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Abstract
Investigation of the magnetic ground state and magnetocaloric properties of the polycrystalline  Pr0.65(Ca0.80Sr0.20)0.35  MnO3 
compound has been carried out in detail. In addition to the charge-orbital ordering and antiferromagnetic ordering transition, 
a weak ferromagnetic (FM) phase has been recognized from its temperature dependence of magnetization as well as from 
the change of magnetic entropies. The influence of such ferromagnetic phase on magnetocaloric effect have been examined 
properly in the presence of different magnetic fields. Moreover, a magnetic phase diagram, derived from the magnetic iso-
therms and magnetocaloric effect has been constructed to understand evolution of the weak ferromagnetic phase with external 
magnetic field at low temperature region.

1 Introduction

The phase coexistence scenario is a very trivial phenom-
ena in the study of the colossal magnetoresistance (CMR) 
effect [1–7]. The competing nature between the metastable 
phases in presence of the external magnetic field and tem-
perature initiates many intriguing physical properties like 
low field magnetoresistance, large magnetocaloric effect 
(MCE), metal–insulator transition. [8–14]. For a material 
having first-order magnetic transition, phase separation is 
governed by the disorder-mediated percolation between the 
equal density phases [15–18]. Due to the non-equilibrium 
nature of the competing phases, it is beneficial to tune the 
magnetic phase fraction by application of the small magnetic 
field. Regarding this context, it is worth mentioning that to 
realize the modification of the competing ground state, mag-
netocaloric effect (MCE) study may be treated as a powerful 
tool as reported earlier [19–23]. MCE is generally defined 
as the variation of the isothermal magnetic entropy change 
(ΔS) or adiabatic temperature change (ΔTad) of any magnetic 

material when it is subjected in the external magnetic field. 
From the fundamental and technological aspects, MCE for 
ferromagnetic or antiferromagnetic materials were exten-
sively studied during previous few decades [24–28]. In this 
context, it is important to mention that magnetocaloric effect 
in the mixed phase magnetic materials also got an utmost 
attention to realize the evolution of the stability of different 
phases or phase transformation [23, 29, 30].

Doped perovskite manganite compounds are chemically 
represented by the general formula  A1−xBxMnO3 (A = triva-
lent elements and B = bivalent elements). Several intriguing 
physical properties have been achieved depending upon the 
choice of materials (A and B) and as well as on doping con-
centration ‘x’. In case of the phase separated manganites, 
A = La, Pr and B = Ca–Sr and Ca–Ba were very well studied 
systems [24, 28, 31–36].

Regarding of our present study, a very brief discussion about 
the reported physical properties of Pr0.65

(

Ca1−ySry
)

0.35
MnO3 

compound is given here. Based on the Sr doping concentra-
tion, Blake et al. had reported the magnetic phase diagram of 
the  Pr0.65 

(

Ca1−ySry
)

0.35
MnO3 compound, and it exhibits fas-

cinating magnetic ground state [37]. According to their study, a 
sudden upturn in magnetization below T = 200 K was appeared 
for y = 0.35 and y = 0.40. However, the significant proportion of 
charge-ordered antiferromagnetic phase exists below T = 200 K 
for the  Pr0.65  (Ca0.65Sr0.35)0.35  MnO3 compound. In addition to 
that, at low temperature (T < 90 K), an upturn in magnetization 
was appeared and this ferromagnetic phase fraction approached 
almost 100% at T = 10 K. It is important to mention that the 
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magnetization at low temperature for y = 0.20, 0.25, and 0.30 
concentration is lower than that for y = 0.75 or y = 0.80 com-
pounds. Specifically, in case of the  Pr0.65  (Ca0.80Sr0.20)0.35MnO3 
compound, the charge-ordered antiferromagnetic phase domi-
nates over the whole temperature range. Moreover, the position 
of the present studied compound is near to the phase boundary 
(ferromagnetic and antiferromagnetic) region [37]. They showed 
lack of interest in the low temperature weak ferromagnetic phase 
of the compound. Considering those above mentioned facts, we 
have prepared the polycrystalline  Pr0.65  (Ca0.80Sr0.20)0.35MnO3 
(PCSMO) compound and it’s magnetic and magnetocaloric 
properties have been studied. The magnetic and magnetocaloric 
effect indicate that in addition to the charge-ordered and antifer-
romagnetic ordered state, a ferromagnetic phase is also present 
at the low temperature regime. The dynamics of this weak fer-
romagnetic phase with temperature and external magnetic field 
was described by constructing the magnetic phase diagram of 
this compound.

We used the well-known sol–gel method to prepare the 
polycrystalline PCSMO compound. There are also several 
other techniques namely electrodeposition, sputtering, etc. 
for the sample preparation. Sol–gel method is a very easy 
process to prepare oxide compounds and one can easily tune 
the doping concentration. Due to the well mixing of precur-
sors at the molecular level, one can achieve better homo-
geneity and high purity compounds by utilizing sol–gel 
method. Apart from these benefits, sol–gel technique is a 
less energy consumption method where we also don’t need 
any kind of special or expensive equipment. In contrast to 
that, the electrodeposition and sputtering method is very 
costly and time-consuming. Although these two methods 
have various advantages over sol–gel method as reported 
earlier in the literature [38–43].

2  Sample preparation and characterization

The well-established sol–gel chemistry route [33, 44, 45] 
has been employed to prepare the polycrystalline bulk  Pr0.65 
 (Ca0.80Sr0.20)0.35MnO3 (PCSMO) compound. In order to pre-
pare the PCSMO compound,  Pr6O11,  CaCO3,  SrCO3 and 
 MnO2 powders having purity greater than 99.99% have been 
used as raw materials along with oxalic acid, citric acid, and 
nitric acid as reacting agents. Stoichiometric amount of pre-
heated rare-earth oxide and carbonates were converted into 
their corresponding nitrate solutions by adding concentrated 
nitric acid into the mixture and dissolved the whole solution 
into Millipore water. As the  MnO2 is insoluble in nitric acid, 
required amount of oxalic acid has been used in the solution. 
The mixture was then magnetically stirred for 30 min to get 
a homogenous mixture. To convert the solution into the gel 
form, desired amount of citric acid was added to the solu-
tion and set the solution for evaporation slowly at 80–90 °C 

in a water bath. After decomposing the gel at 200 °C, black 
powder was obtained. This powder was then reground, pel-
letized, and sintered at 1300 °C for 36 h to get the bulk poly-
crystalline PCSMO compound. The room temperature X-ray 
diffraction (XRD) spectrum of the powdered polycrystalline 
PCSMO compound reveals the single phase nature of the 
compound. The compound belongs to the Pnma space group 
having orthorhombic crystal structure. The DC magnetiza-
tion measurements were carried out in a physical property 
measurement system (M/S Quantum Design Inc., USA).

3  Experimental results and discussion

In order to investigate the magnetic ground state of the com-
pound, we have recorded magnetization data as a function of 
both temperature and magnetic field under various measur-
ing protocols which are described as follows:

• ZFCW The virgin sample was cooled down to low-
est desired temperature from room temperature in the 
absence of any external magnetic field and magnetization 
data were collected during warming cycle in the presence 
of desired static magnetic field.

• FCC Magnetic field was applied at the room temperature 
and the magnetization data were recorded during cooling 
of the sample.

• FCW The sample was cooled down to the desired tem-
perature in presence of the static magnetic field and then 
magnetization data were recorded during warming cycle 
in presence of the same static magnetic field as applied 
during cooling.

Figure 1a shows the temperature dependence of magneti-
zation measured under ZFCW and FCW protocols in pres-
ence of H = 500 Oe magnetic field. Due to change of mag-
netic state (from paramagnetic to ferromagnetic), a discrete 
change in magnetization has been observed below 100 K. 
A huge divergence between ZFCW and FCW curves may 
be arisen due to the local anisotropic field generated from 
the FM/AFM clusters present in the system. These kind of 
magnetic clusters can be generated if the system is mag-
netically inhomogeneous or exhibiting the magnetic frustra-
tion [46, 47]. With increasing temperature, magnetization 
both in ZFCW and FCW protocols increases which may 
be due to the local ordering of rare-earth ions (T < 50 K). 
In ZFCW protocol, a hump at T ~ 44 K in magnetization 
curve is observed which manifested as blocking temperature 
(TB) where magnetic moments are freeze in an energetically 
favored direction due to the local anisotropy of the system. 
Another strong hump has been observed in the magnetiza-
tion curves which is due to the local charge ordering of  Mn3+ 
and  Mn4+ ions (T ~ 240 K).
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For better understanding the paramagnetic ground state of 
the compound, inverse susceptibility (χ−1) as a function of 
temperature for H = 500 Oe has been plotted as shown in the 
inset of Fig. 1a. The inverse susceptibility (χ−1) as a function 
of temperature shows interesting non-linear behavior. Using 
the Curie–Weiss (C–W) law of the form � = C∕(T − �CW) 
in the paramagnetic region, where C = �2

eff
∕3k is the Curie 

constant and �CW stands for paramagnetic Curie–Weiss 
temperature, the curve is fitted linearly in the paramag-
netic region. The theoretical effective magnetic moment 
((

�eff

)

theo

)

 of the compound has been calculated using the 
following formula: 

where 
(

�eff

)

Pr3+
,
(

�eff

)

Mn3+
,
(

�eff

)

Mn4+
 are calculated with 

the formula, �eff = g{j(j + 1)}1∕2�B . The observed effective 
magnetic moment 

((

�eff

)

obs

)

 has been calculated from the 
linear fitting of χ−1 vs. T plot in the paramagnetic region (i.e., 
from Curie constant, C = �2

eff
∕3k ). The value of 

(

�eff

)

theo
 

is 5.4 μB/f. u. and the value of 
(

�eff

)

obs
 is 7 μB/f. u.. Since 

(

𝜇eff

)

obs
>

(

𝜇eff

)

theo
 and the positive value of θCW = 187 K 

confirms the presence of short-range ferromagnetic interac-
tion due to the formation of ferromagnetic/antiferromagnetic 
clusters in the paramagnetic region of the sample [48–50].

To observe the modification of magnetic ground state 
with temperature upon application of external magnetic 
field, magnetization as a function of temperature for vari-
ous external magnetic fields have been recorded as shown 
in Fig. 1b. The data were collected in FCC and FCW proto-
cols. One can clearly observe the increment of ferromagnetic 

(

�eff

)

theo
=

[

0.65 ×
(

�eff

)2

Pr3+
+ 0.65 ×

(

�eff

)2

Mn3+
+ 0.35 ×

(

�eff

)2

Mn4+

]1∕2

fraction with increasing magnetic field strength. A strong 
thermal hysteresis present in between FCC and FCW curves 
corresponds to the first-order magnetic phase transition asso-
ciated with it. Width of the thermal hysteresis drastically 
decreases (from Twidth = 47.7 K at H = 10 kOe to Twidth = 1 K 
at H = 50 kOe) with increasing magnetic field values. The 
charge-ordering temperature (TCO) ~ 230 K remains unper-
turbed up to 40 kOe magnetic field. This charge-ordering 
state started melting upon application of 50 kOe magnetic 
field. Similarly, the antiferromagnetic ordering temperature 
(TN) of  Mn3+ and  Mn4+ ions remains unchanged with incre-
ment of magnetic field strengths. An interesting feature has 

been noticed in the magnetization curves that the absence of 
low temperature ordering of rare-earth ions upon application 
of high magnetic fields. This may be due to the alignment 
of magnetic moments of rare-earth ions along the applied 
field direction which contributed ferromagnetically in the net 
magnetization value at low temperature region.

Magnetic field dependence of magnetization at T = 5 K 
has been recorded under ZFCW protocol during the field 
change of 0 T → 5 T → 5 T → 5 T as shown in Fig. 2. With 
increasing magnetic field, magnetization increases linearly 
due to the dominating nature of the canted AFM ground 
state. This canted AFM ground state is unstable, and further 
increment of magnetic field above 20 kOe help to convert 
this canted AFM ground state into a FM stable state which 
remains constant upon subsequent of field cycling as shown 
in the inset of Fig. 2. This represents the system undergoes a 
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Fig. 1  a Magnetization as a function of temperature during ZFCW 
and FCW protocols in the presence of H = 500 Oe magnetic field. 
Inset shows the temperature dependence of inverse susceptibility 
plot (Olive) along with the paramagnetic Curie–Weiss fitted curve 

(red), b temperature dependence of magnetization recorded during 
field cooled cooling (FCC) (Olive) and during field cooled warm-
ing (FCW) (pink) protocols in presence of various external magnetic 
fields (Color figure online)
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metamagnetic (AFM → FM) like first-order magnetic transi-
tion upon application of magnetic field.

In general, this kind of metamagnetic transition is tem-
perature-dependent. To calculate the required critical mag-
netic fields  (HC) at various temperatures, we have measured 
various temperature-dependent magnetization curves under 
ZFCW protocol as shown in Fig. 3a. For the sake of clar-
ity, we have shown M–H curves for selected temperatures. 
Below a certain temperature  (TCO), magnetization increases 
linearly in the low field region, and after that, a metamag-
netic transition takes place and it reaches its saturation value. 
This S-shaped nature of M–H curves (at low temperature) 
may be attributed to the fact of inhomogeneous metasta-
ble state in the presence of quenched disorder as reported 
by Sarkar et al. [51]. Above TCO, magnetization increases 
almost linearly with magnetic field corresponding to the 
paramagnetic state of the system.

In order to confirm the nature of magnetic phase transi-
tion, Arrott plots (M2 vs. H/M) [52] have been constructed 
using the isothermal magnetization curves as shown in 
Fig. 3a. Using Banerjee criterion [53] on the slopes of Arrott 
plots, one can easily explain the order of magnetic phase 
transition. If the slope of M2 vs. H/M curves is positive, then 
the transition associated with the system is second order in 
nature and vice versa. In case of our PCSMO compound, 
the slope of the M2 vs. H/M curves is negative in the low 
field region implying that the magnetic transition associated 
with the system is a conventional first-order type as shown 
in Fig. 3b.

The change of magnetic entropy (ΔS) upon application 
of magnetic fields can be calculated using Maxwell’s ther-
modynamic relation [54] as given by

The variation of the magnetic entropy change as a func-
tion of temperature is given in Fig. 4. The signature of dif-
ferent magnetic phase transitions has been clearly reflected 
in the − ΔS vs. T plots. With decreasing temperature, the 
change of magnetic entropy (− ΔS) values alters its sign 
which can be incorporated as inverse magnetocaloric effect 
(IMCE). The peak temperature value of IMCE corresponds 
to the local charge-orbital ordering of  Mn4+ and  Mn3+ ions. 
With further lowering of temperature, − ΔS shows a posi-
tive value which indicates the ferromagnetic nature of the 
already converted ground state of the compound. At low 
temperature, the numerical value of the magnetic entropy 
change (− ΔS) drastically increases after it crosses the criti-
cal field value (~ 20 kOe) of metamagnetic phase transition. 
Moreover, at very higher magnetic field values, the change 
of magnetic entropy (− ΔS) tends to saturate.

(1)ΔS =
H

∫
0

dM

dT
dH

-60 -30 0 30 60
-120

-60

0

60

120

-0.6 0.0 0.6

-30

0

30
M

 (e
m

u/
g)

H (kOe)

T = 5 K
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The field-induced metamagnetic phase transition is very 
sensitive to the temperature. The critical magnetic field 
 (HC) values and the critical temperature (TC) are extracted 
from the derivatives of isothermal magnetization curves 
and the temperature-dependent magnetic entropy change 
curves, respectively. These kind of extraction of critical 
parameters has been shown in Fig. 5. Both the deriva-
tives of the magnetization and magnetic entropy change 
exhibits metamagnetic transition almost in the same mag-
netic field when the temperatures are very close to each 
other. By extracting the values of critical magnetic field 
at different temperatures from the magnetization as well 

as magneto caloric effect study, we have constructed the 
magnetic phase diagram (MPD) of the compound. The 
generated MPD is depicted in Fig. 6. MPD of the com-
pound indicates that the critical magnetic field increases 
with increasing the temperature.

4  Conclusions

To summarize, we have reported the magnetic and mag-
netocaloric effect of polycrystalline PCSMO compound 
as prepared using standard sol–gel method. In addition to 
the charge-orbital and antiferromagnetic ordering, a weak 
ferromagnetic phase was identified which is dominated 
specially at low temperature region. Moreover, the sys-
tem undergoes a metamagnetic-like phase transition upon 
application of high magnetic field (H ~ 20 kOe) at low tem-
perature region. This confirms the metastable magnetic 
nature of its ground state (canted AFM state). The dynam-
ics of the low temperature weak ferromagnetic phase were 
studied through the construction of the magnetic phase 
diagram using the extracted critical parameters from the 
magnetization and magnetocaloric effect study.
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