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Abstract

We have studied the effect of a partial substitution of Ca** by Na™ on the structural, magnetic and magnetocaloric properties
of the mixed valence perovskites La, ;5Cay 5. ,INa,MnO; (0 <x <0.10), prepared by the flux method. X-ray diffraction stud-
ies revealed that our samples crystallize in the orthorhombic structure with a Pbnm space group. Rietveld analysis showed
that MnO, octahedron has a little distortion and that 6y, o y, bond angles increase with increasing Na* content. The field
cooled (FC) and zero field cooled (ZFC) magnetizations indicated that our samples have a paramagnetic-ferromagnetic
phase transition, when decreasing temperature. A small deviation was observed between FC and ZFC curves. This devia-
tion can be explained by the competition between the ferromagnetic and antiferromagnetic interactions, leading to a glassy
behavior. The Curie temperature, T, increased from 268 K for x=0 to 278 K for x=0.10. The magnetizations isotherms
of our compounds, with a second-order phase transition, were investigated. For the x=0.10 sample, the maximum of the
magnetic entropy change was found to be 3.15 and 6.44 J kg™' K~!, under an applied magnetic field of 2 and 5 T, respec-
tively. Moreover, it has important relative cooling power values of about 134.82 and 317.79 J kg~!, under the same applied
magnetic field. In addition, rescaled entropy data collapsed into the same curve, which indicates the universal behavior for
the magnetocaloric effect (MCE) in our compounds. These materials could be potential candidates as working substances
in magnetic refrigeration.

1 Introduction

In the recent years, synthesis of magnetic materials as a thin
films and nanostructures has been investigated for various
applications due to their unique structural, electrical and
magnetic properties [1-3]. Perovskite manganites with the
general formula Ln;_,MMnO; (where Ln is a trivalent rare
earth ion and M is a divalent ion such as alkaline elements)
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have been widely studied during the last few years. This is
due to their important physical properties such as colossal
magnetoresistance (CMR), metal-insulator transition, and
charge/orbital ordering. These properties make perovskite
manganites as the potential candidates especially for the
refrigeration technology [4-10]. Furthermore, these mate-
rials have many advantages such as their small volume
requirement, chemical stability, low production cost, and
high efficiency. Indeed, they are environment friendly, which
makes them very attractive to further scientific research.
Currently, there are other materials belonging to the family
of oxides, which have attracted the attention of researchers,
they are more suitable for future technological domains such
as ferrites with the structure of perovskite, spinel, and mag-
netoplumbite [11, 12]. We can mention that the hexaferrites
are the strongest magnetic compounds with 7i-~740 K. This
is the simplest type of all ferrites with a hexagonal structure.
More than 90% of permanent magnets are produced all over
the world based on these compounds. They have a ferri-
magnetic structure and a total magnetic moment of 20 pB in
the ground state. Moreover, the resonant frequency is deter-
mined by the frequency of natural ferromagnetic resonance.
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In addition, hexaferrites are physiologically harmless [13,
14]. In other hand, some works have been focused on the
oxygen deficiency effect in manganites system, as important
parameters that affect the magnetic properties. The oxygen
non stoichiometry is very important for complex transition
oxides and changes seriously the total magnetic moment and
Curie point. It leads to the formation of a weak magnetic
state such as spin glass and change some magnetic param-
eters [15-17].

The parent compound,LnMnO;, is an antiferromagnetic
(AFM) insulator, in which only Mn>* ions are present. It is
characterized by a super exchange (SE) coupling between
Mn>* sites. Upon the substitution of a divalent ion (M), in
the Ln site, a few Mn*" with the electronic configuration

(3d4,tgg 1 eé 1,8 = 2) transform into Mn** ions with the
electronic configuration <3d3,tgg ) e(g), S = 3/2). During

this transformation, the €, electron becomes delocalized.
The holes facilitate the charge transfer in the €y band,
which is highly hybridized with the oxygen 2p state.
According to Hund’s rule, the charge transfer induces a
ferromagnetic (FM) coupling between Mn** and Mn**
ions. This coupling gives rise to a double-exchange transfer
(DE) of spin-polarized electrons from Mn>* to Mn** ions
[18]. Generally, the substitution in Ln-sites controls the
Mn**/Mn** ratio in this type of material. In particular,
Lanthanum manganites have attracted the attention of sev-
eral researchers, thanks to the very rich phase diagram
observed in La;_,Ca,MnO; and La,_,Sr,MnO; samples.
Lanthanum manganites are characterized by multi-phase
transitions, including: paramagnetic (PM)—insulator,
PM—metallic, FM—insulator, FM—metallic, AFM—
metallic, spin canted—insulator, charge-ordered, and
canted AFM states, together with different variations of the
critical temperatures [19-21].

Furthermore, upon the addition of Na to the LaMnO,
sample, an amount (2x) of Mn>* transform into Mn**. Tak-
ing charge neutrality into account, the chemical formula
can be defined as: La’* Na'(Mn’*, Mn}")O;. As a first
interpretation, the substitution of La by a small amount of
Na results in a large number of charge carriers, leading to
an increase in the conductivity. In addition, the potential
between the Na and the La ions increases although the ionic
radii of La®* and Na* are comparable. This is due to the
large valence difference between them. The study of the
effect of the substitution of Na on lanthanum manganite
may provide a better understanding of the CMR effect in
these materials [22, 23]. There are several works that are
interested on the divalent ions substituted manganites such
as [24-27].They are focused on the studying of structural,
magnetic, and electrical properties of perovskite materials,
especially after the creation of oxygen vacancies.
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Among the different studied manganites,
Lag 75Ca ,sMnO; sample has attracted exceptional interest
in several recent works. This is due to its good physical prop-
erties. Yi et al. observed that the MR of La, ;5Ca;, ,sMnO;
sample is strengthened at low temperatures. This is due to
the spin-polarized tunneling phenomena [28]. In addition,
Pekala et al. observed that MR does not tend to zero at low
temperatures, which confirms that grains size is fine [29].
Moreover, Guo et al. noted that this sample admits a large
magnetic entropy change [30]. Thus, La, ;5Ca; ,sMnOj is
one of the most widely studied manganite systems.

As a contribution to the investigation of manganite mate-
rials, we report here the study of the effect of Na substitution
on the structural and magnetic properties and MCE effect
of Lag ;5Ca, ,sMnO; samples. There are several synthesis
methods of magnetic materials, the usual methods such as
sol-gel and solid-state reactions or the new process such
as sol-gel auto combustion technique [31] and the citrate
sol—gel method [32]. In our work, we choose to prepare our
samples by flux method using sodium chloride (NaCl) as a
flux.

In our work, we choose to prepare our samples by flux
method using sodium chloride (NaCl) as a flux.

The advantages of NaCl solvents are the presence of a
common anion and the insignificant incorporation of Na
into the material to be synthesized at low temperature,
which prevents the evaporation of Na. In our previous work
[33], we detected the high doping effect of Na content on
La, ;5Ca; ,sMnO; sample. In our present paper, we choose
to test the low Na content effect and to compare it with our
last results.

2 Experimental details

To produce a very high quality, homogenous, and nano-poly-
crystalline powder, La, ;5Ca,5_,Na,MnO; (0 <x <0.10)
compounds were prepared by the flux method, using NaCl
as a flux. All experimental details are stated in our last work
[33]. The structure and phase purity of the prepared sample
were determined by powder X-ray diffraction (XRD) at room
temperature using a Panalytical X pert Pro-diffractometer
with Cu-K radiation (1 =1.5406 A). Data for Rietveld
refinement were collected in a 26 range between 10° and
100° with a scanning step of 0.017 and a time step of 18 s.
The structural analyses were carried out by the Rietveld
method using the FULLPROF program [34]. The micro-
structure was studied by a scanning electron microscope
(SEM) at room temperature using a Philips XL30. In addi-
tion, a semi-quantitative analysis was performed at 20 kV
accelerating voltage using energy dispersive X-ray analyses
(EDX).
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Magnetizations (M) as a function of temperatures (7)
were performed using an extraction magnetometer devel-
oped in Louis Neel Laboratory of Grenoble. Magnetiza-
tion isotherms (M (uy,H)) were measured in the range of
0-5 T fields, for different temperatures, around Curie tem-
perature (7). M (u,H) measurements were corrected by a
demagnetization factor, noted D, obtained from M (u,H)
curves at low-fields linear response at a low-temperature
region.
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Fig. 1 XRD pattern of La, ;5Ca,5_,Na,MnO; (0<x<0.10) samples
at room temperature

3 Results and discussions
3.1 X-ray diffraction study

As a first step, we carried out XRD analysis to verify the
crystal structure of the studied samples. Powder XRD pat-
terns of La ;5Ca;,5s_,Na,MnO; (0 <x<0.10) compounds,
collected at room temperature, are plotted in Fig. 1. We note
that our samples are of a single phase with a very small
amount of Mn;0,, as found in recent works [33]. XRD
data were carried out using Rietveld refinement [35]. Fig-
ure 2 exemplifies the Rietveld refinement of XRD profile
for La ;,5Cay ,oNaj osMnO; sample, with good agreement
between the observed and the calculated profiles. This is due
to the excellent goodness of y*. The analyzed data showed
that our samples crystallize in the orthorhombic structure
with Pbnm (Z=4) space group no (62), in which the (La/Ca/
Na) is at 4 (c) (x, y, 1/4) position, (Mn) at 4 (b) (1/2, 0, 0), O,
at4 (c) (x, y, 1/4), and O, at 8 (d) (x, y, z). On the other hand,
in our previous work [33] for x=0.15 and 0.20, we found
that the x=0.15 sample is a mixture of orthorhombic and
rhombohedral structures with Pbnm and R3¢ space groups,
respectively. While, the x=0.20 sample is characterized by
the rhombohedral structure with a R3¢ space group. We can
remark that for the low doping rate, we can get the same
space group (for x=0, 0.05 and 0.1), followed by a change
of crystallographic structure with the increase of doping rate
(in the case of our previous work).
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Fig.2 The observed and calculated solid line of XRD patterns of
La;45Ca,Naj ;sMnO; sample determined by Rietveld refinement.
The vertical lines show the Bragg’s peak positions and the lowest
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curve shows the difference between the data and the calculation pat-
terns. The inset shows the crystal structure of La ;5Cay, ,oNa sMnO5
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The unit cell and different fitting parameters of our sam-
ples are summarized in Table 1.

The relative amount of Mn;0, was determined from XRD
patterns of the samples by measuring the relative intensi-
ties of the major La, ;5Ca »5_,Na,MnO; (0 <x<0.10) and
Mn;0, peaks, using the following expression [36, 37]:

IMn3O4

Mn;0,(%) = 100 X (1)

Ivn,0, + Tpoom
where Iy, o, is the major Mn;O, peak and Ipy,,, is the major
La;;5Cay 55_,Na ,MnO; (0 <x<0.10) peak. We found that
the relative impurity amount of Mn;0, is negligible and
does not affect the physical properties.

Lattice distortions may be caused by Jahn-Teller effect
inherent to the Mn>** high spin state or the connecting pat-
tern of MnOg octahedron leading to the formation of rhom-
bohedral or orthorhombic lattice. Furthermore, the tolerance

Table 1 Refined structural parameters determined from X-ray Riet-
veld refinement for Lag,5Cay,s_ NaMnO; (0<x<0.10) samples
measured at room temperature

x=0 x=0.05 x=0.10

a(d) 5474 (2) 5.492(6) 5.499 (1)
b(A) 5.465(8) 5.468 (9) 5471 (1)
c(A) 7.736 (6)  7.733 (5) 7.737 (2)
V(A% 231.494 232.309 232.776
La/Ca/Na

X 0.500 (7)  0.498 (6) 0.496 (8)

y 0.017 (1) 0.014 (9) 0.012 (9)

B, (A?) 1.124)  1.09(1) 1.11 (3)
Mn

B, (A% 0.64(1)  0.65(3) 0.71 (5)
0,

X 0.557(7) 0.574 (7) 0.563 (9)

y 0.496 (2) 0.482 (4) 0.477 (2)

B, (A 142(1)  1.49 (6) 1.51 (3)
0,

x 0.181 (3) 0.236 (8) 0.221 (1)

y 0.308 (1)  0.272(7) 0.283 (6)

z 0.024 (8)  0.034 (6) 0.025 (1)

B, (A?) 159(2)  1.61(5) 1.57 (1)
Discrepancy factors

R, (%) 3.80 3.54 3.71

Ry, (%) 471 4.50 4.71
72 1.18 1.11 1.23
Bond lengths and bond angles

Orn-0-wn) ) 155.15 158.82 159.91

(dyin—0) (A) 1.99 (3) 1.98 (9) 1.97 (5)
Bandwidth W (107) (a.u) 8.73 (8) 8.85(5) 9.09 (4)
Tolerance factor, T 0.9649 0.9685 0.9721
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factor, T, is introduced to describe the ionic match between
A and B site ions and to predict the distortion of the perovs-
kite structure. This is defined by the following expression
[38, 39]:

_ <r(La,Ca,Na)> +(ro)

V2((ram) + (o))

The manganese oxide compounds have a perovskite struc-
ture if their 7; is in the range of 0.89 <T;<1.02 [40]. The
obtained values of T for our samples are listed in Table 1.
This confirms the stability of this structure.

From Table 1, we can remark that the unit cell volume
increases with the increase in Na content. According to
Shannon [41], the ionic radius of (ry,+=1.24 ;A) is higher
than that of (ro+=1.18 A). On the other hand, the average of
(ryi+=0.645 A) is larger than that of (ry,+=0.53 A). Gen-
erally, the bigger ion at the substituted site can strengthen
some Mn—O-Mn bond angle, which results in the decrease
of the average Mn—O bond distance. This hypothesis was
confirmed by the determination of Mn—O—Mn angles and
Mn-O distances, using the Rietveld refinement (Table 1). It
has been reported that the deformation of the MnO, octahe-
dron may be responsible for the distortion in the perovskite
structures. The crystal structure and MnOg octahedron of
the sample (x=0.05) were drawn using VESTA program
[42] based on the refined atomic positions (shown in the
inset of Fig. 2).

: @

3.2 Morphological properties

The average crystallite sizes of Lag;5Cag,5_,Na,MnO;
(0<x<0.10) compounds were determined using Scherrer’s
formula after the evaluation of the most intense peak broad-
ening and SEM. Scherrer’s formula can be written as [43]:

. Ki
= Bcos(d)’ 3

where A= 1.5406 A is the wavelength for CuK, radiation,
0 is the diffraction angle of the most intense peak, K is the
shape factor equal to 0.9, S is the full width at half maximum
of the highest peak. The average crystallite sizes are listed
in Table 2.

The morphological properties of our samples were stud-
ied using SEM (inset of Fig. 3, for x=0.05 as an example).
We can notice that our samples have polycrystalline char-
acteristics. The average particle sizes were determined by
ImagelJ software [44] and calculated using Gaussian func-
tions. From Table 2, the calculated grain sizes are larger
than those calculated by Scherrer’s formula. This indicates
that each particle is formed by several crystallites [45]. The
influence of grain size on the peroveskite materials has been
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Table2 Average crystallites sizes calculated by Scherrer’s formula
and SEM

Samples x=0 x=0.05 x=0.10
<ry> (A) 1.355 1.357 1.361
Dy, (nm) 35 43 46
Dggy (m) 1.84 1.91 1.98

investigated by many researches. Mahesh et al. [46] have
varied the grain size from 0.025 to 3.5 um and they get a
significant change in properties. They observe that when
the grain size decreases, there is an enhancement in the
low magnetoresistance temperature. There are many works
that have been concentrated to understand the mechanism
of inter-grain tunneling conduction such as Doroshev et al.
[47] and Zhang et al. [48]. The average crystallite size of our
samples is calculated from the XRD and SEM analyses. We
can observe that the average increases as a function of Na
content. In our work, we will discuss the effect of this slight
grain size increase on the magnetic properties.

To check the existence of all elements in our samples,
EDX was performed at room temperature. Figure 3 repre-
sents the EDX spectrum, for x=0.05 as an example. We
can see clearly that La, Ca, Na, Mn, O elements are present,
which indicates that there is no loss of any integrated ele-
ment during the sintering process. The typical cationic com-
position for our samples is represented in Table 3.

Table 3 Results of EDX analysis

Nominal composition Typical cationic composition from EDX

La Ca Na Mn
La,y;5Ca; ,sMnO5 0.751 0.249 - 0.999
La, ;5Ca ,0Nag sMnO5 0.752 0.201 0.048 1.001
Laj 45Cay ;5Nag ;(MnO; 0.749 0.152 0.101 0.998

3.3 Magnetic study

To better understand the magnetic behavior of our sam-
ples, Fig. 4 shows the temperature dependence of FC and
ZFC, under an applied field of 0.05 T in the temperature
range of 5-330 K. It is clearly remarkable that our samples
underwent a sharp magnetic transition from FM to PM state
when increasing temperature. This behavior was remarked
in our last work for x=0.15 and 0.20 [33]. Also, we can see
from this figure that the magnetization values, which were
quite stable at temperatures below 230 K for x=0, 235 K for
x=0.05, and 240 K for x=0.10 began to decrease rapidly at
Tc. A small divergence between FC and ZFC curves can be
observed at the irreversibility temperature of 250 K for x=0,
255 K for x=0.05, and 260 K for x=0.10. This phenomenon
is observed in other magnetic materials [49-51], which is
assigned to the existence of an isotropic field generated from
FM clusters [50]. At low temperatures, a small peak was
observed around 40 K. This confirms the presence of Mn;0,
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Fig.3 EDX analysis for x=0.05. a Shows the typical SEM and b shows the histogram of the distribution of particles size
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Fig.4 The ZFC and FC magnetizations and d’M/dT* as function of temperatures for Lag;5Cag,s5_,Na,MnO, (0 <x<0.10) samples, under a

magnetic field of 0.05 T

secondary phase [52, 53]. T was calculated from d’M/d*T
as a function of temperatures. From Fig. 4 (blue color), T-
values were found to be around 268, 270, and 278 K, respec-
tively, for x=0, x=0.05, and x=0.10. However, for x=0.15
and 0.20, Tc values are equal to 301.5 and 300 k, respec-
tively. We can conclude that when the doping rate increases,
Tc approaches room temperature, which indicates that our
samples are good candidates for the refrigeration domain. In
our work, the substitution of Ca®* by Na* led to an increase
of the Mn** content from 25 (x=0) to 35% (x=0.10). This
is explained by the increase of <Mn—O-Mn> bond angle and
the decrease of <Mn—-O> bond distance. Therefore, the DE
interactions were gradually strengthened, which resulted in
the increase of FM character. This is not the case for x=0.15
and 0.20 in which the increase of Mn** content above 40%,
produced a decrease in the DE interaction and enhanced the
SE interaction [54]. It is worth noting that all samples show
a ferromagnetic behavior with close phase transition tem-
perature. Their magnetization is strongly influenced by the
grain size. It increases with the increase of grain size, which
is due to the decrease of magnetically disordered states at

@ Springer

the surface of grains. Therefore, the increase of particle size
decreases the surface to volume ratio, thereby increasing
the net magnetization. This is leading to increases the fer-
romagnetic transition temperature. 7c passed from 268 to
278 °C for our samples.

The bandwidth is characterized by the overlap between
Mnj;, and O,,, orbitals. It can be described empirically by the
following expression [55]:

cosw
b "™ 35 ’
d(Mn—O)

“

where w=1/2(z — (Mn - O - Mn)) and d (;, g, is the bond
length. The calculated W, values are tabulated in Table 1. We
can remark that W, is inversely proportional to Mn—O-Mn
angle. This result is attributed to the increase of <ra>. It may
be explained by the increase of the average grain size. These
changes lead to a significant rise in the Curie temperature
[56]. In addition, the substitution of Ca’+ by Na* leads to
the increase of the order effect. According to Trukhanov



Large magnetocaloric effect in La, ;5Cag ,5_,Na,MnO; (0 < x<0.10) manganites

Page7of 16 60

et al., an average grain size is inversely related to the surface
tension forces’ relative to the bulk elastic forces [57].

To comprehend the dynamics of spin, we have calculated
the inverse of magnetic susceptibility as a function of tem-
perature from the magnetization data (M (7)). In the high-
temperature range, the susceptibility obeys the Curie—Weiss
(CW) law, defined by:

e
X =i (5)

where 0} is the CW temperature and C is the Curie constant,
defined by [58]:

N 2
C =3 He ©)

where Na=6.023x 107} mol~! is the number of Avogadro
and kg is Boltzmann’s constant.

The linear PM region was fitted using Eq. (5). The
obtained ), values are listed in Table 4. Noting that 8, value
can be negative, positive, or null according to whether
the behavior, respectively, is AFM, FM, or PM. The posi-
tive value of 6p, in our case, indicates the presence of FM
interactions between the spins. Also, we can note that the
obtained values of 6p are greater than those of T for each
sample. This may be due to magnetic inhomogeneity above
Tc. Thus, we have also calculated the experimental effective
moment /,t::fp using Eq. (6) and the theoretical one ( /,tg;feo) is
calculated by:

K=/ (075 = ) e (M) +(0.25 +.3) [ (M)
(N

where y_, (Mn’")=4.9 pg and p_ (Mn**)=3.87 py [59].
The different calculated yzgp and ygf‘f“ values are listed
in Table 4. We can remark a difference between these two
parameters. This may be attributed to FM correlations in PM
region, which is probably caused by the formation of FM
clusters [60]. Our results are comparable to those obtained
in the literature [60, 61]. It is important to mention that the
paramagnetic moment and the susceptibility (M/H) can be
seen to be decreasing with the increase in the crystallite size.
To better understand the magnetic properties of our samples,

Table4 Some experimental values for Laj;5Cag,s_Na,MnO;
(0<x<0.10) samples

x=0 x=0.05 x=0.10
Tc (K) 268 270 278
0p (K) 269 277 284
U0 (ug) 4.66 (2) 4.61 (3) 4.56 (1)
Her (Mp) 6.40 (6) 6.25 (4) 6.13 (2)

the hysteresis cycles M (u,H), at low temperature, were stud-
ied. Figure 5a, b displays M (u,H) at 10 K of the range of
HoH= +6T, for x=0.00 and 0.10 samples, as examples.
From these figures, we can see a similar behavior with a
small hysteresis loop. The insets of Fig. 5a, b display a
zoomed portion of the low magnetic field region. We can see
clearly that magnetization increased rapidly at a low applied
field. Surprisingly, a sharp saturation was observed in which
the Mg values were found to be 92.65 and 105.43 emu g™
for x=0.00 and 0.10, respectively. This indicates the typical
FM behavior. Additionally, we remarked that our samples
have negligible values of the remnant magnetizations (M,)
and the coercive fields (uyH). uyH values were found to
be 52x 10 and 19x 10~ T, for x=0.00 and 0.10, respec-
tively. M, values were found to be 2.30 and 1.40 emu g™!
for x=0.00 and 0.10, respectively. These three parameters
change slightly with change in the grain size. The increase of
the grain size led to the decreases of the total grain boundary
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Fig.5 Magnetic  hysteresis cycles at 7=10 K of
Lay75Cay55_,Na,MnO; (0<x<0.10) samples. The insets show a
zoom portion of the low magnetic field region
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and therefore, the movement of domains becomes easier
inside the crystal leading to increase in Ms and decrease
in H. Here, we can conclude that our samples have a soft
FM behavior. These results make them good candidates for
some technological applications such as reading and writ-
ing process in high density recording media or informa-
tion storage [62]. In addition, x=0.15 and 0.20 [33], have
also negligible values. In which, Mg values were found to
be 88.10 and 92.21 emu g~', pyHc values were found to
be 21 x 10~ and 16x 10~ T, and M, values were equal to
1.49 and 1.11 emu g_l, for x=0.15 and x=0.20, respec-
tively. Together with hysteresis loop studies, we measured
magnetization as a function of the applied magnetic field
around their FM—PM phase transition, as shown in the inset
of Fig. 6 for our studied samples. At the low temperature
region, we can see a rapid increase in the magnetization at
the weak magnetic field region up to 1 T. Then, M (uyH)
curves reached saturation as a result of increase in the mag-
netic field, indicating a typical FM state. This is caused by
the complete alignment of the spins in our studied samples.

To get a deeper understanding of the nature of the
magnetic phase transition for our samples, we derived
the Arrott’s plots (M? vs. uoH/M) from M (u,H) (Fig. 6).
According to Banerjee’s criterion [63, 64], if the slope of
the curve is negative, the magnetic transition is of first order.
Otherwise, it is of second order, which is the case in our
study.

3.4 Magnetocaloric study

Magnetocaloric effect is an intrinsic property of magnetic
materials. It represents their thermal response under the
application or elimination of an external magnetic field.
The coupling between the lattice and spin plays an impor-
tant role, which leads to an additional magnetic entropy
change near 7 and favors MCE. —AS,, allows one to verify
whether a magnetic material may be considered as a good
magnetic refrigerant or not. It can be calculated from the
isothermal magnetization curves under different magnetic
fields. According to the fundamentals of thermodynamics,
—AS); produced by the variation of the applied magnetic
field from O to uyH . can be expressed by the following
expression [65]:

HoHiax

AS\(TugH) = Sp(T, pioH) — Sy (T, 0) = %) d(uoH).
0 T

®)

From Maxwell’s thermodynamics, a relationship between
—AS); and M is defined as:
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( o > - (57) ©
a(,UOH) T aT (HOH).

Then, one can determine the following relation:
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HoH pax

asuTaut)= [ (5F)  dluH). (10)
0

Here uyH ., represents the maximum of the applied mag-
netic field [66].

Generally, to predict MCE, —AS, is often determined by
some different numerical calculations. The first approxima-
tion is a direct method, based on the M (T) measurement
under different external magnetic fields. In the case of a
small discrete field, —AS,, can be approximated as [67]:

as (DT _ 1
MU 2 T T,-T,

HoH oy HoH oy
/ M(Ty. joH)d (o H) — / M, jH)d(uoH) |
0 0

(11)

The second one is based on M (uyH) measurement. To
evaluate —AS),, one needs to use a numerical approxima-
tion to the integral in Eq. (9). —AS,,; can be written as [68]:

HoHp ) — Mi(Ti’”OHi)A
T..,—-T;

i+1 i

M. (T.,,
_ASM(T’A(ﬂOH))=Z i+1U iy soH,

12)

M; and M, are the experimental magnetization values,
respectively, at T; and T}, under an external magnetic field
oH; [69].

In the following part of this work, we have used the first
approximation to evaluate the variation of —AS,, as a func-
tion of temperature under an applied magnetic field. Figure 7
displays —ASy,(T) for our samples. The obtained curves are
similar to those obtained in other perovskite manganites
[70, 71]. They have a positive sign in all studied tempera-
tures, which confirms the FM behavior. Our studied samples
exhibit —ASR“,[ax of 6.25, 6.35, and 6.44 ] kg_1 K at a mag-
netic field of 5 T for x=0, 0.05, and 0.10, respectively. On
other hand, x=0.20 sample exhibited a classical behavior of
—ASy; with —AS™® equal t0 6.01 T kg™ K™'. While, x=0.15
indicated the coexistence of two peaks, which corresponds
to two-Curie temperatures [33]. We can notice also, that for
low Na content our samples x=0, 0.05, and 0.10 exhibited
high entropy values, better than x=0.15 and 0.20. Here, it is
important to mention that the magnetic entropy change was
observed to increase with increase in the magnetic field and
to be higher for the high grain size.

In magnetic refrigeration, another useful parameter to
quantify the efficiency of MC material is the relative cooling
power (RCP). This latter refers to the heat transfer between
the hot and cold reservoirs in the ideal refrigeration cycle.
This parameter represents the area under —AS,, (T) curve. It
is defined as [72-74]:

RCP = — ASy™(T, poH) X 6Ty (13)

where, 6 Ty 1 the full width at half maximum in —AS),
(T) curve.

Figure 8 shows the variation of 6Ty and RCP as a
function of the applied magnetic field at 7(- for x=0.10 as an
example. A monotonous increase is seen in these parameters
when increasing the applied magnetic field. This increase is
due to the weakness of the effect of spin coupling that is less
important when the applied magnetic field is high. Table 5
presents the obtained —ASY™ and RCP values for our sam-
ples together with those obtained in other magnetic materi-
als. From this table, it is clear that our values are in agree-
ment with those obtained in the literature. This makes our
compounds potential candidates for magnetic refrigeration.

The magnetization related change of the specific heat,

ACP,”OH, is expressed as:

OASy, (T, uoH
AC,(T, upH) = C, (T, oH) — C,(T,0) = TM(TO).

(14)

Using this equation, we calculated AC,, , 5 as a func-
tion of temperature for our samples under different applied
magnetic fields (Fig. 9). We can see that AC,, , ,; changed
sharply around T, from a negative to a positive value, upon
increasing temperatures [75, 76]. The sum of the two parts
is the magnetic contribution to the total specific heat. This
affects the heating or cooling power of magnetic refrigera-
tors. AC, , i data of a magnetic material are useful in the
design of a refrigerator.

To get better insights into MCE, Amaral [77, 78] pro-
posed a theatrical modeling based on Landau’s theory of
magnetic phase transition. Gibbs free energy can be devel-
oped as follows [77]:

G(T, M) = Gy + %A(T)Mz + %B(T)M“ + éC(T)M6 + - — uoHM,

s)
where A (T), B (T), and C (T) are temperature-dependent
parameters according to the thermal variation of the ampli-
tude of the spin fluctuation known as Landau’s coefficients.

In the equilibrium condition, dG /oM = 0, the magnetic
equation of state is derived as:

% = A(T) + B(T)M? + C(T)M*. (16)

Fitting Arrot’s plots by the last equation, the evolution of
the best obtained values of Landau’s coefficients as function
temperatures is shown in Fig. 10, for x=0, under an applied
field of 5 T as an example. According to Amaral et al. [77,
791, the nature of B (T) plays a fundamental role in inves-
tigating —ASy (T, uoH). The inset of Fig. 10 indicates that
B (T) is negative below 7. However, it has a positive sign

@ Springer
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above T. The behavior of this curve is obtained in recent
works [80, 81]. This suggests the second-order phase transi-
tion in our samples [82]. Therefore, using the differentiation
of Gibbs free energy with respect to temperatures, we can
determine —AS)y, (T, uyH ) theoretically by:

<0G(;40H, T) >
- oT
HoH an

1()AM2 — 1%1\/]4_ lEMG.

20T 40T 69T

SM(T’ MOH)

The theoretical —ASy, (T, HoH ) is defined as:
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Table 5 Summary of MC properties of La 75Cay »5_,Na,MnO5 (0 <x <0.10) samples compared with other magnetic materials

Samples T (K) poH (T) (_ AST(] kg‘l K) RCP kg’l) References
La, ;5Caj ,sMnO; 268 5 6.25 198 Present work
Lay 75Cag,Nag ;sMnO, 270 5 6.35 270.5 Present work
Laj45Cay ;5Nag ;(MnO; 278 5 6.44 317.7 Present work
La, ,Cay ;MnO, 227 5 6.42 - [71]
LaOA67BaQ‘33MnO3 292 5 1.48 161 [72]
Lag 7951 3Mn oAl ;05 310 5 2.6 109 [73]
La, 4Bay ,MnO, 295 5 45 130 [74]
La, ¢Ba, ,Mn, oFe, O, 193 5 2.62 211 [74]
Lay 7St sMng g3Feq 6705 296 5 4 255 [91]
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Fig.9 —ACP as function of temperatures for La ,5Ca ,5_,Na,MnO; (0 <x<0.10) samples at different magnetic fields
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Fig. 10 Experimental and calculated values of —AS); as function of

temperatures, under 5 T magnetic field for x=0. The inset shows the
Landau’s coefficients A (T) and B (T)
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= _LYoAnp ey L9B e 4
B 26T(M0 ) 4()T<M° )
_19C 16 _ a6
6aT(M° M°) .

18)
The value of M, can be obtained by extrapolating M in
the absence of a magnetic field. Figure 10 displays the varia-
tion of —AS), as a function of temperatures under an applied
magnetic field of 5 T, for x=0 as an example. We can see
that the theoretical and experimental curves are in good
agreement, which suggests that the present model does not
take into account the influence of the Jahn-Teller’s effect
and exchange interactions on the magnetic properties of
manganites [82].

3.5 Universal curve scaling analysis

Recently, Franco et al. have proposed a phenomenological
universal curve for the applied magnetic field dependence of
—AS); [83]. This is based on normalizing all —ASy, (T, uoH )
curves by the following expression:

AS' = ASy(T, poH)/AST™., (19)

In addition, the temperature axis is differently rescaled
above and below T, as expressed in:

T-T.
T < T
,_ )T T, .
T-Te : 20)
T> T,
T, - Tc

@ Springer

where T,  are the temperatures of two reference points, cor-
responding to —AST®™ /2 (T, < T¢ and T,,> T¢). Figure 11
shows the variation of AS as a function of @, under different
magnetic fields, for La, ;5Ca ,5_,Na,MnO; (0 <x<0.10)
samples. We can see that all curves collapse on the same
curve. This confirms the second-order phase transition for
our samples [84].

On the other hand, the search for universal curves and
scaling laws emerges in all fields of scientific research. We
can see clearly that all the experimental curves collapse on
one universal curve. The universal curve can be well fitted
by Lorentz function:

a

AS = oo @

Generally, a, b, and ¢ are free parameters. Taking into
account the asymmetry of the plots, we can use two different
sets of constants such as for < T region, a=0.952+0.013,
b=0.954+0.011, and ¢= —0.043+0.007. While, for
T>Tc state a=0.537+0.030; »=0.539+0.031; and
¢c=0.208 +£0.019, for x=0 as an example. According to
Eq. 21, the different —ASy™, T¢, T}, and T,, values are
obligatory to characterize —AS),;. Once we have determined
the parameters from the properties of these materials, we can
determine —AS), from AS'.

According to Oesterreicher et al. [85], the variation of
—AS) as a function of temperatures under different mag-
netic fields, for the magnetic materials with second-order
phase transition around their 7, follows an exponent power
law:

AS\(T, poH) = a(T)(poH)", (22)

where n is the critical exponent of the magnetic transition,
defined as [86]:

dIn (|ASy])

T, uoH) = .
(T oD din (poH)

(23)

Figure 12 shows the variation of n as a function of tem-
peratures, for x=0 sample as an example, under different
applied fields. In the FM region, 7 is close to 1. Then, it
increased to 2, in PM state. Moreover, it decreased mod-
erately with increasing temperature and a minimum value
around 7. These results are observed in different magnetic
materials [87-90].

4 Conclusion

To sum up, we chose to detect the effect of low Na con-
tent on the Laj,sCa;,s_,Na MnO; sample. We prepared
Lay ;5Cay 5_,Na,MnO; (0 <x<0.10) using the flux method.
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Fig. 11 Universal behavior of AS’(6) curves at different magnetic fields, for Lay ;5Cay,s_,Na,MnO; (0 <x <0.10) samples

Then, we studied their structural and magnetic properties
and MCE. Rietveld refinement of XRD patterns shows
that our samples crystallize in an orthorhombic structure
with a Pbnm space group, at room temperature. Substitut-
ing Ca®* by Na* increased T from 268 to 278 K. This is
accompanied by an increase of —AS,,;. Our samples have
a second-order phase transition from FM to PM, upon
increasing temperature. In addition, we found that —AS,,
is in agreement with the theoretical one calculated using
Landau’s theory. From x=0.10, the composition shows
the largest value of —AST*=6.44 J kg™' K™' for ygH=5T

in the series. Additionally, our samples exhibit high val-
ues of RCP=198, 270.5, and 317.7 J k! for x=0, 0.05,
0.10, respectively. The magnetic entropy change was also
characterized by one universal curve. This confirms that a
second-order phase transition occurred. The obtained results
indicate that La, 55Ca 55, Na,MnO; (0 <x<0.10) samples
could be considered as a promising material for magnetic
refrigeration technology. The most important results, in our
present work, were compared with our last work for different
doping rates of 0.15 and 0.20.

@ Springer
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