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A B S T R A C T

An attempt has been made to probe low temperature magnetic state of the polycrystalline Sm0.5Ca0.5MnO3
compound via magnetization and magnetocaloric studies. In the context of the earlier debatable reports on the
above mentioned compound between the existence of glassy magnetic state and small ferromagnetic domains
from the ‘ac’ susceptibility measurements, our experimental observation from magnetocaloric effect study clearly
indicates the existence of ferromagnetic droplets along with certain amount of superparamagnetic component at
low temperature (< 40 K) which begins at T ∼ 100 K. In addition to that, the zero field cooled magnetization
(even at H = 0.01 T) data do not exhibit the spin freezing nature at the low temperature which is almost a
generic tendency of glassy magnetic state. Our study also highlights the competence of magnetocaloric effect as
a tool to distinguish between different magnetic states of a compound.

1. Introduction

An extensive effort has been made in the last two decades to study
the physical properties of doped perovskite manganites having general
formula R1−xDxMnO3 (R = trivalent elements, D = divalent elements)
[1–21]. Depending upon the A-site ionic radius (R1−xDx), manganite
compounds exhibit different appealing properties. In un-doped man-
ganites, generally antiferromagnetic ground state is observed. Doped
perovskite manganites received utmost attention due to the observa-
tion of colossal magnetoresistence (CMR), charge ordering (CO), phase
separation, ferromagnetism etc.. Charge ordering is the real space order-
ing of the Mn3+ and Mn4+ ions in the crystal and it is almost a generic
property of the doped manganites. Charge order compound is gener-
ally accompanied with an antiferromagnetic (insulating) ground state at
low temperature. The insulating antiferromagnetic ground state can be
transformed into the metallic state by application of external magnetic
field, electric field, x-ray irradiation etc.. On the other hand there are
many reports about the phase separation where the co-existence of the
ferromagnetic metallic and charge ordered insulating phases coexist.
Such kind of the phase separation in manganite system has finite effect
in its physical properties namely in magneto-transport and magnetic
properties. Electronic phase separation also play an important role for
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the large negative magnetoresistance mediated by the transforming of
the charge ordered insulating phase to ferromagnetic metallic phase in
the presence of external magnetic field. For technological aspects, large
magnetoresistance and large magnetocaloric effect in highly chemi-
cally stable ferromagnetic doped manganites and less robust charge
ordered manganites (and their nanomaterials) have been extensively
studied [5,22,23]. In contrast to that, a less effort is made to study
robust charge ordered manganites namely Ln0.5Ca0.5MnO3 (Ln = Gd,
Dy, Sm etc.). In case of the robust charge ordered systems, a very high
magnetic field is required to destabilize the insulating ground state for
achieving the significant magnetoresistance. However, it is worth men-
tioning that from fundamental aspects, several intriguing properties
of the robust charge ordered materials had been previously reported
[24,25]. Specially for Sm0.5Ca0.5MnO3 compound, the physical proper-
ties have been extensively studied for bulk as well as its nanoparticles
[16,25–27].

For the bulk Sm0.5Ca0.5MnO3 (SCMO) compound, the previous stud-
ies indicate that to melt the charge ordered antiferromagnetic state at
low temperature (∼4 K) a very high magnetic field is required (∼50 T)
[16]. With decrease of the temperature, charge ordering of that com-
pound was observed at T ∼ 260 K and antiferromagnetic ordering
appeared at T ∼ 150 K16. Recently Giri et al. reported the proper-
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Fig. 1. Magnetization as a function of tempera-
ture at different external magnetic fields.

ties of the magnetic ground state and the exchange bias properties
of nanosized as well as bulk SCMO compounds [26,27]. According to
their study from ‘ac’ susceptibility measurements, there exists spin glass
like state at low temperature region even in bulk SCMO [26,27]. In
contrast to these results Xu et al. reported from magnetization and
ac susceptibility measurements that in bulk SCMO compound, there
is no spin glass signature at the low temperature [25]. Additionally,
in their report it was mentioned that there is a possibility of exis-
tence of a ferromagnetic fraction at low temperature region [25]. Such
phase coexistence (ferromagnetic droplets in antiferromagnetic matrix)
in the SCMO compound at low temperature may be responsible for
the exchange bias effect which was mentioned earlier (in Ref. [16]).
Clearly there is a disagreement in the literature about the low tempera-
ture magnetic state of SCMO. Isothermal magnetization measurements
can remove this ambiguity about the low temperature magnetic state.
In general for ferromagnetic systems, in the isothermal magnetization
measurements at different temperature, magnetization value decreases
with increasing temperature. However in contrast to that the opposite
behavior should be found in case of the glassy magnetic state ie. the
magnetization value should increase with increasing temperature. In
case of glassy systems, at low temperature region (below the spin freez-
ing temperature) the magnetization increases with increase of temper-
ature as the thermal energy helps to orient the moments along the field
direction.

In our present study, we have investigated the low temper-
ature magnetic state of the bulk SCMO compound via magneti-
zation and magnetocaloric measurements. Our results clearly indi-
cate that the magnetocaloric responses of that compound signify
the existence of the ferromagnetic droplets at the low tempera-
ture (there is also the possibility of existence of a superparamag-
netic component). In the present work we have shown that the
study of magnetocaloric effect can distinguish between the spin glass
state and the existence of ferromagnetic droplets. Such studies have
removed the ambiguity of the low temperature magnetic state of
SCMO.

2. Sample preparation, characterizations and measurements

Polycrystalline bulk Sm0.5Ca0.5MnO3 compound was prepared by
the standard sol-gel processes. For the sample preparation, starting ele-
ments were pre-heated Sm2O3, CaCO3, MnO2 and concentrated HNO3.
Additionally, oxalic acid and citric acid of appropriate amount were
used to prepare the precursor solution. The details about the sample
preparation method in sol-gel method was given in Ref. [28]. The sam-
ple used for the present study is the same sample which was used in
Ref. [28].

For the characterization of the sample, x-ray diffraction study was
carried out using Rigaku-TTRAX-III diffractometer with Cu-K𝛼 source
having wave length 𝜆 = 1.54 Å. For the study of magnetic and magne-
tocaloric effect, we have utilized a superconducting quantum interfer-
ence device (SQUID) magnetometer (Quantum Design).

3. Results and discussion

Room temperature x-ray diffraction data analysis (profile fitting by
Rietveld method) has manifested the single phase nature of the com-
pound. The profile fitting data and the lattice parameters were previ-
ously enlisted for the same compound in Ref. [28].

Magnetization as a function of temperature in the different exter-
nal magnetic fields is shown in Fig. 1. In the experimental data, the
usual signature of charge ordering (T ∼ 270 K) and antiferromagnetic
ordering (T ∼ 150 K) are clearly visible in all sets of data (measured
at different magnetic field in Zero field Cooled (ZFC) and Field Cooled
(FC) protocols). Another interesting observation is that, in the low tem-
perature region, the spin freezing nature in ZFC magnetization is absent
here in all the measurements (Fig. 1). Such nature of the magnetization
attracts a special interest to study the physical properties and differs
this compound as reported in numerous other manganite compounds
[2,3]. At very low values of the external magnetic field, bifurcation is
found between the ZFC and FC magnetizations. However, bifurcation is
reduced for the larger values of the magnetic field. Another important
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Fig. 2. (A) Magnetization as a function of external magnetic field at T = 2 K and 80 K tem-
perature. Upper inset shows the enlarged view of the magnetization at low field region.
(B) Magnetization as a function of external magnetic field at different specified temper-
ature of Sm0.5Ca0.5MnO3 compound at low temperature region. (Lines are guide to the
eye.). Lower inset is the temperature dependence of sponteneous magnetization.

aspect here is that below T = 100 K, a sharp increase of non-saturating
magnetization is observed (in both ZFC and FC). Generally, for super-

Fig. 3. Magnetocaloric entropy change of the Sm0.5Ca0.5MnO3 compound as a function
of temperature at different magnetic fields. The insets show the enlarged views of the
low temperature region to reveal the presence of the inflection point at high field (lower
inset) and at low field regions (upper inset) as indicated by the oval at the lower inset.

Fig. 4. (A) and (B) indicate the enlarged view of the magnetization at T = 2 K and 80 K
in the 1st quadrant in 1st and 2nd cycle (5th quadrant) respectively.

paramagnetic systems the relation M ∼ T−1 is followed (as indicated in
Fig. 1 by arrows). But, in the present case, upon careful observation
of the magnetization data one can easily find out that the magneti-
zation does not follow such temperature dependence. Another impor-
tant aspect is that in case of manganites, the spin freezing (blocking in
ZFC magnetization) is almost a common trend [7]. But in our present
study such behavior was not observed. Hence it may be assumed that
in our present study such increasing nature of the magnetization at
lower temperature region cannot be explained by considering super-
paramagnetism alone. One important fact should also be mentioned
here which is the effect of the rare-earth ions ordering in the mag-
netization of doped perovskite manganites. According to the reported
study by Lopez et al., in case of the Sm0.5Ca0.5MnO3 compound, the
similar kind of increasing nature of the magnetization was observed
at low temperature [29]. They have also pointed out that there was
no long range ordering between the Sm3+ ions even at the lowest
measured temperature [29]. Such increasing magnetizations at low
temperature may be inferred as a formation of substantial ferromag-
netic counterparts (droplets) along with super paramagnetic nanoclus-
ters (a small fraction) in the antiferromagnetic matrix of robust charge
ordered Sm0.5Ca0.5MnO3 compound. At very low temperature (T ∼
40 K), the rate of increase of magnetization for ZFC is smaller than
for FC. This is a possible ndication of blocking of superparamagnetic
(SPM) clusters which should provide smaller magnetization value below
this temperature (T ∼ 40 K). However this response superposed on the
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Fig. 5. Schematic representations of the exis-
tence of ferromagnetic droplets within the anti-
ferromagnetic background at the low temperature
region. Black ovals indicate SPM clusters in the
AFM matrix (black arrow indicates super spin of
the whole cluster).

increasing ferromagnetic contribution. That is why the usual magnetic
response of a SPM system below TB (Blocking temperature) is not clear
here.

For a better understanding of the nature of magnetization at low
temperature, we have carried out isothermal magnetic measurements
(M-H) at T = 2 K and 80 K. The magnetization vs. external magnetic
field data are shown in Fig. 2(A). At both the temperatures, the mag-
netization shows almost a linear dependence on filed, a reflection of
the predominant antiferromagnetic background of the sample. How-
ever, a detailed observation in the low field region (shown in upper
inset of Fig. 2(A)), a prominent hysteresis loop at the low temperature
(T = 2 K) is seen with a significant coercive field (HC ∼ 0.04 T). Gen-
erally for the superparamagnetic state for the nanoclusters, the coer-
cive field as well as magnetic hysteresis is very small. From this basis
the significantly larger coercive field may be associated with the pres-
ence of a ferromagnetic phase fraction, ordered at low temperature.
At T = 80 K, the magnetic isotherms exhibit liner behavior, analogous
to response of the antiferromagnetic compounds as earlier. But, at the
low field region there is no signature of the magnetic irreversibility
(upper inset of Fig. 2(A)). As mentioned earlier, though the sharper
increases of magnetization was observed below T = 100 K in the M-T
data (Fig. 1), the hysteresis loop disappears above T ∼ 60 K. We have
recorded the magnetic isotherms at different temperatures. These M-
H data are shown in Fig. 2(B). We have extracted the spontaneous
magnetization (M0) by extrapolating the liner fitting to the magneti-
zation data (M(H)) at the higher magnetic field region (H > 4 T). Tem-
perature dependent spontaneous magnetization is given in the lower
inset of Fig. 2(A) which indicates that the M0 sharply decreases above
T ∼ 50 K.

The overall indication of the magnetic measurements and the discus-
sion in the earlier part elucidate that at the low temperature region, sol-
gel prepared polycrystalline bulk Sm0.5Ca0.5MnO3 compound exhibits
quite different nature than the glassy behavior which is in agreement
with the earlier report [25]. Hence, sharper increasing nature of the
magnetization with decrease of temperature at low temperatures may
be ascribed to the formation of the small fraction of the ferromag-
netic droplets within the antiferromagnetic background. Regarding this
argument, it is obvious to mention that in antiferromagnetic systems,
below the transition temperature (Neel temperature, TN), magnetiza-
tion value increases with increasing temperature. While the opposite
nature appears in ferromagnetic systems in general (saturation value
decreases with increasing temperature). In case of the Sm0.5Ca0.5MnO3
compound it is reported that charge ordered antiferromagnetic state is
very much robust (endorse the small magnetization value) [16]. In our
present study, we have measured magnetic isotherms at several fixed

temperatures. Before starting any measurements, first the sample was
cooled down from well above to its paramagnetic state (T = 380 K)
in absence of any external magnetic field to remove any magnetic
history of the previous measurements of the sample, if present. For
the sake of clarity some of the selected magnetic isotherms especially
at the low temperature region are given in Fig. 2(B). The magnetic
isotherms though exhibit almost linear nature due to the predominant
response of antiferromagnetic background matrix, the numerical val-
ues indicate that with increasing temperature, magnetization decreases.
Such decreasing nature at higher value of temperature correspond the
responses of the ferromagnetic droplets presents within the antiferro-
magnetic matrix. From the linear fitting of the magnetic isotherms (at
the high field region, H > 4 T), the extracted spontaneous magnetiza-
tion (as mentioned earlier) is given in lower inset of Fig. 2(A). Regard-
ing this context, it is worth mentioning that for a canted antiferro-
magnetic ground state, though the magnetization values decreases with
increasing temperature but the nature of field dependent magnetization
is different [4].

Another powerful tool to probe the magnetic state of a magnetic
material is the study of magnetocaloric effect [30,31]. The magne-
tocaloric entropy change (-ΔS) was calculated from magnetic isotherms,
using Maxwell’s thermodynamic relation

ΔS = ∫
H

0
(𝜕M∕𝜕T)dH

ΔS(T1 + T2
2

) = 1
T2 − T1 ∫

H

0
(M(T2,H) − M(T1,H))dH

(1)

The temperature dependent magnetocaloric entropy change (-ΔS)
at different magnetic fields is shown in Fig. 3. In the magnetic entropy
change, the signature of the usual charge ordering (T ∼ 270 K) and
antiferromagnetic ordering (T ∼ 150 K) with lowering the tempera-
ture is clearly reflected. Additionally, at the low temperature region
(T ∼ 50 K), a pronounced peak is found. This peak is not prominent
in the magnetization measurements (M(T)). The enlarged views of the
magnetocaloric entropy change (at higher and lower field values) are
shown in the insets of Fig. 3. Qualitatively the nature of the curve in this
region indicates the presence of the ferromagnetic fraction of the com-
pound. Moreover, upon further lowering the temperature (T < 30 K),
rapidly increasing nature of magnetic entropy change is found (along
positive direction of -ΔS(T) curve). This nature physically implies that
along with the core spin of ferromagnetic droplets, uncompensated sur-
face spins of the ferromagnetic droplets and spins of SPM clusters are
now getting more oriented along the magnetic field direction when the
temperature is reduced further.
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Another generic property of the phase separated manganite com-
pounds is the magnetic ‘training effect’ as reported by Pi et al. [32].
From the magnetic measurements, training effect is ascribed to the
reduction of the magnetization due to the magnetic field cycling. Mag-
netization of the sample was recorded at T = 2 K and 80 K temperature
by the field cycling as: H (0) → H (7 T) → H (−7 T) → H (7 T). Enlarged
view of the magnetization in the 1st quadrant in first cycle and 2nd cycle
are given in Fig. 4.

During the discussion of the training effect in this compound it
should be mentioned that since the ferromagnetic droplets (having a
very small fraction in quantity) exist within the antiferromagnetic back-
ground, difference between the 1st and 2nd cycle is very small. Most
important aspect is that at T = 2 K temperature, in the 2nd cycle, mag-
netization is slightly higher compared to the 1st cycle. Whereas, at
T = 80 K, the opposite nature is found (magnetization decreases in 2nd

cycle) and the so called training effect is observed. At very low tem-
perature (2 K) since the ferromagnetic interaction is also present, the
magnetization increases with the field cycling, whereas at higher tem-
perature (80 K) region, the ferromagnetic interaction is no more and
hence training effect is observed. Such nature of the phase separated
compound was also reported in earlier study [32].

The overall experimental observations and the discussion about
the microscopic view of the low temperature magnetic state of the
robust charge ordered Sm0.5Ca0.5MnO3 compound is given in the
schematic diagram in Fig. 5. A small fraction of the ferromagnetic
droplets appears within the antiferromagnetic matrix along with the
superparamagnetic and uncompensated surface spins (associated with
the droplets) with random nature. The schematic diagrams below and
above of the formation of ferromagnetic droplets are shown in Fig. 5(A)
and (B) respectively. Hence, when the temperature decreases (below
T ∼ 30 K in the presence of non zero magnetic field), the surface
spins get more oriented, resulting in the increasing nature of the mag-
netocaloric entropy change (positive value of -ΔS) with lowering the
temperature. Such droplets formation (dimension ∼2 nm) in same com-
pound was reported earlier from the exchange bias measurements by
Dasgupta et al. [33].

4. Conclusions

To summarize, we have made an attempt to describe the nature of
the low temperature magnetic state of Sm0.5Ca0.5MnO3 compound via.
the study of magnetization and magnetocaloric effect. Our experimen-
tal results and discussions reveal that at the low temperature regime,
a small ferromagnetic fraction and suparamagnetic counterparts are
present within the antiferromagnetic matrix. Although determination of
the ferromagnetic component was not straight forward from the magne-
tization measurements, from the magnetocaloric effect study, the nature
of this phase at low temperature has been clearly revealed.
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