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� The nature of the second-order ferromagnetic phase transition can be clarified by the magnetic entropy change scaling.
� The high magnetic field can drive the whole phase transition from first- to second-order phase transition.
� This method is effective to distinguish different order ferromagnetic phase transitions.
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a b s t r a c t

The dependence of magnetization M on temperature T and the applied magnetic field H were measured
for the half-doping manganite Nd0.5Sr0.25Ca0.25MnO3. The M(T) curve exhibits that a paramagnetic (PM)
eferromagnetic (FM) phase transition occurs around 174 K. The PMeFM phase transition is considered to
be a second-order phase transition due to the absence of hysteresis on its heating and cooling M(T)
curves. Moreover, the second-order phase transition can be testified with the positive slope in Arrott
plots. However, the scaling analysis of magnetic entropy change exhibits that DSM(T) curves do not
collapse into a single universal curve, indicating that the observed PMeFM phase transition is not an
authentic second-order phase transition. Due to the appearance of short-range FM coupling in PM re-
gion, the PMeFM phase transition at 225 K > T > 188 K is a first-order phase transition. The second-order
phase transition only occurs at T < 188 K. When the magnetic field is increased above 1.5 T, the first-
order phase transition can be converted into the second-order phase transition. The results shows
that the magnetic entropy change scaling is an effective method to determine the nature of the PMeFM
phase transition.

Crown Copyright � 2014 Published by Elsevier B.V. All rights reserved.

1. Introduction

Magnetic refrigeration is becoming a promising technology to
replace the conventional vapor compression-based refrigeration
due to its high efficiency and environmental friendliness. This
technology is based on the magnetocaloric effect (MCE) which is
the reversible temperature change of a magnetic material upon
the application or removal of magnetic field [1]. As a material is
magnetized by the magnetic field, the entropy associated with
the magnetic degree of freedom (SM) decreases. Under adiabatic
conditions, the reduction of magnetic entropy change (DSM) is
accompanied by an increase of the lattice entropy, and the

temperature of the material rises. Conversely, when the magnetic
field is removed the magnetic spins become randomize,
increasing the magnetic entropy change and lowering the lattice
entropy and decreasing temperature of the material. The warm-
ing and cooling process in response to the external magnetic field
is called MCE. In order to build a magnetic refrigerator operating
with higher efficiency, it requires magnetic refrigerant exhibiting
larger MCE. The magnetic entropy change (DSM) can be calculated

from the equation of DSM ¼
Z H

0
ðvM=vTÞHdH. Thus, the MCE is

expected to be maximum around Curie temperature as magnetic
materials exhibit an abrupt change of magnetization in para-
magnetic (PM) to ferromagnetic (FM) phase transition.

According to the different orders of PMeFM phase transition,
the magnetocaloric materials can be classified into the first-order* Corresponding author. Tel.: þ86 25 52075728; fax: þ86 25 83336919.
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materials and second-order ones. Generally, the materials under-
going the first-order phase transition show a very large MCE, like
Gd5Si2Ge2 [2], Ni2MnGa [3], MnFeP0.45As0.55 [4]. However, the first
order material has some obvious shortcomings in the practical
application. First of all, the presence of thermal/magnetic hysteresis
is not conducive for actual refrigeration cycles. Secondly, the first-
order phase transition exhibits a very narrower DSM peak and
hence its refrigerant capacity is very small (refrigerant capacity,
which is a measure of the amount of heat transferred between the
hot and cold reservoirs, is an important parameter to characterize
MCE) [5]. In contrast, for the second-order materials, although they
only show a moderate magnetic entropy change, the lack of ther-
mal/magnetic hysteresis and a broader DSM peak (large refrigerant
capacity) exhibits a great advantage in practical magnetic refrig-
eration. Therefore, the application of the second-order materials
has been paid a more attention in the recent years [6]. The colossal
magnetoresistance manganites with the formula R1�xAxMnO3
(R ¼ rare earth element, A ¼ divalent alkaline earth element) also
display MCE and a comprehensive summary of the MCE in man-
ganites can be found in the review by Phan and Yu [7]. These
manganites display either a first-order or a second-order PMeFM
phase transition [8e11]. Usually, Arrott plots (M2 vs. H/M curve) are
established to study the nature of PMeFM phase transition. Ac-
cording to the criterion proposed by Banerjee [12], the order of
phase transition can be determined from the slope of lines in Arrott
plot. The positive slope corresponds to the second-order transition
while the negative slope corresponds to the first-order transition.
However, Bonilla et al. have recently found that this criterion is not
very clear to determine the nature of PMeFM phase transition in
some materials such as DyCo2 [13]. They proposed a new criterion
to distinguish the order of PMeFM phase transition depending on
the phenomenological model introduced by Franco et al. [14]. This
method is based on the existence of “universal master curve” for
the DSM under different applied magnetic fields when themagnetic
phase transition is of the second-order type in nature, where the
universal behavior is ascribed to the collapse of the points in the
DSM curves for equivalent states. However, for the first-order ma-
terial, there is not a “universal master curve” because the system-
atical state in the hysteretic region is inequivalent. In this case, the
application of the universal scaling on the DSM curve will lead to a
breakdown rather than a collapse. More recently, being a repre-
sentative first-order sample of bulk La0.7Ca0.3MnO3, Lampen et al.
utilized this MCE-based universal curve method to study the
impact of reduced dimensionality on the phase order [15]. They
found that the reduction in dimensionality in film and the
controllable particle size in nanocrystalline can change the previ-
ous first-order into second-order phase transition. In this paper, we
will apply this method to study and check the nature of PMeFM
phase transition of the half-doping manganite

Nd0.5Sr0.25Ca0.25MnO3, which displays a totally different phase
transition as that in some usual half-doping manganites.

2. Experiment

Polycrystalline sample Na0.5Sr0.25Ca0.25MnO3 was prepared by
the conventional solid-state reaction method with high-purity
Nd2O3, SrCO3, CaCO3, and MnO2 as the starting materials. The
mixture was preheated in air at 900 �C for 24 h. Afterward the
powder was ground and heated at 1200 �C for 30 h. Finally, it was
reground, pressed into pellets and sintered for another 40 h at
1350 �C, and was cooled down to room temperature with the
furnace. The structure and phase purity has been checked by X-ray
powder diffraction. The sample is a single phase and exhibits the
orthorhombic structure. The magnetization M measurement was
performed using a conventional Quantum Design MPMS system
under 0.01 Tmagnetic field over the temperature range of 5e300 K.
The isothermal magnetization curves were measured with a
maximum sweep field of 3.0 T at different temperatures.

3. Results and discussion

The physical properties of the hole-doped manganite
R1�xAxMnO3 are decided by the different doping concentration x.
As x ¼ 0.5, like La(Pr,Nd)0.5Ca0.5MnO3, it generally behaves as a
periodic arrangement of Mn3þ and Mn4þ ions at Mn-site sublattice,
which is called charge ordering phase. As the presence of charge
ordering phase, a thermal hysteresis occurs in the heating and
cooling measurements of magnetization and resistivity because the
charge disordering-charge ordering transition is the first-order
phase transition [16,17]. For the present Nd0.5Sr0.25Ca0.25MnO3
system, as a half-dopedmaterial, it should exhibit a hysteresis on its
heating and coolingM(T) curves. As shown in Fig.1(b), however, the
heating curve overlaps the cooling one at the whole temperature
range. By contrast, two adjacent samples, Nd0.5Sr0.2Ca0.3MnO3 and
Nd0.5Sr0.3Ca0.2MnO3, their hysteresis can be clearly observed from
Fig. 1(a) and (c). The absence of hysteresis implies the lack of charge
ordering transition in Nd0.5Sr0.25Ca0.25MnO3. The reason has been
clarified in our previous report with the A-site cation disorder
induced by the size mismatch between Sr2þ and Ca2þ ions [18].
Therefore, the PMeFM phase transition observed in Fig. 1(b) can be
referred to be second-order phase transition. However, as
mentioned in the introduction section, the nature of the above
PMeFM phase transition need to be further clarified. The inset of
Fig. 1(b) presents the inverse magnetization as a function of tem-
perature. The solid line is the fitting result by using CurieeWeiss
law c¼ C/(T� q), where C ¼ NAm

2
BP

2
eff=3kB is the Curie constant, NA

is Avogadro constant, mB is the Bohrmagneton, Peff¼ gS(Sþ 1) is the
effective magnetic moment, g¼ 2 is the gyromagnetic ratio and S is

Fig. 1. Temperature dependence of magnetization measured at 100 Oe with cooling and heating cycle for Nd0.5Sr0.5�xCaxMnO3.
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the magnetic spin, kB is Boltzmann constant, q is paramagnetic
Weiss temperature. From the fitting Curie constant C, the effective
magneticmomentwas calculated to be Peff¼ 6.45mB, which is larger
than the theoretical value 4.38mB (Here, the theoretical magnetic
moment of Mn3þ and Mn4þ ions are taken as 4.9 and 3.8mB,
respectively.) The discrepancy between experiment and theory
implies that some short-range FM couplings might have developed
in the PM region and contribute the additional magnetic moments.
This phenomena are generally recalled as “magnetic phase sepa-
ration” and have been extensively reported in manganites [19e22].

Arrott plots are generally established to study the nature of a
PMeFM phase transition, based on the isothermal magnetization
data. Fig. 2(a) shows the isothermal magnetization data measured
for Nd0.5Sr0.25Ca0.25MnO3 around its Curie temperature 174 K. To
establish Arrott plot, the isothermal magnetization data were
converted into M2 vs. H/M relationship, namely, Arrott plots as
plotted in Fig. 2(b). Obviously, all the curves show a positive slope
indicating that the current PMeFM phase transition in Fig. 1(b) is of
a second order one. However, the order of PMeFM phase transition
determined only from Arrott plot is not very accurate as suggest by
Bonilla and Franco [13,14]. According to the method suggested by
Bonilla et al., the rescaled DSM vs. T curves under different magnetic
fields collapse into a single curve only for the second-order mate-
rials. Therefore, the order of phase transition in the present system
will be further clarified by utilizing this method.

Themain idea of this method is to select two points on each DSM
vs. T curves. One (Tr1) is below Tpeak and the other (Tr2) is above
Tpeak. These two points must satisfy the relation
DSM(Tr1) ¼ DSM(Tr2) ¼kDSpeakM (Tpeak), where DSpeakM is the maximum
value of the selected DSM vs. T curves and k is the relative value of

the entropy changes at two reference temperatures Tr1 and Tr2.
Generally, the selection of k value is arbitrary but k value is always
between 0 and 1. In fact, theoretical investigation has demonstrated
that it is unnecessary to use two reference temperature but just
alone for a single magnetic phase material [23]. However, in the
case of the coexistence of multiple magnetic phases and complex
PMeFM phase transition, the selection of two reference tempera-
tures is necessary. Given the half-doped manganites
Nd0.5Sr0.25Ca0.25MnO3, the additional magnetic phase transition
can not be completely excluded. Therefore, two reference temper-
atures are used here and the temperature axis is rescaled as:

q ¼
8<
:

q� ¼
�
Tpeak � T

�.�
Tr1 � Tpeak

�
; T < Tpeak

qþ ¼
�
T � Tpeak

�.�
Tr2 � Tpeak

�
; T > Tpeak

(1)

In order to testify the collapse or breakdown of the entropy
change curve on different applied fields, we first calculate the en-
tropy change at different temperatures by using
jDSMj ¼

P
(Miþ1 � Mi/Tiþ1 � Ti)DHi, where Mi and Miþ1 are the

experimental data of the magnetization at Ti and Tiþ1, respectively,
under the magnetic field Hi. Based on the isothermal magnetization
values in Fig. 2(a), Fig. 3(a) gives the calculated DSM as a function of
temperature under different fields. All DSM(T) curves display a
unimodal shape. The maximum entropy change occurs at Tpeak on
each DSM(T) curves. It is noticed that Tpeak shows a slight field
dependence and moves to a high temperature. In principle, Tpeak
keeps a constant temperature only under the framework of mean-
field model. However, for Nd0.5Sr0.25Ca0.25MnO3, its critical expo-
nents b and g have been reported to be 0.386 and 1.174, respectively

Fig. 2. (a) Magnetic isotherms (M vs. H) at various temperatures in the field range up to 3.0 T, (b) Arrott plots (M2 vs. H/M) obtained from the magnetic isotherms.

Fig. 3. (a) Temperature dependence of magnetic entropy change under different applied magnetic fields for Nd0.5Sr0.25Ca0.25MnO3, (b) normalized magnetic entropy change
dependence of the rescaled temperatures.
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[24]. Therefore, its critical behavior of PMeFM phase transition can
be described with 3D-Heisenberg model. This model is generally
applied in a magnetic system with short-range interaction [25,26].
As previously mentioned, the present sample is a phase separation
system. In the PM region, the PM and FM coexistence inevitably
cause an inhomogeneous state. The high magnetic field is favorable
for FM phase to grow up quickly. Consequently, the PMeFM phase
transition will naturally be driven to higher temperature region,
consistent with the observation of a slight dependence of
increasing Tpeak with magnetic field in Fig. 3(a). Fig. 3(b) shows the
DSM normalized to DSpeakM as a function of the rescaled temperature
q (using Eq. (1)). Even though the k value is arbitrary but a medium
value is generally expected to yield a high-quality universal curve.
Here, we choose the k ¼ 0.7 to construct the “universal master
curve”. As shown in Fig. 3(b), all the DSM vs. T curves do not collapse
into a single curve but display an obvious breakdown. However, the
breakdown only occurs at q > 1 and H < 1.2 T regions. This results
contains two potential meanings: (i) The q > 1 corresponds to the
temperature axis of T > 180 K region, indicating that the second-
order PMeFM phase transition only stars in the temperature
blow 180 K. (ii) The temperature of second-order phase transition
can be driven to higher temperature of T > 200 K as the magnetic
field is applied above 1.2 T. This result clearly indicates that there is
a first-order PMeFM phase transition at T> 180 K, but which can be
changed into second-order phase transition under higher magnetic
field. Recently, the magnetic field-driven phase transition from
first-order to second order has been testified in another manganite
La0.8Ca0.2MnO3 [27].

Fig. 4(a) shows the deviation of temperature (breakdown from
universal curve) at different magnetic fields. Obviously, with the
increase of the magnetic field, the degree of deviation significantly
reduces. As the magnetic field reaches 1.5 T, the temperature of
deviation can be ignored, indicating that the high magnetic field
enlarges the temperature range of second-order phase transition.
In order to declare this variation clearly, Fig. 4(b) shows the dif-
ferential magnetization vs. temperature curve under 100 Oe

magnetic field. From it, one can find that the part signed with
yellow circle is significantly different from its front and back of the
changes. It starts at 225 K and ends at 188 K. During this temper-
ature range, the sample yields an initial PMeFM phase transition
but it is a first-order phase transition, consistent with the break-
down in Fig. 3(b). After that, the system enters into next stage
which is the second-order phase transition. In the present sample,
the ratio of Mn3þ:Mn4þ is fixed to 1. The size mismatch between
Sr2þ and Ca2þ ions causes A-site cation disorder, which induced the
random distribution of Mn3þ and Mn4þ ions. Therefore, it is
possible to form some short-range FM states above 188 K. These
short-range FM phases are so weak that they do not form a stable
long-range PMeFM phase. However, with the help of a certain high
magnetic field, these short-range FM phases are easy to enlarge and
transform into a state FM structure. Thus, a discontinuous phase
transition is changed into a continuous phase transition. Fig. 4(c)
shows the magnetization vs. temperature under different fields.
With the increase of magnetic field, a small bump occurred at
180 K < T < 220 K slowly disappears, indicating the process of
increasing FM region and decreasing inhomogeneity. Therefore, in
Fig. 3(b), all DSM(T) vs. T curves collapse into a single curve only as
the magnetic field is above 1.5 T.

In addition, we also investigated the variations of Tr1, Tr2 and
Tpeak induced by applying magnetic field. Their variations are dis-
played in Fig. 4(d). Except Tr1, Tr2 and Tpeak show some different
variations as the applied field is blow and above 1.5 T. For Tpeak, it
always increases at H < 1.5 T while remains the same temperature
at H > 1.5 T. This variation implies that the applied magnetic field
drives the PMeFM phase transition to high temperature region. As
H ¼ 1.5 T, the localized inhomogeneous phase has been suppressed
and all PMeFM phase transitions change into second-order phase
transition. Therefore, the Tpeak does not increase as the rise of
applied magnetic field. Because Tr1 is smaller than Tpeak, the region
of Tr1 is in the FM state. On this occasion, the systemic PMeFM
phase transition has been finished and the whole magnetic struc-
ture has become a complete FM state. The applying magnetic field

Fig. 4. (a) Deviation of temperature under different magnetic fields, (b) derivative of magnetization with respect to temperature (dM/dT), (c) temperature dependence of
magnetization measured at different magnetic fields, (d) magnetic field dependence of Tr1, Tr2 and Tpeak.
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has no obvious effect on the variation of Tr1. On the contrary, Tr2 is
larger than Tpeak. Its region belongs to the PM region or PMeFM
phase transitional region. As discussed earlier, the external mag-
netic field can force the growth of local FM state and decrease in-
homogeneity. Therefore, Tr2 shows a continuous increase until the
magnetic field is applied to 3.0 T. However, the variation of Tr2 at
H < 1.5 T is larger than that at H > 1.5 T, implying that the systemic
inhomogeneity of the PM state has been signally decreased as the
magnetic field is above 1.5 T. We noticed that, for a single second-
order system, the variations of Tr1 and Tr2 exhibited a symmetric
broadening, namely, an increase of Tr2 and a decrease of Tr1 with the
increase of applied magnetic field. For example, for the spinel
selenide CuCr2Se4 which shows a clear low field MCE [28], both Tr1
and Tr2 present a linear relation with the applied magnetic field H1/

D, where D ¼ b þ g. However, the results of Fig. 4(d) indicate that
this relation fails to apply in the present system. We can conjecture
that the influence of local magnetic inhomogeneous state is not
completely ruled out even though the high magnetic field can drive
the whole phase transition to become a second-order phase
transition.

In order to further verify the magnetic field driven-phase tran-
sition from first- to second-order, we used the LandaueLifshitz
theory to analysis the above PMeFM phase transition in the
different applying magnetic field. According to LandaueLifshitz
theory, the equation of state can be expressed as

H ¼ AðTÞM þ BðTÞM3 þ CðTÞM5 þ. (2)

For a general magnetic system, we only need to consider the
front two terms and determine the order of phase transition
from the sign of B(T). However, Zhang et al. recently found that
the higher order terms can’t be ignored as a system just lies in
the middle of first- and second-order phase transition [27].
Therefore, we used the above equation to fit the M(H) curves
with different magnetic field ranges. Fig. 5 shows the fitting
parameters of A(T) and B(T). The temperature corresponding to
the zero value of parameter A is consistent with the Curie tem-
perature TC [29]. From Fig. 5(a), one can find that, except for the
curve with the fitting range of 0.2e1.0 T, the minimum A values
on the other curves are almost close to zero as T w 172 K,
basically consistent with TC ¼ 174 K determined from M(T) curve.
However, the minimum A value appeared around 190 K on the
curve with maximum fitting range of 1.0 T significantly deviate
from the rule, indicating that the systemical inhomogeneity at
PM region was effectively suppressed as the magnetic field was
applied above 1.5 T. Moreover, in Fig. 5(b), one can find that the B
value under the different magnetic fields displays a more con-
spicuous variations. At temperature range of 190 K � T � 220 K,
the B value, which is related to the elastic and the magnetoelastic

terms of free energy [29,30], dramatically reduce at the lower
fitting magnetic field but it shows a slightly change at the higher
field. Under the maximum fitting field range of 0.2e3.0 T, the B
value almost remains a constant. This phenomenon reveals that
the magnetoelastic property is dependence on temperature at
low magnetic field while independence on temperature at high
magnetic field. In the current system, the range of
190 K � T � 220 K belongs to PM region. The low magnetic field
is insufficient to eliminate inhomogeneity so that the B value
changes sharply. On the contrary, the high magnetic field favors
for the formation of long-range FM state and drives the phase
transition from first- to second-order. Therefore, in Fig. 3(b), the
universal master curve only be observed for all the temperature
range as the applying magnetic field is above 1.5 T.

4. Conclusion

In summary, we have studied the PMeFM phase transition in
the half-doped manganites Nd0.5Sr0.25Ca0.25MnO3 by using the
scaling analysis of magnetic entropy change. Due to the appear-
ance of the local magnetic inhomogeneity in the system, the
sample first undergoes a first-order phase transition and then
enters into a second-order phase transition. When the magnetic
field is increased enough, the whole PMeFM phase transition
completely converts into a second-order phase transition. There-
fore, a first-order phase transition crossover a second-order phase
transition can be driven with the high magnetic field. The present
work also stresses the importance of the scaling analysis of
magnetic entropy change in elucidating the nature of magnetic
phase transition.
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