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Schottky-like anomaly

(XPS) reveals the presence of an equal distribution of Mn** and Mn** ions in the studied system. The Oxygen,
Ols-core level spectra have been simulated with three binding energies curves, which correspond to the 0>~
ions, O'~ ions, and chemically adsorbed oxygens, O¢"¢". The XPS analysis of the Ols-core-level spectra and
magnetic characterizations indicate the proper stoichiometry of the present sample. Considering the change
of volume phase fraction in the isofield magnetization measurements during the first-order magnetic phase
transition from paramagnetic state to ferromagnetic state, the isothermal magnetic entropy change (4S) has
been estimated based on the modified Clausius-Clapeyron equation. An inverse magnetocaloric effect has
also been noticed in the -4S vs. T plot calculated by Maxwell’s thermodynamic relation, suggesting the
dominant antiferromagnetic ground state supported by a charge-ordered phase of the studied system. The
high-temperature zero-field heat capacity (C,) data can be well-interpreted quantitatively using the Debye
model of heat capacity. With the extracted magnetic heat capacity (C,,,) data, the temperature variation of the
magnetic entropy (S(0)), as well as the adiabatic temperature change (4T,,), have been estimated. In addition
to that, the low-temperature C, data displays a Schottky-like anomaly in the temperature region between 2 K
and 20 K. The experimental data points are successfully fitted by considering the various contributing factors
of the low-temperature heat capacity such as the lattice-phonon vibration (C,,), antiferromagnetic spin-wave
(C,4¢)> and the two-level Schottky function (C,,,) due to the energy splitting of the Sm** cations.

1. Introduction The change of isothermal magnetic entropy (4S) and adiabatic
temperature (4T,;) upon application of any external magnetic field

From the half of the century, both doped and undoped perovskite is known as the MCE of any magnetic material [17]. Both the high
manganite compounds get massive importance at the forefront of

condensed-matter physics research activity on account of their
widespread applications in the area of magnetic switches, magnetic
memory storage devices as well as in magnetic refrigerant cooling in-
dustries [1-7]. Generally, undoped RMnOj; (R is trivalent elements, ba-

values of A4S and 4T, along with negligible thermal and field hysteresis
are the basic requirement for any refrigerant material in the magnetic
cooling industries. Higher values of A4S can be obtained in the vicinity
of the magnetic phase transition temperature regions. In the case of

sically the lanthanides) compounds possessed antiferromagnetic (AFM) doped perovskite manganite having the general formula R;_ A, MnOj,
insulating properties [8,9]. Upon doping of R-site by any divalent (A is a divalent element), the doping concentration, x plays a vital role
elements (e.g. Ca, Sr, Ba, Pb, etc.), induces Mn** ions in the RMnO, to achieve various magnetic ground states in manganite compounds
systems, which favors some fascinating inherent physical properties like charge-ordered (CO) state, frustrated spin state, fully ferromag-

like charge-orbital ordering (COO), ferromagnetism, Jahn-Teller lattice netic (FM) or AFM state, and so on [18-25]. Charge-ordering is the
distortion, metal-insulator like transition (MIT), which are leading checkerboard-like real-space ordering of Mn>* and Mn** cations due to

to get colossal magnetoresistance (CMR,)’ and ?arg.e magnetocaloric the predominant effect of onsite Coulomb repulsion energy over the ki-
effect (MCE) [10-16]. Due to the potential applications as well as to

understand the rudimentary physics, investigations on CMR and MCE
on manganite compounds have been widely carried out [10-16].

netic energy of e, electrons and this phenomenon is generally observed
for half-doping concentration (x = 0.5) in case of the doped manganite
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compounds [26-30]. Due to the equal distribution of Mn3* and Mn*+
ions (Mn®**: Mn*t = 1:1) in CO state, the €, electrons could not easily
hope to its nearest neighbors and as a result, an insulating (AFM
in nature) ground state is formed below the specific charge-ordered
temperature (T¢() [31,32]. Microscopically, all the spin, lattice, charge
and orbital degrees of freedom play simultaneously in the CO-state and
make this state a hot topic among the researchers [30]. The robustness
of the CO state can be weaken upon application of external perturba-
tions like magnetic field [33,34], electric field [4], pressure [35,36],
radiation [37], etc. where, AFM-insulating ground state converted into
an FM-metallic (FMM) state. Such a huge destabilization of the CO state
leads to CMR and large MCE.

The classical Maxwell’s thermodynamic relation (MR) [38] of the
form

H
AS = / (0M /oT)d H @
0

has been employed to estimate the change of magnetic entropy in
most of the cases. A small change in the value of magnetization in
the vicinity of magnetic phase transition could result in a higher value
of AS. The applicability of MR is suitable for a continuous magnetic
phase transition region, which is second-order in nature [39]. However,
for phase-separated systems like CO compounds, high possibility of
having a meta-magnetic like phase transition, which is of the first-
order in nature and accompanied by both thermal and field hysteresis.
In this scenario, the application of MR to estimate the value of A4S is
not recommended due to the contradictory results obtained from both
experimental and theoretical investigations [40-43]. This discrepancy
may be arisen due to the conversion of the non-equilibrium nature of
the volume phase fractions. To resolve this issue, Giguere et al. had
advised to use the Clausius-Clapeyron (CC) equation [43] of the form,

A4S = —AM< aH > @)

dT,
rather than MR to calculate the AS associated with the first-order
magnetic phase transition (FOPT). The direct application of MR in a
FOPT system leads to a ‘spike’ in the AS(T) curve whose magnitude is
far above the theoretically expected value and the underlying physics is
still mysterious for researchers [44-46]. Recently, we have shown the
reliability of CC equation to calculate the A4S value in Eug 55Sr 45MnO;
compound, having short-range FM interaction below T < 30 K and
compared the value of 4S as calculated by using the MR equation [47].
Similar kind of analysis of magnetic entropy change has also been
reported for some intermetallic compounds [48,49].

In the family of manganites, Smg,5CaysMnO; compound carries
notable importance due to the presence of its CO state with T¢gy ~ 250
K [50,51]. This robustness of CO state can be melted upon application
of a high magnetic field, H = 60 Tesla at 4.2 K [52]. But upon half
doping of Ca-site by Sr-ions would help to reduce the critical magnetic
field for destabilizing the CO-state up to 4.8 Tesla at T = 2 K, resulting
in CMR of the order of 10'5%, as reported by Banik et al. [53].
To understand the magnetic ground state of Smg 5Cag 5Srg 25MnO;
(SCSMO) compound, we have constructed the magnetic phase diagram
of the single-crystalline SCSMO compound both in-plane and out-of-
plane configurations using the MCE as an effective tool as described
in our earlier report [33]. Interestingly, the anisotropic nature of the
magnetic ground state of SCSMO compound has been observed [33].
Lack of attention has been paid in the numerical value of 4S in the
vicinity of the magnetic phase transition region. One would also expect
a Schottky-like anomaly in the low-temperature heat capacity data of
a CO manganite compound. In this high CMR SCSMO compound, in-
depth analysis of low-temperature heat capacity has not been carried
out in earlier studies [33,53]. Less interest has also been paid in
the study of low-temperature heat capacity of Sm-based manganite
compounds.
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Considering those contexts, we have chosen the single-crystalline
form of the SCSMO sample for the present study. The primary aim of
the present study is to explore the influence of the first-order nature
of the magnetic phase transition on its MCE. In addition to that, we
have also focussed our attention on the temperature-dependent heat
capacity data of the sample especially at the low-temperature region,
where different competing magnetic phases coexist together. Our exper-
imental results indicate that the compound exhibits a moderate value
of magnetocaloric parameters namely 4S, relative cooling power (RCP)
and 4AT,,. The zero-field low-temperature heat capacity data shows a
Schottky-like anomaly and this Schottky behavior is understood with
two-levels Schottky function of heat capacity for Sm>* ions in a wide
temperature scale of 2-42 K. The high-temperature heat capacity data
has been analyzed with the help of the Debye model for lattice specific
heat. In addition to that, we also performed the x-ray photoelectron
spectroscopy (XPS) measurements to ensure the ratio of Mn3* and
Mn** ions which play an important role in case of the CO manganite
compounds.

2. Experimental details

The single-crystalline SCSMO compound was prepared by conven-
tional solid-state reaction method, followed by using a four-mirror-
based float zone furnace (Crystal System Co.) [33]. Phase purity and
crystal structure was confirmed for the as-cast powdered SCSMO com-
pound from the x-ray diffraction pattern recorded at room temperature.
The SCSMO compound was formed in single-phase, supported by the
orthorhombic crystal symmetry with space group Pnma [33]. To inves-
tigate the immaculacy, chemical composition and oxidation states of
the elements present in a sample, XPS is used as a very sensitive power-
ful tool. Here, we have used a monochromatic Al-K, source with energy
1486.7 eV in an ultra-high vacuum XPS set-up from VG-SCIENTA. The
binding energies were edited by neutral C-1s peak, which is assigned
the value of 284.6 eV. For the evaluation of the XPS data, CASA-
XPS software has been utilized. The Shirley background correction was
employed to deconvolute the experimental curves with optimum mini-
mizing the number of peaks used to well fit them. Both temperature and
magnetic field dependence of magnetization measurements have been
carried out using a vibrating sample magnetometer-based supercon-
ducting quantum interference device (SQUID-VSM, Quantum Design).
Zero field heat capacity (Cp) measurements have been performed in
a physical property measurement system (Quantum Design, USA) by
relaxation technique.

3. Results and discussions
3.1. XPS study

A full survey scan of the SCSMO sample surface has been presented
in Fig. 1(a). The XPS survey scan has confirmed the presence of Samar-
ium (Sm), Calcium (Ca), Strontium (Sr), Manganese (Mn), and Oxygen
(O) elements in the system. There is no foreign material present in the
sample. It is decided from the absence of any other additional lines
related to the contamination or impurity, except a peak at ~ 285 eV that
corresponds to C-1s. This carbon (C-1s) peak may be attributed due to
the residual carbon from the sample or adventitious hydrocarbon from
the XPS instrument itself [54]. In manganite compounds, magnetic
ordering is mainly attributed to the exchange mechanism between va-
lence states of manganese ions. The well-fitted high-resolution XPS core
level binding energy spectrum of the Mn-2p; , region has been shown
in Fig. 1(b). From Fig. 1(b), it has been observed that the Mn-2p; 2
peak is mainly deconvoluted into two peaks at 641.48 eV and 642.80
eV which are corresponding to Mn>+ and Mn** ions respectively [55—
58]. This decomposition of the main peak into two peaks indicates the
coexistence of two oxidation states of Mn-ions. To calculate the relative
fraction of the Mn>* and Mn** cations in the sample, the area under
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Fig. 1. (a) A full-range survey scan of the surface of SCSMO compound, (b) The deconvoluted XPS core-level spectra of Mn-2p lines in the Mn 2p;/, spectral region. The blue
curve is fitted for Mn**-ions and the red one is fitted for Mn**-ions. The pink curve overlapping with experimental data points is the as simulated curve and the bottom green
curve is the as deducted Shirley Background curve, (c) The deconvoluted XPS core-level spectra of the O-1s peak. The fitted blue, red, and dark yellow curves are attributed to
the O -ions, O'~-ions and chemically adsorbed oxygens, O°"¢" respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.)

Table 1
Various parameters evaluated during the fitting of the Mn-2p;,, core-level spectra.
Peaks Position (eV) FWHM (eV) Area under
the curve
Mn?* 641.48 2.38 518.89
Mn** 642.80 3.03 501.31

the Mn?* and Mn** curves are utilized. The mixed-valence manganese
ratio of Mn>*/Mn** in the present case is ~ 1.035, a generic feature of
any CO manganite compound [56,58]. The peak positions, full-width
at half-maximum (FWHM), area under the curves are listed in Table 1.
Oxygen nonstoichiometry can also affect the relative proportion of
the Mn-ions to maintain the electroneutrality [59]. In case of the CO
SCSMO compound, the experimentally obtained Mn3t/Mn** is very
close to 1, which suggests that our sample has almost stoichiometric
oxygen content. The fitted Mn-2p;,, spectrum provides one of the
vital information of the average valence states of Mn-ions present in
the studied system. Following the procedure similar to the analysis as
proposed by Wu et al. we have estimated the average valence state of
Mn-ions and the obtained value is +3.491 [60].

Since, various contradictory reports have been found in the litera-
ture on O-1s peak of manganite systems, it is hard to accurately explain
the O-1s peak [60-68]. Though we had tried to best fit the narrow
scanned region of the O-1s spectrum and explained it with the help
of literature. The core-level spectrum for binding energies of O-1s for
SCSMO is presented in Fig. 1(c). After removing the background, using
a Shirley background-type, the O-1s core level spectrum is fitted using
three Gaussian curves. The binding energies are determined as 529.06
eV, 531.29 eV and 533.24 eV. The peak at 529.06 eV is attributed to
the lattice oxygen in the form of O?~ ions originated from the metal
oxides present in the sample, which provides the information about
the hybridization of O-2p with transition metal ions (basically Mn-
O bonds) [60,63,66,67]. The intermediate peak at 531.29 eV can be
linked with the oxygen vacancies i.e. the oxygen-related defects due to
the surface adsorbed oxygen or hydroxyl species or other radical, such
as CO or CO,, in the oxygen-deficient regions in the sample [54,63].
But for the present scenario, it is almost impossible to have the oxygen
vacancy in the studied system due to the following reasons: (a) the
photoelectrons of the O-1s spectra originated from the 1s electrons
of oxygen atom. The vacancy without atoms cannot emit the photo-
electrons, (b) According to the fitted result of Fig. 1(c), the oxygen
vacancy content is more than the lattice oxygen content which is
impossible to form a crystal structure. Hence, the intermediate peak at
531.29 eV of O-1s spectra is attributed to the presence of O'~ ions that
could allow the compensation for some deficiencies in the subsurface
of the transition-metal oxides [60,66-68]. This fact is also supported

Table 2
Different parameters obtained from the fitting of O-1s core-level spectra.

Peaks Position (eV) FWHM (eV) Area under
the curve
0~ 529.06 1.24 369.22
o'~ 531.29 2.38 913.81
Qchem 533.24 2.58 514.95

by the work carried out by Wu et al. where they had showed that
the peak intensity was decreasing with the increment of the oxygen
vacancy content [68]. The higher binding energy peak observed at
533.24 eV indicates loosely bound oxygen, from chemically adsorbed
water molecules on the surface, O¢¢" of the sample [60,64-66]. All the
fitted parameters like peak-position, FWHM and area under the curves
obtained from the fitting of O-1s core-level spectra are listed in Table 2.

To find out the average valence state of oxygen ions in the present
system, we have considered the area under the curves corresponding
to 0>~ and O'~ ions respectively [60,67,68]. The estimated average
valence of the oxygen ion, V,o- is —1.712, which is in good agreement
with the already reported values found in the Refs. [60,67,68] and
also the references therein. To get the charge neutrality for any stable
compound, the absolute values of the anion valance should be equal to
the sum of all the cation valences (V,+) present in the system [68].
For any oxide-based compound having the general formula ABO;_; (6
is used to represents the excess or lack of oxygen content), one can
find out the actual oxygen content of the sample using the relation
(3-8)|V,40-1 = V ¢+ and the obtained value of 6 is —0.49. Therefore,
the oxygen content in the present sample is more than 3.

3.2. Magnetization study

To understand the magnetic ground state of the SCSMO system,
isothermal magnetization (M-H) measurements have been performed
at T = 5K, 50 K and 150 K as shown in Fig. 2(a). Before each
measurement, the system along with the sample is cooled down to the
desired temperature from room temperature in absence of any magnetic
field. Linear increment of magnetization with the magnetic field at T =
5 K supports the AFM ground state of the compound at low field values.
At a critical magnetic field of H. ~ 2.7 Tesla at T = 5 K, the system
undergoes a meta-magnetic-like transition (AFM — FM). This change of
magnetization is irreversible in nature and the system remains in the
FM state after subsequent field cycling [33]. The presence of strong
magnetic field hysteresis at 7 = 50 K is pointing towards the fact of
coexistence of multiple magnetic phases in the system [47]. This kind
of S-shaped magnetization curves along with field hysteresis is a clear
signature of having FOPT in the system [69]. Absence of any magnetic



D. Magumdar et al.

80F
aSO / - (a)
E
g T=5K
= 40 <=
3 T=50K
&82/ 0 I 00 e H(,~2.7 Tesla
2 H (Tesla) R T=150K
g 13
40} 3 74
00 1 23 456 7
Lok v o, T
8 -6 4 -2 0 2 4 6 8
H (Tesla)

Journal of Magnetism and Magnetic Materials 540 (2021) 168447

100+ (b) 120} ST = 0125 Tesla/K

100

T, (K)

75

80

60

H (Tesla)
H =7 Tesla, AH =1 Tesla

M (emu/gm)

25

H=0.5 Tesla

200 300

0 100
T (K)

Fig. 2. (a) Isothermal magnetization (M—H) data recorded at 7' =5 K (main panel), 50 K (upper inset) and 150 K (lower inset) for the desired quadrants, (b) Isofield magnetization
measurements (M-T) recorded for various external magnetic fields under field-cooled-warming protocol. The inset shows the magnetic phase diagram (T, - H) constructed from

the isofield magnetization data.

field hysteresis with its complete linear nature in the M-H curve at
T = 150 K represents the conversion of mixed-phase state (AFM + FM)
into paramagnetic (PM) one. This whole process can be well understood
from the scenario of martensitic-like phase transition [47,70].

The temperature dependence of magnetization measurements have
been carried out for various external magnetic fields as shown in
Fig. 2(b). Here we must mention that before each measurement, the
sample was cooled down to the lowest temperature in the presence
of desired static magnetic field and data were recorded during the
warming cycle in the presence of the same static magnetic field as
applied during cooling the system. With decreasing temperature, the
FM volume phase fraction started to grow. As a result, magnetization
increases accordingly. A sudden jump in the value of magnetization
has been noticed in the vicinity of the transition temperature, T~ and
the system converted into a PM one [71]. With the application of
magnetic fields, the transition temperature, T, starts to shift towards
higher temperature linearly at the rate of 0.125 Tesla/K as shown in
the magnetic phase diagram in the inset of Fig. 2(b).

The conventional super-exchange and double exchange interaction
models where all the oxygen anions were assumed as negative divalent
ions in the oxide compounds can be used to understand the underlying
physics behind this phenomenon [72,73]. From the magnetization as a
function of temperature data (Fig. 2(b)), another prominent transition
is also observed at the very low temperature (T < 50 K). However,
in the presence of large external magnetic field, the signature was
diminished. Such transition was also reported earlier in case of similar
types of other manganite compounds [73-75]. The transition at the low
temperature can be explained using the itinerant electron model for
magnetic oxide (IEO) as reported by Tang et al. [73]. According to their
model, different ionic valencies in the polycrystalline compounds play
crucial role for magnetic ordering especially at the low temperature re-
gion [73,76-78]. Additionally, the interactions of various magnetically
canted sublattices (constituted by rare-earth and Mn-ions) corroborates
such prominent magnetic transition at the low temperature region.

To get the clear picture of the high-temperature PM state, the
reciprocal of susceptibility, y~' as a function of temperature for H
= 0.05 Tesla has been plotted as shown in Fig. 3. The plot shows
a non-linear behavior except the high temperature PM region. In
that region, we used Curie-Weiss (CW) law of the form y = C/(T
- 0oy ), where C = /43 ; f/3k is the Curie constant and 6.y is the
Weiss temperature. The linear fitting of the y~! vs. T plot results
in a positive value of 6.y, ~ 123 K, and an effective magnetic mo-
ment, (K, )exy = 6.54 up/fu.. One can calculate the value of effec-
tive magnetic moment theoretically using the formula, (4,7 )ipey =

1/2
(O~5(”eff)2sm3+ + 0-5(lleff)3wn3+ + O-S(ﬂeff)i/[n4+) / ; where, (Hef £)sm+s

0.8
=
g 0.6r —o— " vs T plot
QL — CW law fitted curve
0
< H=0.05 Tesla
2 041
e
= 02}

Oy~ 1223K
0.0¢ : :
0 100 200 300

T (K)

Fig. 3. Temperature dependence of the reciprocal of susceptibility (y~!') along with
the high-temperature Curie-Weiss law fitted curve.

(HepIpgma+ and (o p)pppe are calculated with the help of u,,, =
gvj(j + Dupg formula. The as calculated effective magnetic moment,
(Hef fIineo = 445 up/ f. u. is lower than that of experimentally cal-
culated value. Both the higher value of effective magnetic moment
((He 1 f)exp) and positive value of ¢y, confirms the presence of short-
range ordered FM clusters in the PM matrix of the compound [47].

3.3. Magnetocaloric effect (MCE)

To estimate the change of magnetic entropy (4S) of the present
studied SCSMO system using classical MR as given in Eq. (1), a set
of isothermal magnetization curves have been recorded around a large
temperature span of 10 K - 200 K with desired temperature interval
of 5 K and 10 K with a maximum field change of 7 Tesla, presented
in Fig. 4(a). The compound exhibits pronounced meta-magnetic-like
transition at the low-temperature values. One can observe the two steps
jumps of magnetization with the increasing magnetic field at 7 = 10 K
as presented by the dark solid black line in the respective figure. The
values of the required critical magnetic field for the meta-magnetic-
like transition reduces successively with increasing the temperature and
the magnetization tends to saturate at the high field regions, indicating
almost the complete melting of CO-AFM ground state into field-induced
FM state. With increasing temperature, the thermal energy of the
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Fig. 4. (a) Isothermal magnetization curves recorded over wide range of temperature, 7 = 10 K — 200 K upon field sweeping of 0 Tesla — 7 Tesla, (b) Isothermal magnetic
entropy change (—4S) as a function of temperature for various magnetic fields calculated using the Maxwell’s relation.

system helps to loose the blockage of magnetic spins, resulting a PM
ground state in the system [47]. The isothermal magnetization curves
also indicate that there are the canted magnetic coupling (i) in between
Mn-Mn sublattices and (ii) in between Sm—-Sm sublattices. The canting
angle increases with the increasing of the test temperature, resulting
in the magnetization increases more slowly with more higher test
temperatures.

One can conclude from the above discussion that the virgin system
initially possesses a canted-type AFM ground state, which can be easily
transformed into an FM irreversible and stable state upon application
of a suitable amount of magnetic field. The presence of such meta-
stable AFM ground state initiates irregular nature in the temperature
dependence of magnetic entropy change curves (—4S vs. T), coined
as the inverse magnetocaloric effect. We have plotted the variation
of —AS with temperature under various external magnetic fields in
Fig. 4(b). Below T < 35 K, the compound exhibits negative values of
—A4S irrespective of the applied magnetic fields, pointing towards the
inert AFM ground state of the compound. Although, we have claimed
in the previous paragraph about the complete conversion of AFM state
into FM one at high field regions, but the —4S vs. T curves indicate
the presence of short-range AFM components at the low-temperature
region independent even of 7 Tesla high magnetic field. A crossover
of —AS from negative to positive values with increasing temperature
along with a board distinct peak signifies the establishment of FM
phase in the system. The FM transition temperature, T represented by
the peak temperature of —A4S vs. T curves are shifting towards higher
temperatures with increasing magnetic field values. The maximum
value of magnetic entropy change (4S) is found to be 6.4 J/kg K for a
field change of O Tesla—7 Tesla. The compound also manifests the FOPT
confirmed from the construction of Arrott’s plot (M2 vs. H/M) [79],
which is not shown herewith.

In order to estimate the entropy change (—4S) from the isofield
magnetization data, the applicability of CC equation can be considered
as one of the best methods. We are interested in the FM section
of the entropy change (—4S). For this purpose, we consider the M—
T curves recorded in the field-cooled-warming (FCW) protocol for
different external magnetic fields as shown in Fig. 2(b), where the
system converted its ground state phase from FM to PM with decreas-
ing temperature whatever be the applied magnetic fields. The reason
behind to choose FCW M(T) curves is to avoid the thermal hysteresis
as the compound shows a huge thermal hysteresis in between field-
cooled-cooling (FCC) and FCW M-T curves as discussed in our earlier
reports [33]. The FM phase fraction of magnetization, f(T) of the system
can be estimated by assuming the fact that the total magnetization is
directly proportional to the phase volume fraction [48,49]. To estimate

Table 3
Magnetocaloric parameters of single-crystalline SCSMO compound. Here MR stands for
Maxwell’s relation and CC stands for Clausius—Clapeyron equation.

H 48, (J/kg K) RCP (J/kg) AT,
(Tesla) MR cc MR cc ()

1 0.66 0.79 15.58 5.79 0.37
2 2.17 2.90 62.81 33.46 0.71
3 3.67 5.05 123.92 79.46 1.56
4 4.58 6.19 189.56 136.30 2.21
5 5.36 6.53 259.53 184.92 2.56
6 5.99 6.43 318.01 222.61 2.78
7 6.40 6.14 386.88 257.63 2.94

the value of f(T) for various magnetic fields, it is requisite to obtain
the magnetization data of both the pure FM phase (Mf,,) and fully PM
phase (Mp,,) for a constant temperature. As a result, linear extrapola-
tion of M-T data in the two different phases have been employed to get
the M), and Mp,, data which are presented by blue and olive solid
lines in Fig. 5(a) respectively. Using M(T), Mp,,(T) and Mp,,(T) data,
one can estimate the normalized FM phase fraction, f(T) by using the
expression,

fry=2D=Mrw o 1004 3)
Mgy — Mpy

The normalized f(T) curve with respect to temperature is plotted by
the pink solid line for a field change of H = 4 Tesla as a representation
as shown in Fig. 5. It is reported in the literature that the impact of
both temperature and magnetic field is thermodynamically equivalent
as an operating force for the change of magnetic phases. To confirm
the fact, we have calculated f(T) for different magnetic fields from
the M-T data (from Fig. 2(b)) and presented in Fig. 5(b). The nature
of the f(T) curves remain unchanged irrespective of the applied fields
and the respected phase transition temperature, T is shifting towards
the higher temperature with increasing magnetic field values like the
M(T) curves. The transition temperature, T increases with increasing
the field values at the rate of 8 K/Tesla. The net change of f(T) with
the increasing magnetic field can be calculated by using the following
equation,

Af(T,AH) = f(T,H;) - f(T, H)) C)

where H; and H, are the initial and final values of the magnetic field
respectively [48]. In our case, we consider 0.5 Tesla as the initial
field value to calculate Af(T, AH). The variation of Af(T, AH) with
temperature for different field values is shown in the inset of Fig. 5

(b).
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Fig. 5. (a) Magnetization as a function of temperature represented by black open circles measured at H = 4 Tesla. The blue and olive solid lines represent the extrapolated
ferromagnetic (M,,) and paramagnetic (M,,,) magnetization data respectively. The equivalent ferromagnetic phase fraction, f(T) is presented by using a solid pink line, (b)
Variation of normalized ferromagnetic phase fraction, f(T) with temperature calculated for various magnetic fields. Inset shows the corresponding Af(T) versus T curves estimated
from the f(T) curves. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 6. Variation of isothermal magnetic entropy change (-4S) as a function of
temperature calculated by using the Clausius—Clapeyron equation.

For a complete transformation of a pure FM phase into a pure an
PM phase, and vice versa, the total entropy change (4S) in the vicinity
of the magnetic phase transition region can be quantitatively calculated
using the CC equation as given in Eq. (2). Since the tendency of phase
transformation is directly affected by the magnetic field, one has to
modify the CC equation of the following form [48] by considering the
value of Af(T, AH),

as = —ar.am( L : ®
=47 <dH>

where, AM = Mg, - Mp,, is the difference of magnetization in between
pure FM state and PM state. The variation of as the calculated entropy
change (—A4S) using the above expression with temperature for the field
change from H = 1 Tesla to 7 Tesla are shown in Fig. 6. The pattern of
the —4S vs. T curves are almost similar to that of the obtained curves
using MR (shown in Fig. 4(b)). The maximum value of the entropy
change slightly decreases from 6.53 J/kg K (4H ~ 5 Tesla) to 6.14 J/kg
K (4H =~ 7 Tesla). The reason behind such an interesting result may be
due to the decreasing of net values of Af(T, 4H) in the high field values.
Regarding this context, we must mention that not a single spurious
spike has been observed in the —4S vs. T curves calculated from both
the methods. Table 3 shows the comparison of the maximum values of
entropy change (|4S,,,,|) calculated using MR and CC equation for the
various applied magnetic fields.

Table 4
Comparison of magnetocaloric parameters (4S,,,,
systems along with some other oxide compounds.

and RCP) of the present studied

Compounds A4S, H RCP References
J/kg K) (Tesla) J/kg)
SCSMO 5.36 5 260 Present work
Lay 675r¢.33Mng oCry 1 O3 5.00 5 200 [81,82]
Lay;Cag 55T 25MnO; 6.86 5 364 [81,83]
La, ¢,Bag 33MnO; 1.48 5 161 [81,84]
Lay 6751.33MnO; 1.69 5 211 [81,84]
La, ,Caj 33MnO; 2.06 5 175 [81,84]
Lay g7S1.13MnO; 5.80 5 232 [81,85]
Lag g4Sr9.16MnO; 5.85 5 240 [81,85]
GdMnO, 15 7 211 [86]
GdAIO; 3.4 7 203 [86]

To understand the quality of any magnetic refrigerant material, RCP
is more frequently used by researchers [80]. It is defined as the net
change of heat transfer between a hot source and a cold reservoir in an
ideal refrigerant cycle of any magnetic refrigerant material [80]. RCP
can be quantified as the product of maximum values of entropy change,
|4S,,.«| and the full width at half maxima of the temperature, 6Ty s
of —AS vs. T curve i.e. RCP = |4S,,,,|X 6T gy i a- Higher values of RCP
can be achieved either by getting a large value of |4S,,,, | or widespread
of —4S vs. T curves and sometimes both the possibilities are considered
as much suitable option. We have calculated the RCP from both the
—AS vs. T curves obtained by using MR and CC equation and compare
their values along with the |4S,,,,| in Table 3 for different field values.
Table 4 also presents a comparison of the magnetocaloric parameters
(both |4S,,,.| and RCP) of the present studied system along with some
other similar types of manganite compounds.

To ensure the potentiality of a magnetic refrigerant material, apart
from the value of |4S,,.| and RCP, another parameter, named as
adiabatic temperature change, AT, is widely used worldwide. AT, is
defined as the isentropic temperature difference between S(H, T) and
S(0, T). Alternatively, one can estimate the AT,, using the classical MR
of the form

H
AT, (T, H) = —/ CL(‘;—ATI
o Cp
where C is the heat capacity of the system in the absence of a magnetic
field. We follow the first method to estimate the value of AT,;. For
that at first, we calculate the total entropy of the system in absence
of magnetic field, S(0, T) from the zero-field heat capacity data which
will be discussed in the next section. The total entropy in the presence
of various magnetic fields can be obtained from the addition of S (0,

JdH (6)
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Fig. 7. The 3D contour plot of AT,, as a function of both temperature and magnetic
field obtained from the isothermal magnetization measurements and zero-field heat
capacity data.

T) and —4S calculated from isothermal magnetization measurements.
The AT,,; can be calculated from the relation AT, = [T(S, H) - T(S,
0)] 5—consiani- We have used the values of entropy change, 4S calculated
using MR and considering only the positive part of the —4S vs. T curves
above T > 30 K. The as calculated AT, for various applied magnetic
fields and its variation along with the temperature is shown as a 3D
contour plot in Fig. 7. The obtained maximum values of AT, for this
studied system is also presented in Table 3.

3.4. Heat capacity measurements

In order to get a better insight into the phenomenon that takes place
in the studied SCSMO system, we have measured the heat capacity (Cp)
in the temperature range of 2 K-302 K without any magnetic field.
The temperature dependence of zero-field heat capacity (Cp) data is
presented in the main panel of Fig. 8(a). The value of Cp increases
progressively above T = 10 K with increasing temperature and it
approaches the value of about 108.7 J/ mol K at T = 302 K. According
to the Dulong-Petit law, the classical limit of Cp at high temperature is
estimated by using the expression Cp = 3nR, where n is the number of
atoms per unit cell and R is the universal gas constant. The highest
observed experimental value of Cp is just 87% of the theoretically
predicted value of Cp ~ 125 J/kg K for n = 5. In the temperature
range between T = 10 K-302 K, no strong anomaly due to any local
ordering has been noticed. Below T < 10 K, a prominent shoulder peak
in the heat capacity data has been observed. This board hump around
T¢ = 7.52 K may be associated with a Schottky-like anomaly caused
by the crystal-field level excitations of unpaired 4f electronic states of
Sm3* ions [87]. A similar type of Schottky-like anomaly is also reported
for the Sm, 5Cay sMnO; compound [28]. For better understanding the
Cp data, we have divided and analyzed the data in two different
temperature regions namely low temperature Schottky-like anomaly
region and the classical high temperature region.

Various factors influence the Cp of any system and to analyze the Cp
vs. T data, contributions from different sources must be accounted for.
In the high-temperature region, phonon-lattice contribution becomes
the dominating factor in the C, data. The studied SCSMO system shows
highly insulating behavior due to the localization of e, conduction
electrons down to the lowest measurable temperature. Therefore, the
electronic contribution of the Cp (C,,,.) does not account in the present
study (C,,.. = 0) [28]. The Debye-model of Cp of the following form
has been used to extract the lattice contribution of the Cp from the total
Cp data,

0p/T 4 x

T \3 b x*e
Cipy =9nR(— —d 7
w=onr(g) [ @
where @, is the Debye temperature and x = hw/kgT (symbols have
their usual meanings). The zero-field Cp data along with the Debye
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Table 5
The extracted Schottky parameters obtained from the Schottky-like anomaly fitting of
the low-temperature zero-field heat capacity data.

Ty K) o , w3 Ywy 4, (meV) 4, (meV) 4; (meV) 4; - 4, (meV)

7.52  0.266 0.371 0.400 1.037 0.46 0.95 1.93 1.47

model fitted curve in the high-temperature region is displayed in the
main panel of Fig. 8(a) by solid black spheres and solid red line respec-
tively. The obtained value of the @, is around 517 K. However, below
T = 100 K, the fitted curve strongly deviates from the experimental
data points. This may be attributed to the fact that, below T = 100
K, other contributions like magnetic, hyperfine, crystal-field splitting,
etc. start to dominant over the lattice contribution [88]. The magnetic
contribution of the Cp (C,,,) is extracted from the total heat capacity,
Ciorq after the subtraction of the lattice part, C,,, of the C;, data i.e. C,,,
= Ciprqs - Cjg- The extracted magnetic curve of Cp (C,,,) is shown in
the main panel of Fig. 8(a) by solid olive line. A strong board hump in
the C,,,, curve has been noticed at around T ~ 55 K, which is very close
to the value of T, of the studied system [33]. The associated magnetic

entropy, S,,,, can be estimated using the given formula,
hC,,
Shnag = £dr 8
- /T = ®
The variation of S,,, with temperature is shown in the inset of
Fig. 8(a). S,,,, reaches the saturation value of 1.44R just above T = 100

K. This zero-field magnetic entropy (S,,,,) has been used to evaluate the
adiabatic temperature change (4T,;) as mentioned in the last section.
At zero field, the estimated saturation value of S,,,, = 1.497R if we only
consider the contribution of 50% Mn>* ions and 50% from Mn** ions
to the total Cp. Upon consideration of Sm>* ions contribution to the
total Cp, the total estimated released entropy would be 2.392R whose
60% value is close to the experimentally obtained value of entropy. On
the other hand, an excellent agreement in the values of S,,,, has been
observed (~ 96%) if we consider the contribution only from Mn-ions.
This kind of discernible result in magnetic entropy has also been found
in other manganite system [88-90].

The temperature window (2 K, 42 K) has been used to understand
the low temperature Schottky-like anomaly in the Cp data. Apart from
the significant shoulder at around 7.5 K, higher values of Cp have been
noticed in the low-temperature region that is one order of magnitude
higher than that of some other reported manganite systems [91,92].
Due to the localization of charge carriers in the CO state, the effective
mass of the charge carriers increases, and as a result higher values of
Cp have been observed at low temperatures. This is also the reason
behind not including the linear electronic contribution term of Cp in the
analysis. In addition to that, the hyperfine contribution to the specific
heat with a T-2 dependence term, caused by the local magnetic field
at the Sm and Mn nuclei is negligible at T > 2 K [93]. Therefore, the
final expression for the total heat capacity at low temperature region
with a Schottky-term (C,,;,) can be expressed as

Crmal = Clat + Cm + Csch (9)

ag

where the first term, C,, represent the lattice contribution [30] in the
Cp and can be expressed as C;,, = X.f,,,, T>**!. The parameters $,,,,
(n=1, 2, 3,....) represent the contribution of phonon nodes. The first
term of phonon nodes, f; is related to the Debye temperature (©p)
of the system in the low-temperature region. Higher values of n have
been used to well fit the data at the high-temperature limit. We have
used n = 3 to get the best fit of the Cp data points up to T = 42 K.
The second magnetic term, C,,,, = 6T", n > 0 is used to extract any
information regarding spin-waves of the system. The parameter § is
related to stiffness-constant of spin-waves. It is proposed that the value
of n should be 1.5, 2 and 3 for an FM, layered AFM, and isotropic
AFM system respectively [94]. In our case, we set the parameter n free
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during the fitting of low-temperature Cp vs. T data. The best-fitting has
been obtained for the value of n close to 2, suggests the dominant AFM
ground state of the system. Finally, the Schottky contribution (C,.,) to
the Cp is described by a discrete distribution of Ng two-level systems
having different splitting energies, 4; of the ground state doublet of
Sm3* ion corresponding to different weight factors, ;. The expression
for the Cp due to Schottky-like anomaly [87,95] can be expressed as
4 \2 4;
(IQTT) eXP(kB—T) 10

1 <
Csch = ERZw[ A
=1 [l +exp(k3—'T)]2

During the fitting, we have used both single and double Schottky
levels individually to obtain the best version of the fitting of the exper-
imental data points. But the fitting did not improve in either cases. It is
reported in the literature that in a crystal field of low symmetry, Sm3+
ion would be expected to split into three doublet levels [96]. We have
used three Schottky levels (Ng = 3) to fit the data points and a strong
correlation between Schottky energy levels (4 ;) has been observed.
The final fitted curve (C,,,) along with the experimental data points
is shown in Fig. 8(b). The goodness of fitting can be judged by the
obtained value of reduced 42 = 1.139 x 10~“. Different contributions to
the total Cp at the low-temperature have been extracted from the fitted
curve which are plotted in the same figure of Fig. 8(b). The results of
our Schottky approximations are summarized in Table 5. The energy
difference 4; - A; = 1.47 meV is nearly matching with that of other CO
manganite systems [93,95,97].

From the first phonon mode, g3, the Debye temperature, ©, [87]
can be calculated using the following expression

1
1274nR\ 3
o= (25%) an

The obtained value of @, is 340.8 K and this value is in good agree-
ment with that of the obtained values for similar types of manganite
systems [87,88,98]. Here we must mention that at high temperature
above T > 20 K, the Cp data is strongly dominated by the lattice
contributions (C,,,) with its higher-order term (f5T> + f,T7). For a two-
level Schottky function, the energy splitting (4;) could also be related
to the peak temperature (Tg) of the Schottky peak [30] in the specific
heat by the relation, 4 = kzT¢/0.418. The as obtained value of energy
splitting 1.55 meV is well-matched with that of obtained from the

Schottky fitting parameter (1.47 meV). Due to the lack of information
about the low temperature C, data of Sm based manganite systems, we
are free to compare our result for similar kind of manganite system. As
already mentioned above, our experimental results are well-grounded
and authentic for perovskite manganite systems.

4. Conclusions

In summary, we have carried out detail investigation on the mag-
netic and magnetocaloric properties of single-crystalline SCSMO com-
pound through both isothermal and isofield magnetization measure-
ments as well as heat capacity measurement. X-ray photoelectron spec-
troscopy study reveals that the almost equal distribution of Mn?* and
Mn** ions in the studied system which is an essential criterion for
a manganite material having charge-ordered state. The core-level
binding energy spectra of O-1s can be well-descried with three sim-
ulated curves with respect to the three different binding energies.
These three fitted peaks can be ascribed as O>~ ions at 529.06 eV,
0!~ ions at 531.29 eV, and chemically adsorbed oxygens, O¢"¢” at
533.24 eV. We have also estimated the average valence of oxygen
ions (V,o-) and net oxygen content (6) in the present system. The
appropriate proportions of the Mn?** and Mn** ions is also reflected
in the magnetic measurements of the compound. The isothermal mag-
netization measurement at low temperature discloses the presence of
field-induced meta-magnetic-type transition in the system. This inter-
esting phenomenon could result in an inverse magnetocaloric effect at T
< 35 K calculated using Maxwell’s relation. We have also estimated the
magnetic entropy change by utilizing the modified Clausius-Clapeyron
equation. Our experimental findings help to deal with the phenomenon
related with the magnetocaloric effect for many magnetic systems
having the first-order magnetic phase transition. No strong anomaly has
been observed in the zero-field heat capacity data down to 20 K from
302 K. Presence of a board Schottky-like anomaly has been noted in the
low temperature (2 K < T < 20 K) heat capacity data. This Schottky-like
anomaly is treated with a sum of three two-levels Schottky functions
along with the consideration of both lattice-phonon and AFM spin-
wave contributions. Owing to the localization of charge carriers, higher
values of heat capacity at low temperature has been achieved which
further confirms the dominating charge-ordered AFM ground state of
the compound. The present results of the studied SCSMO compound
are overall persistent with similar types of charge-ordered manganite
compounds.
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