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A B S T R A C T

We have detected size-dependent modifications in magnetic ordering in charge ordered nanoparticles through the study of magnetocaloric effect. Due to prominent
surface induced magnetism in nanoparticles, it is very difficult to probe the magnetic ordering in charge ordered antiferromagnetic nanoparticles from direct
magnetization study, especially at lower magnetic fields, though at higher magnetic fields the antiferromagnetic/charge ordered transition can be visualized
properly. We show that, at comparatively lower magnetic fields, the magnetocaloric effect provides a sensitive way for the detection of such ordering transitions.

1. Introduction

Surface induced predominant ferromagnetism in case of the charge
ordered antiferromagnetic nanoparticles has been an intensive field of
research during the past few years [1–7]. The collapse of the charge
ordering or fragile nature of it has been reported by numerous re-
searchers [1–7]. In case of the antiferromagnetic bulk materials, since
bulk magnetization is very small in the presence of small external
magnetic field, proper detection of different kinds of magnetic ordering
is reliable only using reasonably higher fields. However, for nano-
particles of a material, the scenario is different because there is an extra
magnetic contribution from the uncompensated surface spins (ferro-
magnetic in nature). If the particle sizes are not very small, then the
both types of magnetic phases (charge ordered antiferromagnetic and
ferromagnetic) co-exist. For a very small applied magnetic field the
ferromagnetic component due to uncompensated surface spin is pre-
dominant whereas for higher values of the field, response from the core
(antiferromagnetic) part dominates.

One can understand the nature of magnetic behavior of different
kinds of magnetic compounds by studying the magnetocaloric effect
[8–18]. There are some reports where the co-existence of ferromagnetic
and antiferromagnetic phases was probed via the study of magnetoca-
loric effect [3]. However, for antiferromagnetic nanoparticles when
ferromagnetic ordering is present along with charge ordering and an-
tiferromagnetic ordering, it is very difficult to probe them by dc mag-
netization study. It also becomes more difficult if the two types of the

magnetic ordering are very close in the temperature scale. If the applied
magnetic field is too small then the ferromagnetic signal dominates and
other signals are suppressed whereas for higher magnetic fields, the
opposite nature is found.

In our present study an attempt has been made to probe such dif-
ferent kinds of transitions precisely by using magnetocaloric effect as a
powerful tool. To address such problems, we have chosen a much fa-
miliar doped perovskite manganite La0.25Ca0.75MnO3 compound.
According to the reported phase diagram for bulk compound it exhibits
charge ordering at TCO= 270 K and an antiferromagnetic transition at
TN= 200 K [8]. In order to probe the size dependent magnetic beha-
vior, we have prepared the bulk material as well as nanoparticles of
average sizes of ∼60 nm (Nano-2) and ∼30 nm (Nano-1). Magnetic
and magnetocaloric properties of all samples have been presented here.

For the nanoscale doped preovskite manganites with general for-
mula RE1−xBxMnO3, where ‘RE’ is rare earth trivalent and ‘B’ is alkaline
earth bivalent elements, modification of several physical properties
were reported earlier by numerous research groups [6,7,19–24]. There
are many reports on non-coexistence of charge ordering or presence of
fragile charge ordered state [1,2,4,6,7]. After the discovery of charge
ordering in bulk compound, existence of charge ordering even in the
nanocrystalline Pr0.65Ca0.35MnO3 compound of average particle size of
∼40 nm was reported [20]. Additionally, for even smaller particle
sizes, Rao et al. reported the existence of the charge ordered fraction
through the magnetic measurement at higher magnetic fields [6,7].
They also pointed out that the saturation magnetization reaches close to
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the theoretical estimated value even in nanoparticles in the presence of
very high magnetic field due to the responses (melting) of the charge
ordered fraction [6,7].

The aim of the present study is to address the modification of the
physical properties of La0.25Ca0.75MnO3 compound in the nanoscale
regime through the investigation of magnetocaloric effect. Along with
this, our study also highlights the magnetocaloric effect as a versatile
tool for the detection of several types of magnetic ordering in magnetic
systems at comparatively lower magnetic fields.

2. Sample preparation, experimental details and characterization

Samples for the present study were prepared by the sol-gel method.
For preparation of the gel, high purity (99.99%) pre-heated La2O3 and
CaCO3 were converted to their nitrate forms by using HNO3 and were
dissolved into millipore water. However, to dissolve the MnO2, suitable
amount of oxalic acid was added. After completely dissolving the in-
dividual compounds, all solutions were mixed-up homogeneously in a
beaker and appropriate amount of citric acid was added. After the
homogeneous mixing of all individual solutions, the extra water was
slowly evaporated at 80–90 °C by using a water bath until the gel was
formed. The prepared gel was decomposed at slightly higher tempera-
ture (∼200 °C) and black porous powder was formed. This powder was
divided into three parts and pelletized individually. The pellet samples
were annealed for different time spans at different temperatures to get
nanoparticles of different sizes. For the preparation of different types of
nanoparticles, the annealing temperature was 900 °C (for Nano-1) and
1000 °C (for Nano-2) and time duration was 4 h for each. However, for
the bulk sample preparation the pelletized sample was annealed at a
higher temperature (1300 °C) for a longer time period (36 hrs.).

X-ray diffraction study was carried out by Rigaku-TTRAX-III dif-
fractometer at room temperature with Cu-Kα radiation of wave length
1.54 Å. For further characterization specifically for Nano-1 and Nano-2,
field emission scanning electron microscopy (FESEM) was employed. In
addition to that, magnetic and magnetocaloric properties of all samples
were studied by utilizing a superconducting quantum interference de-
vice-vibrating sample magnetometer (Quantum Design SQUID-VSM
MPMS-III).

3. Results and discussions

X-ray diffraction patterns (not presented here) show the single
phase nature of the all the samples. From the FESEM images the
average particle sizes of the Nano-1 and Nano-2 samples were esti-
mated. The average particle size for Nano-1 is ∼30 nm and it is
∼60 nm for Nano-2 sample. However, for the bulk sample the grain
size is in the micrometer scale. FESEM images of bulk as well as Nano-1
and Nano-2 samples are shown in Fig. 1 for the same magnification.
From the FESEM images the difference of the average particle size
distribution for Nano-2 and Nano-1 is clearly evident.

3.1. Magnetic properties

To understand the magnetic ground state of different samples
namely bulk as well as the nanomaterials (Nano-1 and Nano-2), mea-
surement of the magnetization as a function of temperature in a low
applied magnetic field of H=100 Oe has been carried out.

Magnetization measurements have been performed for all the
samples in two different protocols which are zero field cooled (ZFC) and
Field cooled (FC). In case of the ZFC, initially the sample was cooled
down to the lowest temperature (T= 5 K) from the paramagnetic state
T= 300 K in the absence of any external magnetic field. After stabili-
zation of the temperature (5 K), external magnetic field H=100 Oe
was applied and magnetization data were recorded during heating the
sample from T=5 to 300 K (temperature increment rate was 5 K/
min.). Whereas, in the FC protocol, the external magnetic field H=100

Oe (desired measuring field) was applied at the paramagnetic state of
the sample (T=300 K in the present case) and the sample was cooled
down in the presence of this magnetic field down to T=5 K. After
stabilization of the temperature at T= 5 K, temperature of the sample
was increased at the above mentioned rate and magnetization data
were recorded. Temperature dependence of the magnetization for all
the samples is shown in Fig. 2(a)–(c) for bulk, Nano-1 and Nano-2 re-
spectively. From the temperature dependent magnetization, it is clear
that the bulk La0.25Ca0.75MnO3 compound exhibits the usual charge
ordering at TCO=255 K and antiferromagnetic ordering at TN=160 K
as reported earlier [8]. However, in the case of the nanoparticles, the

Fig. 1. Field Emission Scanning Electron Microscopy (FE-SEM) images of (a)
bulk (b) Nano-2 and (c) Nano-1 samples in same magnification scale of
La0.25Ca0.75MnO3 compound.
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magnetic properties are different in nature compared to their bulk
counterpart. From the magnetization curves (M(T)) for nanoparticles
(Nano-1 and Nano-2), ferromagnetism dominates and neither charge
ordering nor antiferromagnetic ordering was found in the presence of
this low value of magnetic field. To find out the ferromagnetic ordering
temperature, temperature dependence of derivatives of magnetization
(with respect to temperature) is plotted in Fig. 2(d). It is worth men-
tioning that the temperature dependent derivative of magnetization
shows a broadened ferromagnetic like transition for nano-1 and nano-2
samples. Such behaviour of magnetization in the presence of low
magnetic field is associated with the orientation of the uncompensated
surface spins of the nanoparticles.

The responses of the magnetization in the presence of high external
magnetic fields have been studied. For the bulk material the tempera-
ture dependent magnetization at different external magnetic fields are
shown in Fig. 3. For this sample, in addition to the presence of charge
ordering and antiferromagnetic transition, the bifurcation between the
ZFC and FC protocols almost disappears even at low temperatures. Such

nature of the magnetization indicates the negligible anisotropy present
in this bulk sample. Also the response of the magnetization for the
higher values of the magnetic field qualitatively indicates the similar
behaviour. However, in case of the nanoparticles the behaviour is
completely different. The temperature dependence of magnetization in
the presence of different external magnetic fields for nanocrystalline
samples are given in Figs. 4 and 5. Our experimental results indicate
that different types of the ground state appear for different values of the
applied magnetic field. In the case of the nanoparticles of larger average
crystalline size (nano-2), the predominant ferromagnetic like ground
state is observed when the magnetization was recorded in the presence
of 1 kOe external magnetic field (Fig. 4(a)). Moreover, the signatures of
charge ordering and antiferromagnetic ordering are not observed. On
the other hand, for sufficiently larger values of the field, namely for 10
and 50 kOe, the signatures of the above two types of transitions are
clearly visible for nano-2 sample (Fig. 4(b) and (c)).

Fig. 2. (a), (b) and (c) represents temperature dependent magnetization in the
presence of external magnetic field H=100 Oe of bulk, Nano-1 and Nano-2
samples respectively. (d) Derivative of field cooled magnetization (with respect
to temperature) as a function of temperature for bulk, Nano-2 and Nano-1
samples.

Fig. 3. Magnetization (FC and ZFC) as a function of temperature at different
external magnetic field for the bulk La0.25Ca0.75MnO3 compound.

Fig. 4. Magnetization (FC and ZFC) as a function of temperature at different
external magnetic field for the Nano-2 sample.

Fig. 5. Magnetization (FC and ZFC) as a function of temperature at different
external magnetic field for the Nano-1 sample.
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Contrary to Nano-2 sample, in the case of the Nano-1 sample, the
antiferromagnetic and charge ordering signatures are visible only for
the higher magnetic field values as shown in Fig. 5. In the presence of 1
kOe and10 kOe external magnetic field, a ferromagnetic nature of the
ground state is found.

Magnetic field dependence of the magnetization at different tem-
peratures for the all samples are given in Fig. 6. For the bulk compound
the usual antiferromagnetic nature is obtained. However, for the na-
nocrystalline compounds, at the lower values of the magnetic field,
ferromagnetic counterpart is predominant and at higher magnetic field
antiferromagnetic responses are superposed.

The magnetocaloric effect of the bulk and the nanocrystalline
compounds were studied from the magnetic isotherm data by using
Maxwell’s thermodynamic relation which is given below

∫= ⎛
⎝

∂
∂

⎞
⎠

M
T

dHΔS
H

0 (1)

The calculated magnetic entropy change as a function of tempera-
ture at different external magnetic fields is given in Fig. 7. For the bulk
compound, charge ordering and antiferromagnetic signatures are
clearly visible in all magnetic fields (shown in Fig. 7(a)). However, for
nanoparticles, the peak value of the magnetic entropy change near
T= 270 K gradually increases (shown in Fig. 7(b), (c)) compared to the
bulk sample.

Previously, the study of the magnetocaloric effect has been widely
used as an efficient tool to detect different types of feeble transitions in
several systems. [25,26]. We should mention in this context that the
variation of magnetocaloric entropy change (ΔS) with temperature is
heavily modulated by the underlying magnetic ordering, even the
hindered ordering, in the system under study. For example, in para-
magnetic materials –ΔS increases with decreasing temperature. For the
antiferromagnetic transition (or charge ordering transition) it decreases
with further reduction of temperature and change its sign (from +ve to
−ve). In contrast to that, the magnetic entropy for ferromagnetic

counterpart exhibits a sharp peak (like Gaussian distribution) at the
ferromagnetic transition temperature. However, in the case of phase
coexistence in a sample where different types of magnetic behavior are
present, the identification of ordering is quite difficult. Nevertheless,
magnetocaloric study is helpful in identifying various magnetic phases.
In our case, the magnetocaloric responses of the bulk and the nano-
particle systems are compared at different values of the external mag-
netic field (Fig. 8). We can see in Fig. 8 that for the bulk compound,
charge ordering and antiferromagnetic signatures are clearly visible
even at the lowest magnetic fields. But in the case of Nano-1 sample, for
the external magnetic field of H=5 and 10 kOe, −ΔS does not de-
crease or change sign with decrease of temperature. (A decrease or
change of sign is the signature for antiferromagnetic transition or
charge ordering transition). Rather it increases with decreasing tem-
perature and reaches a peak value indicating ferromagnetic ordering
within the sample. Thus, the charge ordering signature is completely
suppressed in competition with the ferromagnetic counterpart for the
external magnetic field of H=5 and 10 kOe. However, in the presence
of higher magnetic fields (30 and 50 kOe) the signature of the anti-
ferromagnetic ordering (charge ordering) is restored i.e, −ΔS decreases
with decrease of temperature and finally changes its sign. The reason
behind this peculiar behaviour is that for a small applied magnetic field
the ferromagnetic component due to uncompensated surface spin is
predominant whereas for higher values of the field, response from the
core (antiferromagnetic) part dominates. Thus upon increasing the
magnetic field further, similar to M(T) responses, the charge ordering
nature is predominant in all studied nanocrystalline compounds.

4. Summary and conclusion

To summarize our present study, we have carried out an experi-
mental investigation for the detection of different kinds of particle size-
dependent magnetic ordering in nanocrystalline La0.25Ca0.75MnO3

compound through the magnetocaloric effect. Additionally, the field
induced modifications in magnetic ground state for nanocrystalline
compounds have been probed at comparatively lower values of

Fig. 6. External magnetic field dependent magnetization at different fixed
temperature for (a) bulk (b) Nano-2 and (c) Nano-1 La0.25Ca0.75MnO3 com-
pound.

Fig. 7. Temperature dependence of isothermal magnetic entropy change at
different magnetic fields for (a) bulk (b) Nano-2 and (c) Nano-1
La0.25Ca0.75MnO3 compound.
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magnetic field. Our study implies that the magnetocaloric effect can be
used as a sensitive tool to elucidate the different types of modifications
of the magnetic ground state of a magnetic material.
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