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Abstract. The critical behavior and magnetic properties of Pr0.65Sr0.35MnO3 (symbolized here by PSMO) were
studied using Monte Carlo Simulation (MCS). The thermal bath algorithm and Ising model in which exchange
interactions via the third nearest neighbor were used to calculate the magnetic and magneto-caloric properties.
The effects of temperature (T) and external magnetic ﬁeld (h) on the magnetic behavior of PSMO were
examined. The results show that the Curie temperature (TC) is close to the experimental value. The magnetic
entropy shows a maximum value around the TC that increases linearly with the increase of the external ﬁeld.
The critical behavior of the PSMO compound was studied by analyzing the magnetization isotherms and by
exploiting Arrott plots. The obtained values of the critical exponents are b = 0.336, g = 1.121, and d = 4.335.
These values are very close to those reported for the 3D-Ising model. The variation of maximum magnetic
entropy (DSmax
m ) and relative cooling power (RCP) around the Curie temperature were calculated; the obtained
values of DSmax
and those of RCP ranging from 3.612 and 92.7 for 1T to 6.191 and 209.9 for 5T, respectively.
m
These results are sufﬁciently interesting to consider the PSMO compound as a promising candidate for magnetic
refrigeration.

1 Introduction
In recent years, a great attention has been paid to the
perovskite-type of materials, in particular the manganitebased compounds [1,2], due to their interesting properties
such as those of optics, ferroelectricity, ferromagnetism and
not only the magnetocaloric (MC).
It is important to mention that magnetic refrigeration
has found wide applications in energy-intensive industrial
and commercial refrigerators such as large-scale air
conditioners, heat pumps, supermarket refrigeration units,
waste separation, chemical processing, gas liquiﬁcation,
liquor distilling, sugar reﬁning, grain drying, and so forth
[3,4]. In addition, uniform distribution of the magnetic
entropy change is very desirable for Ericsson-cycle-based
magnetic refrigerators. The large magnetic entropy change
induced by a relatively low magnetic ﬁeld change is
beneﬁcial for household application of active magnetic
refrigerant materials [5].
The discovery of superconducting oxides in 1987
intensiﬁed research in the ﬁeld of magnetic oxides. In
1993, following the discovery of giant magnetoresistance
★
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(variation of the resistivity in the presence of a magnetic
ﬁeld) in manganese-based perovskites. For instance, the
magnetic oxides of LnMnO3, Ln2MnO4 type (where Ln is
a rare earth element) made a subject of numerous studies
[6–10]. In addition to its magneto-resistive behavior,
manganite compounds present important MC properties
(i.e. variation of the entropy under the effect of a magnetic
ﬁeld) [11]. The MC effect of this type of material is one of
the results of great change in magnetic entropy DS due to
the large spontaneous magnetization change at the
Ferromagnetic-Paramagnetic (FM-PM) transition [12].
Understanding the nature of the PM-FM transition is
important to fully reveal the MC effect in the vicinity of the
transition point. As the process of the FM-PM transition is
governed by the corresponding critical exponents (CE),
therefore the study of CE in the asymptotic critical region,
located over and below TC of the 2nd order PM-FM phase
transition, is a powerful tool for in-depth analysis of the
mechanisms of the microscopic magnetic interaction responsible for this transition [13,14]. Near the Curie temperature, in
the double exchange model in the framework of the long-range
mean ﬁeld theory [15], it has been reported that the critical
parameters of based-manganese oxides are linked to the PMFM transition. However, Pramanik et al. have predicted that
CE in manganite compounds are consistent with the shortrange exchange interaction model [16].
In the case of mixed Mn-valences in La1xAxMnO3 or
Ln2xAxMnO4 manganite type, the studies carried out
since 1950 by Jonker and in 2011 by Tlili et al. [11] have
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Fig. 1. (a) Crystalline structure of the studied system. (b) Various kinds of the considered exchange interactions.

shown an insulating antiferromagnetic behavior for low
values of x and a metallic ferromagnetic behavior for x over
0.1. This behavior has been explained by the double
exchange mechanism proposed by Zener [17]. The halfmetallic ferromagnetic compound PrMnO3 has been widely
studied in the literature by ﬁrst principles calculations [18],
and the Monte Carlo Simulation [19] and experimentally
by structural and magnetic measurements [20].
To create a mixture of ionic valence as Mn3+/Mn4+,
that is very interesting for the speciﬁc magnetocaloric
behavior in the manganite derived compounds by the
double-exchange interaction between Mn+3 /Mn+4 ions via
oxygen ion [17]. For that, the compound PrMnO3 has been
doped with a bi-valent M2+. For example, the Sr2+, Ca2+
and Ba2+ doping with a speciﬁc level lead to the promising
materials in a particular application [2,6,21–23]. But the
compounds with the level x = 1/3 in the formula
Pr1-xSrxMnO3 have attracted more attention due to their
interesting properties near room temperature, such as the
Curie temperature TC = 295 K [2].
In the present work, the temperature and external
magnetic ﬁeld effects, on the magnetic and magnetocaloric properties and also on the critical behavior in the
manganite oxide Pr0.65Sr0.35MnO3, were studied by
means of the MCS. The modiﬁed Arrott plots (APM)
[24] and the isothermal magnetization diagrams were
used to studying the critical behavior of this compound.
The found results were compared with those reported in
the literature.

2 Theoretical model
The perovskite structure of PSMO will be modeled by a
periodic three-dimensional sub-lattice (Fig. 1a) in which
the magnetic ions (Pr3+, Mn4+ and Mn3+) are located at
sites (i). Each site i carries a spin moment Si so that the spin
of Mn3+ is S = 2, the spin of Mn4+ is S = 3/2, and the spin of
Pr3+ is s = 1. For a perfect structure, the Mn elements have
a mixed valence are Mn4+ with a probability of 0.35 and
Mn3+ with a probability of 0.65.

Magnetic energy encompasses the exchange interactions between the spins up to the third nearest neighbor, as
well as the interactions of the spins with the external
magnetic ﬁeld h. This energy is given in the context of the
Ising model as follows:
H ¼  J1

X
X
X
X
S i S j þ J 2 S i S k þ J 3 S i S m þ J 01 S i s l
i;j

þh

i;k

X X
Si s l
i

!!

i;m

i;l

ð1Þ

l

where 〈i,ji, 〈i,ki, and 〈i,mi represent, respectively the sum
of the ﬁrst, second and third closest sites to the site i. J1, J2,
and J3 are the parameters of exchange interaction between
Mn-Mn ions. J10 is the exchange interaction between Mn-Pr
ions.
2.1 Monte Carlo Simulation (MCS)
The simulation of the above model by means of the MCS
method was based on the sampling algorithm of thermal
baths within the framework of the statistical distribution of
Boltzmann [25]. The simulation program was built to scan
all the sites of the magnetic sub-lattice successively so that
at each site by making attempts to reverse a single spin.
The manganese ion sub-lattice is simulated by a cubic box
with a total number of spins N = L3, where L being the
number of sites (i) in each of the three directions of the
cubic box, the thermodynamic limit being determined at
L = 20. In order to reproduce the inﬁnite size of the system
studied the periodic boundary conditions were chosen. The
initial conﬁguration was generated randomly. The statistical stability of the calculation has been reached when the
program takes a number of MC steps. Consequently,
5  104 MCS steps per spin have been used to obtain
reliable results throughout this calculation. To reach the
equilibrium, the ﬁrst 2  104 steps have been eliminated
and then the statistical measurements of physical magnitudes were made on the last 3  104 steps.
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The different types of exchange interactions between
the magnetic ions are shown in Figure 1b. Each manganese
ion has three types of exchange interactions [26]: J1 the
exchange interactions with the ﬁrst close neighbors as well
as that with the second (J2) and with the third (J3) near
neighbors. The ﬁrst interaction between the praseodymium
ion with the manganese one is taken into account and
symbolized by J’1, while the interaction between the
praseodymium ions has been considered negligible. The
coordination number for each interaction order J1, J2, J3
and J’1 are 2, 4, 8 and 2, respectively.
After equilibrium, each physical quantity was calculated by scanning the last 3.104 MCS steps. The average value
of each quantity was estimated with respect of temperature
or external magnetic ﬁeld, and given as a density by site.
The density of the magnetization is given by:


1 X
Si :
ð2Þ
M¼
N
i
Magnetic susceptibility is estimated by the equation:


x ¼ b0 N hM 2 i  hMi2
ð3Þ
1

with ðb0 Þ ¼ kB T and kB is the Boltzmann constant.
The isothermal variation of the magnetic entropy DSM
of the PSMO material could be estimated from:
DS m ðT ; hÞ ¼ S m ðT ; hÞ  S m ðT ; 0Þ:

ð4Þ

The relative cooling power (RCP) can be estimated by the
equation:
ZT f
DS m ðT ÞdT :

RCP ¼

ð5Þ

Fig. 2. Thermal magnetization of PSMO calculated for h = 0 and
L = 20.

shows a ferromagnetic-paramagnetic (FM-PM) phase
transition during heating. From the minimum value, of
dM/dT as a function of T, the value of TC is estimated
about 297 K, which is comparable to the experimental
value reported by Sankarrajan et al. [27] (298 K) and by
Guillou et al. [28] (295 K) for of Pr0.65Sr0.35MnO3.
The theoretical effective magnetic moment has been
deduced by means of equation (7) [29] from the effective
magnetic moments of the manganese ions Mn3+, Mn4+ and
Pr3+ which are, respectively, equal to meff(Mn3+) = 4.91 mB
with pseudo spin S = 2, and meff(Mn4+) = 3.87 mB with
pseudo spin S = 3/2 [30] and meff(Pr3+) = 3.58 mB with
pseudo spin S = 1 [29]:
See equation (6) below.

Ti

The Ti and Tf are respectively the edges of initial and ﬁnal
temperature of the half-maximum of DSm.

3 Results and discussions
3.1 Phase transition
In a ﬁrst step, the effect of the cluster size (L) on the
magnetic properties of the PSMO would be optimized,
indeed the thermal variation of the magnetization M(T) at
zero magnetic ﬁeld (h = 0) have been calculated for
different values of L. The calculation shows that the Curie
temperature (TC) increases with the increase in the L value
up to a threshold value (LC = 20) at which TC reaches its
saturation value. Consequently, above the critical value
(L > LC), the cluster reproduces the massive behavior of
the studied material.
The thermal variation of magnetization calculated for
PSMO studied with an external ﬁeld of zero (h = 0) for the
optimal size of L = 20 is shown in Figure 2. This curve
mth
eff

3

The resulting value of the total magnetic moment is
th
mth
eff ¼ 5:407mB . The found values of meff and meff
are according to the experimental results given in
Table 1.
From the effective moment, Msat could be estimated
using the following equation:
meff ¼

Msat :Mmol
:
5558

ð7Þ

The obtained value is 134.7 emu/g, which corresponding to the value of Msat at T = 20 K in Figure 2. This value is
very close to that reported in the literature [21,29,31–34] as
shown in Table 1.
3.2 Critical exponents
The critical exponents (CE), near the temperature of the
second order magnetic phase transition can be deﬁned by
the following relationships [35]:

qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ




2


2
¼ 0:65  ðmeff Pr3þ Þ2 þ 0:65  meff Mn3þ
þ 0:35  meff Mn4þ :
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Table 1. Magnetic and magnetocaloric parameters of PSMO.
Composition

TC (K)

meff (mB)

mth
eff (mB)

m0H (T)

DS max
(J/kg.K)
m

RCP (J/kg)

References

Pr0.67Sr0.33MnO3
Pr0.6Sr0.4MnO3
Pr0.6Sr0.4MnO3
Pr0.67Sr0.33MnO3
Pr0.63Sr0.37MnO3
Pr0.6Sr0.4MnO3
La0.67Sr0.33MnO3
PSMO

317
292
286
261
305
320
370
297

5.69
–
5.51
5.71
5.81
–
3.7
5.407

5.44
–
3.95
4.24
–
–
4.4
5.407

–
5
3
3
5
2.5
5
1
5

–
4.85
2.41
2.36
8.52
2.3
3.67
3.612
6.191

–
223.29
151.16
119.42
–
34.5
173.4
92.7
209.9

[29]
[31]
[21]
[21]
[32]
[33]
[34]
This work

the spontaneous magnetization exponent (beta b) is
deﬁned by:
M ðT > T C ; h→0Þ ¼ M 0

T  TC
TC

b

ð8Þ

were M0 is the critical magnetization amplitude.
In order to estimate the value of b, the change in Ln(M)
as a function of Ln((T  TC) /TC) was calculated in the
paramagnetic region (T > TC) without an external ﬁeld
(h = 0), (Fig. 3a). The obtained value of b, which deduced
from the slope of this curve, is b = 0.336.
The isothermal magnetic susceptibility exponent
(gamma g) is given by:
x1
0 ðT < T C ; h→0Þ ¼

h0 T  T C
M0
TC

g

ð9Þ

where, TC is the critical temperature and x1
0 is the inverse
of the initial susceptibility. We have plotted the variation
of Ln(x1
0 ) as a function of Ln((T–TC) / TC) over the
transition point at h = 0 as shown in Figure 3b, the ﬁt of
this curve is well linear and the derived g value is g = 1.121.
The critical isothermal exponent (delta d) near the
transition point is given by:
1

M ðT ¼ T C ; hÞ ¼ D0 ðhÞd

ð10Þ

were D0 is a critical ﬁeld amplitude, and h is the applied
magnetic ﬁeld (h = m0H).
These CE are linked to each other by the following
relationship:
g
ð11Þ
d¼1þ :
b
The change of ln(M) versus ln(h) is plotted in Figure 3c
for the purpose of determining the value of d, the linear
adjustment allows to deduce the d values as 4.71 at 297 K
and 3.95 at 299 K. These values are not so far to that
calculated from equation (11) which gives the result of d as
4.335.

Frequently, four models can be generated according
to the values of CE [35] which are: 3D-Ising model,
3D-Heisenberg, effective mean ﬁeld, and tri-critical mean
ﬁeld model.
The derived values of the critical exponents are in
good agreement with the values found for similar systems
(Tab. 2). Since they are close to those known for the
universal model: 3d-Ising. It is noted that the values of
critical exponents near TC, obtained from MCS, correspond with reasonable agreement with the matching
values obtained from the 3D-Ising approach, indicating
that long-distance interactions dominate the critical
behavior around TC in this system, which may be
explained by the perfectly distribution of the spins
derived from different ions.
3.3 Arrott plots
In order to determine the magnetic transition nature, the
Arrott model was used. Based on the magnetization
isotherms near the transition temperature TC (Fig. 4a),
the curves which show the variation of (h/M) as a function
of M2 are illustrated in Figure 4b. These plots have a linear
behavior with high values of the magnetic ﬁeld (h) in
which for the temperature T = TC the extrapolation of
that curve must pass through the origin. The curves of (H/
M) = f(M2) show a proﬁle of Arrott diagram characteristic
of a 2nd order phase transition around the temperature
299 K.
This criterion is derived from the fact that the
thermodynamic equilibrium is reached when the internal
energy is minimal. Indeed, the free energy G can
be developed in terms of the order parameter M as
follows:
1
1
GðT ; M Þ ¼ G0 þ AðT ÞM 2 þ BðT ÞM 4  hM:
2
4

ð12Þ

Parameters A and B are temperature dependent
parameters. The equilibrium conditions
 2  are described by
 ∂G 
∂ G
the two conditions; ∂M ¼ 0 and ∂M
> 0, which allows
2
to extract a linear dependence between (h/M) and M2
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as follows:

(a)

h
¼ AðT Þ þ BðT ÞM 2 :
M

ð13Þ

The study of the sign of the parameters A and B allowed
deducing the nature and the temperature of transition.
The parameter A is positive above TC, zero for T = TC and
negative below TC. Moreover, the parameter B is positive
in the case of the second order transition and negative in
the case of the ﬁrst order transition [37,38]. The variation of
A and B as a function of temperature around TC is
presented in Figure 5. These plots show that the parameter
A increases from a value of 0.239 T.g/emu at T = 269 K to
a positive value of 0.078 T.g/emu at T = 315 K and changes
the sign at the temperature 299 K. Also, the parameter B
shows positive values, situated between 9.86  103 and
11.52  103 T.g3/emu3, for all studied values of T. This
conﬁrms that the PSMO system undergoes a 2nd order
phase transition at the temperature 299 K.

(b)

3.4 Magnetic entropy & RCP
As magneto-calorie is one of the attractive magnetic
properties of this compound, the applied magnetic ﬁeld
effect on the magnetic entropy has been studied. Indeed,
the MCS was exploited in which the magnetic entropy DSm
was varied by the variation of the external magnetic ﬁeld.
Then, the magnetic entropy DSm (h,T) was calculated
using equation (4) mentioned in the previous section. The
thermal variation of DSm for a series of h values is plotted in
Figure 6a.
Figure 6a shows the thermal variation curves of
DSm (h,T) for various applied magnetic ﬁeld values for
the PSMO sample.
The

 curve DSm (h,T), rises to a
around 299 K. These patterns are
maximum value DS max
m
asymmetrical to the left and the right of TC, which is
intended for a second-order phase transition.
curve vary linearly from
The maximum DS max
m
3.612 J/kg.K for h = 1T up to 6.191 J/kg.K for h = 5T
(Fig. 6b). On the other hand, the efﬁciency of magnetic
cooling can be measured by the characteristic quantity
RCP, deﬁned in equation (5). The estimated RCP values
are shown in Figure 6b. The RCP plot follows a quasi linear
increase with applied magnetic ﬁeld change. The RCP
values increase from 92.7 J/kg for h = 1T up to and 209.9 J/kg
for 5T.
and RCP variations are quasi linear
As the DSmax
m
relative to the applied ﬁeld variation, this change can be
adjusted by the following two equations:

(c)

Fig. 3. (a) Change of Ln(M) versus Ln((T  TC)/TC) in the
paramagnetic region for h = 0. (b) Variation of Ln(x1
0 ) versus Ln
((T  TC)/TC) for T > TC at h = 0. (c) Variation of Ln(M) versus
Ln(h), the symbols represent the calculated data and the solid
lines represent their ﬁts.

¼ D1 hn1
DSmax
m

ð14Þ

RCP ¼ D2 hn2 :

ð15Þ

The adjusted parameters by using equations (14) and
(15) are n1 = 0.34, n2 = 0.51, D1 = 3.49 and D2 = 90.9. The
and PCR are in agreement with
obtained values of DSmax
m
those reported in the literature (Tab. 1). These results are
sufﬁciently interesting to consider the PSMO compound as
a promising candidate for magnetic refrigeration.
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Table 2. The list of critical exponent values.
Model/Composition

b

g

D

References

3D-Ising model
Tricritical Mean ﬁeld
Mean ﬁeld model
3D-Heisenberg model
La0.7Sr0.3MnO3
La0.67Sr0.33MnO3
PSMO

0.325
0.25
0.365
0.5
0.45
0.306
0.336

1.241
1
1.336
1.0
1.08
1.178
1.121

4.82
5
4.80
3.0
3.4
4.025
3.95–4.71

[35]
[35]
[35]
[35]
[36]
[38]
This work

Fig. 4. (a) Isothermal magnetization curves, and (b) Arrott plots in the proximity of TC.

Fig. 5. Variation of the thermal parameters A and B versus temperature around TC.

4 Conclusion
In summary, the magnetic properties, critical exponents
and magnetocaloric properties of PSMO perovskite have
been studied using Monte Carlo Simulation. The studied
system shows a 2nd order FM-PM magnetic transition at

TC = 297 K. The maximum entropy (DS max
m ) and the
relative cooling power (RCP) have been estimated and
found to increase with the external ﬁeld. The estimation of
the critical exponent values has been made on the basis of
different methods such as Arrott plot method and critical
isothermal analysis. The obtained critical exponents are in
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(b)



Fig. 6. (a) Thermal variation of DSm for a series of the external magnetic ﬁeld h. (b) Variation of DSmax
and RCP versus h around
m
TC.

good agreement with the literature. The obtained results of
and PCR are sufﬁciently interesting to consider the
DS max
m
PSMO compound as a promising candidate for magnetic
refrigeration devices.
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