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In this paper, we have systematically investigated the effect of In doping on the magnetic and
magnetocaloric effect (MCE) in Lag7Bigo5Sro15Cag1Mn;_4In,Oz (0 = x = 0.3) manganite. All of the
samples exhibit a second-order magnetic phase transition from the ferromagnetic to the paramagnetic
state at the Curie temperature (T¢). From the measurements of isothermal magnetization around (T¢),
we have determined the magnetic entropy change (ASw). It has been found that there was a large (ASw),
i.e. a large (MCE), in all samples. Among them, a maximum (ASy) and the highest relative cooling power
(RCP) under the magnetic field of 5 T are found to be 6.14 J kg™t K and 281 J kg%, respectively for x =
0. This investigation suggests that our samples would be suitable candidates for magnetic refrigeration
technology. The relationship between resistivity and magnetization was performed as p = po exp(—M/a).

The (MCE) was investigated based on the resistivity measurements. The obtained results were discussed.
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Accepted 6th June 2017 A typical numerical method (Gauss function) was used for fitting the experimental data of resistivity. The

simulation values such as metal-semiconductor transition temperature (Ty_sc) and maximum resistivity
DOI: 10.1039/c7ra04256f . ! L . . .
(pmax). calculated from this function, showed promising agreement with the experimental data. The shifts

rsc.li/rsc-advances of these values as a function of magnetic field for all samples have been interpreted.

to understand the CMR behavior observed in these materials. In
this model, a ferromagnetic (FM) interaction between the
localized t,; spins resulted from the hopping of itinerant e,
spins between adjacent Mn atoms subject to strong intra-site

1. Introduction

Since the discovery of the magnetocaloric effect (MCE) and
colossal magnetoresistance (CMR) in perovskite-type oxide

materials, the correlation between structure, magnetic, elec-
trical, and transport properties has become a hotspot in today's
research.'®

The MCE is the tendency of certain materials, to heat up or
cool down during the application or removal of an external
magnetic field. This phenomenon is an intrinsic property of
magnetic materials and occurs due to the change in the align-
ment of the magnetic moments under an applied magnetic
field. Commonly, the MCE is considered as the entropy change
of the system in an isothermal process on applying field.
Traditionally, the double-exchange (DE) model” was suggested
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Hund's rule coupling. However, it has been found that the
(DE) and the super-exchange (SE) mechanism are known to be
sensitive to variation in the Mn-O-Mn bond angle and Mn-O
bond length, both controlled by the average size of the A- or the
B-site ions whereas the density of charge carriers is controlled
by the Mn**/Mn** ratio.®*

Most of these materials with general formula R;_,A,MnO;
(where R is the rare-earth element, A is the divalent metal
element and x is the doping level) have recently attracted
considerable research interest in view of their fascinating
fundamental properties such as magneto-resistance, magneto-
caloric, charge ordering, phase separation, spin ordering, etc.,
leading to potential application in magnetic, magneto-
electronic, photonic devices, infrared detector, as well as spin-
tronics technology.™

Experimentally, manganese oxides, especially, the La-Sr
based manganite (La, ,Sr,sMnO;3) are very familiar system. It
exhibits a metal-semiconductor transition accompanied by
a ferromagnetic-paramagnetic transition near the Curie
temperature Tc. There are several reports on the magnetocaloric
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properties of that compound where the large magnetic entropy
change with a narrow range of working temperatures was re-
ported at the vicinity of the transition temperature.”** The
range of working temperature, as well as the transition
temperature were modified by suitable substitutions of Sr and/
or Mn ions by other ions."' In addition, low-level substitution
of Mn by Ni (2%) in La, ,Sr,sMnO; was found to enhance the
magnetic entropy change (6.52 J kg~ " K" at an applied field of 5
T) and shift the transition temperature to above room temper-
ature (350 K)."”

More recently, a close interplay between magnetic structure
and transport properties of these compounds has been explained
by means of the (SE) and (DE) interactions, which are accom-
panied by the strong Jahn-Teller (JT) distortion and electron-
phonon interaction arising from the deformation of the Mn>"Og
octahedral.’® According to (JT) distortion, the structure will
distort by removing the degeneracy of the e, orbitals, to stabilize
in the 3d;z_,» with respect to the 3d,._,» orbitals.”” In this
context, Xiong et al. also found a strong correlation between
resistivity and magnetic-entropy change (ASy).>° So, we can
calculate ASy, based on the electrical measurement.

In a recent publication,* > there have been few models that
can explain the conductive mechanism in our materials. Among
those models, we point out the Mott's variable range hopping
(VRH) and small polaron hopping (SPH) model in the semi-
conducting region and electron-electron, electron-phonon
processes in the metallic region. To the best of our knowledge,
no studies have been done on the mathematical model which
can describe the carrier transport behavior of manganite as
a function of temperature around the electrical phase transition
and the relation between electrical and magnetic properties is
a subject which is not much treated.

In this contribution, the first objective of this work is to
determine the correlation between electrical and magnetic prop-
erties. The second objective is to develop a mathematical model to
quantitatively analyze the temperature-dependent resistivity.

2. Experimental details

Lay ;Big.055T0.15Ca01Mn; _,In, 03 (0 = x < 0.3) compounds were
synthesized by Pechini sol-gel method® using stoichiometric
amounts of La(NO3);-6H,0, Bi(NO;);-5H,0, In(NO3);-xH,0,
Sr(NO3),, Ca(NO3),, Mn(NO;),-4H,0 (having a purity of more
than 99.9% for each of them). Firstly, the reagents were dis-
solved in distilled water to obtain a mixed solution. Subse-
quently, when the nitrates were completely dissolved in the
solution, citric acid (CA) and ethylene glycol (EG) were added in
the required stoichiometric ratio. The process was heated first
at 340-380 K with a vigorous stirring to evaporate water,
increase viscosity and accelerate the poly-esterification reaction
between CA and EG. Then the temperature was raised up to 450
K forming a dark viscous gel which slowly turned into a dark
resin at 500 K. This resin was easily powdered in an agate
mortar and was calcined at 870 K for 6 h in oxygen atmosphere
to eliminate the carbons gases and the other organic
compounds. Finally, at 1075 K for 10 h in following air synthesis
the resulting powders were uniaxial pressed at 10° Pa into
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circular pellets with a thickness of 2 mm and diameter of 8 mm.
The obtained black pellets were then sintered in an oxygen
atmosphere at 1273 K for 48 h.

The structure, the crystallinity and phase purity of the
sample were checked by powder X-ray diffraction (XRD)
measurements made at room temperature using “PANalytical
X'Pert Pro” diffractometer with CuKe. radiation (A = 1.5406 A).
Data acquisition was done in the range of 26 from 10 to 100°
with a step size of 0.017° and a counting time of 18 s per step.

Structural analysis was carried out by the standard Rietveld
method® using the FULLPROF program.>®

Magnetization vs. temperature (5-450 K) was measured in an
applied magnetic field of 0.05 T, using BS1 and BS2 magne-
tometers developed in Louis Neel Laboratory of Grenoble. The
resistivity of these samples was carried out by using the stan-
dard four probe method in the temperature range 5-600 K.

3. Results and discussion

3.1. XRD analysis

Fig. 1 shows the X-ray diffraction patterns for the La, ;Bio.05-
Sro.15Cag1Mn; _,In, O3 (x = 0.1, 0.2) compounds. No impurity
peaks are observed in the pattern, indicating a single-phase
formation of all samples. For all the samples, all peaks are
satisfactorily indexed in the rhombohedra structure with space
group R3c, hexagonal setting (Z = 6), in which the La/Bi/Sr/Ca
atoms are at 6a (0, 0, 3), Mn/In at 6b (0, 0, 0) and O at 18e (x,
0, 3) positions. This profile has reasonable R-factors and excel-
lent fits between calculated and observed patterns. We have
listed the lattice parameters, unit cell volume, and fitting
parameters in Table 1. It is seen that the lattice parameters and
unit cell volume gradually increase with increasing In concen-
tration. This can be attributed to the average ionic radius of the
B-site (rg) which increases systematically as smaller Mn*" ions
(0.645) are replaced by larger In*" ions (0.8).”

The stability of perovskite sample is usually described in
terms of Goldschmidt's tolerance factor (¢), which can be
calculated using the expression®®

_ <rLa/Bi/Sr/Ca> + (ro)

- \/§(<7Mn/ln> + <V0>)

where (rLa/pisr/ca), ("mn/m) and (ro) are the average ionic radii of
the A-site, B-site and O ions, respectively.

Most materials that are stable in the perovskite structure
have (¢) between 0.75 and 1.05. For all samples, (¢) is well below
1 and implies a tendency toward tilting or rotation of distorted
MnOg octahedral framework of AMnOj; (A = La, Sr, Ca, Bi). With
increasing In concentration, (¢) decreases (from 0.968 to 0.947)
due to the increase in the average ionic radius of the B-site
cation, which compresses the Mn-O-Mn bond angle and
increases the Mn-O bond length?® (Table 1).

(1)

3.2. Magnetic properties

Fig. 2 shows the temperature dependence of magnetization with
field-cooled (FC) and zero field-cooled (ZFC) under a magnetic
applied field of 0.05 T from x = 0 to x = 0.3.

This journal is © The Royal Society of Chemistry 2017
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Fig.1 Powder XRD patterns and Rietveld refinement result for x = 0.1 and x = 0.2.

All these samples exhibit a paramagnetic to ferromagnetic
transition at the Curie temperature T¢. This temperature has
been determined by differentiating the M-T curves and is
defined as the inflection point of the function dM/dT. With
increases of In doping, the Curie temperature T¢ decreases from
330 K for x = 0 to 268 K for x = 0.3. This temperature reveals the
long-range ferromagnetic ordering, indicating strong ferro-
magnetic exchange coupling between Mn and In sublattice.* In
the low temperature region, FC and ZFC curves diverge signif-
icantly in all samples at the so-called irreversibility temperature
(T*). This temperature is defined as the temperature below

This journal is © The Royal Society of Chemistry 2017

which My departs from Mg and large bifurcation starts to
occur. We observe here that T* shifts to a lower temperature
with an increase in In substitution and it is found to be 294 K,
266 K, 255K, 245 Kand 236 K forx =0,x =0.1,x = 0.15, x = 0.2
and x = 0.3, respectively. This splitting has been attributed
to the magnetic frustration arising from a coexistence of insu-
lating antiferromagnetic and metallic ferromagnetic phases, or
from the competition between antiferromagnetic and ferro-
magnetic interactions. Moreover, the irreversibility for these
samples demonstrates the signature of strong anisotropy field**
generated from ferromagnetic (FM) clusters in the system. The

RSC Adv., 2017, 7, 30707-30716 | 30709
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Table 1 Structural parameters determined from XRD data at room temperature for Lag 7Big.05Sr0.15Cag1Mn;_In,O3 samples
x=0 x=0.1 x =0.15 x=0.2 x=0.3

Space group R3¢

Cell parameters

a (&) 5.6318 (2) 5.6434 (1) 5.6536 (4) 5.6576 (2) 5.6621 (1)

c(A) 13.7733 (5) 13.7866 (2) 13.7954 (3) 13.8239 (2) 13.8704 (1)

v (A% 378.33 (3) 380.25 (4) 381.87 (1) 383.20 (2) 385.10 (1)

Atoms

La/Sr/Ca/Bi

X 0 0 0 0 0

Y 0 0 0 0 0

zZ 0.25 0.25 0.25 0.25 0.25

Biso (La/St/Ca/Bi) (A%) 0.439 (3) 0.452 (5) 0.351 (5) 0.541 (2) 0.245 (2)

Mn/In

X 0 0 0 0 0

Y 0 0 0 0 0

V4 0 0 0 0 0

Biso (Mn/In) (A% 0.379 (4) 0.384 (3) 0.248 (5) 0.423 (1) 0.265 (2)

o

X 0.442 (2) 0.453 (1) 0.459 (3) 0.462 (1) 0.470 (6)

Y 0 0 0 0 0

zZ 0.25 0.25 0.25 0.25 0.25

Biso (0) (A%) 1.485 (5) 1.340 (3) 1.725 (5) 1.254 (2) 1.574 (4)

t 0.968 0.961 0.958 0.954 0.947

Bond lengths and bond angles

dyin-o (&) 1.955 (7) 1.967 (9) 1.971 (9) 1.973 (4) 1.984 (7)

Orin-o-nn (°) 173.20 (3) 166.08 (7) 165.14 (6) 164.49 (5) 161.45 (2)

Discrepancy factors

Rp (%) 2.2 2.3 2.4 2.4 2.3

Ryp (%) 2.9 3.3 3.2 3.2 3.1

x’ 1.26 1.63 1.37 1.55 1.44

1 Furthermore, it is interesting to see which theoretical

expression describes the temperature dependence of magneti-
zation. According to Bloch's 7% law, at a low temperature, the
zero field magnetization M(T,uoH) should have a temperature
dependence.?”

g M(TuoH) M(0,uoH) = 1 — BT*?

3 (T,uoH)/ M(0,puoH) = (2)

£

()

s where M(0,u,H) and M(T,uoH) are the spontaneous magnetiza-
tions at T = 0 K and at finite temperature, respectively. The
prefactor B is a constant characteristic of the spin waves at low

5 FO) ‘5;. temperature, which can be defined as:**
1| (zFC) ou ks \

0 - : : : B=2612(28 ) « (=2 3
0 100 200 300 400 500 M(0) 4D (3)

T(K)

Fig.2 Temperature dependence of magnetization under ZFC and FC
curves at a field of 0.05 T for Lao_7Bi0_055r0_15Ca0_1Mn1,X|nXO3.

magnetic moment gradually diminishes and prominent bifur-
cation between ZFC and FC curves become more and more
obvious with increasing In concentration.’” This phenomenon
is observed in many magnetic materials.**-**

30710 | RSC Adv., 2017, 7, 30707-30716

where g = 2 is the gyromagnetic ratio for electron, kg is the
Boltzmann constant and ug is the Bohr magneton. Here D is the
spin wave stiffness constant, which is defined by spin wave
dispersion relation®

E(q) =4+ Dq’ (4)

here, E(q) is the spin-wave energy, 4 is the gap energy arising
from a magnetic anisotropy or an applied magnetic field uoH

This journal is © The Royal Society of Chemistry 2017
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and q is the momentum wave vector. It should be noted that for
an FM of Heisenberg, M(T) follows the law of Bloch 7% gener-
ally in zero magnetic field. Under an external magnetic field, the
variation of the magnetization with the applied field is more
complex, as is observed in the dispersion spectra of spin waves
which show the presence of a gap proportional to the applied
magnetic field or anisotropy. However, Smolyaninova et al.*
showed that the effect of the applied magnetic field is very low
on the magnetization at low temperature. So we assume that
4 = 0. In the inset (a) of Fig. 3, we show the curve In(1 —
(M(T,1oH)/M(0,u0H))) versus In(T) of x = 0.1 for example, which
is used to show that our samples obey Block's %> law. We have
found that the slopes of all samples are closer to 1.4 (Table 2). It
is predicted that the slope of the linear fit of these data must be
close to 3/2. From eqn (2), the constant B represents the slope of
the linear fit to the data of the M(T,uoH)/M(0,uoH) vs. T** curve
(shown in Fig. 3) and the values of D were determined. These
curves show that our compounds approximately obey Bloch's
T*? law within range of low temperatures (T < 100 K). The
values of B and D of all the samples are summarized in Table 2.
This result shows that there is a spin wave excitation in our
samples. The estimated D values are in good agreement with the
previously reported result.****

We assume that the magnetic moment at temperature 7 and
magnetic field uoH is given by

M(TpoH) = Msp(T) + xuoH (5)
45
1,000 | @
1 )
i N, E
0,998
X - §
4 \O :“ 1 slope=1.38
= N £ o]
:';f, 0,996 - e ..
=) 1 \ o
£ 0,904 e\u P I A TR e
I ) P x01 ) In(m
SO N ()
E o992 ° 3 \ x=0.1
= g I e
1z W s
0ss0] it \O
0,988 . R ' . . . .
0 100 200 300 400

T3/2 (K3/Z)

Fig. 3 Plots of M(T,uoH)/M(0,0) vs. T¥2. The inset (a) shows the In(1 —
M(T,uoH)/M(0,0)) variation vs. In(T) for x = 0.1. The inset (b): sponta-
neous magnetization Ms, and the inverse susceptibility as a function of
temperature for x = 0.1.

Table 2 Parameters determined from Bloch's 75/ law: slope, pre-
factor B, and spin stiffness constant D

x=0 x=01 x=015 x=02 x=03
Slope 1.43 1.38 1.46 1.40 1.51
B (107° K~ ?7) 2.91 2.70 2.03 1.85 1.69
D (meV A?) 97.76  112.56 143.38 156.83 181.75

This journal is © The Royal Society of Chemistry 2017
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The spontaneous magnetic moment of the sample can be
obtained by fitting the linear part of magnetization at high
magnetic field. The evolution of the spontaneous magnetization
Mg, and the susceptibility as a function of temperature,
deduced from M(u,H) measurements, can be shown in the inset
(b) of Fig. 3 for x = 0.1 for example. The Mg,(T) curve drops
rapidly near T¢ = 310 K, Tc = 298 K, Tc = 275 Kand T¢ = 268 K
for x = 0, x = 0.15, x = 0.2 and x = 0.3, respectively showing
a well-defined Curie temperature.

3.3. Magnetocaloric effect

The scope of this paper concerns the study of magnetocaloric
effect (MCE), which is an intrinsic property of magnetic mate-
rials. It is the heating or cooling of materials when subjected to
magnetic field variation, which is maximized when the material
is near its magnetic ordering temperature.

Fig. 4 shows the magnetic-field dependences of the magne-
tization measured at different temperatures around T for x =
0 and x = 0.15 compounds for example. The magnetization was
found to increase with decreasing temperature, where thermal
fluctuations of spins decrease with decreasing temperature.

704 X=0
—2
HoR-
60 3 i B
50 g; E E
- I} /0/‘0
g s 8
2 ]
g 99 9
2L : e g 2~
= 3 8525 g
;0,8/ /
20 333
/g.ﬂ
10
0 .
0 2
262K
- 4
Il
~9| w
; =
5 =
El -3
5 “8
= = |
= ;o‘
334K
B H(T)
Fig. 4 Isothermal magnetization measured at different temperatures

around Tc. The inset shows the Arrott plots for x = 0 and x = 0.15.
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Therefore, in order to understand the nature of the magnetic
phase transition, we can use the Banerjee criterion.** According
to this law, the sign of slopes of the M> vs. uoH/M curves (Arrott
plots) indicates the nature of the PM-FM transition; meaning
that if a slope is negative, the transition is of first order (FOMT)
while when it is positive, the transition is of second order
(SOMT). The Arrott plots shown in inset of Fig. 4 clearly indicate
a positive slope in the complete M> range, confirming the
SOMT.

The MCE properties have been evaluated by calculating two
factors:

(i) Magnetic entropy change (ASy), which can be determined
from the magnetization curves with the help of the Maxwell's
relation given as:

ASm(T, uoH) = J

roft (aM(T7 “OH)
0

M @

(ii) and Relative Cooling Power (RCP), which is the most
meaningful parameter that provides a measure of the amount
of heat transfer between hot and cold sinks during one ideal
refrigeration cycle. It is defined as:

RCP = _ASrl\r/l[ax X 6TFWHM (7)

where ASy™ is the maximum entropy and 6Tpwuwm is a full
width at half maximum and is defined as: 6Tewum = T — T4;
where T; and T, are the cold and hot temperatures.

In Fig. 5, we represent the temperature dependence of (ASy)
curve at different magnetic fields ranging from 1 to 5 T of x =
0 for example.

It is clear from this figure that the sign of the (ASy) is
negative, which means that heat is liberated when (uoH) is
changed adiabatically. The value of (ASy) grows up to

(._ HOH:ST 6 :::::.1
6 S x=045
@y H=aT “ b
1-0—pH=3T o
81—y H=2T %]
1-0— uH=1T| R 7
4

A et
-AS,,(J.kg ™" K')

T T T T T T T T T T T
250 300 350 400 450 500 550

Fig. 5 Temperature dependence of the magnetic entropy change
(—=ASwm) in various magnetic field of the compound Lag 7Big.05Sro.15-
Cap1MnOs. The inset (a): magnetic entropy change as a function of
temperature corresponding to an applied field 5 T for Lag7Bigos-
Sro15Cap1Mn;_,In,Os samples. The inset (b): maximum magnetic
entropy change and RCP values as a function of ugH for all samples.
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a maximum value (ASy*¥) where the temperature approaches
Tc and then decreases with increasing temperature. The ob-
tained value of x = 0 for 5 T is about 62% of that presented by
gadolinium metal (Gd). Gd, the reference for magnetocaloric
materials, exhibits an isothermal entropy change of 5 J kg™
K ' and 9.8 J k¢! K™* for field changes of 2 T and 5 T,
respectively.*

The evolution of (ASy™) with In** concentration is shown
more clearly in the inset (a) of Fig. 5 We observed that
(ASm™) drops with increasing substitution x, and exhibits
values equal to 6.14 to 3.06 J kg * K™* for x = 0 to 0.3 for 5 T.

An uoH increase enhances (ASy™) and shifts the
(ASM™) point gradually towards higher temperatures, which is
indicative of a much larger entropy change being expected at
higher magnetic fields (the inset (b) of Fig. 5).

The obtained RCP values of all samples are reported in Table
3, from which it can be clearly deduced that the substitution x
decreases the value of the (RCP) factor from 281 J kg™ " for x =
0to 114 J kg~* for x = 0.3 at 5 T. These values are comparable
with those reported in literature.**° From the inset (b) of Fig. 5,
we observe that the RCP values exhibit a nearly linear depen-
dence on the applied magnetic field.

3.4. Correlation between electrical and magnetic properties

It is well known that a strong correlation between the magnetic
and electrical properties has been observed earlier.*>** In
manganites, the CMR and MCE are usually observed around
ferromagnetic-paramagnetic (FM)-(PM) transition temperature
and we have tried to find a relationship between the change in
magnetic entropy and resistivity for all samples. Using resis-
tivity data, we can evaluate the magnetic entropy change by the
relation as follows:*

ASm(T, uoH) = —aJ

Holl <(9an
0

duH (8)
T )%H 0

where « is the parameter, which determines the magnetic
properties of sample. Such a relation between the magnetic and
electrical properties were performed to estimate « directly®

p = po exp(—Mla) )

After that, O'Donnell et al.*® studied this type of correlation

and it was found that the exact relation should be:

p = po exp(—M’/e) (10)

While Chen et al.*® indicated that the resistivity is related to
magnetization by the relation:

p = po exp(—M*/aT)

(11)

In Fig. 6, we can observe the variation of M, M* and M*/T
versus In(resistivity) around T for sample x = 0.15 under
a magnetic field of 2 and 5 T for example.

On the one hand, Fig. 6 shows that the resistivity strongly
depends on M which indicates that the relation (9) is very
suitable to describe the relationship between electrical and

This journal is © The Royal Society of Chemistry 2017
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Table 3 Comparison of the (MCE) properties between our samples and the others samples studied in the literature

Material Tc (K) uoH (T) ASH* (T kg 'K RCP (J kg ™) Ref.

Lay 7Big.05570.15Ca09.1MNnO; 330 5 6.14 281 This work
Lay 7Big.05570.15Ca0.1Mng oIng ;O3 305 5 5.46 221 This work
Lag 7Big.05570.15Ca0.1MnN g5INg 1505 298 5 4.26 173 This work
Lag 5Big.055T0.15Ca9.1Mng gIng .05 275 5 3.24 123 This work
Lag 7Big.055T0.15Ca9.1Mng 7Ing 305 268 5 3.06 114 This work
Gd 293 5 9.5 410 45
Gd;(Si,Ge,) 275 5 18.5 535 46

Lag 755701 Ca9.1sMnO; 310 5 5.8 195 47

Lay ST 25Nag osMnO;, 363 5 4.34 298 48

Lay gBag.1Cag1Mng g5C0.1503 212 5 2.27 123 49
magnetic properties for all samples. On the other hand, we have | n A (13)
found that the slope of the fitting data remains practically the Pmax = Plr— w/7c/2

same « (= 22.56 emu g~ ') even in different magnetic applied
field for x = 0.15. Similar behavior was observed in all our
samples.

Once the value of « was determined, we calculated magnetic
entropy change around FM-PM transition for all samples, using
the resistivity measurements as a function of magnetic applied
field at several temperatures (Fig. 6).

Fig. 7 represents the variation of entropy change found from
electrical and magnetic data as a function of temperatures at 5 T
for sample x = 0.15. We can notice that the estimated values
determined from p are found to agree with the experimental
ones.

3.5. Prediction of electrical resistivity

The resistivity of manganite is determined by several parame-
ters such as temperature, composition, the applied magnetic
field, and so on. The effects of both applied magnetic field and
temperature on the resistivity of our sample (x = 0) are shown in
Fig. 8. All the samples display a clear metal-semiconducting
(M-Sc) transition at a temperature Ty;s., which is obtained
from the inflection point of dp/dT plots. The tactful way to
understand these properties of the samples based on the
mathematical relationship between the resistivity and the
temperature or the magnetic field is to fit these curves. This
prediction of the electrical resistivity was reported by chang-
shi.** According to their suggestion, the Gauss function which is
a typical numerical method with a nonlinear curve fitting for the
quantitative analysis, offers such an opportunity. The Gauss
function is given by

p(T) = p(T,) + (12)

A 2/ 5
w\/Tc_/2eXp< 2(T — Ty) /w )
where p(T,), 4, T4, and w are constants obtained from the fitting
process.

If the Gauss function is available for predicting electrical
resistivity (p) in all the temperature ranges for LBSCMO, the
minimum value of p is given by p(T|r— ). Therefore, the
physical signification of parameter p(T,) is the electrical resis-
tivity of manganite materials at high temperatures. The
maximum value for p is given in the following equation

This journal is © The Royal Society of Chemistry 2017

So, eqn (12) will be rewrite as:

exp< -2(T - Td)z/w2>

p(T) = Pmin T (14)

A
wy/m/2

Then, the experimental data, have been simulated using eqn
(14) which, are shown in the inset of Fig. 8 for x = 0 for example
and the results are presented in table in ESI.}

To verify the accuracy of this simulation, the correlation
coefficient (R?) of the simulated with experimental data is given
in table in ESI.{ The correlation coefficient, which was close to
1, showed a satisfactory agreement between experimental and
the modeled data. The comparison between the peaks of the
experimental data and the best-fitted value of Ty, calculated
from Gauss function, demonstrated that parameter T4 corre-
sponds to the metal-semiconducting transition temperature,
Tyv-sc-

Therefore, Ty;_s. can be confirmed more precisely by the
appropriate Gauss function simulation for other magnetic
fields.

Fig. 9 shows the dependency of p,,.x On the applied magnetic
field for x = 0 for example. The best fitted results demonstrate
that the logistic equation could properly give a quantitative
relationship between p,.x and (uoH) using the non-linear curve
fitting, and the logistic relation is defined as

A-B

- ("”)

C
where A, B, C and P are constant and will be determined from
the fitting of the experimental data (Table 4).

This logistic function successfully describes the experi-
mental behavior of the maximum electrical resistivity of all
samples. According to this model, it can be observed that the
maximum resistivity decreases with an increasing magnetic
field. This phenomenon implies that the density of charge

carriers increases with the increasing of the applied magnetic
field. Therefore, it is important to use this model for predicting

pmax(:uOH) =4+ (15)

RSC Adlv., 2017, 7, 30707-30716 | 30713
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Fig. 6 M, M? and M?/T versus In(resistivity) for x = 0.15 compound,
under the field of 2 and 5.

the maximum electrical
magnetic field.

From Fig. 8, it has been seen that when uoH increases, Ty-sc
of all samples shifts toward higher temperatures, which can
confirm that Ty,_s. is related to the applied magnetic field.

resistivity, before applying the

30714 | RSC Adv., 2017, 7, 30707-30716

M(uoH,T) and determined from p(ugH,7T) under uoH = 5 T for
Lao.7Bi0.055r0.15Ca0.1MNo g51N0.1503.
035 @ pH=0T @ o u0H=0T
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s i O o | @ HH=5T
A pHssT L
g —— Simulated ® : ]
%0,15 (C: (j
0,24 o0 :
E 005
(]
Q
0,1
«‘,.
m.mm(( _______
0.0 i e i ekttt
T T T T T T T T T 1
-100 0 100 200 300 400 500
T(K)

Fig. 8 Resistivity vs. temperature curves of x = 0 under different
applied magnetic fields rising from 0 to 5 T. The inset: experimental
(symbol) and estimated (line) electrical resistivity as a function of
temperature of x = 0 under different applied magnetic field.

The Ty-sc as a function of magnetic field is shown in the
inset of Fig. 9 for x = 0 for example.

From this figure, we can see, that there is a simple linear
relationship between these two parameters. The equation that
describes this relationship is written as:

T sc(poH) = S X (noH) + 1 (16)

The obtained constants are illustrated in Table 4.

Impressively, it seems that the theoretical results for Ty;_sc
derived by eqn (16) were proportional to the experimental
results. Therefore, it can be concluded that uyH is correlative
with Ty_s.. Also, it is feasible that eqn (16) is used to investigate
the potential shifts of Ty;s. by applying magnetic field. The
shifts of the Ty.s. to the high-temperature range with the
application of the magnetic field may occur because of the

This journal is © The Royal Society of Chemistry 2017
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Fig. 9 Experimental and simulated pmax as a function of magnetic
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compound.

Table 4 The obtained constants determined fitting the experimental
data using eqn (15) and (16)

x=0 x=0.1 x = 0.15 x = 0.2 x=0.3
A 0.101 0.161 0.121 0.202 0.196
B —0.141 —0.212 —0.495 —0.698 —1.237
C 1.489 1.230 1.578 1.112 1.134
P 1.912 2.241 1.594 1.878 1.845
S 1.857 2.086 1.771 1.771 3.210
1 291.524 278.285 263.904 257.904 247.333

reduction in the charge carriers delocalization caused by
applied magnetic field, which could result in reducing the
resistivity. This field also uniformly caused a local spin ordering
and due to this ordering, the ferromagnetic metallic state could
overcome the semiconducting regime. Consequently, the
conduction electrons (eg) are completely polarized within the
magnetic domains and could easily be transferred between the
pairs of Mn®" (t3zey: S = 2) and Mn*" (34ep: S = 3/2) via oxygen.
So, Tu-sc shift to higher temperatures.

4. Conclusion

In conclusion, we have mainly studied the magnetic and mag-
netocaloric properties of La, ;Big 055r0.15C201Mn; _,In, O3 with x
= 0-0.3. The magnetization vs. temperature curve is explained
by the presence of the spin glass state in all samples in low
temperature arising in the ZFC process and showing a sharp
transition from paramagnetic to ferromagnetic phase at Tc.
According to the Arrott plots, we have found that all our samples
have a second order magnetic phase transition. The (MCE) can
be determined by direct and indirect methods. First, based on
the magnetic measurement at applied field of uoH = 5 T,
La, ;Big.05510.15Ca01Mn; ,In, O3 samples exhibit a maximum
value of (ASy;) which decreases from 6.14 J kg™ K" for x = 0 to
3.06 ] kg~ K~ for x = 0.3 with increasing In content and thus

This journal is © The Royal Society of Chemistry 2017
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the RCP values also decrease. The large MCE, found in these
samples, suggests that its can be considered as a promising
potential candidate for magnetic refrigeration application.
Second, from the temperature dependence of resistivity, we
have succeeded to evaluate the (ASy). On the other hand, the
resistivity was fitted using the mathematical model (Gauss
function). The perfect agreement between the theoretical and
the experimental values of Ty;_s. and pmay is obtained.
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