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A B S T R A C T

The magnetic, magnetocaloric and exchange bias properties have been studied for the polycrystalline
(Nd0.5Sm0.5)0.5(Sr0.75Ba0.25)0.5MnO3 compound. At low temperature, antiferromagnetic counterpart of this
phase separated compound transforms into ferromagnetic via a field induced metamagnetic transition. The
absence of the exchange bias effect may be ascribed by the random spin freezing and existence of the
paramagnetic phase even in the presence of a cooling magnetic field. Depending upon the value of the cooling
field, the coercivity changes significantly. This feature may be associated with the magnetic randomness of
the sample. Magnetocaloric effect calculated from M–H data (collected from different measurement protocols)
indicate the remarkable modification of the ground state configuration due to magnetic field cycling. The
protocol dependence MCE was explained by the field and temperature induced magnetic phase fluctuation.
1. Introduction

In doped perovskite manganites having general formula RE1−𝑥B𝑥
MnO3 (RE-trivalent and B-bivalent ions), the colossal magnetoresis-
tance (CMR) effect is one of the most intriguing phenomena [1–6].
There are several reports published in the last two decades regard-
ing the CMR effect and some related properties in doped perovskite
compounds [1–5,7–9]. The striking correlation between the charge,
spin and lattice degrees of freedom was found in these intrinsically
phase-separated compounds [9–13]. In the context of the CMR effect,
phase separation is considered as the key role [6,14]. In 1994, Jin
et al. reported the CMR effect in doped perovskite manganite system
due to the suppression of the magnetic randomness in the presence
of a magnetic field near to the Curie temperature [3]. After this
revolutionary work, several systematic studies have been carried out for
different doped compounds having complex magnetic ground states [7,
14–17]. Except CMR effect, magnetic phase fluctuation also played
vital role in other magnetic properties namely magnetocaloric effect,
exchange bias, coercive fields, remanent magnetization etc. [7,8,15,
16,18]. Magnetocaloric effect is directly related with the suppression
of magnetic randomness for a compound in presence of an external
magnetic field. Hence, it is quite obvious to have a striking correlation
between the phase fluctuation and magnetic entropy change of the
system. In context to the magnetocaloric effect, it is important to
mention that it can be treated as a sensitive (compared to direct
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magnetization measurements) tool to detect any feeble modification in
magnetic state [17,19,20].

For phase separated magnetic compounds, another interesting prop-
erty is exchange bias effect. Exchange bias effect (asymmetry in Magne-
tization vs. magnetic field loop) arises due to the unidirectional interfa-
cial spin freezing between different types of magnetic domain [21,22].
In general, for polycrystalline compounds, random spin freezing occurs
due to the absence of magnetic field during cooling. However, in the
presence of external magnetic field during cooling, the directional spin
freezing (exchange bias) appears and it also modifies the coercive fields
of the materials [21,22]. Previously, the several physical properties
of numerous quenched disordered phase separated samples having
bi-critical point were reported elaborately [23,24]. In the mangan-
ite family, (Sm1−𝑥Gd𝑥)0.55Sr0.45MnO3, (Nd0.5Sm0.5)0.5Sr0.5MnO3 and
(Nd0.5Sm0.5)0.55Sr0.45MnO3 are very well studied compounds [25–28].
The origin of the bi-criticality of such compounds was explored con-
sidering the interfacial effect developed between different magnetic
sub-domains [23,24]. The dominant components are generally an-
tiferromagnetic and ferromagnetic (ordered/disordered) phases [23,
24,29]. The phase proportions in doped perovskite magnetic materi-
als are also influenced by the A-site cation radius (electronic band-
width) [4,24]. To study the effect of external magnetic field and
temperature on the modification of the quenched disordered magnetic
state with random fluctuation, we have selected the polycrystalline
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Fig. 1. Room temperature x-ray diffraction pattern (along with rietveld profile fitting)
for (Nd0.5Sm0.5)0.5(Sr0.75Ba0.25)0.5MnO3 compound.

(Nd0.5Sm0.5)0.5(Sr0.75Ba0.25)0.5MnO3 compound having a prominent
ferromagnetic phase fraction at low temperature region. The previous
studies on similar compounds (near to the bi-critical region) indicate
that the magnetic phase fraction and related physical properties were
modified dramatically due to the influence of the external magnetic
field and temperature [26–28].

In our present study, at the low temperature region, a phase-
separated state is stabilized. Moreover, due to the magnetic field cy-
cling, the proportions of different phases and related physical properties
have been changed markedly. Astonishingly it should also be men-
tioned that exchange bias phenomena is absent for this compound.
However, the change of the coercivity was observed depending upon
the cooling magnetic field. Magnetocaloric effect studies, calculated
from magnetization and demagnetization data indicate the distinct
nature. Such features were analyzed by considering the field cycling
induced modification of the different competing magnetic phases.

2. Sample preparation, characterizations and measurements

Polycrystalline (Nd0.5Sm0.5)0.5(Sr0.75Ba0.25)0.5MnO3 compound was
prepared by well-known solid-state reaction method. Highly pure
(99.99%) Nd2O3, Sm2O3, Sr(NO3)2 and BaCO3 were used as a start-
ing element. At first, rare-earth oxides (Nd2O3 and Sm2O3) are pre-
heated at 500 ◦C temperature for overnight. Then all the elemen-
tal powders are mixed well according to their stoichiometric ratio.
The well mixed powder was then heat treated at 900–1100 ◦C tem-
perature for 72 h with intermediate grinding. The polycrystalline
(Nd0.5Sm0.5)0.5(Sr0.75Ba0.25)0.5MnO3 sample was then reground and
pressed into pallets. Finally, the pallets are sintered at 1300 ◦C for 36 h
in air.

Room temperature powder x-ray diffraction study was carried out
by Rigaku TTRAX-III diffractometer using Cu-K𝛼 radiation(𝜆=1.54 Å).
Magnetic measurements were performed by SuperConducting Quantum
Interference Device (SQUID-VSM) magnetometer.

3. Results and discussion

Room temperature x-ray diffraction (XRD) pattern indicates the
chemically single-phase nature of the polycrystalline (Nd0.5Sm0.5)0.5
(Sr0.75Ba0.25)0.5MnO3 compound. The XRD data for our studied sample
and its profile fitting by considering ‘PNMA’ space group symmetry is
given in Fig. 1. Extracted lattice parameters for the studied compound
are a=5.4434 Å, b=5.3953 Å and c= 7.7197 Å.

Magnetization as a function of temperature at different constant
magnetic fields in three different protocols — ZFCW (Zero Field Cooled
Warming), FCC (Field Cooled Cooling) and FCW (Field Cooled Warm-
ing) is shown in Fig. 2. A prominent bifurcation was present between
2

ZFCW and FCC/FCW magnetization data at H = 500 Oe external
magnetic field (displayed in Fig. 2(a)). The nature of magnetization
curve indicates about the presence of two clear transitions at T∼150
K (shallow hump) and at T∼50 K (sharp rise). Inset of Fig. 2(a) shows
the variation of dM/dT with temperature T, Where M represents the
FCW magnetization data at H = 500 Oe. The inset figure manifests
a peak near T∼150 K (correspond to antiferromagnetic phase) and
a deep at T∼50 K (corresponds to ferromagnetic phase). The weak
response of the antiferromagnetic transition becomes more prominent
in the presence of the higher value of magnetic field (shown in fig
Fig. 2(b) and its inset). For more higher field values (H = 40 kOe
and H = 70 kOe ) the antiferromagnetic signature was absent and for
H>40 kOe only ferromagnetic states are observed for this compound
(shown in Fig. 2(c)). We can expect there may be a metamagnetic tran-
sition where antiferromagnetic phase transformed into ferromagnetic
phases and a critical field should also present for this compound. At
very low temperature region the upturn nature of magnetization may
be associated with the influence of rare earth (Nd, Sm) ions. Isothermal
magnetization as a function of external magnetic field at 𝑇 = 2 K is
given in Fig. 3(a). Here metamagnetic transition occurred near about
20 kOe external magnetic field and hysteretic nature was also observed
for field cycling. To show the hysteresis nature, enlarged view of the M–
H loop at the low field region is given in inset of Fig. 3(a). The magnetic
field value required for metamagnetic transition (H𝑐) is sensitive to
temperature. For the sake of clarity some selected field dependent
magnetization measured at different high temperature is shown in
Fig. 3(b). As the phase separated system shows exchange bias effect, we
have recorded magnetization as a function of external magnetic field
for some selected cooling field values at constant temperature T=2 K
(shown in Fig. 4(a)). Astonishingly, exchange bias effect was absent
for our studied sample. Fig. 4(b) shows that the value of exchange bias
field is near about zero for all the cooling field values. However, the
coercive field is changed with respect to the cooling magnetic field.
The variation of coercive field as a function of cooling field is shown in
Fig. 4(c). The nature of coercive field shows constant value for H𝑚𝑎𝑥<H𝑐
and then it decreases with an increasing cooling field (H𝑚𝑎𝑥>H𝑐).

Magnetocaloric effect is the variation of temperature as a function
of external magnetic field under adiabatic conditions. It can also be
defined as magnetic entropy change under isothermal magnetization
(Demagnetization) [30]. Magnetic entropy change can be treated as
a powerful tool to understand the complex magnetic ground state
of materials. The magnetic entropy change was determined by using
Maxwell thermodynamic relation.

𝛥𝑆 = ∫

𝐻

0
(𝜕𝑀∕𝜕𝑇 )𝑑𝐻 (1)

For the phase separated compounds, response of different phases is very
much sensitive with external magnetic field values and on its history.
previously it is well documented about the measurement protocol
dependency of magnetocaloric properties [14,31]. As mention earlier
from the several dc magnetization measurement, the studied compound
exhibits rich magnetic properties depending upon the magnetic field
values and history of it.

To elucidate this fact, we have plotted the magnetic isotherm at
𝑇 = 2 K (sample was cooled down in the absence of magnetic field(ZFC)
and in the presence of 70 kOe magnetic field (H𝑐)) in the inset of
Fig. 6(a). The difference between saturation magnetization of two
protocols indicate that 70 kOe field is not sufficient to transform the
sample fully ferromagnetic (although the ferromagnetic state is mostly
dominant in nature).

Considering those facts we have estimated the magnetocaloric re-
sponses of the compound from two different set of magnetic isotherms.
Magnetic entropy change was calculated from magnetic isotherms (M–
H data) when the sample was subjected under 70 kOe external magnetic
field. At first magnetization was measured during the increase of mag-
netic field from 0 to 70 kOe and then the sample was demagnetized
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Fig. 2. (a) ZFCW and FCW magnetization as a function of temperature at H = 500 Oe magnetic field. Temperature dependence FCC and FCW magnetization is shown for
(b) H = 10 kOe and (c) H = 40 kOe and H = 70 kOe. Inset of fig- (a) and (b) represents dM/dT as a function of temperature T, where M is taken from FCW data.
Fig. 3. (a) magnetization as a function of the external magnetic field at 2 K
temperature. Inset of fig(a) shows the enlarged view of M(H) at the low field region (b)
variation of magnetization with magnetic field at some selected temperature.

by reducing the external magnetic field from 70 to 0 kOe. Magnetic
isotherms during magnetization and demagnetization at some selected
particular temperatures are shown in Fig. 5. Temperature dependent
magnetocaloric effect (calculation from magnetization) (Fig. 6(a)) in-
dicate two distinct features (H>H𝑐 and H<H𝑐) depending upon the
magnetic field. For small value of the magnetic field, the inherent
ground state nature of the compound is prominent. As observed from
the DC magnetization data, the ferromagnetic signature (T∼140 K)
is also clearly visible in its magnetocaloric response. With further
lowering the temperature (T∼50 K) the peak in MCE manifests the
ferromagnetic transition of the compound. At very low temperature
region the antiferromagnetic like signature appears probably due to
kinetically arrested phase and short-range antiferromagnetic correla-
tion developed among the uncompensated surface spins. However, for
higher field values (H>H𝑐), −𝛥S(T) at T∼140 K steeply increases due
to field induced phase transformation (AFM to FM). The remaining
features are almost unchanged as observed for the low field region. The
positive and negative sign of −𝛥S(T) can probe the nature of magnetic
3

Fig. 4. (a) magnetization as a function of magnetic field at 2 K temperature for some
selected cooling field. (b) and (c) represents cooling field dependent exchange bias field
and coercive field respectively.

state. Generally, In the −𝛥S(T) curve a peak appears for ferromag-
netic system and a positive to negative smooth crossover appears for
antiferromagnetic system.

In contrast to that, the magnetocaloric response exhibits signifi-
cantly different in nature when it was calculated from demagnetiza-
tion data (Fig. 6(b)). Here, the predominant nature of ferromagnetic
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Fig. 5. Isothermal M–H curves (during magnetization and demagnetization) at some
selected temperature.

Fig. 6. (a) and (b) represents the variation of magnetic entropy change with tempera-
ture at some selected external magnetic field during magnetization and demagnetization
respectively.

signature is observed throughout the whole temperature range. The
antiferromagnetic like signature in the low temperature region is fully
transformed into ferromagnetic counterpart. However, at T∼140 K,
−𝛥S(T) curve shows a very small negative valued signature (corre-
sponds to the presence of antiferromagnetic phase) for low the field
region. Although the ferromagnetic counterpart is prominent for high
field region, antiferromagnetic signature is also clear in view from
careful observation (lowering of −𝛥S(T) curve towards the zero-value
shown in the inset of Fig. 6(b)). To extract the more details information
about the ground state of the sample and its modification with external
magnetic field, we have plotted −𝛥S as a function of the external
magnetic field at several specified temperatures. The calculated −𝛥S(H)
urves (calculated from M–H data during magnetization) at different
emperature implies distinct features. For T=100 K, −𝛥S(H) exhibits

positive value for H< 45 kOe. However above 45 kOe it shows
4

negative value. Such crossover might be ascribed as the existence
Fig. 7. Magnetic entropy change as a function of external magnetic field at (a) T=20 K,
100 K and (b) 150 K during magnetization. Inset of fig-(b) shows the external view of
−𝛥S(H) at low field region.

of the phase coexistence of the compound. At very low temperature
region (T=20 K) the antiferromagnetic response was observed for the
whole field region (Fig. 7(a)). Similarly, for T=150 K the antiferro-
magnetic signature of the ground state is manifested by the negative
value of −𝛥S(H) upto H∼30 kOe. Above 30 kOe magnetic field, the
erromagnetic response become dominant due to metamagnetic tran-
ition (positive value of −𝛥S(H) (Fig. 7(b)). To distinguish between

the magnetic ground state before and after magnetic field cycling, we
have again plotted the variation of −𝛥S with H (where −𝛥S have been
calculated from the M–H data during demagnetization of the sample).
In contrast to the previous one, at T=20 K and 100 K the dominant
ferromagnetic nature was found (Fig. 8(a)). However, at T=150 K anti-
ferromagnetic (negative −𝛥S) to ferromagnetic (positive −𝛥S) transition
was found due to increase of the magnetic field (Fig. 8b).

To collect all the information regarding the magnetic ground state
and its modifications, study of magnetic phase diagram is very powerful
technique [14]. Especially for the compound having multiple phase
transition, MCE can be treated as a powerful tool to construct the com-
plete phase diagram [14]. In our studied sample we have constructed
a magnetic phase diagram using magnetization and magnetocaloric
effect (which is given in Fig. 9). The signature of the several phase
transitions (temperature and field induced) are clearly visible by the
phase boundary lines.

From the dc magnetization and magnetocaloric effect study we
have observed that at the low field region antiferromagnetic state
persists and at low field, low temperature region disordered magnetic
state coexist with antiferromagnetic state. Near about H = 10–20 kOe,
the disordered spins are transformed into ferromagnetic (denoted by
FM(2)). For T>50k and H>10 kOe, ferromagnetic domains (denoted
by FM(1)) appears along with antiferromagnetic phase due to phase
transformation (AFM-FM or PM–FM). For H>60 kOe, ferromagnetic
state is mostly dominating as maximum spins are aligned along the field
direction and for T>160 K paramagnetic (PM) region exist. Magnetiza-
tion and magnetocaloric effect study also reveals that antiferromagnetic

and ferromagnetic phases are coexisted (at the low temperature region)
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Fig. 8. Variation of magnetic entropy change with external magnetic field at
(a) T=20 K, 100 K and (b) 150 K during demagnetization. Inset of fig (b) represents
the enlarge view of −𝛥S(H) at low field region.

Fig. 9. Construction of magnetic phase diagram for polycrystalline
Nd0.5Sm0.5)0.5(Sr0.75Ba0.25)0.5MnO3 using magnetization and magnetocaloric effect.
here AFM—antiferromagnetic, FM—ferromagnetic, DO—disordered magnetic state,

M—paramagnetic.

ithin the sample having different ordering temperature. Moreover,
uite different nature was found for interfacial magnetic spins. The
agnetic field cycling (at 𝑇 = 2 K) influenced the interfacial spins
arkedly.

Considering all those facts the magnetic ground state of this com-
ound is shown schematically in Fig. 10(a) and (b) for before and after
agnetic field cycling respectively. After field cycling some of the anti-

erromagnetic domains transformed into ferromagnetic domains. How-
ver, at the low temperature, some remaining antiferromagnetic do-
ains coexist with ferromagnetic phases (in the absence of a magnetic

ield).
5

Fig. 10. (a) and (b) represents the schematic diagram before and after magnetic field
cycling respectively.

4. Conclusions

In a nutshell, different magnetic properties of polycrystalline
(Nd0.5Sm0.5)0.5(Sr0.75Ba0.25)0.5MnO3 compound have been presented.
Our experimental results indicate that for this phase separated sample
the exchange bias is absent even at the low temperature region, possibly
due to random spin freezing and the coexisting paramagnetic phase.
However, the coercivity and the magnetic phase fraction is very much
sensible on the external magnetic field. In addition, the calculated
magnetocaloric effect in different protocols (during magnetization and
during demagnetization) indicate the significant change of magnetic
ground state for this compound.
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