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A systematic study on the magnetic, magnetocaloric and critical behavior properties of polycrystalline
Lap 7Cag1Pbgp 2Mny_,_ ALSn, Oz prepared via a sol-gel method are studied. These compounds present
a single magnetic transition from a ferromagnetic (FM) to paramagnetic (PM) phase with decreasing
temperature. The critical exponents are estimated using various techniques, such as a modified Arrott
plot, the Kouvel-Fisher method and critical isotherm analysis based on the data of static magnetic
measurements recorded around the Curie temperature, Tc. The estimated critical exponent values are
found to be consistent and comparable to those predicted by the 3D-Ising model for x, y = 0.0 and by
the mean field model for x, y = 0.05 and 0.075. We have confirmed the obtained critical exponents with
the single scaling equation: M(uoH,e) = &*f + (ugH/e**Y), where ¢ = (T — To)/Tc is the reduced
temperature. We have investigated the validity and usefulness of theoretical modeling in our compound
Lag 7Cag1Pbg 2Mny_,_,ALSNn, O3 based on the mean-field analysis of the magnetic entropy change

(—ASm) versus the magnetization data. For comparison, the Ms, has been also deduced from the
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Accepted 24th July 2017 classical extrapolation of the Arrott plot. We obtain an excellent agreement between the spontaneous

magnetization determined from the entropy change (—ASy vs. M?) and the Arrot curves (ugH/M vs. M?),

DOI: 10.1035/c7ra03913a confirming the validity of the magnetic entropy change approach in order to estimate the spontaneous
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1. Introduction

In the last few decades, magnetic refrigeration in the room-
temperature range has attracted global interest owing to its
energy-efficient and environment-friendly advantages over the
gas compression-expansion refrigeration techniques.'” It is
based on the magnetocaloric effect (MCE), which is the thermal
response (heating or cooling) of a magnetic substance when
a magnetic field is applied or removed. Recently, much research
in this area has been to develop materials that are cost effective
and exhibit large MCE (large isothermal magnetic entropy
change ASy) over a wide temperature range. Among them,
lanthanum manganites with the general formula La; ,A,MnOs3,
where A is a divalent element (A = Ca, Sr, Ba...), have drawn the
attention of the solid-state physics community because of their
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magnetization Mg, in a ferromagnetic system.

important electrical and magnetic properties, such as the
discovery of their colossal magnetoresistance (CMR)*” and the
magnetocaloric effect (MCE).>** These materials exhibit a rich
variety of physical properties. The most accepted interpreta-
tions for the cause of these properties are the double exchange
model™ and Jahn-Teller effect.*>'® Both of these mechanisms
are used to identify the magnetic phase transition (FM-PM)."’
To understand better the metal-semiconductor transition and
the CMR, it is important to fully understand the nature of the
PM-FM transition. Therefore, to make these issues clear, it will
be essential to cross over on the critical exponents at the region
of the paramagnetic (PM)-ferromagnetic (FM) transition in
order to unveil the nature of the magnetic system transition. Up
to date, a great number of reports on the critical behaviors
around the Curie temperature have been predicted that the
critical exponents play important roles in elucidating interac-
tions mechanisms near T.. Most attention has been focused on
the study of the critical phenomena of La-based manganites.**°
On the one side, in an earlier theoretical work, the critical
behavior in the DE model was first described with long range
mean-field theory.®® On the other side, some researchers have
reported that the critical exponents in manganites are in

This journal is © The Royal Society of Chemistry 2017
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agreement with a short-range exchange-interaction model**
with the estimated critical exponent values related to either 3D-
Heisenberg® or 3D-Ising** model. Several studies**=** have been
carried out on the vicinity of the magnetic phase transition by
using a variety of techniques have yielded a wide range of values
for the critical parameters 8. For example the § value reported
by Ghosh et al.* is equal to 0.37 for the ferromagnet manganite
Lao ;Sro3sMnO;. However, Amaral et al*® reported that the
values of the critical exponents for Lag es5EU0.0355r0.sMnO; are
in good agreement with that predicted by the mean-field theory.
Meanwhile, in the series of compounds La,_,Ca,MnOj3, there
exists a tricritical point at x = 0.4 that sets a boundary between
first-order (x < 0.4) and second-order (x > 0.4) FM phase tran-
sition in the FM range (0.2 < x < 0.5).** Up to now, in view of the
various critical exponents § from 0.1 to 0.5, four kinds of
different theoretical models, which are mean-field theory(8 =
0.5, vy = 1.0 and 6 = 3.0), 3D-Ising model (8 = 0.325, v = 1.241
and 6 = 4.82) 3D-Heisenberg model (8 = 0.365, v = 1.336 and
0 = 4.8) and tricritical mean field theory (8 = 0.25, ¥y = 1.0 and
6 = 5.0), were used to discuss the critical properties in
manganites.

In the present work, a detailed investigation is conducted on
magnetic, magnetocaloric properties and the critical behaviors
in the polycrystalline La,,Cag,Pbo,Mn;_, ,ALSn,0; (x, y =
0.0, 0.05 and 0.075) by using various techniques through
modified Arrot plot, Widom scaling and Kouvel-Fisher
methods. We demonstrate that the critical phenomena near
PM-FM Curie temperature transition is described by mean-field
model and 3D-Ising model rather than by the two others
models. Consequently, from the magnetic entropy change
determined from magnetic measurements (—ASy vs. M>), we
have estimated the spontaneous magnetization (Msp) and the
results of this approach are compared with the classical
extrapolation of the Arrott curves (uoH/M vs. M>).

2. Experimental details

Lag ;Cag 1 PbgoMn,_,_yALSn,0; (x, y = 0.0, 0.05 and 0.075)
compounds were prepared using a conventional sol-gel method
that details was described in our previous work.*> The magne-
tization measurements were carried out using a vibrating
sample magnetometer developed in Louis Néel Laboratory at
Grenoble, where we measured the magnetization versus applied
magnetic field in a temperature range near Tc. To extract the
critical exponent of the samples accurately, isothermal
magnetization data as function of magnetic field were per-
formed in the range of 0-5 T, in the vicinity of the PM to FM
phase transition. These isothermals are corrected by a demag-
netization factor D that has been determined by a standard
procedure from low-field dc magnetization measurement at low
temperatures (uoH = woHapp — DM).

3. Scaling analysis

The scaling hypothesis suggests the following power-law rela-
tion near the critical region defined by:
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My(T) = My(—e)’, £ < 0 (1)
Xo (1) = (ho! Mo)e™, e > 0 (2)
M=DH" ¢=0 (3)

where ¢ is the reduced temperature ¢ = (T — T¢)/Tc and M,, h,
and D are the critical amplitudes. Moreover, according to the
prediction of the scaling equation in the asymptotic critical
region, the magnetic equation of state can be written as:

M(uoH.e) = €°f & (unoH/e™™) (4)

where f and f_ are regular analytical functions above and below
Tc (ref. 43 and 44). This last eqn (4) indicates that for true
scaling relations and right choice of 8, y and 6 values, the scaled
M|e|® plotted as a function of the scaled uoH/|e|**” will fall on
two universal curves, one for temperatures T > T (¢ > 0) and the
other for T < T¢ (¢ < 0). This is an important criterion of critical
regime.

4. Results and discussion

4.1. Magnetic and magnetocaloric properties

The magnetization of Lag,CaoPbo,Mn; , ,ALSN,O; (x, y =
0.0, 0.05, and 0.075) as a function of temperature in a 0.05 T
magnetic field in both zero-field-cooled (ZFC) and field-cooled
(FC) processes of all the samples has been undertaken and
their behavior is shown in Fig. 1. Based on these results, it
appears that with decreasing temperature, the samples exhibit
a magnetic transition from a paramagnetic (PM) to a ferromag-
netic (FM) state, at the same time, T¢ slightly decreases with
small (Al, Sn) concentration, then this transition shifts towards
room temperature on adding more (Al, Sn) content. Conse-
quently, the Curie temperature for each sample, obtained from
the inflection points of the derivative dM/dT, was found to be
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Fig. 1 Temperature dependences of ZFC and FC magnetization for
Lap 7Cag1Pbp oMny_,  ALSN,Oz (x, y = 0.0, 0.05 and 0.075)
compounds under a magnetic field of 0.05T.
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Fig. 2 Magnetic field dependence of magnetization at several
temperatures for Lag ;Cag 1Pbg 2Mn;_,_,ALSn, O3 (x, y = 0.0) sample,
the inset: temperature dependence of the magnetic entropy change
(—ASpm) at different applied magnetic field change intervals for
Lao_7cao_1pbo_2Mnl,x,yAlXSﬂyO3 (x, y= 0.05).

310 K, 295 K and 290 K for x, y = 0.0, 0.05 and 0.075, respec-
tively. These values deduced are very close to room temperature,
which are quite suitable for magnetic refrigeration technology.
Obviously, below the Curie temperature one may distinguish
the pronounced split between the field-cooled (FC) and zero-
field-cooled (ZFC) for all samples. This prominent divergence
has been attributed to the magnetic frustration arising from
a coexistence of insulating antiferromagnetic and metallic
ferromagnetic phases, or from the competition between anti-
ferromagnetic and ferromagnetic interactions. The gradual
decrease of T as well as the saturation magnetization (Ms) with
increase of (Al, Sn) content indicates weakening of the double
exchange ferromagnetic interactions associated with the itin-
erancy. The T¢ reduction in Lag,Cag Pby,Mn;_, ,AlSn,0;
samples with increasing (Al, Sn)-doping is in good agreement
with the results reported by.*>¢

Together with the M(T) investigations, we have measured
magnetic-field dependences of the initial magnetization,
M(uoH), of the samples La, ;,Cag Pbg,Mn, _,_,Al,Sn,0; around
their FM-PM phase transition. In Fig. 2, the isothermal
magnetization versus applied field, with temperature incre-
ments of 3 K, is shown for La, ;Ca, 1Pby ,MnO; under magnetic
field uoH ranging between 0 and 5 T. Below T, the magneti-
zation saturates rapidly due to an easy orientation of the spins
under the action of the applied field, which confirms the
ferromagnetic behavior of our compounds at low temperatures.
On the other site, for T> T and above uoH = 1 T, the mean value
of the moment orientation is modified and an induced
magnetization parallel to the field appears. This magnetization
is all the smaller as the temperature is high, which means that
the thermal agitation is important. Gradually as the tempera-
ture increases the variations of the magnetization as a function
of the field become more and more linear reflecting a para-
magnetic behavior.”
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In order to enquire the efficiency of our sample in the
magnetic refrigeration systems, the magnetic entropy change
due to the application of a magnetic field H can be calculated
from a family of isothermal M-uyH curves, using a numerical
approximation as follows:

ASM(T‘7 /.LOH) = SM(’T7 /“L()H) - SM(T'7 O) = J

HoH (dM
0

—_— H
dT) IIdMO

(5)

The magnetic entropy change between 0 and u,H magnetic
applied field, can be basically obtained by:

o H
ASwm b - : J M(Ts, poH)duoH
2 T,—Ti o ©)

o H
- M(Tl,uoH)duoﬂ}
0

The temperature dependence of the magnetic entropy
change (—ASy) taken at various magnetic fields ranging from 1
to 5 T for x, y = 0.05 sample is shown in the inset of Fig. 2. One
can see that, at a given temperature, the overall value of entropy
change is found to increase with increasing field, and exhibited
a maximum value around Tc. The magnetic entropy change
(—ASy) reaches a maximum values of 3.7 J kg ' K™%, 2.3 J kg ™!
K 'and 2 J kg™' K" obtained at corresponding temperatures
310 K, 295 K and 290 K for x, y = 0.0, 0.05 and 0.075, respec-
tively, under a magnetic field of 5 T. From the application point
view, the relative cooling power (RCP) can be, in simple cases,
evaluated by considering the magnitude of |ASy™| and its full
width at half maximum (6Trwrnm)- We can see that these results
are interesting compared with other compounds reported in the
literature, so we can estimate that our materials are a potential
candidate to be used in an ideal Ericsson refrigeration cycle. To
further investigate the reliability of these values, we gathered in
Table 1 the values of —ASy** and RCP for all the samples under
a magnetic applied field of 5 T as well as some results found in
previous works*®* in order to compare them with ours.

In order to understand the origin of the magnetocaloric
effect described by the spin fluctuations, Amaral et al.>**” have
proposed a successful model based on Landau's theory of phase
transition, with a contribution from magnetoelastic and elec-
tron interaction in manganites. Using the Landau power
expansion of the magnetization M, by neglecting higher-order
parts, the Gibbs free energy versus magnetization and temper-
ature can be expressed in the following form:

AT), ,  B(T) (1)
5 M?* + A M* + G

G(M,T) =G, + M+ ... — Mu,H

(7)

where A(T) and B(T) are called Landau coefficients, these coef-
ficients depend on the temperature and containing the elastic
and magnetoelastic free energy. From the condition of equi-

I , C 9G .
librium; i.e. energy minimization M =0, the magnetic

equation of state is obtained as:

This journal is © The Royal Society of Chemistry 2017
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Table 1 Maximum entropy change |ASi™| and relative cooling power (RCP), for Lag 7Cag1Pbo2Mni_x_,ALSN,O3 (x, y = 0.0, 0.05 and 0.075),
occurring at the Curie temperature (T¢) and under magnetic field variations, AH =1T, 3T or AH =5T, compared to several materials considered

for magnetic refrigeration

Sample T (K) AH (T) —ASH (T kg 'K RCP (J kg™ ") References

Gd 293 5 9.5 410 48

GdsSi,Ge, 275 5 18.5 535 49

Lag ¢7Bag 33MnO; 292 5 1.48 161 50

Lay 7Sr0.3Mng 0Al.1 03 310 5 2.6 109 51

Lag 67Cap.33Mn0O; 252 5 2.06 175 52

La2/3(Ca,Pb)1/3Mn03 290 7 7.5 375 53

Lag 65Cag.35Tip.4Mng 603 42 3 0.6 55 54

Lag ,Pb,y sMnO; 358 1.35 1.53 53 55

Lay,Cag1Pby,MnO; 310 5 3.7 145 This work

Lay ,Cag 1 Pbg ,Mng oAl 05SN0.0505 295 5 2.3 135 This work

Lay ;Cag 1Pby ,Mng g5Alg.0755N0.07503 290 5 2 176 This work
uoHIM = A(T) + B(T)M? + C(T)M* (8) In the frame of the Landau theory, the magnetic entropy is

In addition, the applied magnetic field u,H can be deduced
from eqn (8) as:

poH = A(T)M + B(T)M> + C(T)M° 9)

According to this equation, the values of A(T), B(T) and C(T)
can be determined from the fitting of magnetization isothermal
data. It can be seen from the inset of Fig. 3 that the parameter
A(T) varies from negative to positive values around the transition
point Tc, and the temperature just corresponding to the zero
value of parameter A is consistent with the T¢. In addition, the
landau parameter B(T) is observed to be negative below T and
positive above T¢. This change from negative to positive suggests
that the phase transition in the sample is of second order.*®

obtained from differentiation of the free energy with respect to
temperature as:*’

Su(T,H) = _(@)

1 1 1 (10
=—-A(T)M* - B (T)M* - _C'(T)M*

SA(T)M? = LB(T)M* = C/(T)
we notice that A'(T), B'(T) and C'(T) have usually been known
as the temperature derivatives of the landau coefficients in
eqn (9). The same result is obtained using the equation of
state and integration of Maxwell relations. The variation of
the experimental and the calculated temperature dependence
of the (—4SM—ASu(T,uoH)) at an applied magnetic fields of
1T using the eqn (10) for La().7cao_1Pbo_zMn0.9A10.058n0'0503

sample is plotted in Fig. 3. Our observation suggests
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Fig.3 Experimental and calculated values of the magnetic entropy change vs. temperature used the Landau theory under applied magnetic field
of 1 T for the Lag;Cag1Pbg.2Mng oAlg.05SN0.05035 compound. The inset: (a)—(c): variation of Landau parameters A, B and C as a function of

temperature of Lag7Cag 1Pbg 2Mng 9Alo.05S5N0.0503.
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that there is a deviation between the experimental and the
theoretical data, considering the fact that the magnetoelastic
coupling and electron interaction do not directly contribute to
the magnetic entropy since the theoretical and experimental
curves are not completely confused. It can be attributed
to some other factors which have major effects on the
magnetic properties of manganites such as the Jahn-Teller
effect, exchange interactions and micromagnetism.*
Such results indicate that the magnetoelastic coupling,
which is the interaction between the magnetization and the
strain of a magnetic material, and electron interaction have
strong influence in determining the magnetocaloric
effect.®'*

The change of specific heat (AC},) associated with a magnetic
field from 0 to wuoH is given by

IASW (T, uH
ACy (T, uoH) = Co(T, poH) — Co(T,0) = 98T M)

aT
Fig. 4 Change of specific heat of the sample as a function of (11)
temperature at different magnetic fields for x = 0.05.
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Fig.5 Arrott plots around Tc for Lag 7Cag 1Pbg 2Mny_,_, ALSn, O3 (x, y = 0.0, 0.05 and 0.075) samples. According to the mean field model, values
of critical exponents 8 = 0.5 and y = 1 should generate the regular Arrott plots, M? vs. uoH/M.
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We have plotted ACy,(T,uoH) versus temperature for x, y = 0.05
sample at different magnetic field in Fig. 4 calculated from the
(—ASy) by using eqn (11). It shows the presence of anomalies in
all curves around 7 due to the magnetic phase transition. In
fact, the value of AC,, undergoes a sudden change from negative
to positive around the Curie point with a negative value below T¢
and a positive value above T¢. Furthermore, the maximum/
minimum values of AC, increases with the applied magnetic
field. The sum of the two parts is the magnetic contribution to
the total specific heat which affects the heating or cooling power
of the magnetic refrigerator.*® Moreover, other structural,
magnetic and magnetocaloric properties are previously studied.*

4.2. Critical behavior

Nowadays, there is a need to design new magnetic systems with
a second order transition, low hysteresis losses and attractive
RCP values to be compatible for the magnetic freezers. In order to
determine the type of magnetic phase transition (first or second
order) for our samples in vicinity of Curie temperature, the
regular Arrott plot displayed as M** with respect to (uoH/M)"",
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B and v are the mean field exponents of (8 = 0.5, y = 1), are
constructed (Fig. 5). A rough determination of the order of
magnetic phase transitions is possible by applying the Banerjee
criterion, in which the sign of the isotherms slope of M versus
uoH/M will give the nature of the phase transition: positive slope
in the high field region indicates absolutely a second order
transition, but a negative slope of M> vs. uoH/M reflects that the
magnetic system exhibits a first order transition.®** In the
present case, all the M* vs. uoH/M curves exhibit a positive slope
indicating that the transition between the ferromagnetic and
paramagnetic phases is of the second order, according to the
criterion proposed by Banerjee.*® We believe that the substitution
of AP’" and Sn** (nonmagnetic ions) into the Mn site changes
structural parameters, such as the bond length (Mn-O) and bond
angle (Mn-O-Mn), and dilute the FM lattice. Along these lines,
the variation of these factors acts as a fluctuation, and thus
influences the FM-interaction strength of DE Mn>*'-Mn*" pairs as
well as the phase-transition type. The appearance of the second-
order magnetic phase transition in LCPMAISnO is thus under-
standable. According to mean-field theory, near T these curves
should show a series of straight lines for different temperatures
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Fig. 6 Modified Arrott plots: MY versus (uoH/M)Y with (a) tricritical mean-field model (8 = 0.25, v = 1), (b) 3D-Ising model (3 = 0.325, y = 1.24)

and (c) 3D-Heisenberg model (8 = 0.365, y = 1.336).
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and the line T = T¢ should cross the origin.*® In present study, it
is evident in Fig. 5 that these conditions are more accurate for x, y
= 0.05 and 0.075 samples. In particular, the line of M vs. uoH/M
crosses the origin at T = 295 K and 290 K vs. (uoH/M). This
indicates that the mean field model is the best one for the critical
analysis of these compounds. As against, for x, y = 0.0 sample,
the curves in the Arrott plot are nonlinear and show a downward
curvature even at a high field region indicating that the expo-
nents with § = 0.5 and v = 1 cannot be used to describe the
critical behavior in these samples. In order to analyze more
carefully the nature of the magnetic phase transition in
La, ;Cag1Pby,Mn,_, ,ALSn,O; (x, y = 0.0, 0.05 and 0.075)
samples, we realized the studies of the critical behavior near Tc.

The analysis of Arrott plots show that x, y = 0.05 and 0.075
samples may be described by the mean field model with 8 = 0.5
and y = 1. Therefore, to better obtain the right values of 8 and vy
exponents, the data was analyzed using a modified Arrott-plot
expression, based on the Arrott-Noakes equation of state:”®

(uoHIM)" = (T — TOIT + bMY? (12)
where a and b are considered to be constants (in the mean-field
theory, values of 8 = 0.5 and v = 1 should generate the regular
Arrott plots, M> vs. uoH/M).

Fig. 6 shows the plot of M"? versus (u,H/M)"" at several
temperature by using different models of critical exponents for
La, ;Cay1Pbg,Mn;_, yAl,Sn,0O; (x, y = 0.0) sample: Fig. 6(a)
tricritical mean-Field model (8 = 0.25 and y = 1). Fig. 6(b) 3D-
Ising model (8 = 0.325 and y = 1.24) and Fig. 6(c) 3D-
Heisenberg model (8 = 0.365 and y = 1.336).

Due to the resemblance of quasi straight lines in the high-
field region for each corresponding curve models cited earlier,
it seems difficult to fix on which model is the most proper to
find out the critical exponents. In order to distinguish which the
best model that describes our system, it is necessary to take into
account a new indicator for selection. Thus, to confirm the
better model to fit our experimental data, their relative slopes
(RS) were calculated at the critical point, defined as:

RS = S(T)/S(T¢)

where S(T) and S(T¢) are the slopes deduced from MAP around
and at T respectively. If the MAP shows a series of parallel
lines, the relative slope of the most satisfactory model should be
kept to 1 regardless temperature. Fig. 7 shows the RS vs. T curve
(x,y = 0.0 and 0.05) for the different models. As shown in Fig. 7,
the RS of La,;CagPbo,Mn,_, ,ALSn,O; (x, y = 0.0) using
mean-field, 3D-Heisenberg and tricritical mean-field model
clearly deviates from RS = 1, as against, the RS of 3D-Ising
model is close to it. So, it is the best model that can describe
these compounds. On the other hand, we noted that the RS of
La, ;Cag 1Pbo,Mn; . ;AL SNn,0; (x, y = 0.05 and 0.075) is very
close to 1 when using the mean-field model. Therefore, the
critical properties of La, ;Cag 1Pby ,Mn; _,_,AlL,Sn,0; (x,y = 0.0)
and La,,Cay,Pby,Mn;_, ,ALSn,0; (x, y = 0.05 and 0.075)
samples can be described with the 3D-Ising model and mean-
field model one respectively.
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Fig. 7 Relative slope (RS) as a function of temperature of Lag7Cag 1-
Pbo_zMI’lo_gAlo»osSﬂQ,oso‘g, (a) for x, y= 0.0 and (b) for x, y= 0.05.

According to the modified Arrott plots, we could calculate the
values of the spontaneous magnetization Mg(T) and the inverse
of susceptibility x, (7). Therefore, the linear extrapolation of
the high-field straight-line portion of the isotherm provides the
values of MS and y, ' as an intercept on the M*? and the (uoH/
M)"" axis, respectively. Temperature dependence of the spon-
taneous magnetization Mg(T) and the inverse susceptibility
Xo \(7) for all compounds obtained from the MAP are shown in
Fig. 8. The continuous curves denote the power-law fitting of
My(T,0) and X, '(T,0) according to eqn (1) and (2), respectively.
Thus, new values of the critical exponents and the Curie
temperature associated are also mentioned in the same figure
and reported in Table 2 for all samples.

Alternatively, a more accurate method to determine the
critical exponents § and vy are estimated by the Kouvel-Fisher
(KF) method.” The K-F method is based on the following
equations:

My(T)  T-T
NG (13)
XOil(T) T-Tc (14)

do (DT~ 7

This journal is © The Royal Society of Chemistry 2017
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Fig. 8 The spontaneous magnetization Ms(T, 0) (left) and the inverse initial susceptibility xo~X(7) (right) as a function of temperature of Lag 7~
Cao_lpbo_zMno_gAlo_055n0_0503, (a) for x, y= 0.0, (b) for x, y= 0.05 and x, y= 0.075.

According to this method, the quantities Mg(T)(dMs(T)/
d7)™" and o "(T)(dxo '(7)/dT)™" plotted against tempera-
ture in Fig. 9, yield straight lines with slopes 1/8 and 1/,

respectively, and the intercepts on the T axis of the extrapo-
lation of these straight lines to the ordinate equal to zero
gives the values of Ts. From the linear fit to the plots

Table 2 Comparison of critical exponents of Lag;Cag1Pbg>Mn;_,_,ALSN,O3z (x, y = 0.0, 0.05 and 0.075) with other reports and various

theoretical models

Samples Techniques Tc (K) Ii3 ¥y 0 Ref.

Lay ;Cap 1Pby ,MnO; MAP 311.69 + 0.60 0.32 £ 0.02 1.16 + 0.06 4.63 This work
KF 312.25 + 0.82 0.33 £ 0.02 1.20 &+ 0.05

Lay ,Cag1Pbg ;Mng oAl 05100503 MAP 293.07 + 0.28 0.54 + 0.02 0.97 + 0.05 2.66 This work
KF 293.46 + 0.61 0.57 £ 0.02 0.95 £ 0.04

Lay ,Cag1Pbg 2Mng s5Alp.075510.07503 MAP 290.71 + 0.69 0.52 =+ 0.03 1.007 + 0.116 3.3 This work
KF 290.76 + 0.55 0.50 £ 0.02 1.15 + 0.14

Mean field model Theory — 0.5 1 3 81

3D-Ising mode Theory — 0.325 1.24 4.82 81

Tricritical mean field model Theory — 0.25 1 5 82

3D-Heseinberg model Theory — 0.365 1.336 4.8 32

Pro ;B0 33MNg 05F€0. 0503 128 0.5 + 0.026 1.007 + 0.002 2.920 74

Lay ,Cag »Sro 1 MnO; 289 0.26 1.06 5.1 75

Lag ¢,Pbg 33MnO; 360.41 0.367 1.22 4.29 76

LaMn, oTio 103 145.3 £ 0.1 0.375 4 0.00 1.25 4 0.02 4.11 77

Nd,.7Pby 3MnO; 148 0.361 £ 0.001 1.325 £ 0.001 4.62 78

TbCo, oFeq 4 303 0.541 =+ 0.001 1.023 =+ 0.002 2.75 79

Lay, STy sMnO; 360 0.45 =+ 0.02 1.08 + 0.04 3.04 80
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Fig. 9 Kouvel—Fisher plots for the spontaneous magnetization Ms(T) and the inverse initial susceptibility xo~X(T) for Lag7Cag1Pbo>MnOs (a),
Lao 7Cao,1Pbo ZMno gAlo OSSnO 0503 (b) and Laojcao 1Pbo zMno gAlo 075Sn0 07503 (c). Solid lines COrreSpOﬂd to the linear fit of Ms(T) and Xoil(T)

curves with egn (14) and (15), respectively.

following the KF method, we have obtained the critical
exponents.
For x, y = 0.0 sample,

{ 8 =0.33+£0.02 with

y =120+0.05 with

Tc =312.254+0.82
Tc =309.66 +0.66 [’

For x, y = 0.05 sample,

{ 8 =0.57£0.02 with

Te = 293.46 + 0.61
y =0.95+0.04 with

Tc =292.76 +0.93

and
For x, y = 0.075 sample,

6 =0.50+£0.02 with T¢=290.76 +0.55
v=1.15+0.14 with T = 289.27

Obviously, it is clearly remarked that these values are also in
agreement with those obtained from modified Arrot plots
(MAP). This confirms that the estimated values of the critical
exponents are self-consistent and unambiguous. Besides, con-
cerning the final parameter J, it can be determined directly
using the isothermal magnetization M(u,H) at TC (see in

43418 | RSC Adv., 2017, 7, 43410-43423

Fig. 10). The inset of the same figure shows the M(uyH) curve on
a log-log scale. According to eqn (3), the value of critical expo-
nent ¢ can be determined directly from the fitting of the high
field region of critical isotherm M(Tc,uH) on log-log scale as
reported in Fig. 10. The obtained value for the currently inves-
tigated sample are 4.54, 2.85 and 2.7 for x, y = 0.0, 0.05 and
0.075, respectively.

Furthermore, according to the statistical theory, these crit-
ical exponents are interrelated and fulfill the Widom scaling law
which critical exponents g, v, and ¢ are related in following
way:”?

b=1+ (15)

The replacement of 8 and vy determined by Kouvel-Fisher
method in eqn (15) donates 4.63, 2.66 and 3.3 as a value of delta
for x, y = 0.0, 0.05 and 0.075, respectively, which are so close to
those determined by the critical isotherm. This relationship has
been tested by plotting M(T = Tc) versus uH*'**) = uoH"? and
checking the linearity of the curve as shown in Fig. 11. Hence,
we can conclude that the values of different critical exponents
and T determined for our compounds obey the Widom scaling

This journal is © The Royal Society of Chemistry 2017
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relation, implying that the obtained @ and <y values are
auspicious.

One can notice that the critical exponents of
Lag,Cag PbooMn,_, jALSN,O; (x, y = 0.0) and
La, ;Cay 1Pby,Mn, _,_,Al,Sn,0; (x, y = 0.05 and 0.075) samples
match well with those of the 3D-Ising and mean-field model
respectively. Therefore, it is important to check if these critical
exponents can generate the scaling equation of state for these
systems.

Using the values of § and vy given by the Kouvel Fisher
technique (KF), the scaled data are plotted in Fig. 12. For a more
convenient visualization of the results, we represent in the inset
the same data in a log-log scale. It is clear that all the magne-
tization data fall on two individual branches, one for T < T and
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Fig. 11 The linearity of the M(T = T¢) versus uoH®#*" = uoHY? curves
validates the value of ¢ calculated using the Widom relationship with
the experimental data.

2 1,6 2,0
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the other for T > Tc. This clearly suggests that the values of the
exponents and 7 for these samples are reasonably accurate and
consistent with the scaling hypothesis. Consequently, the
Lay ;Cag.1Pby,Mn;_, ,AlSn,0; samples undergo the second-
order magnetic phase transition. Moreover, the reliability of £,
¢ and T¢ can be ascertained by checking the scaling of the
magnetization curves. In fact, for magnetic systems, the scaling
equation of state takes the form:*®

woH nl—f
Mo T\ MVB

where #(x) is a scaling function which characterizes the
magnetization behavior along coexistence (uoH = 0, ¢ < 0) and
the critical isotherm (& = 0), respectively. Thus, according to eqn
(16), if the appropriate values for the critical exponents and for

M s e
(oH)* " (uoH) "
(4 = B + ), should correspond to a universal curve onto which
all experimental data points collapse.”

The scaled data are plotted in Fig. 13, using the values of 3, v
and T¢ obtained from the K-F method, for the x, y = 0.05
sample. The excellent overlap of the experimental data points
clearly indicates that the critical parameters obtained for these
compounds are in agreement with the scaling hypothesis,
which further corroborates the reliability of the obtained critical
exponents near magnetic transition.

This shows that the critical parameters determined are in
good agreement with the scaling hypothesis, which further
corroborates the reliability of the obtained critical exponents.

To put our obtained results in the context of previous works,
the values of the critical exponents for our samples derived from
various methods and some other manganites reported in litera-
ture,”*® as well as the theoretical values based on various
models,*"* are summarized in Table 2 for comparison. Clearly, the
data in this table support the conclusion that the critical

(16)

the Curie temperature are used, the plot of

RSC Adv., 2017, 7, 43410-43423 | 43419
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exponents of Lag,Cag Pbo,MnO; and La,;Cag Pbo,Mny_,_-
AlSn,0; (x, y = 0.05 and 0.075) are completely agree with those of
the 3D-Ising model and the mean field model, respectively.
Therefore, it is important to check if these critical exponents can
generate the scaling equation of state for these systems.

In order to demonstrate the influence of the critical expo-
nents on the MCE, we analyzed the dependence of the entropy
change on the field. According to Oesterreicher et al., for
a material displaying a second order phase transition, the field
dependence of ASy, can be expressed as follows:

ASy = a(poH)" (a7

—

where the exponent n depends on the magnetic state of the
compound. It can be locally calculated as follows:

din ASM

din{uyH) (18)
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The obtained largest values of n approaching to 2 in the para-
magnetic range for T > T, n = 1 for T < Tc,” and at the peak
temperatures T¢, the exponent n becomes field independent
and is expressed as:*

g—1
Tc)=1+—-— 19
n(Te) =1+ G (19)
which can be transformed using the relation 86 = (8 + )
1 1
n71+5<1—5) (20)

where 3, v and 6 are the critical exponents. Using the values of
6 and ¢, we obtained the values of n which are calculated to be
0.56, 0.62 and 0.69 for x, y = 0.0, 0.05 and 0.075 samples,
respectively. Apparently, these values are in good agreement
with the mean field prediction n = 2/3 (ref. 84) for x, y = 0.05
and 0.075 samples. On the other hand, for x, y = 0.0 sample,
these values are lower. Also, the n values obtained from the
power-law fitting of the ASy™ vs. poH curve are higher than
those calculated from eqn (20). The deviation from the mean
field behavior is due to the presence of local inhomogeneities
around the transition temperature.®

In the following section, we will use the mean-field theory to
study the spontaneous magnetization (Mpone) in our samples (x,
y = 0.05 and 0.075). A general result issued from a mean-field
theory reveals the dependence of the magnetic entropy on the
relative magnetization can be described as:*

S(o) =
sinh (2J2}_ lel (J))
—NKg [In(2J +1) —In i + B, (o)
sinh (53/71 (O'))
(21)

where ¢ = M/gufJN, M is the magnetization, N is the number of
spins, J is the spin value, ks and B, are the Boltzmann constant

This journal is © The Royal Society of Chemistry 2017
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and the Brillouin function respectively. From a power expansion
of eqn (21), ASy is proportional to M>, from the mean-field
model, for small M values:

3J

(0') = m]\fkg(f2 =+ 0(0'4)

(22)

However, in ferromagnetic state (bellow T¢) the system has
a spontaneous magnetization where ¢ = 0 state is never
attained. After restriction the first term of eqn (22), the
magnetic entropy change can be donated by this equation:

3J

—S(o) = 2J—+1NkB (02 - ngon) (23)

Fig. 14 shows the isothermal —AS vs. M curves in the
ferromagnetic region (T < Tc¢). The isothermal -—ASy vs. M*
plots in the ferromagnetic region, shows an horizontal drift
from the origin corresponding to the value of Ms,*(T), whereas
the —ASy vs. M* plots begin at a null M value for T > T¢.*® The
linear dependence of —ASy on M is clearly shown in Fig. 14
with an approximately constant slope throughout the FM
region. In addition, by linearly extending the —AS vs. M> curves
to —AS = 0, the values of the spontaneous magnetization Mg, at
several temperature have been evaluated. We have compared
these results of Mg with the results obtained from the modified
Arrott plot as shown in the inset of Fig. 14. As one can see
clearly, an excellent agreement between the two methods indi-
cates the validity of this process to estimate the spontaneous
magnetization using a mean-field analysis of the magnetic
entropy change in La, ;Cao 1Pbo,Mn;_, ,AlSn,0; (x, y = 0.05
and 0.075) system.

Interestingly, we can further discuss the feasibility and
applicability of the mean field theory applied in the above
analysis. The spontaneous magnetization can be fitted by
using:

This journal is © The Royal Society of Chemistry 2017

View Article Online

RSC Advances
x,y =0.05
3,24
3,04
—_ B =0.48 £0.02
g 55l
=
=
2,6 4
@ Ln(M, )I
? —— Fit '
2,44

-4,0 3,6 3,2 28 2,4
Ln (T -T/T )

Fig. 15 Ln (Msp) vs. Ln (Tc — T/T¢). The red line is the linear fitting.

My (T) = M, (0) [1 - lr

- (24)

To determine the value of the critical exponent (3, we
changed this expression to log-log scale. Fig. 15 shows In(M) vs.
In(T¢ — T/T¢), the linear fitting gives the value of 8 to be 0.48 +
0.017 which is consistent with the standard mean field model (8
= 0.5).

Here we distinguish an excellent agreement between the
experimental value (8 = 0.48) and the theoretical value (mean
field model, 8 = 0.5) allows to confirm the validity of this
technique to estimate the spontaneous magnetization using
a mean-field procedure of the magnetic entropy change.

5. Conclusion

In the present work, we investigated the magnetic, critical
exponents and magnetocaloric properties of polycrystalline
Lay ;Cag 1Pbg,Mn;_,_,ALSn,0; synthesized by sol-gel method.
The values of critical exponents for all samples specimens cor-
responding to the PM to FM phase transition were extracted
using the modified Arrott plot method, Kouvel-Fisher method
and critical isotherm analysis. Interestingly, the exponent
values founded are so close to values expected for the univer-
sality class of 3D-Ising model and mean field model for x = 0.0,
0.05 and 0.075 respectively. The validity of the obtained critical
exponents using various methods has been confirmed by the
Widom scaling relation and universal scaling hypothesis. We
can note that the change in the universality class is due to the
relevant disorder introduced by the (Al, Sn) doping.
Furthermore, the methodology based on the analysis of the
magnetic entropy change (ASy) vs. M°, compared with the
classical extrapolation of the Arrott curves (uoH/M vs. M?),
confirms that the magnetic entropy change is a valid
method to determine the spontaneous magnetization of the
Lay ;Cag1Pbg,Mn,_, ,ALSn,0; system. These exceptional
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results have a role to get fruitful investigations and we can
confirm that the insight gained from the use of different
methodologies for a given magnetic system is very interesting.
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