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Abstract

The magnetocaloric effect along magnetic phase transition and critical exponent in mixed manganite La0.6Nd0.1(CaSr)0.3Mn0.9O3 was
investigated by dc magnetization measurements. Magnetic data indicate that the compound exhibit a continuous (second-order) paramagnetic
(PM) to ferromagnetic (FM) phase transition. From the derived values of the critical exponents (β¼0.385(1) and γ¼1.481(3)), we conclude that
La0.6Nd0.1(CaSr)0.3Mn0.9V0.1O3 belongs to the three-dimensional Heisenberg class with short-range interaction. The maximum magnetic entropy
(−ΔSM) and the relative cooling power (RCP) were found to be respectively, 4.266 J/kg K and 205.35 J/kg for a 5 T field change, making of this
material a promising candidate for magnetic refrigeration near room temperature. From the field dependence of RCP and ΔSM, it was possible to
evaluate the critical exponents of the magnetic phase transitions. Their values are in good agreement with those obtained from the critical
exponents using a modified Arrott method.
& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Recently, the perovskite manganites Re1−xTxMnO3 (Re
3+¼

La3+, Pr3+, Nd3+, etc.; T2+¼Ca2+, Ba2+, Sr2+, etc.; ABO3

type) had attracted considerable interest because they exhibit
interesting physical effects and had potential applications due to
the complex relationship between crystal structure, electrical,
magnetic, and thermal properties, for example, the negative
colossal magnetoresitance effect (CMR) and the magnetocaloric
effect, the latter generally accompanied by a paramgnetic–
ferromagnetic transition [1–3]. One of the effevtive methods is
to study in detail the critical exponents associated with the
transition. In an earlier theoretical, critical behavior related to the
paramgnetic (PM) to ferromagnetic (FM) transition of manga-
nite in double exchange model was described within the
framework of long range mean-field theory. However, the
recent theoretical calculations have predicted the critical expo-
nents in manganites in agreement with the short-range exchange
interaction model [4,5]. Critical exponents for manganites show
wide variation which covers almost all the universality classes
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even for the systems, when different experimental tools are used
to determine them. So the interactions around the critical point
will follow the scaling relations with critical exponents belong-
ing to the conventional universality classes [6,7]. At present, the
3D Heisenberg model is extensively used to discuss critical
properties and to understand short-range interaction in doped
manganites [8]. A few experimental studies of critical phenom-
ena have been previously made on same hole-doped as well as
electron doped manganites [9,10]. It has been recently shown
that there exists a universal curve for the magnetic entropy
change for second order transition materials [11]. It can be
constructed using a phenomenological procedure which does
not require the knowledge of either the equation of state or the
critical exponents of the material. Expressing the field depen-
dence as ΔSM vs. Hn, this approach allows us to find a
relationship between the exponent n and the critical exponents
of the material and to propose aphenomenological universal
curve for the field dependence of ΔSM, which was successfully
tested for series of soft magnetic amorphous alloys and
lanthanide based crystalline materials. Up to now very little
attention has been paid to the field dependence of RCP [12].
La0.6Nd0.1(CaSr)0.3Mn0.9O3 is one of the extensively studied

manganites which undergoes a paramagnetic metal to a
ghts reserved.
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Fig. 1. X-ray diffraction pattern and the corresponding Rietveld refinement of
the La0.6Nd0.1(CaSr)0.3Mn0.9V0.1O3 sample.
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Fig. 2. Temperature dependence of magnetization under a magnetic field of
500 Oe for La0.6Nd0.1(CaSr)0.3Mn0.9V0.1O3 sample. The inset shows the
temperature derivative dM/dT with TC¼298 K.
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ferromagnetic metal transition around TC¼325 K and it shows
a ΔSM of 1.49 J kg−1 K−1 under μ0H¼1 T aroud its TC [13].

As a contribution to the investigation of manganite materi-
als, we report here the study of the effect, on the structural,
magnetic, critical phenomenal and magnetocaloric properties,
of V-doping in the La0.6Nd0.1(CaSr)0.3Mn0.9V0.1O3 polycrys-
talline sample.
2. Experimental details

A polycrystalline sample AMn0.9V0.1O3 (A¼La0.6Nd0.1
(CaSr)0.3) compound were formed by a standard solid state
reaction, used commercial powders (499.99% purity) La2O3,
Nd2O3, CaCO3, SrCO3, V2O3 and MnO2 precursors. The
detailed experimental process has been reported elsewhere
[14]. The structure and phase purity of the prepared samples
were checked by X-ray diffraction (XRD), using Cu-Kα1
radiation at room temperature. Magnetization vs. temperature
and magnetic field curves were measured by using a Foner
magnetometer equipped with a superconducting coil.
3. Results and discussion

3.1. Structural properties

Fig. 1 shows the XRD pattern after structural refinement
using FULLPROF program [15], for the sample. The shifted
Chebyshev polynomial with 10 variables was used to fit the
background refinement and a Pseudo–Voigt function was
selected to refine the shape of the peak. The analysis confirms
that the structure of the compound was rhombohedral with
R 3 c space group at room temperature and the stoichimetric
nature of the sample is confirmed from the analysis. The
refined lattice parametrs are a¼5.412(2) Å, c¼13.298(4) Å
and V¼347.55(2) Å3.
3.2. Magnetic properties

The investigation of the magnetic properties measured in a
magnetic field of 500 Oe proved that the sample AMn0.9V0.1O3

exhibit a single magnetic transition and behave in a ferromagnetic
manner at a low temperature (T≤TC) and in paramagnetic manner
above the Curie temperature TC (T≥TC) as shown in Fig. 2. This
result confirms well the good quality of our sample. The
temperature derivative of the M–T curve is shown in the inset
of Fig. 2, from which the Curie temperature TC (TC¼298 K) can
be univocally determined. This value is very close to the room
temperature, which is quite suitable for magnetic refrigeration.
The magnetization M as a function of the applied magnetic

field, at various temperatures, is shown in Fig. 3. Characteristic
M(H) curves of manganites usually exhibit a very high
increase in M at low fields and then a gradual saturation at
high fields. The present sample also shows a steep rise in the
low field range, the magnetization still increases steadily with
increasing magnetic field and does not show any sign of
saturation, even at 5 T. To analyze the nature of the magnetic
phase transition in detail, we have carried out critical exponent
study near TC for AMn0.9V0.1O3 sample.

3.3. Critical behavior

According to the scaling hypothesis [16], for a second order
phase transition around the Curie point TC, critical exponents
β (associated with the spontaneous magnetization Ms(H¼0)
below TC), γ (associated with the initial susceptibility
χ ¼ ð∂M=∂HÞ above TC), and δ (associated with the critical
isotherm M(TC,H) at TC) are given as

MSðTÞ ¼Moð−tÞβ; to0; ð1Þ

χ−1o ðTÞ ¼ ho
Mo

� �
tγ ; t40 ð2Þ
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Fig. 3. Magnetization vs. applied magnetic field H, measured at different
temperatures around TC, for La0.6Nd0.1(CaSr)0.3Mn0.9V0.1O3 sample.

Fig. 4. Modified Arrott plots (M1/β vs. (H/M)1/γ) using 3D-Heisenberg model
exponents.

Fig. 5. ln–ln plot used to obtain the final values of β and γ.
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At Tc, the exponent δ relates magnetization M and applied
magnetic field H by

M ¼DðHÞ1=δ; t ¼ 0 ð3Þ
here Ms(T), is the spontaneous magnetization, χ−10 ðTÞ is the
inverse of magnetic susceptibility, t is reduced temperature
t¼ T−TC=TC; and Mo, ho and D are the critical amplitudes.
In order to determine the type of magnetic phase transition
of AMn0.9V0.1O3 sample, Arrott plots (M2 vs. H/M) are
constructed. An inspection of the sign of the slope of the
isotherms of H/M vs. M2 will give the nature of the phase
transition: positive for second order and negative for first
order. For the present sample, a second order phase transition
has been confirmed with the positive slope of H/M vs. M2

curve. According to the mean-field theory near TC, H/M vs. M2

at various temperatures should show a series of parallel lines.
The line at T¼TC should pass through the origin. The curves
in the Arrot plots are not linear suggests the non validity of
mean-field theory. Therefore the data was analyzed using
modified Arrott plot (ðH=MÞ1=γ vs. M1=β). This is given by the
following equation of state [17]:

ðH=MÞ1=γ ¼ aðT−TCÞ=T þ bM1=β ð4Þ

where a and b are considered to be constants.
Different values of β and γ were taken as trial exponents

(from 3D Heisenberg model, 3D Ising model and mean field
model) for the construction of the modified Arrott plot.
In Fig. 4, we presented the modified Arrott plots M1=β vs.

ðH=MÞ1=γ constructed from the M vs. H plots at different
temperatures by using the critical exponents β¼0.365 and
γ¼1.336 similar to those of three-dimensional (3D) Heisenberg
magnets. This plot clearly shows that the isotherms are a set of
parallel straight in high magnetic fields.The intercepts of the
isotherms on the x and y axes are ð1=χÞ1=γ for t≥0 and Ms

1=β for
t≤0. From these initial values, linear fits to the isotherms are
made to get the intercepts giving Ms(T) and χ0(T) and an initial
value of TC was detremined from the isotherm that pass through



Fig. 6. ln (M) vs. ln (H) plot for La0.6Nd0.1(CaSr)0.3Mn0.9V0.1O3 at T¼TC.

Fig. 7. Scaling plots below and above TC using β and γ exponents determined
from the modified Arrott method (only some typical curves are shown). The
inset shows the same plots on a log–log scale.
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the origin. A new value of β was obtained from ln(Ms) vs. ln(t)
plot by fitting the data to a straight line, the slope of which gives.
Similarly a new value of γ was obtained from the slpoe of ln(1/χ)
vs. ln(t) plot. The plots of ln(Ms) vs. ln(t) and ln(1/χ0) vs. ln(t) of
our sample are shown in Fig. 5, where the obtained values of
β and γ are also shown respectively. The final obtained values are
TC¼298 K, β¼0.385(1) and γ¼1.481(3). Concerning the value
of δ, it can be determined directly from the slope of ln(M) vs.
ln(H) plot at TC which is shown in Fig. 6, i.e δ¼4.672(2). Three
exponents β, γ and δ derived from our statics scaling analysis are
related by the Widom scaling relation [18]

δ¼ 1þ ðγ=βÞ ð5Þ
Using the values of β and γ, which were estimated from
Fig. 6, in the above relation, we obtain δ¼4.846. This value is
close to that obtained from the critical isotherms at TC, for our
composition studied. Thus, the estimates of the critical
exponents are consistent. In the critical region, the magnetiza-
tion and applied magnetic field should obey the universal
scaling behavior.
In Fig. 7, we show the plots of M∣ε∣−β vs. H∣ε∣−(β+ γ) for

AMn0.9V0.1O3. The two curves represent temperatures below
and above TC. The inset shows the same data on a log–log
plot. It can be clearly seen that all the points fall on two curves,
one for ToTC and another one for T4TC. This corroborates
that the obtained values of the critical exponents and TC are
reliable and in agreement with the scaling hypothesis.
3.4. Magnetocaloric effect

This part deals with the magnetocaloric effect and the
influence of critical exponents on the field dependence of
entropy change of polycrystalline AMn0.9V0.1O3 sample.
The magnetocaloric effect can be characterized by the

magnetic entropy change due to the application of a magnetic
field H. This entropy change can be evaluated by processing
the temperature and field dependent magnetization curves

ΔSMðT ;HÞ ¼ SMðT ;HÞ−SMðT ; 0Þ ¼
Z H

0

∂M
∂T

� �
H

dH ð6Þ

In the case of magnetization measurements at small discrete
field and temperature intervals, ΔSM can be approximated from
Eq. (6) by

ΔSM
T1 þ T2

2

� �
¼ 1

T2−T1

� � Z Hmax

0
MðT2;HÞdH−

Z Hmax

0
MðT1;HÞdH

� �

ð7Þ
Fig. 8 shows the temperature dependence of the magnetic

entropy change for AMn0.9V0.1O3 up to 5 T computed from
Eq. (7) using the measured magnetization data. The obtained
curves are similar to those of other perovskite manganites
[19–21]. ΔSM reaches a maximum value in the vicinity of TC.
The value of ΔSM peak increases with the field and the peak
position remain nearly unaffected. At a magnetic field of 5 T,
the maximum value of entropy change (ΔSM) is found to be
about 4.23 J/kg K at 300 K. The temperature at which max-
imum entropy change observed are in good agreement with TC
obtained from the M vs. T curves.
The magnetocaloric effect in manganites always focus on a

temperature window centered about the Curie temperature, the
critical exponents influences the nature of magnetic caloric
response [22]. In order to demonstrate this coupling, the field
dependence of entropy change is analyzed. According to
Oesterreicher et al., the field dependence of the magnetic
entropy change ðΔSMÞ of materials with a second order phase
transition can be expressed as

ΔSM∝ Hn ð8Þ



Fig. 9. Field dependence of entropy change and RCP for La0.6Nd0.1(CaSr)0.3
Mn0.9V0.1O3 at 300 K. The lines indicate non-linear curve fitting of the data.

Fig. 8. Temperature dependence of the magnetic entropy change (ΔSM) at
different applied magnetic field change interval for La0.6Nd0.1(CaSr)0.3
Mn0.9V0.1O3.

A. Dhahri et al. / Ceramics International 40 (2014) 459–464 463
where the exponent n depends on the magnetic state of the
compound. It can be locally calculated as follows:

n¼ dln ΔSM
dln H

ð9Þ

In the particular case of T¼TC or at the temperature of the
peak entropy change, the exponent n becomes field indepen-
dent [23]. In this case

nðTCÞ ¼ 1þ β−1
β þ γ

ð10Þ

where β and γ are the critical exponents.
With, βδ¼ ðβ þ γÞ the relation (10) can be written as

nðTCÞ ¼ 1þ 1
δ

1−
1
β

� �
ð11Þ

Using the order parameters (β¼0.385(1), γ¼1.481(3) and
δ¼4.672(2) at TC¼298 K), obtained from the modified Arrott
plot method, the values of n calculated from the above
relations are found to be 0.687 (from Eq. (10)) and 0.658
(from Eq. (11)) for our sample. These values are lower than the
mean field predictions n¼2/3 [24]. The deviation from the
mean field behavior is due to the presence of local inhomo-
geneities in the vicinity of transition temperature [25]. Other-
wise, the exponent n can be also calculated directly from the
fitting of the linear plot of ΔSM vs. H constructed at the
transition temperature of the peak of the magnetic entropy
change i.e., at 300 K which is shown in Fig. 9. The value of n
obtained from the slope is 0.728(3), which are in good
agreement with that obtained from the critical exponents using
the modified Arrott plot method (from Eqs. (10) and (11)).

3.5. Relative cooling power

Another useful parameter which decides the efficiency of a
magnetocaloric material is the RCP or the refrigerant capacity.
It is the heat transfer between the hot and the cold reservoirs
during an ideal refrigeration cycle. This represent numerically
the area under −ΔSM vs. T curve

RCP ¼ −ΔSmax
M � ∂TFWHM ð12Þ

where ∂TFWHM is the full width at half maximum of the
magnetic entropy change curve.
The estimated value of RCP is found to be 205.35 J kg−1.

This value is about 49.72% of that of the Gadolinium Gd at
294 K for ΔH=5 T [26]. Therefore, these materials can be
considered as potential candidate for magnetic cooling
applications.
The field dependence of RCP, for our sample is analyzed. It

can be expressed as a power law by taking account of the field
dependence of entropy change ΔSM and reference temperature
into consideration [12] i.e.

RCP∝ H1þ1=δ ð13Þ
where δ being the critical exponent of the magnetic transition.
Field dependence of RCP is depicted in Fig. 9. The value δ

calculated from the exponent is 4.965(4) for the sample. This is
in agreement with that obtained using modified Arrott plot and
Widom scaling relation.
4. Conclusion

We prepared a perovskite manganite sample AMn0.9V0.1O3

and then studied the critical behavior and magnetic entropy
change around TC. Arrott plots reveal second order nature of
magnetic transition in the compound. The critical exponents
analysis using the modified Arrott method yields β¼0.358(1);
γ¼1.481(3); δ¼4.672(2) and TC¼298 K for our compound.
The value of the critical exponents are quite close to values
expected for the universality class of 3D Heinsenberg ferro-
magnets with short-range interaction. The field dependence of
the magnetic entropy change is also analyzed, showing the
power law dependence ΔSM∝ Hn where n¼0.728(3) at 300 K
for the compound at their repsective transition temperature.
Broad operating temperature range along with moderate calues
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of ΔSM and RCP make of AMn0.9V0.1O3 a potentiel candidate
for room temperature tmagnetic refrigeration.
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