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A detailed study of the structural, magnetic, magnetocaloric and electrical effect properties in
polycrystalline manganite LagsSmg1Sro4Mngo75IN0.02503 is presented. The X-ray diffraction pattern is
consistent with a rhombohedral structure with R3¢ space group. Experimental results revealed that our
compound prepared via a sol-gel method exhibits a continuous (second-order) ferromagnetic (FM) to
paramagnetic (PM) phase transition around the Curie temperature (Tc = 300 K). In addition, the
magnetic entropy change was found to reach 5.25 J kg™t K™ under an applied magnetic field of 5 T,
corresponding to a relative cooling power (RCP) of 236 J kg™™. We have fitted the experimental data of
resistivity using a typical numerical method (Gauss function). The simulation values such as maximum
resistivity (pmax) and metal-semiconductor transition temperature (Tw_sc), calculated from this function,
showed a perfect agreement with the experimental data. The shifts of these parameters as a function of
magnetic field for our sample have been interpreted. The obtained values of 8 and v, determined by
analyzing the Arrott plots, are found to be Tc = 298.66 + 0.64 K, § = 0.325 £ 0.001 and y = 1.25 +
0.01. The critical isotherm M (T¢, uoH) gives 6 = 4.81 + 0.01. These critical exponent values are found to
be consistent and comparable to those predicted by the three-dimensional Ising model with short-range
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Also, manganese oxides especially, the La-Sr based manga-
nite (Lay ;Sro 3MnO;) exhibit a metal-semiconductor transition
(MSc) accompanied by a FM-PM transition near T¢. In a recent
publication*® there have been few models that can explain the
transport mechanism in manganites. Among them, we point
out the small polaron hopping (SPH) model and the 3D Mott's
variable range hopping (VRH) in the semiconducting region,
the adiabatic small polaron hopping mechanism® and electron—
electron, electron-phonon processes in the metallic region.
These laws are very important in manganite research because
they very well describe the observed high-temperature variation
(T > Tysc) in the conduction mechanism.

However, there is still no clear conclusion of whether or not
the resistivity p(T) can be continuously predicted by tempera-
ture from the metal phase to the semiconductor phase for
individual manganite with only one equation.

1. Introduction

Over the past few years, magnetic refrigeration (MR) based on the
magnetocaloric effect (MCE) has become a promising technology
to replace the conventional gas-compression refrigeration due to
its energy-efficient, environment-friendly advantages and
economical benefits. It has been pointed out that suitable
materials should be cost effective and possess a large MCE (large
isothermal magnetic entropy change ASy,) over a wide tempera-
ture range. Among them, perovskite manganites with generic
formula Ln; ,AMnO; (Ln represents trivalent rare-earth
elements such as La, Pr, Nd, Sm, etc., and A stands for divalent
alkaline-earth cations such as Ca**, Sr**, Ba®", etc.), have attracted
considerable scientific and technological interest owing to their
important magnetic and electrical properties,”* such as the
notable colossal magnetoresistance (CMR) and the magneto-
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caloric effect (MCE) under a moderate applied field, which is
characterized by magnetic entropy change (ASy) and relative
cooling power (RCP). Furthermore, there is also a book written by
Tishin and Spichkin® which describes numerous different mag-
netocaloric materials in detail.

“Laboratoire de la matiére condensée et des nanosciences, Univercité de Monastir,
5019, Tunisia. E-mail: mmay988205@gmail.com
"Institut Neel, CNRS et Univercité Joseph Fourrier, B. P. 166, 38042 Grenoble, France

This journal is © The Royal Society of Chemistry 2018

Unfortunately, few studies have been done on the mathe-
matical model which can describe the carrier transport
behavior of manganite as a function of temperature around the
metal semiconducting transition and the relation between
magnetic and electrical properties. In this contribution, we have
determined the correlation between electrical and magnetic
properties and we have developed a mathematical model to
quantitatively analyze the temperature-dependent resistivity.
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Many previous reports were dedicated that the most
accepted interpretations for the origin of these properties are
the double exchange model and Jahn-Teller effect” which they
are used to identify the magnetic phase transitions (FM-PM).

Therefore, to understand better the relation between CMR
effect and the semiconductor-metal transition, two important
questions about FM-PM transition should be clarified: one is
the order of phase transition; the other is the common univer-
sality class. A most useful approach is the consideration of the
critical exponents. These describing the thermodynamic prop-
erties near the phase transition can be used to elucidate inter-
actions mechanisms near Tc. In earlier theoretical works,*° the
critical behavior related to the FM-PM transition in manganites
within the DE model was first described with long-range mean-
field theory. Later, depending on the computational technology
for the CMR of manganites, Motome and Furukawa suggested
that the FM-PM transition should belong to Heisenberg's
universality Class.'™ However, some research have predicted
that the critical exponents in manganites are in agreement with
a short range exchange interaction model with the estimated
critical exponent values related to either 3D-Heisenberg or 3D-
Ising model.

Critical exponents for manganites show wide variation that
almost covers all universality classes and different experimental
tools are used for their determination. Ghosh et al.’> reported
that the calculated values of the critical exponent 3 is equal to
0.37 for the manganite La,,Sry3;MnO;. However, LaggSry -
MnO; is in good agreement with that in mean-field model*® with
a relative high value of 8 (=0.5). While a very low critical expo-
nent of 8 = 0.14 identified in the single crystal Lay ;Cao 3;MnO;
suggested that the FM-PM transition in this system is of a first
rather than second order type.** With this variety in mind, it is
worthwhile to study the critical behavior in the same perovskite
manganite.

The present work aims basically at investigating the struc-
tural, magnetic, magnetocaloric, electrical and the critical
behavior for Lag sSmg 1Sro.4Mng 97510002503 (LSSMIO) manga-
nite. We used four kinds of different theoretical models, which
are mean field, 3D-Heisenberg, 3D-Ising, and tricritical mean
field to explain the critical behavior in the manganite.

2. Experimental details

LSSMIO compound was fabricated using a conventional sol-gel
method, it is known to produce very high quality, homogeneous
and fine particle materials.

In this method, the stoichiometric amounts of high purity
nitrate  Sr(NO;),-6H,0; La(NO;);-6H,0; Mn(NO;),-4H,0;
Sm(NO3);-6H,0 and In(NO3);-xH,0 precursors were taken as
starting materials in appropriate stoichiometric ratio powder
and pH was adjusted between 6.5 and 7. In the first step, the
precursor solution was prepared by dissolving the constituents
(precursors/starting materials) with desired composition in
deionized water. In the next step, the homogeneous precursor
solution was heated to 90 °C under constant stirring to elimi-
nate the excess water and get a dry fluffy porous mass. Subse-
quently, the obtained sol was cooled before the addition of
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ethylene glycol (EG) (1:1; EG:CA) and citric acid (CA)
(CA : metal ion molar ratios of 1, 2 or 3) which they were used as
polymerization/complexation (PC) agents. The process was
heated first at 340-380 K with a vigorous stirring to evaporate
water, accelerate the poly-esterification reaction between CA
and EG and increase viscosity. Then the temperature was raised
up to 450 K forming a dark viscous gel which slowly turned into
a dark resin. This resin was easily powdered in an agate mortar
and was calcined at 600 K for 7 h in oxygen atmosphere to
eliminate the other organic compounds the carbons gases and
give a fine powder. Finally, the resulting powder was uniaxial
pressed at 105 Pa into pellets with a thickness of 2 mm and
diameter of 8 mm. The obtained black pellets were sintered in
air at 900 °C for 15 h.

Indeed, the microstructure was observed by a scanning
electron microscope (SEM) using a Philips XL30 and semi-
quantitative analysis was performed at a 20 kV accelerating
voltage using energy dispersive X-ray analyses (EDAX). To
extract the critical exponent of the sample accurately, the
magnetic measurements were performed in the range of 0-5T,
near the FM to PM phase transition using a BS1 and BS2
magnetometer developed in Louis Neel Laboratory, Grenoble.
In fact, the isothermals are corrected by a demagnetization
factor D, that has been determined by a standard procedure
from the low-field linear-response regime at a low temperature
(:u'OHappl - DaM)~

3. Results and discussion

3.1. Structural and morphological study

XRD patterns at room temperature (Fig. 1) confirmed that our
sample have no trace of any impurity phase. The Bragg reflec-
tions indicate that our manganite crystallizes in a single phase
with rhombohedral structure (space group R3c). The structural
parameters are refined by a standard Rietveld technique.® The
refined XRD pattern for our sample is shown in Fig. 1 and the
resulting lattice parameter as well as the corresponding
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Fig. 1 Rietveld refinement for the sample LSSMIO. Experimental data
(the point symbols), calculated data (the solid lines), difference
between them is shown at the bottom of the diagram and Bragg
positions are marked by vertical bars.
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Table 1 Results of Rietveld refinements, determined from XRD
patterns measured at room temperature for LSSMIO sample

Parameters Lag 5Smg 1Srp 4Mng 975IN0 02503
Structure type Rhombohedral
Space group R3¢

Lattice parameter

a (&) 5.478(2)

c(A) 13.379(5)

Vanit cen (A%) 347.69

(O)giso (A?) 1.530

(0)x 0.4460(5)

(La, Sm, St)gis0 (A2) 0.786(3)

(Mn, In)gi, (A%) 0.543(4)
Discrepancy factors (%)

Bragg R-factor 2.14

R, 6.7

Rup 9.1

RF-factor 5.8

Goodness of fit x> 1.68

agreement factors are tabulated in Table 1. The substitution of
In*" for Mn** causes a distortion of cell, an elongation along the
a and c axes, and as a result an increase of the cell volume.

The average crystallite size values have been estimated from
the full width at half maximum of X-ray diffraction peaks and
calculated using Scherer's equation given as:*

K2

Dg= ———
* Bsencos 0

(1)
where K is the so-called shape factor, taking as 0.89, 4 is the
wave length of Cu Ko, radiation (A = 1.54056 A), 6 is Bragg's
angle of the most intense peak and s, is the line broadening at
the full width at half maximum (FWHM) on the highest peak of
plane (104), which is located at about 26 = 31° and defined as:

2 2
BSch = Bobs - ﬂinstr

(2)

where, Bops is the measured broadening and Qinsr is the
instrumental broadening of the diffraction peak from a stan-
dard silicon sample, defined by Caglioti's formula:*”

(8%)instr = U tan(0)” + V tan(6) + W (3)

Mn
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Fig. 2
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Here U, Vand W are scalars. The crystallite size, using eqn (1), is
calculated from full width at half maximum (FWHM) of the
peaks (104) (central peak).

The D value is found to be 87 nm. The SEM micrograph of
our sample is shown in Fig. 2(b). Moreover, the average grain
size was calculated using the average size linear intercept
method from the micrograph. The value is Dggy = 210 nm. We
note that the grain size obtained by SEM (Dsgy) is much larger
than that calculated by Scherrer's formula which can be
explained by the fact that each particle observed by SEM is
formed by several crystallized grains.®

In order to check the existence of all elements in these
compounds, energy dispersive X-ray analysis (EDAX) was carried
out at room temperature. EDAX spectrum represented in
Fig. 2(a) reveals the presence of La, Sm, Sr, Mn, In and O
elements, which confirms that there is no loss of any integrated
elements during the sintering within experimental errors. The
typical cationic composition for the sample is represented in
Table 2. EDAX analysis shows that the chemical composition of
the sample is close to the nominal one within the experimental
uncertainties.

3.2. Magnetic and magnetocaloric study

Fig. 3 presents the temperature dependence of the magnetiza-
tion measured in a constant magnetic field of 0.057 for LSSMIO
sample. Apparently, our sample undergoes a phase transition
from ferromagnetic (FM) to paramagnetic (PM) state at the
ferromagnetic Curie temperature which is about T¢ = 300 K,
defined as the inflection point of dM/dT (inset. a Fig. 3). The
phase transition of our sample is of second order. It also
behaves a large of the range of temperature. This is a typical
behavior of the sample fabricated by sol-gel method. The range
of the wide of transition does not seems to reflect the chemical
disorder but seems due to the disorder in magnetism. It may be

Table 2 Results of EDAX analysis of LSSMIO sample

Chemical species

La Sm Sr Mn In Nominal composition

0.499

0.101

0.389 0.974 0.026 Lag5SmgSro.4MIg.o75IN0.02503

(a) EDAX spectrum for LSSMIO compound. (b) Shows the typical SEM.
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Fig. 3 Temperature dependence of magnetization M(T) measured at
0.05T for LSSMIO sample and the solid line (black color) is the
nonlinear curve fit following eqn (4). The (a) inset shows the plot of dM/
dT as a function of temperature at ugH = 0.05T and the (b)inset shows
the temperature dependence of the inverse magnetic susceptibility.

in a result of phase separation phenomenal.” The experimental
results showed that the doping of In®* causes a substantial
change in the magnetic properties of LSSMIO sample. Besides
the ferromagnetism is due to the double exchange interaction
between the Mn*" and Mn>" ions.?® According to Lonzarich and
Taillefer,”* the manganites are ruled by spin wave theory. As for
this theory magnetization varies as T7*'* (Bloch's law) at very low
temperatures® and as T> over a wide range of temperatures,
whereas close to Tc, it varies as (1 — T"%/T¢**)"2. In view of this,
the magnetization data in the ferromagnetic region have been
fitted to an equation:

M(T) = My + M3 T + M>T? (4)
where M, is the temperature-independent spontaneous
magnetization. The fitted curve is shown in Fig. 3. From the
fitting, one may conclude that the ferromagnetic behavior of
LSSMIO manganite type perovskite may be due to spin waves.

In order to better understand the magnetic behavior of our
sample, we have fitted the inverse of the susceptibility as
a function of temperature x, ‘() defined as (M = xH) (inset.
b Fig. 3), using the following Curie-Weiss (CW) law:

_ C
T —fcw

X (5)
where Ocw is Curie-Weiss temperature, C is the Curie constant
defined as:

o NA#B2 2

C= kg Mefr (6)

where N, = 6.023.1023 mol ! is Avogadro number; g = 9.274 x
10~>" emu is Bohr magneton and kg = 1.38016 x 10 "®erg K™ " is
Boltzmann constant.

Generally, the difference between (6cw = 304 K) value and
(Tc = 300 K) value depends on the substance and is associated
with the presence of short-range ordered slightly above T,
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which may be related to the presence of a magnetic inhomo-
geneity. From the determined Curie constant C, we have
deduced the experimental effective moment ugyf using the
following relation:*

Her = /3kpC/Na = V8Cpy (7)

where C is the inverse of the slope of the straight line. For Mn**
or Mn*", the orbital moment is quenched (L = 0) so that § is the
appropriate quantum number and we can write:

(8)

with g¢ = 2 and § = 3/2 for (Mn"", 3d*) or 2 (Mn**, 3d*) which
leads to pegr = 4.90up for Mn*" and pegr = 3.78up for Mn*".

Then, we have calculated the effective paramagnetic moment
per formula unit which can be written as:

Here(S) = gup[S(S + 1)]'?

Kefi = \/(0~6 — ) pterr® (M) + 0.4 (Mn*) (9)

The p&P and pE° values are 4.85 and 4.47, respectively. The
experimental value of the effective paramagnetic moment is
higher than the theoretical one. It is the signature of Mn*" and
Mn*" clusters,> which can be explained by the presence of
a short-range magnetic order in the paramagnetic phase. So
that in this phase, the magnetic spins do not exist as individ-
uals, they rather exist in small groups.

Magnetization versus magnetic field (M — uoH) curve of
LSSMIO compound at 5 K is plotted in Inset. a Fig. 4. The
sample closely reach a constant value of magnetization under
an applied field uoH = 1.57. The estimated magnetic moments
from magnetization data at 5 K is 3.45up per formula unit. A
rough estimation of the expected magnetic moment can be
made, based on the chemical formula Lays*'Smg,*"Sry.."-
(Mngs _ » "Mny,*)In,** 05> leading to a magnetic moment:
Mg, = (4 x (0.6 — x) + 3 x 0.4)ug = (3.6 — 4x)ug, as Mn*" and
Mn*" ions have magnetic moments of 4ug and 3ug respectively.
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Fig. 4 Isothermal magnetization curves of LSSMIO sample. The (a)

inset shows Magnetization versus field (M — uoH) curve at 5 K for
LSSMIO sample. The (b) inset shows Standard Arrott plot (isotherms M?
VS. ,uoH/M)
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The calculated value of magnetic moment per formula unit is
3.5up for our sample.

The magnetocaloric effect MCE which is an intrinsic prop-
erty of all magnetic materials, is the tendency of the material to
heat up or cool down during the application or removal of
a magnetic field. The applied importance of the MCE is easily
appreciated from the fact that for many years it has been used
successfully to reach ultra-low temperatures in a research
environment.>>*® Besides, it is maximized when the material is
near its magnetic ordering temperature (Curie temperature 7¢).
In order to examine this property we have carried out the
isothermal M(u,H) measurements at different temperatures
(with temperature interval 67 = 4 K) in the FM-PM transition
region for the sample (Fig. 4). To guarantee that magnetization
data were determined in isothermal conditions, the sweep rat of
the magnetic field was set slowly enough. The magnetization
curve of LSSMIO manganite at temperatures below T exhibit
sharp increase of magnetization at low fields and then a gradual
saturation at high fields reflecting a paramagnetic behavior.””
This magnetization is all the smaller as the temperature is high,
which means that the thermal agitation is important.

In order to enquire the efficiency of our sample in the
magnetic refrigeration systems, the magnetic entropy change
ASm(T, woH) due to the application of a magnetic field uoH can
be calculated from a family of isothermal M-u,H curves, using
the following formula:

ASM(T7 uOH) = SM(T7 MOH) - SM(T7 0)

1o Hmax ERY )
= —_— wodH
L <6 (hoH) o H ’

From Maxwell relation (—ASy) was induced by changing the
magnetic field from zero to (uoH):

(%0 i (a<30SH>) r

M
where (6_) is the experimental value obtained from M(T)
H

(10)

(11)

0
curves under magnetic field uoH. One can use the following
expression:

T+ T, _ 1 o Hmax
ASM< 5 > = (Tl — Tz) |:J0 1‘4(7‘27 ,U,OH),LLOdH

10 Hmax
—J M(Ty, ,uOH)/,LOdH:|
0

(12)

Using eqn (12), we have calculated the magnetic entropy
change under different field changes for LSSMIO manganite as
seen in Fig. 5. The change of magnetic entropy of a magnetic
material has the largest value near a phase transition, where the
magnetization changes rapidly with temperature.”®*

The peak magnitude increases with the increase in the
applied magnetic field uoH but the peak position is closely
unaffected because of the second order nature of the ferro-
magnetic transition in this compound. It should be noted that

for each magnetic applied field (—ASy™) reaches the maxima

This journal is © The Royal Society of Chemistry 2018
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Fig. 5 Temperature dependence of magnetic entropy change under
different external fields for LSSMIO compound. The inset shows
universal behavior of the scaled entropy change curves of LSSMIO
sample at different fields.

value at the Curie temperature (Tc = 300 K). The values of
(—ASy™), which increases with increasing the applied magnetic
field, are 5.25 and 2.11 kg™' K~ " upon a magnetic field change
of 5T and 2T, respectively.

On the other hand, magnetic refrigerants are desired to have
not only a large (—ASy) but also a large refrigerant relative
cooling power (RCP). This factor corresponds to the amount of
heat per kilogram that can be transferred between the cold and
hot tanks during an ideal refrigeration cycle and defined as:*

RCP = fASﬂ“X X 6TFWHM (13)

where ASy™ is the maximum magnetic entropy change and
0Tewim = Thot — Teold 1S the temperature difference at the full
width at half maximum of the magnetic entropy change curve.

The RCP values as well as the maximum values of the
magnetic entropy change under a magnetic applied field of 57
are summarized in Table 3. We remarque that the RCP factor
undergo a moderate increase with the amplification of the
magnetic field. The significant value of the RCP would confirms
the transport of a greater amount of heat in an ideal refrigera-
tion cycle. We can see that these results are interesting
compared with other compounds*~® reported in the literature
(Table 3), so we can estimate that our compound is a potential
candidate to be used in the magnetic refrigeration.

Franco et al.*® proposed that the phenomenological universal
curve is made by normalizing all the magnetic entropy change
(AS(T, uoH)/ASM™). Here, ASy™ presents the peak maximum of
the magnetic entropy change at different magnetic fields
(shown in Inset. Fig. 5) and by rescaling the temperature axis,
namely (), below and above Tg, as noted:

_ (T - T)/(TH - T)7
b= {<ch Te) (T, - To),

T=Tc

T=Te (14)

Knowing that T, and T, present the temperatures of two
reference points corresponding to ASw(Ty,) = 1/2ASy™. It's

RSC Adlv., 2018, 8, 5395-5406 | 5399
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and relative cooling power (RCP), for LagsSmg1Sro4Mngo75lng.02503, occurring at the Curie

temperature (Tc) and under magnetic field variations, AH = 5T, compared to several materials considered for magnetic refrigeration

Material Tc (K) woH (T) ASH™ (kg 'K RCP (J kg ) Ref.
Lagy 5Smy 1Srg 4Mng 975IN¢ 02503 300 5 5.25 236 This work
Gd 293 5 9.5 410 31
GdsSi,Ge, 275 5 18.5 535 32
La, ,Sr, sMnO; 370 5 5.15 252 33
Lay ,Cag 3sMnO; 264 5 7.7 — 34
Lay ;,Cag ,Srp 1 MnO;3 308 5 7.5 374 35
Lag.57Y0.1Bag23Ca91MnO; 300 5 4.34 349 36
Lag 67Sr9.33Mng oCry 103 328 5 5 — 37
Lag.;Cag 1 Pbg sMng oAl 05500503 295 5 2.3 135 38
Lag ;Cag 1Pby Mg g5Alg.0755N0.07503 290 5 2 176 38

clear from this figure that the experimental points distribute on
one universal curve. The existence of the universal curve of
(—ASy) around T confirms the second nature order phase
transition.

3.3. Prediction of electrical resistivity

Fig. 6 shows the resistivity versus temperature behavior of
LSSMIO manganite at an applied magnetic field of 0 to 5. Our
sample exhibit metal-semiconducting transition at a tempera-
ture Tyi_sc Which is obtained from the inflection point of dp/dT
plots. The resistivity of manganite is determined by several
parameters such as the applied magnetic field, temperature,
composition and so on. To understand these properties of the
sample, based on the mathematical relationship between the
resistivity and magnetic field or the temperature, we have to fit
these curves. Shi* reported that there are two paths for curve
fitting: One way is to directly apply the fitting function; another
way is to create a mathematical model when there is no

¢ a0

50 100 150 200 250 300 350 400 450 5
T(K)

p (Qcm)

S0 100 150 200 250 300 350 400 430
T(K)

0.0

T T T T T T T
500 600 700 800 900 1000

T (K)

— T T T " T T T "
0 100 200 300 400

Fig. 6 Resistivity vs. temperature curves of LSSMIO sample under
different applied magnetic fields rising from 0 to 5T. The (a) inset
shows experimental (symbol) and estimated (line) electrical resistivity
as a function of temperature of LSSMIO sample under different applied
magnetic field. The (b)inset shows the variation of MR vs. T curves for
LSSMIO sample under applied magnetic field of 2, 3, 4 and 5T.
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appropriate fitting function available. According to this
suggestion and after checking the fitting function, we can say
that the Gauss function, which is a typical numerical method
with a nonlinear curve fitting for the quantitative analysis,
offers such an opportunity. The applicable Gauss function is
expressed by:

p(T) = p(Tu) +

exp( 2T — Td)z/w2> (15)

A
wy/1/2
where p(T,), A4, T4, and w are constants obtained from the fitting
process.

If the Gauss function (14) is available for predicting resis-
tivity at temperatures across the measurement range for our
compound, the minimum value of p is given by p(T|r—, «). Thus,
the physical significance of parameter p(T,,) is the resistivity of
manganite materials at high temperatures. The maximum value
of p is given by the parameters p(T,), 4, and w in the following
form:

= plroe +— 2 (16)
Pmax PIT— e W\/TC_/Z
So, the Gauss function (14) will be rewrite as:
A
p(T) = Pmin T ——F7—= CXp( _2(T - Td)z/w2) (17)
wy/T/2

We analyses the resistivity curves of LSSMIO compound at
different magnetic field using the above approach (17). Opti-
mized parameters employed to simulate the component spectra
are also listed in Table 4 and the fitted curves are shown in
Inset. a Fig. 6.

The correlation coefficient R> (Table 4) which is close to 1,
showed a satisfactory agreement between experimental and the
modeled data which implies that the metal-insulator transition
temperature, Tyi_s. can be confirmed more precisely by the
Gauss function simulation for our compound. The comparison
between the peaks of the best-fitted value of T4, determined
from Gauss function, and the experimental data demonstrated
that parameter T4 corresponds to the metal-semiconducting
transition temperature, Ty;_gc.

This journal is © The Royal Society of Chemistry 2018
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Table 4 The obtained constants determined fitting the experimental data using eqn (17)
Calculated Gauss function R*
196.71 .
La.55MM0.1570.4MN0.9751M0.02505 0T p(T) = 0247+ — 10T (o0 — 7298.236)%/160.1452) 0.997
160.145,/7/2
Lag 5Smy 1Sr9 4Mng 97500 02503 1T o(T) = 0.193 + 153.679 exp(-2(T — 301.636)2/165.3242) 0.989
165.324+/7/2
Lo 55Mo.18T0.4MNo.075100.02505 2T p(T) = 0123 4 ——2335 _ oen(22(T — 303.836)°/168.544) 0.998
168.544. /7 /2
1.069 .
La.55MM0.15T0.4MN0.9751M0.02505 3T o(T) = 0.114+ —— 109 n(ca(T — 308.376)2/173.140%) 0.996
173.140+/7/2
L 55Mm0.15T0.4MNo 9751002505 4T o(T) = 0103+ — 2305 o (o(T — 311.936)°/177.369?) 0.987
177.369+/7/2
Lag 55my 15T9.4Mng 9751N0.02503 5T 73.399 0.995

p(T) = 0.092

Thus, the transition temperature Ty.s. can be confirmed
more precisely for other magnetic fields using the appropriate
Gauss function simulation.

The Fig. 7 illustrates the dependency of py,ax on the applied
magnetic field for LSSMIO sample. The best fit of this curve
show that the successful logistics equation could properly give
a quantitative relationship between p,.x and magnetic field uoH
via nonlinear curve fitting, and the logistic function is given by:

A—-B
TN

woH

1 2077

The optimized parameters A, B, C and P will be determined
from the fitting of the experimental data (Table 5).

pmzlx(HOH) =4+ (18)

1.2 316 L
i)
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* P
)
1.0 g 4
z 1
P = 304
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Fig.7 Experimental and simulated pmax as a function of magnetic field.
The inset shows Ty_sc vs. uoH for LSSMIO compound.

+ -
180.412\/7/2

exp(-2(T — 318.236)%/180.4122)

The plots of pmax versus magnetic field for LSSMIO
compound have been fitted with the logistic model, which
successfully describes the experimental behavior of the
maximum resistivity pmax 0f our sample. According to this
model, it's clear that p,,,., decreases with an increased magnetic
field woH, which implies a logistic increase in the carrier
density. For this reason, it is appropriate to use the logistic
model for predicting the maximum resistivity pp.x before one
magnetic field is applied.

It's clear from Fig. 6 that Ty_s. shifts toward higher
temperatures when uoH increases, which confirm that there is
a relationship between Ty;_s. and the applied magnetic field.
Inset. Fig. 7 shows the construct of the Ty s. of LSSMIO
compound as a function of applied magnetic field. We can see
that there is a linear relationship between the two variables.

Therefore, the functional form between Ty;_s. and magnetic
field is expressed by a line eqn (19), and it is given by:

Tvisc(uoH) = S X poH + 1 (19)

The obtained constants are illustrated in Table 5. Notably, it
can be observed that the theoretical results of Ty_s. derived by
eqn (19) are consistent with the experimental data in Table 4.
Therefore, it may be stated that the magnetic field is correlative
with Ty-s.. In addition, it is appropriate to use eqn (19) in
forecasting Ti-s. before one magnetic field is applied.

The shifts of the Tys. to the high-temperature range with
the increase of the applied magnetic field can be explained by
the reduction in the charge carriers delocalization uniformly
caused by the applied magnetic field, which in turn might result
in reducing the resistivity and also cause local ordering of the
magnetic spins in the same way. Due to this linear ordering, the
FM metallic state may suppress the PM insulating regime.
Therefore, it may be stated that the conduction electrons (eg")

Table 5 The obtained constants determined fitting the experimental data using egn (18) and (19)

A B

c p N 1

Lag 5Smyg 1Srg.4Mng 9751002503 0.426 —0.265
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are completely polarized inside the magnetic domains hence,
the peak temperature (Ty;_sc) shifts to the high temperature side
with applications of the magnetic field.

3.4. Study of magnetoresistance

The magnetoresistance MR is a fundamental property of
manganites, which is related to the reduction of the electrical
resistivity of the material by applying a magnetic field, it is given
by:

R - 82 L)t

x 100 (20)
where p(H = 0) is resistivity under a zero magnetic field and p(H)
is resistivity under different applied fields.

Inset b Fig. 6 presents the variation of MR as a function of
the temperature at different applied magnetic fields (2-57). It is
very interesting to note from this figure that MR presents a pic
around T then it gradually decreases at high temperatures. The
maximum magnetoresistance values of our compound at the
metal-semiconducting (MSc) transition temperature are found
52%, 58%, 63% and 69% under applied magnetic field of 2, 3, 4
and 5T, respectively.

The reason for the higher MR% observed at high tempera-
ture is attributed to the involved spin polarized tunneling
between grains or spin dependent scattering of polarized elec-
tron at grain boundaries.***

3.5. Critical behavior

For a continuous phase transition around the critical temper-
ature, its thermodynamic function can be expressed by a power
law form with three critical exponents. We would like to make
a brief mention of the definitions of these exponents, namely
B (associated with the spontaneous magnetization Msg), 7y
(associated with initial susceptibility x, ') and & (associated
with the critical magnetization isotherm (magnetization M
versus magnetic field uoH at T¢).*** The mathematical defini-
tions of the exponents from magnetization measurements are
given in the following relations:

M(T) = Mle|*, e <0, T< T¢ (21)
Xo (T) = (ho/My)e", e >0, T> Tc (22)
M=DH" ¢=0,T=Tc (23)

Here ¢ is the reduced temperature (¢ = (T — Tc)/Tc); ho as well as
M, and D are the critical amplitudes.

In our work, we have used different methods to investigate
the critical behavior of the LSSMIO sample, namely the modi-
fied Arrott plots (MAP) method, the Kouvel-Fisher method (KF)
and critical isotherm analysis (CI).**** The first method used to
calculate the critical exponents is the MAP method (also called
Arrott-Noakes plots). In this technique, the M = f(uoH) data is
converted into series of isothermal (MY? vs. (u,H/M)'™)
depending on the following relation:**

(moHIM)" = (T — T Ty + (MIM,)"* (24)
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where § and v are the critical exponents and M; is a material
constant. Inset b Fig. 4 shows the Arrott plot M> vs. uoH/M
constructed from the raw M-uoH isotherms after correcting the
external magnetic field for demagnetization effects. The
advantages of this plot are that T¢ can be determined accu-
rately, since the isotherm at T¢ will pass through the origin; it
directly gives x, *(7) as an intercept on woH/M axis and inter-
cept on positive M> axis gives Mg(T). One can see that all the
curves in this plot show nonlinear behavior having downward
curvature even in high field indicating non-mean-field-like
behavior. Moreover, the concave downward curvature clearly
indicates second-order phase transition according to the crite-
rion suggested by Banerjee.*®

Fig. 8(a-c) shows the modified Arrott plots (MAP) based on
the Arrott-Noakes equation of state eqn (24), at different
temperatures by using the 3D Ising model (8 = 0.325, v =
1.240), the 3D Heisenberg model (8 = 0.365, v = 1.336) and the
tricritical mean field (8 = 0.25, ¥ = 1), respectively for LSSMIO
compound. In order to select the best model which describes
this system, we calculated their relative slopes (RS) which are
defined as: RS = S (T)/S (T¢) (where S(T) is the slope of the quasi-
straight line in the high-field region at 7). In the most ideal case,
all RSs should be equal to 1 because the modified Arrott plot is
a series of parallel straight lines.

Fig. 8(d) shows the RS vs. T curve for LSSMIO sample for the
four models, mean field model, 3D-Heisenberg, 3D-Ising and
tricritical mean field model. The RS of 3D-Heisenberg and tri-
critical mean-field models obviously deviates from the straight
line of RS = 1 but the RS of 3D-Ising model is around to this
line. Therefore, the first Arrott plot gives the best results among
these three models, indicating the critical properties of LSSMIO
compound can be described with 3D-Ising model.

Based on these isotherms, the spontaneous magnetization
Mq(T, 0) and the inverse susceptibility x, *(T) data are extracted
from the linear extrapolation from the high-field region to the
intercepts with the axes M and (uoH)"”, respectively. In
Fig. 9(a) we have plotted the temperature dependence of Mg(7,
0) as green squares and o~ (T) as blue squares with their fitting
curves using eqn (21) and (22), respectively. We find that the
final fitted curves reproduce the experimental data perfectly and
give two sets of critical exponents (Table 6). It can be seen that
Tc obtained from the critical analysis of the modified plot
agrees well with that obtained from the M(T) curves in Fig. 3,
and the obtained critical exponents are very close to those in the
3D Ising model.

As the next step in the scaling analysis, we have followed the
Kouvel Fisher method to determine more accurately @, v and T¢.*”

My(DAMs(DIAT] ™" = (T — To)IB (25)

xo (Dldxo (DMATI" = (T — To)ly (26)

After this method both Mg[dMg/dT]™" and X, '[dxo */dT] ™"
have a linear behavior with respect to T with slopes 1/8 and 1/v,
respectively, as shown in Fig. 9(b).

One of the advantages of this method is that the value of the
critical temperature is not introduced a priori but extracted

This journal is © The Royal Society of Chemistry 2018
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from the intercept of the straight fitted lines on the temperature
axis. The values of 8, v and T obtained by KF method are also
summarized in Table 6.

It is worth remarking how MAPs and the Kouvel Fisher
method give close values of all critical parameters, confirming
the robustness of the results. After eqn (23), the critical expo-
nent ¢ can be extracted from the fitting of the critical isotherm
to be compared with the values obtained from the scaling law
(eqn (27)). Inset Fig. 10 shows the critical isotherm at 7= 300 K
in log-log scale as this should render a straight line (as it
happens), whose slope is 6. We obtained 6 = 4.81 £ 0.01 for
LSSMIO compound (Table 6).

Furthermore, according to the statistical theory, these three
critical exponents have to obey the Widom scaling relation:**

This journal is © The Royal Society of Chemistry 2018

(27)

Using this scaling relation, the value of é is equal to 4.84 for
8 and <y obtained from the MAP method. Thus, the critical
exponents found in this study obey the Widom scaling relation
remarkably well, implying that the obtained § and vy values are
reliable.

To put our obtained results in the context of previous works,
we summarize in the Table 6 the values of the critical exponents
obtained for our sample, those expected from theoretical
models**** and the previous reports on Sr-doped manganites. It
is found that the value of (8 = 0.325 + 0.001) for our compound

RSC Adv., 2018, 8, 5395-5406 | 5403
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Table 6 Comparison of the critical exponents of LSSMIO with those from the various theoretical models and with earlier reports (MAP: modified

Arrott plot, KF: Kouvel-Fisher method, ¢ cal: the § values calculated directly according to the Widom scaling relationship 6 = 1 + % o exp: the

o6 values obtained by critical isotherm (Cl) fitting)

Material Method Tc (K) I ¥ 1) Ref.

Mean-field model Theory 0.5 1.0 3.0 49

3D-Heisenberg model Theory 0.365 % 0.003 1.336 £ 0.004 4.80 + 0.04 49

3D-Ising model Theory 0.325 £ 0.002 1.241 + 0.002 4.82 £ 0.02 49

Tricritical mean-field model Theory 0.25 1 5 50

Lag sSMy 1St sMng 075 I 02505 MAP 298.66 + 0.64 0.325 =+ 0.001 1.25 + 0.01 This work
KF 301.83 £ 0.43 0.327 £ 0.002 1.259 £ 0.001 This work
CI (cal) — — — 4.84 This work
CI (exp) — — — 4.81 + 0.01

Lay Cag »STo 1Mng 85Cro.1505 234.54 £ 0.6 0.322 + 0.03 1.2 +0.17 4.752 51

Lag 6STo.4Mn oV, 105 356.407 0.316 1.243 4.947 52

Lag ¢Cag »STo ,MnOs 344.456 0.498 1.053 2.992 53

Lay 5,Nd1STo 53MnO; 352.23 0.368 1.191 4.236 54

Lay ;Cay »STo 1 MnO; 284 0.394 0.925 3.34 55

Lag 755T0,sMNO; — 0.40 + 0.02 1.27 + 0.06 4.12 + 0.33 56

Lay ,SrosMnOs 360.2 0.377 =& 0.004 1.168 + 0.006 4.10 + 0.01 57

Lag 5STo sMNg.05C00.0505 320.4 0.403 % 0.005 1.159 =+ 0.007 3.88 & 0.01 57

Lag,STo sMn.6C0o.105 281.6 0.457 + 0.007 1.114 + 0.005 3.44 £ 0.01 57

Lay 5Sro.sMng g5C0p. 1503 273.9 0.418 =+ 0.004 1.187 =+ 0.006 3.84 + 0.01 57

Lag sSmy 1St ,MnO; 313.36 £ 0.36 0.324 + 0.01 1.240 + 0.13 4.83 + 0.01 58

is quite close to that expected from 3D Ising model (8 = 0.325 +
0.002). Similar results have been found for other compounds
such as Lag,Cag,Srg1Mng g5Cry 1503 (ref. 51) and Lag¢Sro.4-
Mn, oV 105 (ref. 52) with 8 = 0.322 4 0.03 and § = 0.316,
repectively. However, few other Sr-doped compounds, listed in
Table 6, have 3 values close to those of the mean field and 3D
Heisenberg models, such as La, ¢Cay ,Sr; ,MnO; with (8 = 0.498
and v = 1.053),>® La, 5,Nd 1519 33Mn0O;3 with (6 = 0.368 and v =
1.191)** and Lay,Ca,,S1o1MnO; with (8 = 0.394 and y =
0.925).>* Besides, the critical exponent values of Lag ;551 .25
MnO; compound®® are all between mean-field values and three-
dimensional-(3D)-Ising-model values (8 = 0.40 £ 0.02, y = 1.27
+ 0.06), but those determined for La,,Sry,sMn; ,Co0,03
sample®” do not belong to any universality class (8 = 0.403 +

28 -
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Tc=300 K -5
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®
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£
< = 28]
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04 - 25
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Fig. 10 Isothermal M vs. uoH plot of LSSMIO sample at Tc = 300 K; the

inset shows the same plot in log—log scale and the solid line (red color)
is the linear fit following eqgn (19).
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0.005; v = 1.159 £ 0.007 for x = 0.05) and (8 = 0.457 & 0.007; v
= 1.114 + 0.005 for x = 0.1). To further understand the
magnetic interactions in In-doped perovskite manganite, in
earlier studies we have carefully investigated the critical
behavior of the reference compound La, 5Smg 1Sro 4MnO; (ref.
58) (8 = 0.324 =+ 0.01; vy = 1.240 + 0.13). It belong to the same
universality class (3D Ising model) and it show that short-range
ferromagnetic order is present in the reference compound
around the critical temperature.

Performing a renormalization group analysis of exchange
interaction systems, Fisher et al.>® have found that the values of
the critical parameters depend on the range of exchange inter-
actions with the form j(r) = 1/7**" (d and ¢ are the dimension of
the system and the interaction range, respectively). It has been
argued that, if ¢ is greater than 2, the Heisenberg framework is
valid for a 3D-isotropic ferromagnet, However, if ¢ is less than 3/
2, it is the mean field framework, which is valid. In the inter-
mediate range of 3/2 =< ¢ < 2 the FM behavior belongs to varied
classes such as (3D Ising and tricritical mean field model) which
depend on ¢.

4. Conclusion

To sum up, it is worth emphasizing that we have studied the
structural, magnetic, magnetocaloric and electrical properties
of  LagysSmg.1Sro4Mng 9751002503  perovskite —manganite
synthesized by sol-gel method. The experimental results have
revealed that our sample crystallizes in a single phase with
rhombohedral structure (R3¢ space group). A comprehensive
and detailed critical behavior study of the ferromagnetic to
paramagnetic transition in our manganite has been carried out
using magnetic techniques in order to independently extract

This journal is © The Royal Society of Chemistry 2018
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the critical exponents' §, v, and ¢. The results showed that the 3D
Ising model is satisfied, indicating short range-interactions. On
the other hand, the resistivity was fitted using the mathematical
model (Gauss function). Besides, the resistivity of Lay;Smg ;-
Sro.4Mny 975N 2505 was fitted well with the Gauss function. As
far as, we have obtained a promising agreement between the
theoretical and the experimental values of Ty;_s. and pmax. The
magnetoresistance studies reveal that a high magnetic field has
been found to affect MR at T¢. For uoH = 5 T, the maximum
magnetic entropy change (—ASy™) of 5.25 ] kg™ K™' and the
relative cooling power (RCP) of 236 J kg~ * have been observed
near the magnetic transition temperature 300 K. Thus, the broad
operating temperature range with moderate values of
—ASy™ and RCP make our compound a potential candidate for
magnetic refrigeration technology near room temperature.
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