Journal of Materials Science: Materials in Electronics (2020) 31:15322-15335
https://doi.org/10.1007/5s10854-020-04096-x

=

Check for
updates

Influence of Sr substitution on structural, magnetic
and magnetocaloric properties in La, c,Ca, 35_,5r,Mng ogNij 0,05
manganites

K. Laajimi'® . M. Khlifi? - E. K. HIil> - M. H. Gazzah' - Mossaad Ben Ayed* - Hafedh Belmabrouk® - J. Dhahri?

Received: 7 April 2020 / Accepted: 24 July 2020 / Published online: 3 August 2020
© Springer Science+Business Media, LLC, part of Springer Nature 2020

Abstract

A systematic investigation of the effect of Strontium (Sr) doping on the structure, magnetic behavior, and magnetocaloric
properties of the manganite perovskites La, ¢;Cay 35_,Sr.Mn, 43 Nij 1,05 (LCSMNO) has been performed. The Sr content x
takes three values, namely 0.15, 0.2, and 0.3. The sol—gel technique has been employed in the preparation of our compounds.
The structural analysis has revealed that our samples exhibit a rhombohedral structure with R3¢ space group symmetry,
close to ambient temperature. A second-order paramagnetic (PM) to ferromagnetic (FM) transition has been validated over
the Curie temperature range 7. between 319 K (x=0.15) to 353 K (x=0.3), based on Arrott’s analysis with the behavior of
the master curve. According to the calculations made, the maximal values of the magnetic entropy change (—AS};™) result-
ing through Landau’s theory and the ones obtained by the classic Maxwell relationship are very close. We find the value of
(—ASX}“") is equal to 4.386, 4.469, and 4.250 ] Kg_1 K~ !, respectively, for x=0.15, 0.2, and 0.3, when an external magnetic
field pOH =5 T is applied. Based on the results of the study in this work, we find that controlled Sr doping adapts perfectly to
the magnetic as well as the magnetocaloric properties of the LCMNO, which plays an important role in the implementation
of many potential applications of the material in the field of near-ambient temperature magnetic refrigeration technology.

and a monovalent alkali metal or a divalent alkaline earth A
[1-5]. These materials have a variety of phases as well as a

1 Introduction

Several scientific research teams have extensively investi-
gated perovskite manganese oxides. The general formula of
this mineral is Ln;_,A MnO;. It contains a rare-earth Ln
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very important physical property. Since 1993, subsequently
to the finding, in thin layers of La,_, Ca,MnQ,, of the colos-
sal magnetoresistance (CMR) [6, 7], these manganites have
been collected. This finding has a very attractive impact on
fundamental studies as well as on industrial applications,
such as the manufacturing of high storage capacity hard
disks and reading heads. The new magnetic refrigeration
application has received much attention in recent years. If
an external magnetic field is applied or absent, the magnetic
solids are heated or cooled. Thanks to its several advantages
over conventional gas refrigeration, namely low vibrations
and noise, no harmful gas emission and competitive technol-
ogy, this application is described as an emerging technology.
It takes advantage of the magnetocaloric effect.

The Gd presents the best magnetic entropy change — ASy,
value that equals 10.2 J/K kg [8] and a Curie temperature
T of 294 K under an applied magnetic field of 5 T. Unfor-
tunately, Gd is very expensive and oxidizable in air. For
this reason, research is oriented toward the synthesis of new
materials with these magnetocaloric properties near room
temperature at reasonable costs.
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The current study of perovskite manganites has been
stimulated by the possible use of their significant mag-
netocaloric (MC) properties at ambient temperature and
at weak magnetic fields [9, 10]. The MC effect has been
studied on a series of massive perovskite manganites
LaAgMnO; by Tang et al. who discovered a better change
in magnetic entropy than that of gadolinium [11, 12].
Therefore, the use of these materials as magnetic refrig-
erants that work over a very large temperature range is
possible. Based on this point of view, this study focuses on
the effects of Sr substitution on the magnetic in addition to
the magnetocaloric properties in LCSMNO with x=0.15,
0.2, and 0.3. The compounds were produced using the
sol-gel method. Subsequently, we produce a material with
very advantageous parameters, for example, no corrosion,
easy synthesis, and chemical stability as well as low cost,
exhibiting a colossal magnetocaloric effect close to room
temperature.

2 Experimental details

The sol-gel method have been used to prepare the
Lag ¢7Cag 33_,Sr,Mny 95 Nij 1,05 compounds. This technique
was described in our previous studies [13]. Three values of
the content x are used, namely 0.15, 0.2, and 0.3. In addition,
the production of good quality samples has been made by the
use of sol-gel method thanks to its various advantages such
as easy preparation, excellent homogeneities, low tempera-
ture treatment, simplicity of manufacture, a detailed micro-
structure and chemical control, and fast annealing times
[14]. To form various classes of materials such as ceramics,
films or thin fibers as well as glasses, this technique has been
widely used.

3 Results and discussion
3.1 Structural properties

X-ray diffraction is a widely used method for determining
the nature, crystal structure, and lattice parameters of sam-
ples. It also allows the identification of the various phases
formed and their range of existence as well as to assess the
purity of the sample.

A monochromatic and parallel incident X-ray beam pen-
etrates a crystal containing an ordered periodic arrange-
ment of atoms in equidistant, more or less dense three-
dimensional reticular planes, which are indicated by their
coordinates (h, k, and 1). The X-ray crystal interaction
causes the diffracted beams to appear in a specific direc-
tion. This result is verified only if the diffraction condition
is satisfied, that is the radiation wavelength must be the

same order of magnitude as the interatomic distances and
that this radiation encounters planes at a certain angle 0
called the Bragg angle. According to the Bragg’s law [15]:

where dy,, is the spacing between the planes in the atomic
lattice, sin 8 is the angle between the incident ray and the
scattering planes, n is an integer and A is the wavelength of
the incident wave; therefore, the decreasing d,;, lead to the
increasing h value [16].

From X-ray diffraction patterns obtained at room tem-
perature, it can be seen that all components crystallize in
the rhombohedral structure with the space group R 3 c.A
BS2 magnetometer has been used to perform the magnetic
measurements. More precisely, the magnetization has been
measured as a function of the applied magnetic field in the
vicinity of Curie temperature 7.

In Fig. 1, we have represented the X-ray powder dif-
fraction patterns of the polycrystalline compounds
Lag ¢;Cag 33_,Sr,Mng 95 Nij o053 (x=0.15, 0.2, and 0.3).
There is no detectable secondary phase in any of the com-
pounds. From diffraction peak indexing, the perovskite
structure is rhombohedral with R3¢ space group symme-
try. In Table 1, we have grouped the structural parameters.
Since the average radius of Sr>* is larger than that related
to Ca®* [17], the unit cell volume per formula ranges from
345.922 to 348.768 A when x increases from 0.15 to 0.3.
This results from the optimization of the average A-site
radius (r, ) , respectively, from 1.368 to 1.383 A which leads
to the production of MnQOg octahedron distortion. It should
be mentioned that the Mn—O-Mn angle equals 180° in the

- La, ¢7Cag 33_,Sr,Mny 9¢Nij 0,03

N k‘=0.3
. L Jkpo.z

l " } \ ﬂx=0. 15

50 60 70
26(°)
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Fig.1 XRD patterns of Lay4;Cag33_,Sr,Mny¢eNijp(,O5 with
x=0.15, 0.2, and 0.3 components at ambient temperature
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Table 1 Results of Rietveld refinements, determined
from XRD patterns measured at room temperature for
Lag 67Cag 33_,S1,Mny 9gNij 3, O5(x=0.15, 0.2, and 0.3) compounds

Sample X,=0.15 X;=02 X,=03
Space group R3c R3c R3c
Structure type ~ Rhombohedral =~ Rhombohedral =~ Rhombohedral
a(A) 5.479 5.486 5.493
b(A) 5.479 5.486 5.493
c(A) 13.303 13.317 13.347
V (A3 345.922 347.182 348.768
dy, 1.948 1.947 1.949
Ortnrnin(®) 164.817 166.730 167.380
R, 8.010 7.500 7.090
R,, 10.200 9.560 9.150
7 1.360 1.280 1.220

t, 0.976 0.977 0.981
Dy (nm) 31.576 49.430 56.671
Dggy (um) 0.218 0.251 0.371

perfect perovskite structure. In the present work, there is
only the doubling of peaks (100) and (104) of rhombohedric
symmetry R3c for all compounds, as Sr content increases. In
the matter of the results available in the literature related to
samples with x ranging from 0.055 to 0.110 [18], they have
revealed mixed orthorhombic and rhombohedral phases.

Figure 2 illustrates the Rietveld analysis results related
to the three investigated samples. Observed, calculated and
differential XRD diagrams are represented. Observed and
calculated intensity differences are depicted by the solid
green line in the diagram, as well as the positions of the
Bragg reflection are expressed by vertical bars. Based on
reliability weighting factors R,,,, which are equal to 10.2%,
9.56%, and 9.15%, respectively, for x=0.15, 0.2, and 0.3
compounds, the results of the adjustment are in good agree-
ment. In Table 1, we have listed in detail the different Riet-
veld refinement results for all compounds.

Figure 3a summarizes the cell parameters versus Sr sub-
stitution. As Sr dopant content increases, we find that the
lattice constants a=b and ¢ increase monotonically with the
cell volume V. From the inset of Fig. 3, the increase in cell
volume V as a function of Sr doping is expected because the
ionic radius Sr°* is greater than that related to Ca**.

Moreover, the average grain size Dy, can be estimated
based on XRD patterns according to Scherrer formula [19]:

09x 4
D, = ——-—— @)

" B xcosd
where A is the X-ray wavelength being used
(A=0.15406 nm), € denotes the strongest peak diffraction
angle and f shall be defined as follows: B, = ,,,—f,,. In our
case, fm can be defined with the experimental full width at
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half maximum (FWHM) and s is the FWHM of a standard
silicon sample.

Figure 4 illustrates the surface morphology as well as
the grain size of La 4,Ca,y 33_,Sr,Mn 9gNij 0,05 (x=0.15,
0.2, and 0.3) samples using SEM microscope. Knowing that,
the presence of a polycrystalline nature of the compound
is revealed by micrography [20]. For this reason, we have
shown in Fig. 4, the size distribution of compounds with
image J software. As it has already been shown, there is
a good modeling of the histogram by Gaussian function.
The average crystallite size of the samples was indicated
by the Gaussian fitting (see Table 1). From the obtained
results, we have observed that the average grain size values
obtained through SEM micrographs are significantly higher
than the ones estimated by XRD data. This difference can
be explained by the constitution of each observed particle
in SEM by multiple crystallite domains, caused by defects
(vacations, dislocations) or by internal stresses inside the
particle [20].

3.2 Magnetic characterization

The variation of magnetization M versus tempera-
ture under an applied magnetic field of 0.05 T for
La ¢;Cay 33_,5r,Mny 5 Nij (,O5; compounds are shown in
Fig. 5. Clearly, we agree that all samples indicate the net
paramagnetic to ferromagnetic (PM—-FM) transition.

Indeed, Curie temperature can be expressed based on the
log-normal weighted Langevin function using the following
formula [21, 22]:

M(T):M0+C><<coth(T—TC)—(TI—T)>, 3)
—4cC

where M, is the magnetization at (T=T), C is a proportion-

ality term, (coth(T —T) ;)) is a secondary term

T-T,
canceling out at (T=T7). We h(ave fitted curves to get the T
values, which are equal to 319, 330, and 350 K for
Lay 67Cag 33_S1,Mn; ogNij 0,05 for x=0.15, 0.2, and 0.3,
respectively (see Fig. 5). In Table 2, we have recorded the
Curie temperatures of all samples, which are given using the
minimum of the derivative (dM/dT). For the
La ¢7Cay 33_,5r,Mny 95 Nij ,O5(x=0.15, 0.2, and 0.3) poly-
crystalline, the T~ values are equal to 318, 331, and 352 K,
in respective way, which is in good agreement with the val-
ues given in refs.[23, 24]. In addition, those results are con-
sistent with those obtained from the Langevin function fit-
ting. During the increase of Sr doping from 0.15 to 0.30, this
explains that T increases briefly from 318 to 352 K. Pos-
sible structural factors influencing the increase of T are
Mn** /Mn** ratio, the tolerance factor (t), the bond length
(dyn_o)» the bond angle Mn—O-Mn (O, o_mn)» the size
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Fig.2 X-ray diffraction pattern and the associated Rietveld refine- »
ment of the Lay¢;Ca33_,Sr,Mng 9gNij 5, O5(x=0.15, 0.2, and 0.3)
compounds

mismatch factor of A-site cations (¢°) that comes out from
the doping of Sr** and Ca" in the La’" site, and the average
ionic radius in A-site (ry).In the case of
Lay 67Cag 33_,S1,Mng osNij , O3, the parameters (r,) and
o’are determined by the following Egs. (4) and (5):

(ra) =0.67r, +(0.33 — x)rg, + xrg, 4)

6% = z:yiri2 —(r\)? = [0.67ria +(0.33 - x)ré21 +xr§r] —(rp)?
&)

Knowing that, the factor o2 describes the distribution of
cations over the A sites as well as their random disorder, on
which y; expresses the fractional occupancy of the A-site
ion and r; corresponds to the ionic radius. From Shannon
[25], we have derived ionic radii of related cations using
twelve coordinate radii for the A-site ions. The obtained val-
ues corroborate with those related to a deformed lattice in
the manganite perovskites. In Table 2, we have listed all the
parameters (r, ) and ¢ of all the samples.

This can be seen quantitatively and more in Fig. 6a—c,
where the derivatives of magnetization as a function of tem-
perature (dM/dT) are presented for all compounds. Using a
Gaussian function with a Lorentzian function, we have fit-
ted peaks to get the 7. values. Considering that Lorentzian
adjustments are always preferable to data and that 7, deter-
mined from the adjustment are shown in Table 2. In Fig. 6d,
we have represented the plot of T versus (r,). Thereafter,
we see that T~ grows monotonically with increasing (r,).
The most interesting result is shown in Fig. 6e, where T
rises linearly with the A-size mismatch factor (c). It appears
clearly that (6?) stands out as one of the main factors govern-
ing the magnetic transition temperature (7-) of manganite
perovskites.

The growth of T is due to the increase of x which leads
to an increase of the average A-site ionic radius r, (see
Fig. 6d), resulting in a stronger magnetic exchange interac-
tion between Mn>* and Mn**, while favoring the FM order
resulting in a shift of Curie temperature toward higher tem-
peratures [26, 27]. We can also relate the variation of 7 to
the A-site disorder o%. Evidently, it can be observed that 7.
increases when o2 increases (see Fig. 6¢). Such results were
presented in Refs. [27, 28], in which authors demonstrate a
linear increment of 7 with 62 from studies of perovskites
having a fixed r,.

Figure 7 exhibits the inverse of the magnetic suscepti-
bility 1/ y versus the temperature when a magnetic field
of 0.05 T is applied for La, ¢ Ca33_,Sr,.Mn ggNij 4,05
samples (x=0.15, 0.2, and 0.3). The inverse of magnetic
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Fig.3 Cell parameters as a function of Sr doping content a lattice
constant a=b and c. b The inset shows cell volume V as a function of
Sr doping content

susceptibility (') has a linear trend versus the temperature
according to the Curie—Weiss law [29]:

T-06
(T=0) ©®

(D= c

where C is the Curie constant and _,, is the Curie—Weiss tem-
perature. These parameters result from adjusting the linear
PM range of the data. The Curie constant is given by
C=N(ugug') / 3k )
where N is the Avogadro number, pj is the Bohr magneton
and kg is the Boltzmann constant. Subsequently, the experi-
mental effective moment (p*" o Py was obtained. In Table 2, we
exp
,» and Hop of all

compounds. An FM interaction between spins has been con-
firmed by the presence of positive _,, values. The theoretical
effective moment (y’he) value can be compared to the experi-

have grouped all the values obtained of ,

mental value of ( ;fx” ) using the formula below:

e = \J0.63 x 2, (Mn+) +0.35 % 2 (M) +0.02 % 2 (N2+)

®)

where MZ’; =5.59u; for Ni*t, =49u, for
Mn3+andyg'; = 3.87uj for Mn*9]

In the paramagnetic regime, we have noticed clearly that

the measured effective moments ( ;4”’,’ ) are larger than the

theoretical moments (/4”’3) (see Table 2). In general, this

result is related to the existence of short-range FM correla-
tion in the PM state [29].

In addition, we have presented in the inset of Fig. 7,
the comparative analysis of 7 and 6, versus Sr doping

@ Springer
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Fig.4 A statistical analysis of the size distribution of
Lag ¢7Cag 33_,Sr,Mng ggNij) ,O5(x=0.15, 0.2, and 0.3) compounds,
the inset displays a typical scanning electron micrography (SEM) of
the composites

concentration. We observe that 7 is almost linearly depend-
ent on Sr content.
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Fig.5 Temperature dependence of magnetization for

Lag ¢7Cag 33_,Sr,Mng ggNij 0, O5(x=0.15, 0.2, and 0.3) compounds to
0.05 T. The obtained curves are fitted according to the Langevin func-
tion

We have noticed that the difference between 7 and 6.,
increases progressively with Sr content. This is explained
by the progressive destruction of the ferromagnetic long-
range order.

For magnetic field strengths up to 5 T, various magneti-
zation curves dependent on the magnetic field (M-H) have
been recorded at different temperatures around 7. Figure 8
depicts the isothermal magnetization M versus p,H for dif-
ferent temperatures and three compositions (x=0.15, 0.2,
and 0.3). As increasing the applied field, the isothermal mag-
netization curves of all components showed a saturation ten-
dency with a non-linear behavior resulting in an extremely
high increase of the measured magnetization at weak field
values. However, we observed a tolerable decrease in mag-
netization and the non-linear isothermal magnetization
curves turned almost linear at temperatures above 7. The
reason for this reduction in magnetization is linked to ther-
mal agitation, which causes damage to the magnetic moment
arrangement. Globally, we have noticed that magnetization

increases simultaneously with the increasing applied mag-
netic field, this is due to the rearrangement of the magnetic
domains as well as a rise in the magnetic ordering.

Identification of the magnetic phase transition is carried
out using the Banerjee criterion [30]. Following this crite-
rion, the slope sign of H/M vs M? curves (Arrott plots) is
positive or negative which means a second-order or first-
order magnetic phase transition, respectively. In the inset
of Fig. 8b, d and f, we have shown the standard Arrott plots
for La ¢;Cay 33_,S1,Mny 0gNij 3,05 (x=0.15, 0.2, and 0.3)
samples. We then observed a positive slope close to T in
all specimens, which indicates the second-order magnetic
phase transition.

Magneto-crystalline anisotropy has been described as
an intrinsic property of materials playing a very significant
part in the coercivity [31]. According to Stoner—Wohlfarth
theory, the calculation of the anisotropy constant (Ka) is
performed using [32]

He = (098 X K,) /M ©

The anisotropy constant decreases from 0.729 J/m3 for
x=0.2 to0 0.422 J/m3 for x=0.3. Knowing that, the satura-
tion magnetization depends on an inverse way to the coerciv-
ity and the same behavior has been noted (see Fig. 9). The
remanence ratio calculation was performed using [33]

R=-7 (10)

S

From the obtained results, we notice that the remanence ratio
increases from 0.032 for x=0.2 to 0.049 for x=0.3 (see
Fig. 9). The small value of the remanence ratio indicates the
isotropic nature of the compounds [33].

3.3 Magnetocaloric study

For measuring the efficiency of a magnetic refrigerator, the
isothermal magnetic entropy change AS,,is considered a key
parameter [34]. Starting from the M—H curves illustrated in
Fig. 8, we have calculated the AS,, values from the follow-
ing Maxwell’s relationship:

Table 2 Curie temperature T, Curie—Weiss temperature .,,, experimental ( y:X’.J ) and calculated ( ;42’?,1) effective moments, the average ionic radius
in A-site (r, ) and the size mismatch factor of A-site cations (c2) for Lag ¢;Cag 33_,ST,Mng 6 Nig 5, O3(x=0.15, 0.2, and 0.3) perovskites

Composition T (K) MZ;Z (4p) ”er (up) o (K)
Lay ¢;Cag 1351 15Mn 9gNi 0o O3 319 4.58 5.69 320
Lay 67Cayg, 1350 ,Mng 95 Nig 0203 332 4.58 5.71 334
Lay 67Cayg 03570 3Mn,93Ni 0203 353 4.58 5.67 355
<71y > 1.3684 1.3734 1.3834
2(AZ) 0.00096 0.00115 0.00138
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Fig.7 Inverse susceptibility derived from magnetization measure-
ments at 0.05 T field of the samples. The inset shows Sr content
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(x=0.15, 0.2, and 0.3) compounds
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equation with R=0.9939. e Variation of T temperature as a function
of A-site mismatch < o2 >. The obtained curve is fitted according to
the linear equation with R=0.9872

ot OM (T, poH)

AS\(T, uoH) = Sy(T. uoH) — Sy(T,0) = { 57 d(poH)

Y
The above integral can be computed using a numerical
scheme since the magnetization has been measured over

small variations of the adjustable parameters. It is straight-
forward to obtain the approximate relation:

M. — M.
ASy| =Y —— 2 AuH
| M| Z T, —-T; 0 a2

where M, represents the magnetization value at temperature
T..

Figure 10 shows the variations of magnetic entropy
exchange (— AS,,) with the applied magnetic field
(ppH) from O to 5 T at different temperatures are
presented as a three-dimensional (3D) image for
Lag 67Cag 33_,S1,Mn; gNij 0,03 (x=0.15, 0.2, and 0.3) com-
pounds. It is well known that the values of -AS,; increase
with the applied field as well as the maximum values

(—AS)") reach up to 4.38, 4.46, and 4.25 J/kg K for x=0.15,
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0.2, and 0.3) compounds evaluated at 10 K

0.2, and 0.3, respectively, around the Curie temperature (see
Table 3).

It may be noted that (—AS};*) is not the only parameter
to determine the applicability of a material. To evaluate the
suitability of a material for magnetic refrigeration (MR),
Gschneidner and Pecharsky [38] have developed the Relative
Cooling Performance (RCP), which is the main index used
to assess the cooling efficiency of a magnetic refrigerant.
This parameter refers to the product obtained from the maxi-
mum values of the magnetic entropy change (—AS}™) and
the full width at half the maximum 67y, of the magnetic
entropy change curve (RCP = —AS)™ X 6T pyy,) [39]. In
this context, this parameter represents the amount of heat
exchanged between the cold and hot parts of the refrigerator
during an ideal thermodynamic cycle. Table 3 summarizes
the results.

The theoretical modeling of the magnetocaloric effect
has been studied on the basis of Landau’s theory, carried
out by Amaral et al. [40, 41]. According to this theory, the
free energy (G), related to the order parameter M, versus
temperature, can be expressed as follows:

G(T,M) = G, + %A(T)Mz + iB(T)M“ + éC(T)M(’ — poHM
(13)

where A, B and C refer to the Landau parameters. They
depend on the temperature. Similarly, that is also shown by
the equilibrium condition of the magnetic system that is near
the transition state (% = (). Here, close to the Curie 7
temperature, the following equation is obtained:

A(T)M + B(T)M? + C(T)M® = u,H (14)
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Fig. 10 Magnetic entropy values of

(=ASw)
Lag ¢7Cag 33_,Sr,Mng ggNij ,O5(x=0.15, 0.2, and 0.3) specimens
with a variable applied magnetic field between O and 5 T
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Table3 Maximum entropy change and RCP values for
Lag ¢7Cag33_,Sr,Mng ggNij ,O5(x=0.15, 0.2, and 0.3) compounds
compared to values reported in the literature

Composition —ASY™ RCP References
(JKg™'k7') (JKg™)
AH =5T AH=5T
Lagg;Cag 15570.15MngogNigon O3 4.38 175 This work
Lag g, Cay 13570 ,Mng ogNig 05 4.46 152 This work
Lagg;Cag 035r03Mng ogNig 05 4.25 193 This work
Gd 10.2 - [8]
Lay ¢;Baq 33Mng o3 T o O3 3.24 307 [35]
Lay 78y osNag osMng g Ti , 04 2.03 273 [36]
Lay g, Cay ;MnO, 2.06 - [37]

The Landau coefficients have been determined according to
Eq. 14 based on the experimental curve of the magnetic field
variation versus magnetization M for a specific temperature.

After that, we obtained the magnetic entropy change from
Eq. 12, which is given by [42]:

0G(T, M)

_SM(T’ M) = ( oT

> = %A’(T)Mz
M

1. 4,1 6
+ZB i +€C(T)M (15)
where A'(T),B'(T) and C’ (T) are the derivatives of the Lan-
dau coefficients.

As shown in Fig. 11, we present both the theoretical and
experimental magnetic entropy change curves, which are
derived from Landau’s theory for x=0.15, 0.20, and 0.3
compounds at an applied magnetic field of 5 T. We have
displayed in the same figure the Landau parameters versus
the temperature. For the A (T) curves, a minimum close to
the transition temperature 7 is found. Additionally, there
was a second-order transition that has been confirmed by
B (T) curves, which were shown as positive over 7 and
negative under it. Concerning C (T) values, they are very
low in the order of 1078, Furthermore, we note that both
the experimental and theoretical curves indicate appropriate
agreement over the 7~ with a small deviation below.

Some ferromagnetic domains found during the para-
magnetic phase are responsible for this. It also ignores the
potential effects of exchange interactions as well as the
Jahn—Teller distortion. As a basis for determining the tran-
sition temperature, we consider the Landau parameter C (T)
to be very low. In this case, for Eq. 14, we can ignore term
5, and we have the following equation:

A(T) + B(T)M? = u,H/M (16)

The determination of A (7) has been performed in the linear
region using a linear fit of Arrott plots (H/M vs. M2); it is
an intercept parameter (insets in Fig. 12). Similarly, A (T)
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«Fig. 11 Theoretical and experimental magnetic entropy change
(=AS) for x=0.15, 0.2, and 0.3 at yyH = 5 T and the Landau coef-
ficients A, B, and C that depend on temperature

is expressed as A (T)=a; (T —T) around the Curie tem-
perature [43]. In Fig. 12, we have illustrated the variation
of A (T) versus temperature. As shown in the graph, A is
negative for T smaller than T; whereas for T larger than T
it is positive. Assuming the intersection of A (T) curve and
the equation a=0, we have determined the Curie tempera-
ture that is 328 K, 339 K, and 361 K for x=0.15, 0.2, and
03, correspondingly. It is very similar to the values found
in experience.Thermal magnetization, M (T) under various
changes in the applied magnetic field has been shown in
Fig. 13 for Laj ¢;Ca, 35_,Sr,Mn, 93Nij 1,05 (x=0.15, 0.2,
and 0.3) samples, respectively. These curves have been
constructed with points that correspond to magnetic fields
between 1 and 5 T in the isothermal analyses (Fig. 8).

When starting from the inset of Fig. 13, it can be seen that
as the magnetic field increases, the transition gets wider and
the dM/dT versus T-curve minima moves to a higher tem-
perature. Depending on the result published in [44], with the
increase of the applied magnetic field, the peak value of T,»
curve grows always bigger, for all values of AH, the maxi-
mum of -ASM is always located around the Curie tempera-
ture. In fact, explaining this behavior as the applied magnetic
field increases, so the maximum of dM/dT moves consider-
ably to higher temperatures, its magnitude disappears fast,
resulting in the dominance of the weak field — ASy; to T¢..

The nature of the magnetic transition has been investi-
gated using a phenomenological method, referred as the
universal master curve in second-order phase transition
components, as proposed by Franco et al. [45]. The basis
of this method is the plotting of AS,,(T) curves, which are
measured to various maximum applied fields, collapsing on
a single master curve. The realization of the universal curve
has been carried out using the normalized entropy change
(AS)/AS}™), where ASY™ has been defined in terms of
the maximum change occurring in magnetic entropy over
various applied fields versus rescaled temperature (6), this
is realized at the transitions of magnetic order that are plot-
ted in Fig. 14. The temperature axis below and above T(-can
be rescaled in a very different way using the equation given
below:

) _TT—T} T<T
— =T,
L s, (17
Tr,—T,

Considering that, 7Tt; and Ttr, have been defined as the two-
reference point’s temperatures that have been selected as
correspondents to ASY™ /2.
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In our case, over a very wide range of temperatures, there
is only one universal curve for all the experimental points.
This reveals that a second-order phase transition is observed
for all the samples investigated in this work.

4 Conclusion

In summary, physical properties involving the structure, the
magnetic behavior and some magnetocaloric parameters of
Laj ¢;Cay 33_,Sr,Mny 95 Nij (,O5 (x=0.15, 0.2, and 0.3) sam-
ples have been examined. All samples are processed using
the sol-gel method and crystallize in the rhombohedral
structure with R3c space group. All compounds indicated a
ferromagnetic—paramagnetic phase transition. Furthermore,
the Curie temperature 7 increases from 319 to 353 K when
x increases from 0.15 to 0.3.

Based on Maxwell’s thermodynamic relations, the mag-
netic entropy change (— ASy,) has been computed and then
determined using Landau’s theory. A very good agreement
between both analyses confirmed that electron interaction
and magnetoelastic coupling of electrons are very impor-
tant in magnetocaloric properties of manganites. A second-
order kind of the magnetic phase transition has been con-
firmed using the phenomenological universal curve of AS,,.
Finally, this study has confirmed that all compounds could
be regarded as good candidates for use in magnetic refrig-
eration applications, given the high entropy values that are
comparable to those of other manganites.

Acknowledgement The authors extend their appreciation to the dean-
ship of Scientific Research at Majmaah University for funding this
work under Project No (RGP-2019-12).
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