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1 Introduction

ABSTRACT

In present work, structural, magnetic, and magnetocaloric properties of Lags;-
Ndy 15r9.33xCaxMnO; (0.0 < x < 0.3) samples have been studied. The conven-
tional solid-state method was used to prepare the samples. The structural
properties of the samples were investigated by X-ray diffractometer and scan-
ning electron microscopy. All samples crystallized in rhombohedral structure.
The samples consist of grains of different polygonal shape and size. The tem-
perature dependence of magnetization measurements was performed to deter-
mine magnetic phase transition temperature. It is observed that the magnetic
phase transition temperature decreases with increasing Ca concentration.
Magnetic entropy change (—ASy) values of the samples were calculated from
the magnetic field dependence of the magnetization based on Maxwell’s rela-
tion. An enhancement in the —ASy value was observed with increasing Ca
concentration. The maximum magnetic entropy change (—ASy™) value was
calculated as 5.85 ]kg_1 K™ under 2T magnetic fields for Lags;Ndg1519.0s-
Cap30MnOj; sample. The increase in Ca concentration also caused an increase in
the relative cooling power value (RCP). The nature of the magnetic phase
transition for the samples was determined using the Banerjee criteria and
Franco’s universal master curve. The magnetic phase transition type is found as
second order for all samples.

energy consumption in order to save energy and
reduce its negative effects on the environment. Pri-

Energy consumption is increasing rapidly day by day
due to the increasing human population and indus-
trial growth. The required energy is provided from
non-renewable and limited fossil fuels. In addition to
these, fossil fuels directly cause an increase in CO,
emissions [1]. For the future of our world, it is
imperative to make regulations in areas with high
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ority arrangements should be made in cooling tech-
nologies that consume too much energy and cause
climate change and global warming [2]. Today,
cooling technologies based on the gas compression
principle are widely used. These systems have neg-
ative effects on the environment, and their energy
consumption is quite large [3]. In addition, since the
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arrangements that can be made to increase the energy
efficiency of these systems are limited and require
high costs, it is necessary to work on the development
of new systems that could be used instead of these
systems.

Magnetic refrigeration (MR) systems with better
energy consumption and efficiency [4] are considered
the future cooling system. It is known that MR sys-
tems are also eco-friendly since a solid magnetic
material is used as a cooling element in these systems
[5]. The working principle of MR systems is magne-
tocaloric effect (MCE), which is defined as the change
in the temperature of the magnetic material as a
result of the change in the entropy of a magnetic
material subjected to a magnetic field [6, 7]. The
magnetocaloric properties of a material are defined
by two fundamental quantities: magnetic entropy
change (—ASpy) and adiabatic temperature change
(AT.4) [8]. The AT,y value is determined using direct
methods, while —ASy is calculated indirectly from
magnetization measurements depending on mag-
netic field [9].

Gadolinium (Gd) and Gd alloys have been used as
cooling elements in many MR systems designed and
developed to date [10, 11]. However, commercial use
of these MR systems is not possible for some reasons
[8, 11-13]. In the view of the applications, the most
essential requirement is to provide new materials
with large MCE in a low magnetic field and near
room temperature. In addition, the type of magnetic
phase transition and relative cooling power (RCP) are
critical parameters [8].

Perovskites, which exhibit extraordinary chemical
and physical properties, are one of the most inten-
sively researched samples and have influential
applications in many fields [14-16]. Magnetocaloric
properties of La-based perovskite manganites have
been studied in detail due to various properties such
as high chemical stability, adjustable magnetic phase
transition temperature, inexpensive raw material,
and —ASy comparable to Gd [17-21]. The ratio
between the number of Mn** and Mn>" ions (de-
pends on the doping level, x), the average size of the
cation at the A-site ((ra)) [22], and the degree of
disorder at the A-site [23] affect the magnetic and
magnetocaloric properties of manganites. Among the
studied La-based manganites, Lags;Ndg15r033MnO3
sample shows paramagnetic (PM)-ferromagnetic
(FM) phase transition above room temperature [24].
Ca-doped La-based manganites exhibit magnetic
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phase transition below room temperature and have
acceptable —ASp[25]. In the literature, there are
studies reporting —ASy values of Ca-doped LaMnOj3
manganites are comparable to Gd, and Ca content
induces an increment in —ASy, values [26-28]. Ca ion
has 2 + valence state and its ionic radius is smaller
than Sr but close to La and Nd ions [29]. In the case of
partial Ca addition, the Mn>*/ Mn** ratio remains
constant, while a change occurs in the (r4) and the
degree of disorder at the A site. This plays a critical
role in the variation of magnetic and magnetocaloric
properties. Moreover, it is possible to say that Tc
increases with increasing Sr concentration, and —ASy
value affects positively with increment in Ca-content
[30-32]. In this study, the structural, magnetic, and
magnetocaloric properties of Lags;INdg15r033.xCax-
MnO, (0.0 < x < 0.3) manganites have been investi-
gated in detail. The main aim of this study is to adjust
the T towards room temperature by partial substi-
tution of Sr with Ca in the LagsyNdg1Srg33MnQO3
manganite system.

2 Experimental details

In this study, Lags;Ndg15r933xCaxMnO; (x = 0.0,
0.10, 0.20, and 0.30) manganite samples were pre-
pared by solid-state method. La,Os3 (99.99%, Sigma
Aldrich), Nd,Os; (99.99%, Sigma Aldrich), SrO
(99.99%, Sigma Aldrich), CaO (99.995%, Sigma
Aldrich), and MnO, (99.99%, Sigma Aldrich) starting
materials were used. The starting compounds were
weighed in accordance with stoichiometric ratios. By
using an agate mortar, the weighed raw materials
were mixed and ground for a total 60 min (6 times
10 min). Afterwards, the mixture was calcined at
600 °C for 6 h. The grinding and mixing processes
were repeated under the same conditions. Finally, the
samples were pelleted and sintered at 1200 °C for
24 h. In forthcoming sections, the final samples were
labeled as LNSM, LNSCM-1, LNSCM-2, and
LNSCM-3 for undoped and 1%, 2%, and 3% Ca-
added samples, respectively. To obtain information
about crystal symmetry, lattice parameters and unit
cell volume of the samples, X-ray diffraction (XRD)
measurements were performed by a Philips PANa-
lytical Empyrean X-ray diffraction meter. The XRD
data were collected at room temperature in 0.0131
degree increments over the range of 20-80°. Scanning
electron microscope (SEM) with energy dispersive X-
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ray spectrometry (EDS) was used to investigate the
grain structure and elemental analysis of the samples.
Magnetic measurements depending on temperature
(M(T)) and magnetic field (M(H)) were performed by
a physical property measurement system (PPMS)
equipped with a vibrating sample magnetometer
(VSM) module. In order to determine the magnetic
phase transition temperature, described as Curie
temperature (T¢), a 10 mT weak field was applied to
the samples in zero—field-cooled (ZFC) and field-
cooled (FC) modes in the temperature range of 5-
380 K. The magnetization measurements as a func-
tion of the magnetic field were made to calculate the
—ASy; of the samples and to identify the type of
magnetic phase transition.

3 Results and discussion

The XRD patterns of the samples recorded at room
temperature are given in Fig. 1. The observed and
calculated diffraction patterns were represented by
solid circles and lines, respectively. Bragg positions
are marked with green vertical bars. The difference
between the observed and calculated diffraction
pattern was shown by the blue line. In the experi-
mental test range, it was determined that the samples
consisted of a single phase. The structural parameters
of the samples were refined using Rietveld’s profile-
fitting method [33] and results are given in Table 1.
The lattice parameters of the samples do not show a
systematic change with the increasing Ca concentra-
tion. However, the unit cell volume of the samples
decreases almost linearly with the increasing Ca
concentration. It is thought that this decrement may
be related to the smaller ionic radius of the Ca*" ion
than Sr** ion [29]. The samples were crystallized in
rhombohedral structure. Goldschmidt tolerance fac-
tor (t5) which is defined as the geometric measure of
the size mismatch of perovskite, is given by the fol-
lowing formula [32]:

({ra) +ro)

o = V2((rg) +10)

(1)

In the equation, the average ionic radii of A and B-
site are denoted by (r4) and (rg), respectively. The
ionic radius of the oxygen ion is abbreviated as ro. It
is known that the perovskite structure is preserved
within the limits of 0.75 < tg < 1.0 [32]. The crystal
structure is cubic, rhombohedral, and orthorhombic
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fortg =1,0.96 < tg < 1.0, and tg < 0.96, respectively
[34]. Based on Shannon’s list of effective ionic radii,
(ra) and t¢ values of the samples were calculated for
coordination number 12. According to s value given
in Table 1, it was confirmed that the samples were
crystallized in rhombohedral symmetry. It was
observed that the crystal symmetry of the samples
did not change, although increasing Ca concentration
caused a decrease in (r4) and tg values. The physical
properties of the manganites also change with A-site
disorder induced by the A-site ionic radius variance,
(6?), given in the following equation [35, 36]:

> = (qirt — (ra)’, (2)

where g; and r; show atomic concentration and ionic
radius of the i-type ion, respectively. Calculated o*
values for samples decrease linearly with increasing
Ca concentration. It is inevitable that this result will
cause a change in the magnetic and magnetocaloric
properties of the samples.

Using the Scherrer formula, the average crystallite
size (Dxgp) can be calculated from the following
equation [37]:

KA
D =
XRD Boost’ (3)

where 4 and « are the X-ray wavelength (Cu-K,.
= 15406 A) and crystallite shape factor (0.9), respec-
tively. B is the peak full width at half maximum at the
observed peak angle. Dxgp values calculated from the
most intense XRD peaks of the samples are given in
Table 1. For LNSM sample, this value was calculated as
67.4 nm. Although this value initially increased with
the replacement of Sr with Ca, a linear decrease
observed with the increase of Ca ratio.

The chemical compositions of the samples were
examined by EDS analysis. Figure 2 shows the EDS
spectra of the samples. All samples contain the
expected chemical elements and no trace of impurity
elements. The atomic percentages of the samples are
given in Table 2. The obtained compositions from
EDS are very close to the nominal compositions of the
samples. The SEM images of the samples are given
insets of Figs. 2. It can be seen that the samples con-
sist of different polygonal-shaped grains with dif-
ferent sizes, and the boundaries of the grains are
clear. There is no linear variation between Ca con-
centration and grain size. However, it was observed
that the clarity of the grains boundaries increased
with the increase in Ca concentration.
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Fig. 1 XRD patterns of Lag 57Ndg ;Srp33.xCayMnO3 (0.0 < x < 0.3) samples a LNSM, b LNSCM-1, ¢ LNSCM-2, d LNSCM-3

Figure 3 shows the M(T) curves obtained under a of 5-380 K. While the ZFC and FC curves diverge
weak magnetic field of 10 mT at ZFC (open circle) from each other by following an irreversible path in
and FC (solid circle) modes in the temperature range the FM region, they show a reversible trend in the PM
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Table 1 Structural parameters of the Lag 57Ndg ;Srg 33..Ca,MnO;3
(0.0 < x < 0.3) samples

Samples LNSM  LNSCM-1 LNSCM-2 LNSCM-3
a=bA) 5.4961 5.4944 5.4671 5.4673
¢ (A) 13.3367 13.3249 13.4364 13.3951
vV (A% 348.8963 348.3674  347.7940  346.8561
<ra>(A) 13774 1.3674 1.3574 1.3474
te 0.9785 0.9749 0.9714 0.9679
o® (A? 0.0026 0.0023 0.0017 0.0010
Rp 17.9 13.1 16.4 16.2
Ruwp 14 10.6 10.7 12.6
Rexp 5 4.58 6.02 6.28
72 3.95 3.62 3.99 3.94
Dxgp(nm)  67.4 84.8 57.7 55.6

region. This bifurcation can occur for a variety of
reasons, such as magnetic inhomogeneity [38],
domain pinning effect [39], and canted nature of the
spins [18]. In the PM-FM transition region, ZFC and
FC curves exhibit a sharp transition. It promisingly
implies a high —ASy [39, 40]. An increase was
observed in the ZFC and FC curves of the LNSCM-1
sample (see Fig. 3b), indicating the presence of a
charge-ordering (CO) state [41]. The Tc is mostly
determined from the inflection point of dM/dT curve
obtained from the M(T) curve. Figure 4a represents
the dM/dT curves of the samples. These curves have
a single inflection peak. This implies that samples
contain a single magnetic phase. T decreased from
356 to 224 K with increasing Ca concentration (from
x = 0.0 to 0.30). When Ca®" is substituted for Sr*" in
the samples, the Mn>" /Mn*" ratio does not change.
However, the (r4) and ¢ values of the samples
decrease with increasing Ca concentration due to the
difference between the ionic radii of Ca and Sr ions.
As a result, the structural distortions occur, and a
decrement in T¢ value can be observed. This may
arise from the decreasing of (r4) and ¢* values [31].
The obtained results are compatible with those
reported in the literature [42, 43]. Figure 4b shows the
temperature dependence of the inverse magnetic
susceptibility, 1/y(T), of the curves obtained using
the ZFC magnetization data. The 1/y(T) and the fit-
ting results by using the Curie Weiss (CW) law are
presented by symbols and lines, respectively. In the
paramagnetic region, for LNSM and LNSCM-1 sam-
ples, the 1/y(T) curve shows a linear variation indi-
cating that it obeys the CW law given by y =C/
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(T—0), where C is the Curie constant and 0 is the
paramagnetic Curie temperature. On the other hand,
1/%(T) curve of LNSCM-2 and LNSCM-3 samples
show a deviation from the CW law pointing out the
presence of the Griffiths phase [44]. The 0 value of the
samples was determined from the 1/y(T) curves. The
0 values of the samples are given in Table 2. The
positive value of 6 implies that the interaction
between the nearest spins is the FM [45]. It is seen
that the 0 value is slightly larger than the T value for
LNSCM-2 and LNSCM-3 samples. This difference
may be due to the presence of short-range FM order
related to the existence of magnetic inhomogeneity
above T¢ [46]. The 0 temperature shows a reduction
with increasing Ca concentration. This verifies the
weakening FM double exchange interactions [47].

2
The C constant is given by C = 1\131‘;3 uﬁff; where N4y, kg,

and pup represent Avogadro’s number, Boltzman's
constant, and the Bohr magneton, respectively. The
Hefr denotes effective magnetic moment. To calculate

the experimental j (yi;}p ), C constant is derived
from the linear fitting of 1/x(T) curve of the samples.
By using C constant equation, the u;ffp value was

calculated experimentally as 2.89, 2.44, 2.40, and
2.61up for LNSM, LNSCM-1, LNSCM-2, and LNSMC-
3 samples, respectively. The u;}p values show a non-
linear variation with increasing Ca concentration.
This may be related to the order of magnetic inho-
mogeneity of the samples. The theoretical effective

magnetic moment (ué’}f“) was calculated by using the

following equation [48]:

oo — \/ 0.67 W (Mn3+)] * 1033 [ﬂeff (Mn4+)] " 101 [ueff(Nd3+)] ’
(4)

where  p(Mn*t) =49, pz(Mn*t) =387, and
foir (Nd>+) = 3.62 pp [49]. The ygﬁfm value is larger than

the ,u;;p value derived from the linear fitting of 1/

x(T) curve. According to the results, it can say that
large spin ordering occurs in samples. Similar results
have been observed in manganites [46, 50].

To obtain deep information about the magnetic
behavior of the samples, the M(H) measurements
have been performed up to 5 T with a temperature
increase of 4 K around T Figure 5 shows the M(H)
curves of the samples. Below T, the magnetization of
the samples varies rapidly with the applied magnetic



] Mater Sci: Mater Electron (2022) 33:26495-26512

26 39 52 65

[— T Re—

Cukurova University

Status: Idle CPS:0 DT: 0.0 Lsec: 237 1639K Cnts 2480 keV Det: Octane Plus

216K

19.2K;

16.8K:

14.4K:

12.0K;

>4

7.2K

24K

0.0K

-

96K d o M | 2000k | 207 ym

Status: Idle CPs:0 DT:00 Lsec: 232 1836KCnts 2480 keV Det: Octane Plus

26501

Fig. 2 EDS graphs of Lag 57Ndg ;Srg33xCa,MnO; (0.0 < x < 0.3) samples a LNSM, b LNSCM-1, ¢ LNSCM-2, d LNSCM-3. Insets

show SEM images of the samples at 20 KX magnification
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Table 2 Atomic percentages of the Lag 57Ndg ;Srg 33..Ca,MnO;3
(0.0 < x < 0.3) samples

Samples Atomic percentages (%)

La Nd Sr Ca Mn (0)
LNSM 1248 238  6.02 - 2234 56.78
LNSCM-1 1223 23 444 186 2136 5781
LNSCM-2 1257 231 241 38 21.26  57.65
LNSCM-3 1229 2.1 1.1 554 2148 5749

field and reaches saturation above 0.5 T. This
behavior is characteristic property of FM material.
Except for the LNSM sample, the M(H) curves show a
linear variation with the magnetic field at tempera-
tures above T.. The linear variation of the M(H)

| ——2zrc LNSM

——FC
54 u,H=10 mT

< FC

4 ZFC .

! (

0 50 100 150 200 250 300 350 400
T (K)

—rc LNSCM-1

7|——FcC
uH=10mT

0 50 100 150 200 250 300 350 400
T (K)
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curves of the materials with the applied field con-
firms that the samples exhibit PM properties at tem-
peratures above Tc. As seen in Fig. 5a, the M(H)
curve of the LNSM sample does not exhibit a linear
variation, indicating that it does not show pure
paramagnetic properties, which may arise from the
presence of FM clusters on the T [51, 52]. Above and
below T, the behavior of the M(H) curves confirms a
magnetic phase transition from FM to PM with
increasing temperature. The results obtained from
M(H) measurements are in agreement with M(T). The
M(H) curves of the LNSCM-3 sample (see Fig. 5d)
show a S-shaped change in the temperature region of
212-252 K. This change points to the metamagnetic
transition, which expresses the coexistence of FM and
AFM (antiferromagnetic)-CO phases [53]. The

——ZFC LNSCM-2
——FC
u,H =10 mT

5 . FC

~ ZFC—

) L
04C

0 50 100 150 200 250 300 350 400
T (K)

——2ZFC LNSCM-3
——FC
uH=10mT

ZFC |
5 //

- FC

_

0 T T T T T T T
0 50 100 150 200 250 300 350 400

T (K)

Fig. 3 The M(T) curves of Laj 57;Ndg ;Srp33.xCa,MnO3 (0.0 < x < 0.3) samples a LNSM, b LNSCM-1, ¢ LNSCM-2, d LNSCM-3
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«Ca,MnO; (0.0 < x < 0.3) samples

metamagnetic transition indicates the possibility of a
large —ASys around Tc [54].

The numerical value of —ASy is calculated by
using the following equation [55];
M; — Miq

—ASm(H,T) = Tin— T
1 1

AH; (5)
where the experimental values of magnetization
under the magnetic field H; at temperatures T; and
Ti11 are represented by M; and M;,q, respectively.
The —ASy values of the samples were calculated for
different magnetic fields, and the temperature
dependence of the —ASy values (—ASy (T)) was
obtained. Figure 6 shows the —ASy (T) curves of the
samples. Around Tc, the —ASy (T) curves exhibit a
maximum peak called as maximum magnetic
entropy change value (—AS}f™). The value of —ASJ™
increases with increasing applied magnetic field. This
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is related to the orientation of the magnetic moments
with the magnetic field [56]. The —AS{f* value of the
samples for 2 T was calculated as 2.53, 2.85, 3.17, and
5.85 Jkg ' K~ for LNSM, LNSCM-1, LNSCM-2, and
LNSCM-3, respectively. It is observed that the
—ASy* values of the samples enhance with increas-
ing Ca concentration in agreement with the literature
[30, 57]. A comparison of the —ASyf* values of
LNSCM-2 and LNSCM-3 samples with similar
materials reported in the literature has given in
Table 4 [24, 49, 58-62]. The —ASyf* value of the
LNSCM-3 sample is larger than that obtained in Gd
[63]. However, this sample shows a magnetic phase
transition at 224 K. Therefore, this sample can be
considered as a cooling sample for low-temperature
MR applications. Moreover, the LNSCM-2 sample,
which transitions around room temperature, may be
a good candidate for room temperature MR appli-
cations as it has an acceptable value of —AS}f* under
low magnetic field.

One of the critical criteria in consideration of a
material as a cooling element for magnetic cooling
systems is RCP. This parameter can be calculated
from —ASy (T) curves by RCP = |—ASK}I‘7"| X 0T rwHM
where 6Trwrym is the full width at half maximum of
the —ASy (T). The RCP value for 2 T of the samples
was determined and is given in Table 3. The RCP
value of the samples shows a linear increment with
increasing Ca concentration. The RCP value of other
magnetic compounds is listed in Table 4 for com-
parison purposes.

Magnetocaloric materials are classified as first- and
second-order magnetic phase transition in terms of
the nature of magnetic phase transition. Since first-
order magnetocaloric materials show thermal and
magnetic hysteresis, they are not favorable for mag-
netic cooling systems. Although both groups have
advantages and disadvantages relative to each other,
the material that can be used for magnetic cooling
systems should exhibit a second-order phase transi-
tion since it does not show thermal and magnetic
hysteresis [64]. The character of magnetic phase
transition is generally used by the Banerjee criterion
[65]. According to this criterion, Arrott curves (H/M
vs. M?) are obtained by using the data obtained from
the M(H) measurements. The sign of the slope of
these curves plays a decisive role in determining the
type of magnetic phase transition. Around T¢, the
positive slope of Arrott plots indicates the second-
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Fig. 5 The M(H) curves of Lag 57Ndy ;Srg 33.xCa,MnO; (0.0 < x < 0.3) samples a LNSM, b LNSCM-1, ¢ LNSCM-2, d LNSCM-3

order magnetic phase transition, while the negative
slope indicates first-order magnetic phase transition.
Figure 7 shows the Arrott plots of the samples. It is
possible to say that these samples exhibit a second-
order magnetic phase transition due to the positive
slope of the Arrott plots around T¢. Another method
for determining magnetic phase transition charac-
teristic is universal master curve proposed by Franco
et al. [66]. According to this method, the universal
curve can be normalized to each isofield —ASy(T)
curves by using —AS{™* and rescaling the tempera-
ture axis based on the following equations:

_ (T =Tc)/(Tnh = Tc)T<T
! { (T*Tcg/(Trzlf Tch > TCC (6)

In Eq. 6, T); and T,, represent the temperatures
above and below T. The universal curve of the
samples is given in Fig. 8. It is observed that the
curves obtained from different magnetic fields over-
lap. This indicates that a second-order magnetic
phase transition has occurred [67]. Hence, it can be
said that Banerjee criterion and Franco’s universal
curve method are in good agreement with each other
for the samples studied.

Amaral et al. [68-70] have proposed a succeeding
model based on Landau’s theory to explain the

@ Springer
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Table 3 The temperatures T

and 0 and some Samples Tc(K) 0K AH(T) —ASi™ (kg™'K™)  6Tewnm (K) RCP (Jkg™)
tocalori rties of
fagnefoca-oflc properties 0 LNSM 356 357 2 253 31.02 78.48
the LaOA57Nd0‘ISr0.33_
CaMnOs (0.0 < x < 0.3) LNSCM-1 340 343 2 2.85 29.34 83.62
:am" les P =A== LNSCM-2 294 303 2 3.17 28.22 89.46
P LNSCM-3 224 230 2 5.85 17.87 104.54

Magnetic entropy is obtained by differentiating the
magnetic part of the free energy with respect to the
temperature.

contribution of magnetoelastic and electron interac-
tions in manganites. From energy minimization, a
magnetic equation of state based on this theory can

be written as follows [69]: 1
u Su(T,H) = — EA’(:F)M2 ——B/(T)M* - —C'(T)M®
— = A+ BM?+ CM*.

o )
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Table 4 Comparison of
—AS and RCP values of Samples AH (T)  —ASi#=(Jkg 'K™') RCP(Jkg™')  Ref
L M-2 LNSCM-

IjnS(lj i::nd - S(ijmi13r LNSCM-2 2 3.17 89.46 This work
f;‘anp :jltw . S‘; dins " a LNSCM-3 2 5.85 104.54 This work
literfture e o ¢ Lag 57Ndg 1Sr9 33MnO; 1 2.31 23 [24]

Lag 7Sry,Ndy ;Mng 9sNig c505 2 2.96 156.23 [49]
(Lag.oPro.1)0.55A80.1sMnO3 2 4.73 80.24 [58]
Lao_57Nd0_1SI'()>1gMnO3 5 4.36 214 [59]
Lao_57Nd0_1Sr0'33Mn0_9()SHO_1003 5 3.22 56 [60]
LaOA7Nd0A05BaOA25Mn03 5 39 231.6 [6 1]
LaOA6Nd0}1Ca0A155r0A15Mn03 5 3.8 173.66 [62]
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Fig. 7 Arrott plots of Lag 57Ndg ;Sr933xCa,MnO; (0.0 < x < 0.3) samples a LNSM, b LNSCM-1, ¢ LNSCM-2, d LNSCM-3

A'(T), B(T), and C'(T) are the derivatives of the
Landau parameters (A4, B, and C) given in Eq. 7. The
temperature dependence of Landau’s parameters can
be determined from the linear fitting of the Arrott
plots. There is an important physical meaning to

these parameters [71]. Namely, parameter A(T) gives
information about magnetic susceptibility and gets
minimum and positive values at Tc. To determine
magnetic phase transition type, B(T) value at Tc is
checked. If its value is positive at T¢, the magnetic
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phase transition is second order; if not, it is first
order. The A (T) and B (T) parameters are presented
in Fig. 9 (for clarity only LNSCM-2 sample is given).
All positive values confirm that the magnetic phase
transition is second order for all samples. In addition,
the obtained results from Banerjee’s criterion, Fran-
co’s universal master curve, and Landau’s theory are
compatible with each other. The —AS); values of the
samples were theoretically calculated for different
magnetic fields by using Eq. 8 and the derivatives of
Landau’s parameters. Figure 10 exhibits the varia-
tions of experimental and theoretical values of —ASy;
as a function of the temperature under 5 T. Solid
symbols and line represent the experimental and
theoretical calculation (based on the Landau theory),
respectively. The experimental and theoretical —ASy
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values of the samples are in agreement with each
other at T and temperatures above T¢. This implies
that the magnetoelastic coupling and electron inter-
action influence are an important factor for magne-
tocaloric properties [72]. However, below T, it is
observed that there is a small-scale difference
between the experimental and theoretical values.
This may arise from the presence of AFM domains in
the majority FM phase [73].

4 Conclusion

In this study, the structural, magnetic, and magne-
tocaloric properties of Lags7Ndg15rg33.<Ca,MnO;3
(0.0 < x <0.3) samples were investigated. It was
observed that there were small differences in the
lattice parameter and unit cell volume of all samples
crystallized in the rhombohedral symmetry. From the
M(T) measurements performed to determine the
dependence of magnetization on temperature and T,
it was detected that the samples showed a transition
from the FM to PM phase with the increasing with
temperature. The —ASy* values of the samples
—ASy; were calculated as 2.53, 2.85, 3.17, and 5.85 ]
kg ' K™! under 2 T magnetic fields. For the same
magnetic field change, the RCP values were also
calculated. It is observed that the increasing of Ca
content induces an increasing in the —AS}™ and RCP
values and a decrement in the Tc. The —ASH™ and
RCP value obtained for the LNSCM-2 sample

26509

exhibiting a magnetic phase transition around room
temperature is an acceptable size for MR applications
in this temperature range. In addition, the —ASJ*
value of LNSCM-3 sample is larger than Gd for the
same magnetic field change. This sample can be
considered as a working material for the low-tem-
perature magnetic refrigeration systems. The type of
magnetic phase transition was determined using
Banerjee’s criterion, Franco’s universal master curve,
and Landau theory. All samples show second-order
magnetic phase transition. All these experimental
findings and theoretical calculations show that Ca
ions are suitable doping agents for Lags;Ndg 151 .33-
MnO; system. To increase both —ASy and Tc
(around Tc), different Ca contents (especially
0.15 < x < 0.3) will be prepared in next studies.
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