f entropy change for Nd0.9Dy0.1Co4Al are 0.15 and −0.88 J/(kg K)
or a field change of 7 kOe and 30 kOe at the temperatures of 305
nd 317 K, respectively. The influence of Co addition on the mag-

etic properties and magnetocaloric effect of (Fe1−xCox)75Nb10B15
x = 0.15 and 0.30) powders has been studied by Ipus et al. [36]. The
emperature dependence of magnetization curves shows that the
urie temperature of the amorphous phase increases as the Co con-
 Compounds 510 (2012) 125– 133

tent increases. The peak magnetic entropy change slowly increases
with Co addition for low crystalline fractions, and the refrigerant
capacity decreases as Co increases.

Since the magnetic and electrical properties of rare earth transi-
tion metal oxides with perovskite structure are strongly dependent
on the valence state and spin state of the metal ions, and on the
defects, these make the materials’ magnetic properties very sen-
sitive to sample preparation conditions and processing. It will be
worthwhile to compare the properties of a single crystalline (SC)
sample with those of a bulk polycrystalline (PC) sample prepared
by the conventional solid-state reaction method. In the present
work, we have prepared PC and SC La0.7Ca0.3CoO3 (LCCO) samples
with the same composition of starting raw powders, determined
the magnetic properties, and analyzed the differences between
these two  types of samples. Interestingly, an anomalous mag-
netic field memory effect, an exchange-bias-like effect, and a large
inverse irreversible magnetocaloric effect have been observed in
this system. We  propose that compositional inhomogeneity is the
predominant source of the magnetic properties and magnetocaloric
effect.

2. Experimental

PC and SC La0.7Ca0.3CoO3 (LCCO) samples with the perovskite structure were
synthesized by conventional solid-state reaction and the floating-zone growth
method. Powder samples of La0.7Ca0.3CoO3 were synthesized using the standard
solid-state reaction method at high temperature, by mixing La2O3, CaCO3, and Co3O4

with up to 99.9% purity in the desired proportions. The starting materials were
intimately mixed in an agate mortar and first fired at 700 ◦C for 12 h. Then, the
mixture was reground and again fired at 900 ◦C for 12 h. Finally, the sample was
again reground, pressed into pellets, and sintered at 1100 ◦C for 24 h.

For  the SC sample, as-grown single phase powders were then hydrostatically
pressed into feed and seed rods with a diameter of 6 mm  and a length of about
90  mm.  The rods were sintered at 1200 ◦C for 6 h. The crystal growth was performed
in an infrared furnace equipped with four 1000 W halogen lamps, and the single
crystal was grown in 30 cc/min oxygen flow rate. To avoid Co evaporation during
the growth, we use oxygen flow in the synthesis process for a SC sample. Crystal
wafers were cut perpendicular to the growth direction and polished to a mirror fin-
ish  to allow us to examine them for the presence of macroscopic defects such as
cracks, twins, or grain boundaries and inclusions under a polarized microscope. Cu
K�  X-ray diffraction (XRD) of wavelength � = 1.540562 Å was  used for XRD mea-
surements to check the phase purity and the crystal structure. Single crystal XRD
was carried out on the polished surface of the rectangular crystal samples to exam-
ine the crystal quality and orientation of the crystal growth. The measurements
were conducted in a �–2� scan mode in the 2� range of 10–60◦ for single crystal
measurements. Cu K� radiation was used as the X-ray source. Typical XRD patterns
obtained from the single crystal are shown in Fig. 1(b). All the peaks of each pattern
can  be indexed by the (h 0 0) diffraction peaks of La0.7Ca0.3CoO3. No traces of impu-
rities or inclusions were obtained in our crystal sample. The composition has been
checked using energy dispersive X-ray analysis (EDX) and Raman spectroscopy and
the results confirm the composition within experimental errors. A rectangular piece
of  the crystal was cut, and the magnetization measurements were performed using
a  physical properties measurement system (PPMS, 14 T) in the temperature range
of  5–300 K. To restore the sample to the same demagnetized initial state, the sample
was  warmed up to 300 K after the measurement of each hysteresis loop. The entropy
change was evaluated from the magnetization isotherms.

3. Results and discussion

The phase composition and crystal structure of the samples
were characterized by X-ray diffraction (XRD), and the results con-
firmed their high purity and perovskite structure. The XRD patterns
of the PC and SC La0.7Ca0.3CoO3 (LCCO) samples are shown in Fig. 1.
The XRD results on these LCCO samples (Fig. 1) indicate that the PC
sample is in the orthorhombic (space group: Pnma) phase (O phase),
while for the SC sample, a single-phase diffraction pattern was
obtained, yielding a rhombohedral structure with the R-3C space

group [37]. The appropriate structure for x > 0.2 may be orthorhom-
bic as given in Ref. [14]. However, our X-ray analysis could not
distinguish the rhombohedral distortion that is assumed here from
a slightly more distorted orthorhombic structure.
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Fig. 1. XRD patterns for both polycrystalline 

The EDX and Raman spectra are shown in Fig. 2. The EDS spec-
rum (Fig. 2(a)) shows that the products are composed of La, Ca,
o, and O, and it confirms the composition within experimental
rrors. The C peak in the spectrum is attributed to the carbon tape
f the sample holder. The Raman scattering of pure La0.7Ca0.3CoO3
s shown in Fig. 2(b). Four bands belonging to the cobaltite struc-
ure are observed at 156, 462, 551, and 672 cm−1 (∼156 cm−1 –
are earth internal vibration mode; ∼462 cm−1 – O–O octahedral
otation; ∼551 cm−1 – Co–O bending vibration; ∼ cm−1 – Co–O
tretching vibration), and the peaks at ∼299, ∼406, and 626 cm−1

re for CaCoO [38–40].
The temperature dependence of the zero-field-cooled (ZFC) and

eld-cooled (FC) magnetization was measured for both the PC pow-
er and the single crystal (SC) samples. For all the results on the
resent SC sample, the applied fields were parallel to the c-axis. The
esults are replotted as DC susceptibility and inverse susceptibility
n Fig. 3(a and b). A sharp increase in the magnetization occurs in the
ow-field FC data around the Curie temperature, TC ≈ 102 K for the
oly-crystalline and 104 K for the single-crystal sample, indicating
hat the system has become ordered and attained a spontaneous

agnetization. A characteristic strong irreversibility between the
ow-field ZFC and FC magnetization curves appears just below the
ransition temperature. It is suggested that this irreversibility pos-
ibly arises due to the canted nature of the spins or due to the
andom freezing of spins. The peculiar shape of the �–T curves
uggests a complex magnetic structure below TC. The ZFC curve
f the PC sample shows two small peaks, one at 80 K and a second
nomaly around 35 K as a relatively sharp maximum, accompanied
y a change in the slope of the FC magnetization curve, indicating a
ransition in the ordered spin structure. The single-crystal sample
hows much simpler transitions compared to the PC ones, while the
FC curve shows only one similar peak around 90 K (Fig. 3(b)). At
igh temperatures (higher than TC), there may  be a first order struc-
ural phase transition at temperature, TST ≈ 250 K (Fig. 3(a)) for the
C sample, and TST ≈ 160 K (Fig. 3(b)) for the single-crystal sample,
hich are induced by spin state changes (from lower spin state to
igher spin state), since the slope of the 1/�  − T curves is changed
nd the effective magnetic moment (�eff) increases after the tran-
ition (Fig. 3(a) and (b)). Above the transition temperature, both
amples show Curie–Weiss behavior, and a fit to the Curie–Weiss
aw yields a ferromagnetic (FM) �eff, the values of which are listed
n Fig. 3(a) and (b). The values of �eff below and above TST are
.01 �B and 3.32 �B for the PC, and 2.66 �B and 3.06 �B for the SC
ample. For both samples, the effective magnetic moment (�eff)

bove the structural phase transition temperature (TST) is higher
han the magnetic moment which is measured below the TST, indi-
ating that the spin state changes are from a lower spin state to a
igher spin state.
 single crystal (b) samples of La0.7Ca0.3CoO3.

Fig. 4 shows the difference in the magnetization between the
ZFC and FC processes for both the polycrystalline and the single
crystal samples. In the low temperature range, the magnetiza-
tion difference is obvious, which may  be due to the effects of the
exchange bias behavior of the material.

We  have conducted AC susceptibility measurements on the PC
sample in the temperature range of 5–150 K. The in-phase and out-
of-phase susceptibility versus temperature curves are shown in
Fig. 5(a) and (b). The AC susceptibility shows more complex spin
states and phase transitions, and we  can detect 6 significant tran-
sition temperatures, as is shown in Fig. 5(b): T1 = 124 K, T2 = 102 K,
T3 = 93 K, T4 ≈ 53.6–58 K, T5 ≈ 31–34 K, and T6 = 20.5 K. We  suggest
that T1 may  be another structural phase transition temperature (for
lower Ca2+ concentration). T2 is the Curie temperature, TC. The T4
temperature range represents the temperature for the appearance
of SG, since it is strongly dependent on the AC frequency. T3 and
T5 relate to the two peaks in Fig. 3(a): these are the temperatures
at which antiferromagnetic (AFM) interactions appear due to the
high spin (HS) or intermediate spin (IS) to low spin (LS) transitions.
T6 is the low spin transition temperature. It should be noted that T5
has an AC frequency dependence since it coexists with spin glass
in this temperature range.

Although ferromagnetic (FM) interactions dominate the mag-
netic transitions, AFM interactions also exist between Co ions. This
is because the system phase may separate into hole-rich FM clus-
ters dominated by the FM double exchange interaction between
Co3+ and Co4+, with the clusters embedded in a hole-poor non-
FM matrix. This matrix is dominated by the Co3+–Co3+ interaction,
which is known to be AFM superexchange, (However, Co–Co mag-
netic interaction depends on the spin state, e.g. Co3+ IS–IS is FM
and Co3+ HS–HS is AFM), as with the Co4+–Co4+ interaction. The
coexistence of and competition between FM and AFM interactions
could lead to SG-like behavior. Crystallographic inhomogeneity,
stoichiometric inhomogeneities, and the Co ion spin-state transi-
tions heighten the co-existence of the FM and AFM interactions,
and bring about magnetic phase separation in the samples, which
is similar to the situation in the Sr-doped system [25]. It is highly
probable that the crystallographic homogeneity and the stoichio-
metric homogeneity in the PC sample are much lower than in the
SC sample, which leads to much more complex magnetic behavior
in the PC sample.

M–H  loops were collected at different temperatures under ZFC
and FC with different sweep fields. A large hysteresis loop devel-
ops below TC and attains a larger remanence value (MR) and

higher coercive force (HC) at the lowest temperature. The material
becomes harder with decreasing temperature, with the coercive
field increasing monotonically with decreasing temperature. The
difference between the PC and the SC samples is that the loops or
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Fig. 2. EDX spectrum (a) and Raman spectra of La0.7Ca0.3CoO3.

Fig. 3. DC and inverse susceptibility (� and 1/�) versus T curves under zero-field cooling (ZFC) and after field cooling (FC) at a field of 1 kOe. For the PC sample (a) and for the
SC  sample (b).
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Fig. 4. Magnetization difference between ZFC and

urves of the SC sample appear straighter and show sharp changes
n all the M–H  loops, while all the values of MR and HC for the SC
re larger than the corresponding PC ones.

For clarification, we  have selected the 10 kOe and 20 kOe sweep
eld loops as examples, which are shown in Fig. 6. It is interesting
o note that, in the left panels, Fig. 6(a) and (c), for sweep field of

 T, less than the field cooling field of 1.5 T, the ZFC M–H  loops are
losed, while the FC M–H  loops are not closed and are also upshifted.
he non-closed loop phenomenon is typical SG relaxation behav-
or, while the upshifts are mainly due to the FM MR behavior. We
uggest that the SG, or more likely here, the cluster spin glass (CSG),
as also significantly contributed to the up- or downshifts. In the
ight panels, Fig. 6(b) and (d), for a sweep field of 2 T, greater than
he field cooling field of 1.5 T, both the FC and ZFC M–H loops are
losed, but the M–H  loops are still up-/downshifted, with the val-
es lower than for the left panel ones. The up-/downshifts of the
–H loops are attributed to exchange bias – like behavior (MEB),

nd the values of MEB are listed in Fig. 6. Moreover, the left-/right-
hifts of the M–H  loops are attributed to exchange bias (HEB), and
he values of HEB are listed in Fig. 6(b) and (d). For the origin of
he exchange bias, we note that Luo and Wang [41] have observed
imilar shifts on both axes, representing exchange bias – like phe-
omena, although there have been later arguments about this [42],
owever, our results suggest that, except for the minor hysteresis

oops, the freezing properties of local anisotropy in a CSG system
ake a significant contribution to both shifts. Moreover, the grain
oundaries in PC samples can enhance the exchange bias, so that
he HEB in the PC sample (in Fig. 6(b)) > HEB in the single-crystal
ample (in Fig. 6(d)), even though the HC of the PC sample is less
han the HC of the SC sample.

ig. 5. In-phase �′ and out-of-phase �′′ AC susceptibility versus T curves at different
requencies over a temperature range of 5–150 K for the PC sample: (a) �′–T curves
nd (b) �′′–T curves.
ocesses: polycrystalline (a) and single crystal (b).

The magnetization (M–H) curves of the PC and SC samples, mea-
sured with different sweep fields after ZFC and 1.5 T FC to 10 K,
are shown in Fig. 7. Different magnetic field-memory effects were
observed after ZFC and 1.5 T field cooling. It should be noted that
all the M–H curves exhibit a kink or step, where the field position
is the same as the maximum field value of the last sweep field. For
the ZFC M–H curves in the left panels of Fig. 7(a) and (c), the kinks
or the steps are increased step by step with increasing sweep field.
For the M–H curves after 1.5 T FC in the right panels of Fig. 7(b) and
(d), the kinks are increased step by step with increasing sweep field,
although the steps go down when the sweep field is less than the
1.5 T FC field, but increase back up to the first field sweep MR level
when the sweep field is greater than the 1.5 T FC field. These demon-
strate the feature that the kink value (field value) always coincides
with (remembers) the last forward maximum sweep field value –
we define it as the magnetic field memory effect. This effect is pos-
sibly due to a combination of hard FM typical clusters showing SG
behavior and frozen spin behavior.

In order to obtain more information on properties of the
magnetic clusters, we  have measured the magnetization in the
polycrystalline (PC) and single crystalline (SC) samples as a function
of magnetic field in the ZFC regime over a wide range of tempera-
tures. Fig. 8 shows, as an example, the M–H  dependences measured
at 50–110 K for the PC and SC samples. According to the procedure
proposed by Yamaguchi et al. [21] and Sun et al. [43], the results
were fitted to the following functional dependence obtained in the
molecular field approximation:

M(H) = NgSˇBs

(
gˇS(H + �M)

kT

)
+ �0H (1)

where N is the number of clusters with effective spin S per formula
unit, Bs is the Brillouin function,  ̌ is the Bohr magneton, and �
is a molecular field constant. Unfortunately, no good fittings were
obtained while assuming that the effective spin S does not depend
on the magnetic field value H. To describe the experimental data,
one needs to assume that S increases with increasing H. It confirms
the concept of electronic-phase separation based on the presence
of small clusters with mobile phase boundaries [44].

In order to evaluate the magnetocaloric effect (MCE), the
isothermal magnetization curves of the PC and SC samples were
measured with a field step of 0.05 mT  in the magnetic field range
of 0–1.5 T and over the large temperature range of 20–140 K. Such
families of M–H curves are shown in Fig. 9. The curves reveal low

variation in the magnetization around the Curie temperature for
both samples, indicating that there is little possibility of obtaining
a large magnetic entropy change associated with the ferromagnetic
to paramagnetic transition occurring at TC.
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Fig. 6. M–H  loops of La0.7Ca0.3CoO3 PC ((a) and (b)) and single-crystal ((c) and (d)) samples after ZFC and 1.5 T FC to 5 K. Different sweep fields were used, lower or higher
than  the cooling field of 1.5 T, and they revealed different loop shifting features, representing exchange-bias-like phenomena.

Fig. 7. M–H  curves of La0.7Ca0.3CoO3 polycrystalline ((a) ZFC and (b) FC) and single-crystal ((c) ZFC and (d) FC) samples with different sweep fields after ZFC and 1.5 T FC to
10  K. Different magnetic field-memory effects were observed after ZFC and 1.5 T field cooling.
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Fig. 8. Magnetization curves at 50, 80, 95, 100, 105, and 110 K for PC and SC La0.7Ca0.3CoO3 samples.
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Fig. 9. Magnetization evolution versus applied magnetic fie

To understand the nature of the magnetic transition in the sam-
les, Arrott plots of M2 versus H/M (not shown), covering a broad

emperature range around TC, have indicated that the transition is
econd order.

The magnetic entropy change (−�SM) versus temperature
nder ZFC and FC to 2.8 K at 1.5 T field was derived for both samples

ig. 10. Magnetic entropy changes (−�SM) versus temperature curves for 0–1.5 T field c
amples for 2.6 K and 3.0 K, respectively.
everal temperatures for PC and SC La0.7Ca0.3CoO3 samples.

from the calculated isothermal magnetic entropy change −�SM
from isothermal magnetization curves, according to the Maxwell

equation. We  found that the frozen spins have a significant influ-
ence on the −�SM. An interesting result is presented in Fig. 10,
where the −�SM–T curves in the low temperature range show
totally different features between the ZFC and FC cooling pro-

hange for PC (a) and SC (b) samples. Insets: M–H  loops of La0.7Ca0.3CoO3 PC and SC



132 J.C. Debnath et al. / Journal of Alloys and Compounds 510 (2012) 125– 133

F FC an
a

c
f
s
r
i
s
i
i
8
c
A
i
s
t
−

t
6
a
m
b
t
t
w
t

s
i
M
p
s

ig. 11. −�SM–H curves at 2.8 K, 4 K, 6 K, and 8 K under field change of 0–2 T after Z
nd  (d)).

edures. The −�SM shows a large inverse irreversibility value
or the ZFC process, since there are a large amount of unfrozen
pins aligned under the external field in the low temperature
ange, while the −�SM shows a normal positive value, and there
s a slightly larger −�SM value at 2.8 K, which indicates that a
mall amount of unfrozen spins still exist. The interesting thing
s that at 2.8 K, both the PC and the SC samples show a large
nverse irreversibility value for the ZFC process, which is about
.1 J/(kg K) and 9.8 J/(kg K), respectively, whereas for the FC pro-
ess, this value is very small, about 1 J/(kg K) for both samples.
nother feature is that at or near TC, this entropy change value

s negligible, even compared to the low temperature value. We
uggest that the higher entropy change value at lower tempera-
ure is due to the significant influence of the frozen spins on the
�SM.

To determine the behavior of the samples at lower tempera-
ures, we have measured the entropy change values at 2.8 K, 4 K,

 K, and 8 K under a field change of 0–2 T after ZFC to 2.8 K, which
re shown in Fig. 11.  These −�SM–H curves after ZFC to 2.8 K show
ore complex behavior than the FC ones. In the ZFC process, the PC

ulk sample shows pronounced curvature in its −�SM–H curves at
he temperatures of 4 K, 6 K, and 8 K, whereas for the single crys-
al, no curvature behavior is observed at these temperatures. So,
e think that further detailed investigation is necessary to explain

hese peculiar properties.
As suggested by our results, the cluster spin glass (CSG)

ystem confirms the presence and contribution of the freez-

ng properties of the local anisotropy of the material on the

CE. So we can draw the conclusion that this interesting MCE
roperty of this material is influenced by the effect of frozen
pins.
d 2 T field cooling to 2.8 K for the PC sample ((a) and (b)) and for the SC sample ((c)

4.  Conclusions

We  have measured the magnetic entropy change (−�SM) under
ZFC and FC processes. An interesting result is obtained at low tem-
perature, where the −�SM shows a very large inverse irreversibility
value for the ZFC process, while the −�SM shows a normal positive
value and a slightly larger −�SM value at 2.8 K for the FC process.
We also have demonstrated several types of complex and fasci-
nating magnetic behavior in the LCCO system, which will possibly
be useful for multifunctional applications. The magnetic properties
in this system strongly depend on the sample preparation pro-
cessing and conditions. From comparing the magnetic behaviors
in PC and SC samples, we  propose that compositional inhomo-
geneity (mainly Ca2+ content) leads to complex variations in the
Co ion valence and spin states, which then lead to the strong spin-
glass/cluster-spin-glass behavior which significantly influences the
magnetic properties of this system.
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