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a b s t r a c t

Magnetic measurements have been performed on single crystalline samples of Pr0.5Sr0.5MnO3 and
Nd0.5Sr0.5MnO3 to develop a complete critical behavior study of the paramagnetic to ferromagnetic
transition in both manganites, which share many common features in their phase diagrams. The critical
exponents b, g and d have been independently obtained. For Pr0.5Sr0.5MnO3 these are b ¼ 0.376, g ¼ 1.403
and d ¼ 4.72 which are in close agreement with the 3D-Heisenberg model (b ¼ 0.365, g ¼ 1.386 and
d ¼ 4.80) while for Nd0.5Sr0.5MnO3 they are b ¼ 0.323, g ¼ 1.201, and d ¼ 4.77, which correspond to the
3D-Ising universality class (b ¼ 0.3265, g ¼ 1.237 and d ¼ 4.79). Magnetocrystalline anisotropies in
Nd0.5Sr0.5MnO3 are strong enough so that the magnetic transition is not compatible with the double
exchange description while in Pr0.5Sr0.5MnO3 they are not so relevant; in this last case the isotropic
description is of application.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

Half-doped manganites R0.5Sr0.5MnO3 (R ¼ Pr, Nd) are specially
interesting due to their colossal magnetoresistance (CMR) together
with their particular phase diagram with respect to other doping
concentrations. From room temperature (where they are both in a
paramagnetic insulator state) downwards, a ferromagnetic metallic
phase (FM) is developed at about 250K while at lower temperature
they both become antiferromagnetic insulators (AFM) [1,2]. If CMR
were simply described by the double exchange mechanism (DE), it
would be expected that the system in the pure ferromagnetic
metallic state had no orbital ordering and showed an isotropic
behavior. But the study of the spin dynamics of these materials by
neutron scattering measurements has shown the existence of the
static dx2�y2� type orbital-ordering in both the paramagnetic and
ferromagnetic states [3], implying that there is an anisotropic
behavior which has been confirmed in the spin wave dispersion in
the FM state. Besides, the antiferromagnetic ordering is different in
these two manganites: it is the CE-type AFM spin structure
accompanied with charge ordering for Nd0.5Sr0.5MnO3 while it is
the A-type for Pr0.5Sr0.5MnO3 with the dx2�y2� type orbital order,
.

without traces of charge ordering [4,5]. This difference is attributed
to the widening of the one-electron bandwidthW in the case of the
Pr compound with respect to the Nd one.

The phase diagram is even a little more complex for the case of
Nd0.5Sr0.5MnO3 as it has been demonstrated that there is a coex-
istence of an A-type antiferromagnetic phase with the CE-type
below TN using different techniques [1,4,6,7] and that there is
also a coexistence of AFM phase in the FM region (between TC and
TN) [6,8,9]. Concerning this last proposed phase coexistence,
Kawano-Furukawa et al. found A-type AFM spinwave excitations in
the FM state, which they attributed to a canted AFM ordering
instead of a phase coexistence [3]. In the case of Pr0.5Sr0.5MnO3,
only some structural phase coexistence has been found at low
temperature, starting below 148K [10].

The study of the critical behavior of the second order magnetic
phase transitions is another valuable tool to study the appropri-
ateness of the DE mechanism to describe the magnetism of the
compounds. It has been theoretically shown that the 3D-Heisen-
berg model (which is isotropic) is compatible with the DE mecha-
nism [11]; in the cases in which this mechanism does not describe
well the magnetism of the transition because there are some other
effects to be taken into account, the critical behavior will be
described by other universality classes as the Hamiltonian which
would describe the physics should contain new or coupling terms
which could provoke a deviation from the isotropic case. The
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universality classes are characterized by a different set of critical
exponents, whose particular values have been predicted by several
mathematical methods [12e16].

In particular, the magnetic critical exponents b, g and d are
associated to the spontaneous magnetization (MS), the inverse of
the initial susceptibility (c0�1) and the critical isotherm (M(H) at
T ¼ TC), respectively. They fulfill the following equations in the near
vicinity of the critical temperature TC, written as a function of the
reduced temperature t ¼ (T�TC)/TC:

MSðTÞ � jtj�b ðT < TCÞ; (1)

c�1
0 ðTÞ � jtjg ðT > TCÞ; (2)

MðHÞ � H1=d ðT ¼ TCÞ: (3)

Lastly, the magnetic equation of state in the critical region is
given by

MðH; tÞ ¼ jtjbf±
�
H
.
jtjbþg

�
(4)

where f� and fþ are regular analytic functions for T < TC and T > TC,
respectively.

And the following scaling laws give the relations among the
critical exponents

d ¼ 1þ g=b (5)

aþ 2bþ g ¼ 2 (6)

where a is the critical exponent associated to the specific heat

cpðTÞ � A±jtj�a
�
A� for T<TC; A

þ for T> TC
�

(7)

and A± are the critical coefficients, whose ratio Aþ/A� is also theo-
rized for each universality class. Table 1 contains the value of those
critical exponents for the universality classes most commonly
found in magnetic systems. There are some other critical exponents
related to some other physical magnitudes which are scarcely
evaluated but which also have particular values for the different
universality classes.

The critical behavior of the ferromagnetic and antiferromagnetic
transitions in manganites R1�xAxMnO3 (R¼ rare earth, A¼ divalent
cation) or evenwith a small co-doping is a broad field of study, with
many published papers studying the features of particular com-
positions but where a systematic study is still pending. So far, the
mean-field model (long-range interactions), the 3D-Heisenberg
(short-range isotropic), the 3D-Ising (short-range uniaxial), 3D-XY
(short-range planar) and even 2D models have been found to be of
application depending on the particular sample, if the critical pa-
rameters obtained corresponded to a known universality class
[17e31].

One of the drawbacks of many studies performed is that they
have been done on polycrystalline samples, where it is much more
Table 1
Main universality classes and their critical parameters for magnetic systems
[13e16].

Universality class a b g d Aþ/A�

Mean-field Model 0 0.5 1.0 3.0 e

3D-Ising 0.11 0.3265 1.237 4.79 0.53
3D-XY �0.014 0.34 1.30 4.82 1.06
3D-Heisenberg �0.115 0.365 1.386 4.80 1.52
difficult to extract conclusive information about the critical
behavior of the transition as the possible anisotropic effects can be
averaged out [22]. Another important issue is that, in too many
cases, the quality of the experimental work fromwhich the critical
exponents have been extracted is not good enough to obtain reli-
able information. As the critical exponents are obtained fitting
different experimental sets of data, the quality of the mathematical
treatment performed on them are also at the core of this kind of
study. It is very important to take these matters into account when
comparing literature results.

In the particular case of Pr0.5Sr0.5MnO3 and Nd0.5Sr0.5MnO3,
there are only a few studies on critical behavior in literature,
without much agreement among them. Starting with
Pr0.5Sr0.5MnO3, Pramanik et al. [32] studied a polycrystalline sam-
ple and they obtained critical exponents b ¼ 0.44, g ¼ 1.34 and
d ¼ 4.0 whose values are between 3D-Heisenberg and Mean-field
model, which could be related to a disordered magnet, while Ca-
ballero Flores et al. [33] obtained b ¼ 0.394, g ¼ 1.44 and d ¼ 4.651
with another polycrystalline sample. In this last work these values
were attributed to the coexistence of FM and AFM phases as well as
to the possible presence of FM clusters in the AFM matrix. A close
composition also studied is Pr0.52Sr0.48MnO3 (which has a similar
phase diagram but where the transition takes place at a higher
temperature), where the obtained values were b ¼ 0.46, g ¼ 1.21
and d ¼ 3.56 with a single crystal. These values were explained
within the framework of a 2D-Heisenberg type long range model
[31]; the authors justified the 2D character of the long range
interaction on the presence of the FM double exchange interaction
in the bc planes while the AFM superexchange interaction lies along
the a axis.

Turning our attention to Nd0.5Sr0.5MnO3, Ventakesh et al. [34]
obtained b ¼ 0.5, g ¼ 1.02 and a ¼ 0.12 studying a single crystal.
The first two exponents correspond nicely to a mean field model
while the third one is exactly the value for the anisotropic Ising
model; in spite of this contradiction between a long-range model
and a short-range one, their conclusion was, surprisingly, that the
result was in-between the 3D-Heisenberg model and the mean
field one. Krishnamurty et al. [35] studied themuon-spin relaxation
in a single crystal and obtained the static critical exponents
b ¼ 0.33, g ¼ 1.24 (which are quite close to those for the 3D-Ising
model) and the dynamical critical exponent z ¼ 2.0, which is close
to the theoretical one of a dipolar ferromagnet (model A) (for an
isotropic Heisenberg model it is 5/2 while for the anisotropic
ferromagnet (model C) it is 2.157) [36]. Finally, Rosenkrantz et al.
[37] studied small-angle neutron scattering on a single crystal and
they extracted the critical parameter n ¼ 0.61 which, after the
theoretical work by Jasnow et al. [38], corresponds to the 3D-Ising
model though the authors do not elaborate on that.

From the information exposed in the two previous paragraphs,
it is clear that there are severe contradictions concerning the uni-
versality classes to which Pr0.5Sr0.5MnO3 and Nd0.5Sr0.5MnO3
belong. Since any universality class is a reflection of the particular
Hamiltonian needed to describe the physical mechanisms respon-
sible for the phase transition under study, its precise attribution
gives valuable information about the magnetism of these samples,
which is not completely settled yet. Deviations from a double ex-
change mechanism, magnetocrystalline anisotropies, long or short
range mechanisms, disorder … will give different sets of critical
exponents; nevertheless, in order to unambiguously settle this
question, it is necessary to perform comprehensive studies with
which as many critical exponents as possible are obtained, per-
forming high quality experimental measurements, preferable with
single crystals. This is the main aim of this study which will also
contribute to establish the evolution of the magnetic properties of
the series R1�xSrxMnO3 by means of the changes in their critical
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exponents.

2. Samples and experimental techniques

An important issue when studying critical behavior is to do it on
appropriate samples. It is well known that single crystals are ideal
for that kind of study as polycrystalline samples present a strong
smearing in the phase transitions, making it difficult to evaluate the
critical parameters. Single crystals Pr0.5Sr0.5MnO3 and
Nd0.5Sr0.5MnO3 were grown by the floating zone technique using a
2 mirror optical furnace, in air, using growth speeds of around
4e6 mm/h [39]. Crystal quality and orientation were determined
using the x-ray Laue diffraction technique. The crystals were cut
from the as-grown boule in the shape of plane parallel slabs of
around 500 mm thickness for the measurements.

Magnetization (M) measurements have been carried out in a
VSM (Vibrating Sample Magnetometer) by Cryogenic Limited un-
der external applied magnetic fields Ha ranging from 0 to 80 kOe.
Isotherms were collected over a range of about ±15K around TC
(DT ¼ 1K) in order to adequately cover the critical region. The
magnetic susceptibility was measured with AC Measurement Sys-
tem Option in PPMS (Physical Properties Measurement System) by
Quantum Design in order to calculate the demagnetization factors.

Concerning specific heat, results already published in literature
[40e42] show that this thermal property presents very broad and
small peaks in both cases (indeed, more a bulge over the back-
ground than a peak), from which it is not possible to extract a
reliable value of the critical exponent a. Nevertheless, we have also
used a high resolution ac photopyroelectric calorimeter in the back
detection configuration, with which many critical behavior studies
have been performed (see the review by Zammit et al. [43]), to
obtain thermal diffusivity and specific heat, which are both useful
to obtain a. But we have confirmed that the phase transitions in
these thermal properties are signaled as too broad and small peaks,
with no marked features, from where no reliable quantitative in-
formation can be extracted on the critical exponents. That’s why
thermal measurements are not added to the magnetic ones to
perform this study.

3. Experimental results and fittings

Fig. 1 shows the magnetization of both samples as a function of
temperature under an applied field of 100 Oe where the ferro-
magnetic transitions are displayed. The transition temperatures
obtained from these measurements are TC z 249.5K for
Fig. 1. Magnetization as a function of temperature measured in a field-cooled state
using a magnetic field of 100 Oe for Pr0.5Sr0.5MnO3 ( ) and Nd0.5Sr0.5MnO3 (C).
Pr0.5Sr0.5MnO3 and TC z 251.8K for Nd0.5Sr0.5MnO3. These tem-
peratures are in agreement with literature [33e35]. Concerning the
particular shape of themagnetization for Pr0.5Sr0.5MnO3, it is also in
agreement with previously published results, where the magneti-
zation grows from the value it attains at the antiferromagnetic to
ferromagnetic transition at low temperature till TC is reached. In
polycrystalline samples with applied high fields, the shape is much
more rounded [2,32] whereas in low fields it is reasonably sharp
[44]. Ours is probably sharper because the field is even lower and it
is a single crystal sample. The particular evolution of magnetization
with temperature between TN and TC has been studied in detail and
interpreted as being the result of the presence of antiferromagnetic
clusters coexisting with the ferromagnetic phase [44].

In this section, the full scaling analysis will be presented for each
sample. In all cases, the magnetic field Ha has been corrected for
demagnetization effects to extract the internal field using the
relation Hi ¼ Ha � NMwhereM is the measured magnetization and
N the demagnetization factor. N has been obtained from ac sus-
ceptibility measurements following themethod given by Jiang et al.
[45] and the so obtained Hi has been used for the scaling analysis.
The demagnetization factors so obtained have been N ¼ 21.83 gOe/
emu for Pr0.5Sr0.5MnO3 and N ¼ 22.74 gOe/emu for Nd0.5Sr0.5MnO3.
3.1. Pr0.5Sr0.5MnO3

Fig. 2a contains the standard Arrott Plot, where M2 is repre-
sented as a function of H/M (in what follows, H will always be the
Fig. 2. (a) Arrott Plot of isotherms collected around TC for Pr0.5Sr0.5MnO3. (b) Opti-
mized Modified Arrott Plot after the iteration procedure.



Fig. 4. Kouvel Fisher plot of spontaneous magnetization (left) and inverse of initial
susceptibility (right) for Pr0.5Sr0.5MnO3. The straight lines are linear fits, fromwhich TC
and the critical exponents are obtained.
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internal field Hi) for isotherms in the temperature range
236e262 K. If long-range interactions were responsible for the
ferromagnetic transition, there would be a linear behavior at high
fields, which clearly is not the case. As all curves present a down-
ward slope, a non-mean field behavior is present in this case.
Following the Banerjee criterion [46], the positive slope of the
curves confirms the second order character of the transition. To
establish the value of the critical exponents and thus the class of
universality to which Pr0.5Sr0.5MnO3 might belong, we have turned
our attention to the Modified Arrott Plots (MAP), plotting M1/b

versus (H/M)1/g. As starting trial values, we have taken the ones
corresponding to the well known Ising (b¼ 0.3265, g¼ 1.2372) and
Heisenberg (b ¼ 0.365, g ¼ 1.386) models. Linear fittings of the
experimental points at high field values give us quantitative in-
formation when comparing their slopes for each universality class.
In both cases, there is an apparent linearity. The deviation of the
slopes with respect to the average value goes from �6.7% to þ4.6%
for the Ising class, while the range is (�1.1%, þ0.9%) for the Hei-
senberg exponents. Thus, the Heisenberg exponents have been
taken as the starting point fromwhich an iterative process has been
carried out [32]: A linear extrapolation of the isotherms has been
taken from the high field values to extract (MS)1/b and (c0�1)1/g as an
intercept on M1/b and (H/M)1/g axis, respectively. These values of
MS(T) and c0

�1(T) have been independently fitted to Eqs. (1) and (2),
respectively, thus extracting new values of b and g. The process is
repeated till convergence is reached and the best values of b, g and
TC which give the best parallelism are obtained, which in this case
are b ¼ 0.375 ± 0.004 and g ¼ 1.396 ± 0.019 (the MAP corre-
sponding to these values is shown in Fig. 2b). The so obtainedMS(T)
and c0

�1(T) are plotted as a function of temperature in Fig. 3, whose
fit to Eq. (1) gives b¼ 0.376 ± 0.003, TC ¼ 248.32 ± 0.02 K and to Eq.
(2) gives g ¼ 1.403 ± 0.021, TC ¼ 248.21 ± 0.12 K. Both values (b, g)
are only slightly higher than the Heisenberg theoretical values (see
Table 1).

As the next step in the scaling analysis, we have followed the
Kouvel Fisher method to determine more accurately b, g and TC
[47]. After this method, bothMS(dMS/dT)�1 and c0

�1(dc0�1/dT)�1 have
a linear behavior with respect to T, with slopes 1/b and 1/g,
respectively. One of the advantages of this method is that the value
of the critical temperature is not introduced a priori but extracted
from the intercept of the straight fitted lines on the temperature
axis. The Kouvel Fisher plot is shown in Fig. 4. The critical param-
eters obtained are b ¼ 0.385 ± 0.005, TC ¼ 248.39 ± 0.04 K,
g ¼ 1.378 ± 0.006, TC ¼ 248.33 ± 0.15 K. It is worth remarking how
Fig. 3. Spontaneous magnetization (left) and inverse of initial susceptibility (right) vs
temperature for Pr0.5Sr0.5MnO3 as obtained from the optimized Modified Arrott Plot.
The solid curves correspond to the fits to Eqs. (1) and (2), as explained in the text.
modified Arrott Plots and Kouvel Fisher method give close values of
all critical parameters, confirming the robustness of the results.

After Eq. (3), the critical exponent d can be extracted from the
fitting of the critical isotherm to be compared with the values ob-
tained from the scaling law Eq. (5). Fig. 5 shows the critical
isotherm at T ¼ 248K in log-log scale and a straight line is obtained
at high fields, in agreement with theory; its slope is d. In this
particular case, the fitting gives d ¼ 4.72 ± 0.01 while the values
extracted using Eq. (5) from MAP is 4.73 ± 0.04 and Kouvel-Fisher
method 4.58 ± 0.06. So there is a strong coherence among the
different results. As a summary, the exponents so obtained are
listed in Table 2.

The last confirmation of the validity of the results obtained so far
would come from the equation of state Eq. (4) if it were fulfilled
with the obtained critical exponents. Fig. 6 shows how all results
collapse into two different branches, below and above TC. This is
generally taken as the most severe test for proper scaling.

The conclusion of this section is that the obtained critical ex-
ponents b and g (see Table 2) are slightly bigger than the ones
corresponding to the isotropic Heisenberg model (bHeis ¼ 0.365,
gHeis ¼ 1.386) while d is slightly smaller (dHeis ¼ 4.80).
Fig. 5. M vs H plot in a log-log scale collected at T ¼ 248 K (zTC) for Pr0.5Sr0.5MnO3.
The straight line is the linear fit from which the exponent d is obtained.



Table 2
Values of the obtained critical exponents and parameters b, g, and d.

Material Technique b g d

Pr0.5Sr0.5MnO3 Modified Arrott Plot 0.376 ± 0.003 1.403 ± 0.021 4.73 ± 0.04a

Kouvel-Fisher Method 0.385 ± 0.005 1.378 ± 0.006 4.58 ± 0.06a

Critical Isotherm 4.72 ± 0.01
Nd0.5Sr0.5MnO3 Modified Arrott Plot 0.323 ± 0.004 1.201 ± 0.019 4.71 ± 0.10a

Kouvel-Fisher Method 0.322 ± 0.006 1.210 ± 0.023 4.76 ± 0.14 a

Critical Isotherm 4.77 ± 0.01

a Calculated from Eq. (5) d ¼ 1 þ g/b.

Fig. 6. The renormalized magnetization plotted as a function of the renormalized field
following Eq. (4) for Pr0.5Sr0.5MnO3. All data collapse in two separate branches, one
above and one below TC.

Fig. 7. (a) Arrott Plots of isotherms collected around TC for Nd0.5Sr0.5MnO3. (b) Opti-
mized Modified Arrott Plots after the iteration procedure.
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3.2. Nd0.5Sr0.5MnO3

An equivalent analysis to the one performed on Pr0.5Sr0.5MnO3
has been carried out with Nd0.5Sr0.5MnO3. Fig. 7a contains the
standard Arrott Plot for isotherms in the temperature range
238e262 K. Again, a mean field model does not describe well the
critical behavior of this transition, which is confirmed as a second
order one by the positive slope of the curves. When taking the
Heisenberg and Ising exponents as trial values for a Modified Arrott
Plot (MAP), the linear fittings of the experimental points at high
field values give a better parallelism for the Ising class than for the
Heisenberg one. The deviation of the slopes with respect to the
average value is (�7.6% toþ6%) for Heisenberg exponents while it is
(�2.8% toþ1.4%) for the Ising case. Thus, the same rigorous iterative
process has been carried out starting with the Ising values. The
values for which the best parallelism is found are b¼ 0.324 ± 0.004
and g ¼ 1.218 ± 0.023 and this is shown in Fig. 7b. The values of
MS(T) and c0

�1(T) obtained from that graph are plotted as a function
of temperature in Fig. 8, whose fit to Eq. (1) gives b¼ 0.323 ± 0.004,
TC ¼ 250.35 ± 0.04 K and to Eq. (2) gives g ¼ 1.201 ± 0.019,
TC ¼ 250.32 ± 0.10 K. Both values are quite close to the Ising
theoretical values.

Fig. 9 shows the Kouvel Fisher plots, from whose fittings the
critical parameters b ¼ 0.322 ± 0.006, TC ¼ 250.30 ± 0.08 K,
g ¼ 1.210 ± 0.023, TC ¼ 250.34 ± 0.18 K are obtained. It is worth
remarking how modified Arrott Plots and Kouvel Fisher method
give again close values of all critical parameters, confirming the
robustness of the results.

Fig. 10 shows the critical isotherm at T ¼ 250 K in log-log scale,
which gives a straight line of slope d. In this particular case, the
fitting gives d ¼ 4.77 ± 0.01 while the values extracted using Eq. (5)
from MAP is 4.71 ± 0.10 and Kouvel-Fisher method 4.76 ± 0.14. So
there is a strong coherence among the different results. All the
critical exponents found are listed in Table 2.

Finally, Fig. 11 shows the plot corresponding to the equation of
state Eq. (4) with those critical exponents found. All results collapse
perfectly well into two different branches, below and above TC.

Thus, in this second case, the critical exponents b, g and d (see
Table 2) agree with the anisotropic Ising model, within the exper-
imental error.
4. Discussion

The experimental results presented in the previous section
unambiguously ascribe the paramagnetic to ferromagnetic phase
transition in Nd0.5Sr0.5MnO3 to the 3D-Ising universality class,
which implies strong anisotropic properties, deviating from the
description proposed by the DE mechanism. This is not really sur-
prising taking into account the different studies published in
literature which account for different magnetocrystalline



Fig. 8. Spontaneous magnetization (left) and initial susceptibility (right) vs tempera-
ture for Nd0.5Sr0.5MnO3 as obtained from the optimized Modified Arrott Plot. The solid
curves correspond to the fits to Eqs. (1) and (2), as explained in the text.

Fig. 9. Kouvel Fisher plot of spontaneous magnetization (left) and inverse of initial
susceptibility (right) for Nd0.5Sr0.5MnO3. The straight lines are linear fits, fromwhich TC
and the critical exponents are obtained.

Fig. 10. M vs H plot in a log-log scale collected at T ¼ 250 K (zTC) for Nd0.5Sr0.5MnO3.
The straight line is the linear fit from which the exponent d is obtained.

Fig. 11. The renormalized magnetization plotted as a function of the renormalized field
following Eq. (4) for Nd0.5Sr0.5MnO3. All data collapse in two separate branches, one
above and one below TC.
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anisotropies. The studies on spin dynamics developed by a Japanese
group [3,4,48] have proved that there are two types of spin fluc-
tuations: quasielastic isotropic diffuse scattering and dynamical
anisotropic spin fluctuations; the latter posses A-type AFM spin
correlations in their FM states. This anisotropic behavior is attrib-
uted to the orbital ordering in these systems, which arises from a
Jahn-Teller distortionwhich induces the dx2�y2� type orbital-order.
This is in agreement with the results of Kiryukhin et al. [49] who,
based on X-ray scattering studies, found a correlated anisotropic
lattice distortion in the FM and PM phasewhich are associatedwith
local regions of layered orbital and magnetic order. They conclude
that short-range structural correlations associated with local re-
gions of orbital and magnetic order play an important role in this
material. Another anisotropic behavior has also been found both in
the AFM and FM phases when measuring the optical conductivity
spectra, incompatible with typical DE ferromagnetic-metallic
phases [50]. Finally, recent measurements with inelastic neutron-
scattering experiments on Nd0.5Sr0.5MnO3 have also shown de-
viations from the isotropic description [51], as they found a spin-
wave dispersion which could be described by a Heisenberg model
plus weak additional intensities near the zone boundaries over a
wide energy band. All of these mechanisms justify the deviation
from the Heisenberg universality class and the need for an aniso-
tropic model such as the 3D-Ising to describe the critical behavior.

Finally, it is worth pointing out that the critical parameters
found in this study also agree with the ones obtained by means of
muon-spin relaxation [35] and small-angle neutron diffraction [37]
already mentioned in the introduction, all of them in compliance
with the 3D-Ising model.

Now, if we turn our attention to the critical exponents obtained
for Pr0.5Sr0.5MnO3, we see that the values of the critical parameters
b and g are slightly bigger than the ones corresponding to the
isotropic Heisenberg model (compare Table 1 with Table 2, the
differences in g are within the experimental error, the differences
in b are a little bit out of it). Nevertheless, the difference is not
relevant enough to assign them to another universality class such as
a separate class or a 2D-model as it has been claimed before [31,32]
(though the work in Ref. [31] is for a slightly different composition).
They are quite similar to the ones found by Caballero Flores et al.
[33] studying the magnetocaloric effect. The question is: what
could we expect from the knowledge on the magnetism in
Pr0.5Sr0.5MnO3 and the comparison with Nd0.5Sr0.5MnO3? While in
the second compound a coexistence of AFM phase in the FM region
has been found (between TC and TN) [3], this has not been proved in
the first one, as phase coexistence has only been found at low
temperature, starting below 148K [10]. The same Japanese group
who studied Nd0.5Sr0.5MnO3 spin dynamics also turned their
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attention to Pr0.5Sr0.5MnO3 [3,4,47] and they found, indeed, an
anisotropic behavior as well but when they compared the spin
dynamics of both systems they found that the deviations in the spin
wave dispersions in the FM state from what would be expected
under the DE model are much more important for the Nd com-
pound than for the Pr one [3]. The only other work in which
possible anisotropies have been studied in Pr0.5Sr0.5MnO3 is the one
by Tobe et al. [50] on optical conductivity spectra and they found
anisotropies as in the case of Nd0.5Sr0.5MnO3. So the conclusions
that we can gather from these works is that, if there were to be any
deviation from the DE (Heisenberg model), it should be in the same
direction as in the case of Nd0.5Sr0.5MnO3 but attenuated because
the physical mechanisms which could give rise to anisotropies are
less important in Pr0.5Sr0.5MnO3. As for the reasons why we have
obtained different parameters than those found in Refs. [32], that
studywas performed on a polycrystalline samplewhile in this work
it is a single crystal; besides, in their case, they were not able to
satisfactorily interpret the nature of their results. From our study
we can conclude that the anisotropies observed and published in
literature are not important enough so as to make the system
deviate from the isotropic behavior and that’s the reason why we
obtain so neatly Heisenberg values for the critical parameters.

5. Conclusions

A complete and detailed critical behavior study of the para-
magnetic to ferromagnetic transition in Pr0.5Sr0.5MnO3 and
Nd0.5Sr0.5MnO3 has been performed by means of magnetic tech-
niques in order to independently extract the critical exponents b, g
and d. In each case the values of these exponents match among
them; in the particular case of Nd0.5Sr0.5MnO3, they correspond to
the 3D-Ising universality class, indicating that the spin-dynamics
anisotropy present in the system is strong enough so as to make
it clearly deviate from the simple double exchange description
(isotropic Heisenberg model). On the contrary, the critical param-
eters found for Pr0.5Sr0.5MnO3 agree nearly perfectly with the 3D-
Heisenbergmodel, confirming that the spin-dynamics anisotropy is
indeed of lesser importance and that an isotropic description based
on the DE mechanism is still valid for this material.
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