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Polycrystalline Prg 45Sr).5;MnQO; forms a tetragonal structure belonging to the I4/mcm space group. X-ray absorption spectroscopy
revealed Mnzd level splitting with a higher density of state in ¢, |. The temperature-dependent electrical resistivity plot indicates
metal-to-insulator transition (7y) at 224 K at 0 T. Additionally, at lower temperatures, a distinct thermal hysteresis during heating
and cooling cycles between 0 and 2 T fields specifies a first-order (FOPT) magnetic phase transition. The temperature-dependent
magnetization plot shows a second-order (SOPT) paramagnetic (PM) to ferromagnetic (FM) transition phase transition at 226 K
(=T.) followed by FM to antiferromagnetic (AFM) transition with distinct thermal hysteresis evidence of FOPT at 152.5 K (=Ty).
The maximum isothermal entropy change (AS,,) estimated using Maxwell’s model near SOPT is —3.67 J/kg K at 8 T. Moreover,
near FOPT the maximum AS;, of value +4.29 J/kg K at H = 4 T is determined, which thereafter remained constant up to 8§ T
magnetic field. The AS,, value at a lower magnetic field is also computed using the phenomenological model. Landau’s theory
suitably explains the magnetocaloric (MCE) of Prg 45815, MnO; near SOPT in agreement with the value obtained using Maxwell’s

relation.

Index Terms— XXXXX. Manganite; Antiferromagnetic; Ferromagnetic; Colossal Magnetoresistance (CMR); Magnetic Entropy Change;

X-ray absorption spectra (XAS)

I. INTRODUCTION

ANGANITES near half doping are extremely fascinat-

ing since competing ferromagnetic metallic (FM-M)
and antiferromagnetic (AFM) charge-ordered insulating (COI)
phases have an analogous energy scale, implying that both
phases potentially coexisted [1]. Furthermore, magnetocaloric
(MCE) behavior has been demonstrated in these manganites.
Magnetic refrigeration tools, focusing on MCE, is environ-
mentally sustainable and energy efficient than traditional gas
compression or expansion refrigeration tools [2], [3], [4].
The MCE, or adiabatic change in temperature (AT,) or
isothermal change in magnetic entropy (ASy), is largely
been studied in the ferromagnetic (FM) materials at tem-
peratures near second-order (SOPT) paramagnetic (PM) to
FM phase transition (SOPT), the AFM materials with first-
order (FOPT) FM to AFM-COI phase transition (FOPT) are
also investigated for its giant MCE and large AS), val-
ues [5], [6], [71, [8], [9], [10], [11], [12]. In this article,
we investigated the magneto-transport, magnetic phase transi-
tion, and MCE properties of polycrystalline Pry 43Stg.s,MnO;
synthesized using the solid-state technique.

II. RESULTS AND DISCUSSION
A. Structural and Morphological Study

The X-ray diffraction (XRD) plot together with the Rietveld
refined pattern of the synthesized samples is shown in Fig. 1.

Manuscript received 27 March 2023; revised 8 May 2023 and 29 May 2023;
accepted 5 June 2023. Corresponding author: V. Dayal (e-mail: drvldayal@
gmail.com).

Color versions of one or more figures in this article are available at
https://doi.org/10.1109/TMAG.2023.3286435.
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Fig. 1. Experimental XRD pattern along with Rietveld refined pattern.

The pattern suggests the crystallization of the sample in the
tetragonal phase (JCPDF# 89-1332) with space group 14/mcm
without any secondary phase. The Rietveld refinement was
performed using Fullprof software [13]. The lattice parameters
acquired using the refinement are, a = b = 5.407(7) (A), c=
7.765(2) (A), V = 227.079(4) (A)’, Mn-O; = 1.941(4) (A)
and Mn;-O,-Mn; = 126.258 (2)°.

Fig. 2 displays X-ray absorption spectra (XAS) performed
at the Mn L edge. The Mn L, 3 edge noted in XAS results from
the transition of Mn 2p;/, and Mn 2p3/, states to the vacant
Mn;d state. The protocol described by Subias et al. [14] has
been adopted to investigate the accurate charge state of Mn.

According to this protocol, the L, peaks of the samples have
been aligned with the energy position of MnO, and Mn;03
and the later position of the L3 peak has been investigated.
It can be seen that the L3 peak position lies between the L

0018-9464 © 2023 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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Fig. 2.  XAS performed at the MnL edge.

peaks of MnO, and Mn, 03, suggesting the presence of Mn>**
and Mn** and signifying a mixed valent nature. Additionally,
the normalized XAS spectra oxygen (O);s spectra around the
K-edge (in the inset of Fig. 2) show the four distinct bands,
where “a” (at 536.52 eV), “c” (at 544.46 eV), and “d” (at
551.25 eV) have been ascribed to the hybridization of Oy, with
Mn3d, Oy, with Styg and O,, with Mny,, respectively, whereas
“b” (at 540.13 eV), is ascribed to the Mn3d unoccupied (e, |)
state sensitive to Mn valence, which arises as a result of the
splitting of the Mn3d level. The scanning electron micrograph
(SEM) shown in Fig. 3 (left panel) shows densely distributed
microns size grains and the energy dispersive X-ray spectrum
(EDX) (right panel) suggests the presence of the constituents
Pr, Sr, Mn, and O element.

B. Electrical and Magnetotransport Properties

The temperature-dependent resistivity plot as a response
to O T shown in Fig. 4 shows metal-insulator transition (MI)
at Tyn = 224 K, whereas CO transition at ~150 K.

Additionally, a distinct thermal hysteresis can be seen during
heating and cooling cycles between 0 and 2 T field. This
hysteresis is a critical feature of a FOPT with the concomitance
of AFM and CO phases, designated to the phase transition to
the Costate, where ostensibly Mn** and Mn** ions display a
real space arrangement in the sample [15]. Furthermore, it has
been noticed that the applied magnetic field suppressed the
resistivity and shifted the Ty at the higher temperature side,
indicating that the magnetic field enables the e, electrons to
hop amid the neighboring Mn ions. This hopping strengthens
the double exchange (DE) mechanism, which typically favors
the FM nature [16]. FOPT is diminished at the higher field
(8 T). The temperature-dependent magnetoresistance (MR)%,
which is equal to (o H — p0/p0) x 100 (as shown in the right
scale of Fig. 4) increases by lowering the temperature and
applying the magnetic field. MR of ~ 100% has been observed
at 5 K and 8 T, which seems to be significant for magnetic
device applications. Furthermore, the MR% isotherms, under
magnetic fields (0-8 T) are shown in Fig. 5. At 5 and 100 K,
the thermal hysteresis in cycles 0-8 T and 8-0 T is seen, which
indicates that magnetic fields have caused the CO-I phase to
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Fig. 3. SEM (left panel) and EDX spectrum (right panel) of the sample.
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Fig. 4. Resistivity versus temperature plot in left axis and right axis shows
MR% versus T.
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Fig. 5. MR% versus the magnetic field (H) isotherms measured at 5, 100,
150, 200, and 300 K.

destabilize. The dominant low field negative MR along with
MR ~ 96% is measured at the temperature at both 5 and 100
K at 8 T. At temperatures well below Ty, it is understood
that the FMM phase fraction is significantly greater compared
to the COI phase, which results in the low field MR primarily
by the grain boundary effect [17], [18].

The adiabatic small polaronic hopping (SPH) model given
by (1) is seen to be dominant at a high temperature as shown
in Fig. 6 [19], [20], [2]

E,
p:poTexp m . (D

Here, E, = activation energy, Kz = Boltzmann’s constant,
and py = residual resistivity coefficient term designated by
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SPH model).
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Fig. 7.  Temperature dependence of ZFC, FC, and FCW magnetization

measured at 500 Oe (Left axis). (Right axis) 1/x versus 7 in an applied
magnetic field. The inset shows the derivative of magnetization.

po = 2KpT/3ne*a’v, where e = electronic charge, n =
density of charge carrier, a = site-to-site hopping distance,
and v = longitudinal phonon frequency. The application of
the magnetic field decreased the activation energy (E,) from
138.74 (0 T) to 108.493 meV (8 T).

It is presumed that the application of magnetic decreases
E, value due to a decrease in the distortion of the lattice
and the decline in Jahn-Teller electron—phonon coupling,
causing the electrons to become delocalized, which is follow-
ing p(T) data, which decreases when the magnetic field is
applied.

C. Magnetic and MCE Properties

The zero-field-cooled (ZFC), field-cooled (FC), and FC
warming (FCW) magnetization (M) as a response to tempera-
ture (T') at 500 Oe magnetic is shown in Fig. 7. The plot shows
that the sample undergoes a dual transition; a PM to FM state
SOPT at T¢ = 226 K followed by FM to AFM state (FOPT) at
Ty = 152.5 K. The Curie—Weiss law fitting to the PM region,
the 6.y, (=282.6 K) acquired a positive value and corroborates
the FM nature of the sample above Ty, however, a slightly
higher 6.,, value than T, (226 K) is a signature of a magnetic
inhomogeneity in the sample, also higher pg (3.73 115) than
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Fig. 8. (Top panel) Magnetic field dependence of magnetization at different

temperatures (bottom panel). Arrott’s plot at different temperatures.

the expected 11 (3.51 1) value confirmed the manifestation
of magnetic inhomogeneity just beyond 7, [21], [22].

Furthermore, the magnetic field dependence of magnetiza-
tion (M versus H isotherms) measured in the temperature
range 110-180 K and from 220 to 300 K for a temperature
interval of AT = 10 K are shown in Fig. 8 (top panel).

It can be noticed that the M (H) data below T, surges faster
at the lower field region and then appears to saturate as the
magnetic field is increased. Arrott’s plot (M? versus H/M)
is studied to comprehend magnetic transitions, as shown in
Fig. 8 (bottom panel). As per Banerjee [23] criterion, the
negative and positive signs of the slope in the Arrotts plot are
signatures of the magnetic phase transition resembling FOPT
and SOPT, respectively. The magnetic isotherms plot discloses
FOPT below 152.5 K and SOPT above 152.5 K in agree-
ment with the temperature-dependent ZFC-FC magnetization
measurements.

To further study the MCE behavior, magnetic entropy
change (ASy) as a function of temperature and magnetic
field has been largely discussed considering various models,
such as; phenomenological [24], Maxwell’s, and Landau’s
theory [25]. Using the phenomenological model of the MCE
in the magnetic materials at the low field (H = 0.05 T),
the temperature-dependent magnetization showed ASy to
be maximum near Ty = 152.5 K, T = 226 K. Fur-
ther, in Maxwell’s model, based on the thermodynamic
theory, the magnetic entropy change (AS),) can be calculated
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Fig. 11.

COMPARISON RESULTS OF MAGNETIC ENTROPY CHANGE AT T, AND Ty

TABLE I
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2 0.0000 - '\.\ The model suggested that the absolute value of |A Syl rises
i” 0.0004 1 ‘\ as the field is increased, which is obvious due enhancement
= e '\ of FM interaction with the increase in the magnetic field as
£ -0.0008 - b shown in Fig. 9.
T ° Furthermore, two maxima: one near 7, and has a negative
I ' I ' I . o« . ..
value and the other in the proximity of the FM—AFM transition
150 200 250 300 Proximity ) !
T (K) temperature and has a positive value. The negative maximum
ASy = 3.67 J Kg7'K~! has been observed for a magnetic
Fig. 10. Temperature dependence of Landau coefficient a(7T), b(T), and field of 8 T at T‘ = 226 K and the PO?IUVG maXImum value
e(T). of AS)y can be witnessed in the proximity of Ty with a value

using the M(uoH, T) data [26], [25]

H2 oM
Sy (T, H) = Sy (T, Hy) — Sy (T, Hy) =/ (8—T)dH.
Hl1 (2)

The integral in (2) could be roughly represented as when the
magnetic field and temperature are present in small discrete
intervals, given by the following equation:

M; — M;

AH;. 3
T — Tin ©)

ASy(T.H) =

i

of +4.29 J Kg='K~! at merely the magnetic field of 5 T,
which significantly remained unchanged with the increasing
field up to 8 T. The substantial ASj, value recorded at Ty is
attributable to the FOPT characteristic of the meta-magnetic
transition in the sample. Table I presents the comparison
results of ASy at T, and Ty for PSMO samples near half
doping. It can be seen that the ASy, T., and Ty are not
consistent and depends upon the synthesis condition as well
as the grain size.

Taking the Landau model to realize the significance of
MCE, the theory is used to determine the nature of a SOPT
and FOPT [25], taking the contribution of magneto elastic
and electron interaction. By neglecting higher-order parts in
the Landau power expansion of the magnetization M, the
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Gibbs free energy versus magnetization and temperature can
be expressed in the following equation [27], [28]:

+¥M6+_MM0H (4)

where a(T), b(T), and ¢(T) are the temperature-dependent
Landau coefficients representing the magneto-elastic coupling
and the electron scattering energy. From the equilibrium
energy minimization (6G/0M) = 0, (4) can be written as
follows:

Wl Ty byM? + (Y M*, (5)
Further, (5) is as follows:
woH = a(TYM + b(T)M? + ¢(T)M°. (6)

From (6), the values of a(T'), b(T), and ¢(T') can be calculated
by fitting magnetization isothermal data. The magnetic entropy
is calculated by differentiating the Gibbs free energy from the
temperature

G(H,T)
Sy(T, H) = _(T)

_ a'(T) M2 — b'(T) MY — c(T) M6 7
2 4 6

where a'(T), b'(T), and ¢'(T) are the temperature derivative
of the Landau coefficient. Fig. 10 shows the dependence of “a”
on temperature (7') is positive and minimum in the proximity
of T, in agreement with FM characteristics. The positive sign
of the Landau coefficient b(7T'.) confirmed that the magnetic
phase transition is SOPT and the c¢(T') parameter is generally
positive in low-temperature regions and becomes negative with
increasing temperature.

The calculated AS), values calculated using Maxwell’s
model and Landau’s theory, at different temperatures (7') near
SOPT (7;) and the magnetic fields of 2, 5, and 8 T are shown
in Fig. 11. The magnetic entropy change (AS),) estimated
from Landau and Maxwell’s model is in the good agreement
above T, (PM region), however, shows deviation below T, (FM
region). This observation suggests that the magnetic entropy
significantly depends on temperature and that the contribution
of the electron interaction and the magneto-elastic coupling is
auxiliary.

Furthermore, the observed deviation in magnetic entropy
change at low temperatures can also attribute to the fact that
the Landau theory is unable to account for the probable effect
of exchange interactions and Jahn—Teller distortion, which are
prevalent in the case of manganite [27].

III. CONCLUSION

The dual magnetic phase transition; FOPT AFM/CO-FM
transition at Tco = Ty = 150 K pursued by a SOPT FM-PM
transition at 7 = 226 K. A comparison of theoretically
(Landau model) calculated and experimentally (Maxwell’s
relation) obtained A S, established that the electron interaction
and magneto-elastic coupling are dominant origins to surmise
the significance of ASy.
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Magnetocaloric Properties of a Charge Ordered
Pro.48Sr¢p.520MnQO3 Perovskite Near First and Second
Order Magnetic Transition
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Polycrystalline Prg 45Sr).5;MnQO; forms a tetragonal structure belonging to the I4/mcm space group. X-ray absorption spectroscopy
revealed Mnzd level splitting with a higher density of state in ¢, |. The temperature-dependent electrical resistivity plot indicates
metal-to-insulator transition (7y) at 224 K at 0 T. Additionally, at lower temperatures, a distinct thermal hysteresis during heating
and cooling cycles between 0 and 2 T fields specifies a first-order (FOPT) magnetic phase transition. The temperature-dependent
magnetization plot shows a second-order (SOPT) paramagnetic (PM) to ferromagnetic (FM) transition phase transition at 226 K
(=T.) followed by FM to antiferromagnetic (AFM) transition with distinct thermal hysteresis evidence of FOPT at 152.5 K (=Ty).
The maximum isothermal entropy change (AS,,) estimated using Maxwell’s model near SOPT is —3.67 J/kg K at 8 T. Moreover,
near FOPT the maximum AS;, of value +4.29 J/kg K at H = 4 T is determined, which thereafter remained constant up to 8§ T
magnetic field. The AS,, value at a lower magnetic field is also computed using the phenomenological model. Landau’s theory
suitably explains the magnetocaloric (MCE) of Prg 45815, MnO; near SOPT in agreement with the value obtained using Maxwell’s

relation.

Index Terms— XXXXX.

I. INTRODUCTION

ANGANITES near half doping are extremely fascinat-

ing since competing ferromagnetic metallic (FM-M)
and antiferromagnetic (AFM) charge-ordered insulating (COI)
phases have an analogous energy scale, implying that both
phases potentially coexisted [1]. Furthermore, magnetocaloric
(MCE) behavior has been demonstrated in these manganites.
Magnetic refrigeration tools, focusing on MCE, is environ-
mentally sustainable and energy efficient than traditional gas
compression or expansion refrigeration tools [2], [3], [4].
The MCE, or adiabatic change in temperature (AT,) or
isothermal change in magnetic entropy (ASy), is largely
been studied in the ferromagnetic (FM) materials at tem-
peratures near second-order (SOPT) paramagnetic (PM) to
FM phase transition (SOPT), the AFM materials with first-
order (FOPT) FM to AFM-COI phase transition (FOPT) are
also investigated for its giant MCE and large AS), val-
ues [5], [6], [71, [8], [9], [10], [11], [12]. In this article,
we investigated the magneto-transport, magnetic phase transi-
tion, and MCE properties of polycrystalline Pry 43Stg.s,MnO;
synthesized using the solid-state technique.

II. RESULTS AND DISCUSSION
A. Structural and Morphological Study

The X-ray diffraction (XRD) plot together with the Rietveld
refined pattern of the synthesized samples is shown in Fig. 1.

Manuscript received 27 March 2023; revised 8 May 2023 and 29 May 2023;
accepted 5 June 2023. Corresponding author: V. Dayal (e-mail: drvldayal@
gmail.com).

Color versions of one or more figures in this article are available at
https://doi.org/10.1109/TMAG.2023.3286435.
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Fig. 1. Experimental XRD pattern along with Rietveld refined pattern.

The pattern suggests the crystallization of the sample in the
tetragonal phase (JCPDF# 89-1332) with space group 14/mcm
without any secondary phase. The Rietveld refinement was
performed using Fullprof software [13]. The lattice parameters
acquired using the refinement are, a = b = 5.407(7) (A), c=
7.765(2) (A), V = 227.079(4) (A)’, Mn-O; = 1.941(4) (A)
and Mn;-O,-Mn; = 126.258 (2)°.

Fig. 2 displays X-ray absorption spectra (XAS) performed
at the Mn L edge. The Mn L, 3 edge noted in XAS results from
the transition of Mn 2p;/, and Mn 2p3/, states to the vacant
Mnjsd state. The protocol described by Subias et al. [14] has
been adopted to investigate the accurate charge state of Mn.

According to this protocol, the L, peaks of the samples have
been aligned with the energy position of MnO, and Mn;03
and the later position of the L3 peak has been investigated.
It can be seen that the L3 peak position lies between the L

0018-9464 © 2023 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.
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Fig. 2.  XAS performed at the MnL edge.

peaks of MnO, and Mn, 03, suggesting the presence of Mn>+
and Mn** and signifying a mixed valent nature. Additionally,
the normalized XAS spectra oxygen (O);s spectra around the
K-edge (in the inset of Fig. 2) show the four distinct bands,
where “a” (at 536.52 eV), “c” (at 544.46 eV), and “d” (at
551.25 eV) have been ascribed to the hybridization of Oy, with
Mn3d, Oy, with Styg and O,, with Mny,, respectively, whereas
“b” (at 540.13 eV), is ascribed to the Mn3d unoccupied (e, |)
state sensitive to Mn valence, which arises as a result of the
splitting of the Mn3d level. The scanning electron micrograph
(SEM) shown in Fig. 3 (left panel) shows densely distributed
microns size grains and the energy dispersive X-ray spectrum
(EDX) (right panel) suggests the presence of the constituents
Pr, Sr, Mn, and O element.

B. Electrical and Magnetotransport Properties

The temperature-dependent resistivity plot as a response
to O T shown in Fig. 4 shows metal-insulator transition (MI)
at Tyn = 224 K, whereas CO transition at ~150 K.

Additionally, a distinct thermal hysteresis can be seen during
heating and cooling cycles between 0 and 2 T field. This
hysteresis is a critical feature of a FOPT with the concomitance
of AFM and CO phases, designated to the phase transition to
the Costate, where ostensibly Mn** and Mn** ions display a
real space arrangement in the sample [15]. Furthermore, it has
been noticed that the applied magnetic field suppressed the
resistivity and shifted the Ty at the higher temperature side,
indicating that the magnetic field enables the e, electrons to
hop amid the neighboring Mn ions. This hopping strengthens
the double exchange (DE) mechanism, which typically favors
the FM nature [16]. FOPT is diminished at the higher field
(8 T). The temperature-dependent magnetoresistance (MR)%,
which is equal to (o H — p0/p0) x 100 (as shown in the right
scale of Fig. 4) increases by lowering the temperature and
applying the magnetic field. MR of ~ 100% has been observed
at 5 K and 8 T, which seems to be significant for magnetic
device applications. Furthermore, the MR% isotherms, under
magnetic fields (0-8 T) are shown in Fig. 5. At 5 and 100 K,
the thermal hysteresis in cycles 0-8 T and 8-0 T is seen, which
indicates that magnetic fields have caused the CO-I phase to

IEEE TRANSACTIONS ON MAGNETICS
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Fig. 3. SEM (left panel) and EDX spectrum (right panel) of the sample.
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Fig. 5. MR% versus the magnetic field (H) isotherms measured at 5, 100,
150, 200, and 300 K.

destabilize. The dominant low field negative MR along with
MR ~ 96% is measured at the temperature at both 5 and 100
K at 8 T. At temperatures well below Ty, it is understood
that the FMM phase fraction is significantly greater compared
to the COI phase, which results in the low field MR primarily
by the grain boundary effect [17], [18].

The adiabatic small polaronic hopping (SPH) model given
by (1) is seen to be dominant at a high temperature as shown
in Fig. 6 [19], [20], [2]

E,
p:poTexp m . (D

Here, E, = activation energy, Kz = Boltzmann’s constant,
and py = residual resistivity coefficient term designated by
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Fig. 7.  Temperature dependence of ZFC, FC, and FCW magnetization

measured at 500 Oe (Left axis). (Right axis) 1/x versus 7 in an applied
magnetic field. The inset shows the derivative of magnetization.

po = 2KpT/3ne*a’v, where e = electronic charge, n =
density of charge carrier, a = site-to-site hopping distance,
and v = longitudinal phonon frequency. The application of
the magnetic field decreased the activation energy (E,) from
138.74 (0 T) to 108.493 meV (8 T).

It is presumed that the application of magnetic decreases
E, value due to a decrease in the distortion of the lattice
and the decline in Jahn-Teller electron—phonon coupling,
causing the electrons to become delocalized, which is follow-
ing p(T) data, which decreases when the magnetic field is
applied.

C. Magnetic and MCE Properties

The zero-field-cooled (ZFC), field-cooled (FC), and FC
warming (FCW) magnetization (M) as a response to tempera-
ture (T') at 500 Oe magnetic is shown in Fig. 7. The plot shows
that the sample undergoes a dual transition; a PM to FM state
SOPT at T¢ = 226 K followed by FM to AFM state (FOPT) at
Ty = 152.5 K. The Curie—Weiss law fitting to the PM region,
the 6.y, (=282.6 K) acquired a positive value and corroborates
the FM nature of the sample above Ty, however, a slightly
higher 6.,, value than T, (226 K) is a signature of a magnetic
inhomogeneity in the sample, also higher pg (3.73 115) than

T=110 K X
70 0 s
%
60 1 T=150 K
sl 501 T=220 K
En i«
=] =
£ i
2 >
=
z
E 20
E T=300 K
10
‘0 10 20 30 40 50 60 70 80 90
H (K O¢)
0 T T T T T T T T
0 10 20 30 40 50 60 70 80 2
H (K Oe)
3000 -
5000 =
- &
2500 - E 4000
g 3000
2000{ TTROK o 2000
o = i
el 10004 /
< 1500 - 4 >
ok
g 200 400 600 800 1000 1200 1400
N; 1060 2 H/M ( Oe/(emu/gm))
AT=10K
500
0 -
1000 2000 3000 4000 5000
H/M ( Oe/(emu/gm))
Fig. 8. (Top panel) Magnetic field dependence of magnetization at different

temperatures (bottom panel). Arrott’s plot at different temperatures.

the expected 11 (3.51 1) value confirmed the manifestation
of magnetic inhomogeneity just beyond 7, [21], [22].

Furthermore, the magnetic field dependence of magnetiza-
tion (M versus H isotherms) measured in the temperature
range 110-180 K and from 220 to 300 K for a temperature
interval of AT = 10 K are shown in Fig. 8 (top panel).

It can be noticed that the M (H) data below T, surges faster
at the lower field region and then appears to saturate as the
magnetic field is increased. Arrott’s plot (M? versus H/M)
is studied to comprehend magnetic transitions, as shown in
Fig. 8 (bottom panel). As per Banerjee [23] criterion, the
negative and positive signs of the slope in the Arrotts plot are
signatures of the magnetic phase transition resembling FOPT
and SOPT, respectively. The magnetic isotherms plot discloses
FOPT below 152.5 K and SOPT above 152.5 K in agree-
ment with the temperature-dependent ZFC-FC magnetization
measurements.

To further study the MCE behavior, magnetic entropy
change (ASy) as a function of temperature and magnetic
field has been largely discussed considering various models,
such as; phenomenological [24], Maxwell’s, and Landau’s
theory [25]. Using the phenomenological model of the MCE
in the magnetic materials at the low field (H = 0.05 T),
the temperature-dependent magnetization showed ASy to
be maximum near Ty = 152.5 K, T = 226 K. Fur-
ther, in Maxwell’s model, based on the thermodynamic
theory, the magnetic entropy change (ASy,) can be calculated
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Fig. 9. Temperature dependence of ASy, versus T at different (H) calculated
from numerical integration of Maxwell relation.

TABLE I

Comparison of ASy calculated from Maxwell and Landau model.

COMPARISON RESULTS OF MAGNETIC ENTROPY CHANGE AT T, AND Ty

(O)ASm ASm(Ty) | T
= 3000 Sample (To)I/Kg | (I/KgK) (KC) (KN) Ref.
£ | Y K)(H=5T) | (H=5T)
< 2000 - ¢ Pry5StosMnO; 3.20 750 | 255 | 165 | [9]
ql.; d /./ Pl’o}sSI'o}sMIlO3 1.90 - 268 90 [29]
% 1000 + % J Pr°'55(g’él;4no3 220 220 265 | 85 8]
= 1 ° o ProsStosMnO
~— e 0.5910.5 3
- o \.\././. (SSR) 3.26 7.86 243 | 159 | [8]
< 5 ] P r‘)(»ﬁrzi\l’llgo3 227 446 | 250 | 178 | [30]
-0
e /./
g . Pro5Sto sMnO; 257 627 | 240 | 180 | [30]
"ZIJ 1 o (~39 nm)
_®
) ] . Pro;sSt0.MnO, 258 642 | 235 | 185 | [30]
=) 0 Ve (~36 nm)
::: //. Pro_465r0A54Mn03 - 8 00 - 210 [ 12]
= 1 2.56 (5T This
= a4 Pro4sSrosMnO; | 57 EgT; 429 226 | 1525 | oo
— 0.0004 N
E ] .\.\'1
-
2 0-0000 '\.\ The model suggested that the absolute value of |ASy| rises
i" 0.0004 1 ‘\ as the field is increased, which is obvious due enhancement
= e '\ of FM interaction with the increase in the magnetic field as
£ -0.0008 - b shown in Fig. 9.
T ° Furthermore, two maxima: one near 7, and has a negative
I ! I ! I . o« . ..
value and the other in the proximity of the FM—AFM transition
150 200 250 300 Proximity ) !
T (K) temperature and has a positive value. The negative maximum
ASy = 3.67 J Kg7'K~! has been observed for a magnetic
Fig. 10. Temperature dependence of Landau coefficient a(7T), b(T), and field of 8 T at T‘ = 226 K and the PO?ltlve maXIH.lum value
e(T). of AS)y can be witnessed in the proximity of Ty with a value

using the M(uoH, T) data [26], [25]

H2 oM
Sy (T, H) = Sy (T, Hy) — Sy (T, Hy) = / (B—T)dH.
Hl1 (2)

The integral in (2) could be roughly represented as when the
magnetic field and temperature are present in small discrete
intervals, given by the following equation:

M; — M;

AH;.
T — Tin

ASy(T.H) = 3)

of +4.29 J Kg='K~! at merely the magnetic field of 5 T,
which significantly remained unchanged with the increasing
field up to 8 T. The substantial ASj, value recorded at Ty is
attributable to the FOPT characteristic of the meta-magnetic
transition in the sample. Table I presents the comparison
results of ASy at T, and Ty for PSMO samples near half
doping. It can be seen that the ASy, T., and Ty are not
consistent and depends upon the synthesis condition as well
as the grain size.

Taking the Landau model to realize the significance of
MCE, the theory is used to determine the nature of a SOPT
and FOPT [25], taking the contribution of magneto elastic
and electron interaction. By neglecting higher-order parts in
the Landau power expansion of the magnetization M, the
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Gibbs free energy versus magnetization and temperature can
be expressed in the following equation [27], [28]:

+¥M6+_MM0H (4)

where a(T), b(T), and ¢(T) are the temperature-dependent
Landau coefficients representing the magneto-elastic coupling
and the electron scattering energy. From the equilibrium
energy minimization (6G/0M) = 0, (4) can be written as
follows:

Wl Ty byM? + (Y M*, (5)
Further, (5) is as follows:
woH = a(TYM + b(T)M? + ¢(T)M°. (6)

From (6), the values of a(T'), b(T), and ¢(T') can be calculated
by fitting magnetization isothermal data. The magnetic entropy
is calculated by differentiating the Gibbs free energy from the
temperature

G(H,T)

_ a'(T) M2 — b'(T) MY — c(T) M6 7
2 4 6

where a'(T), b'(T), and ¢'(T) are the temperature derivative
of the Landau coefficient. Fig. 10 shows the dependence of “a”
on temperature (7') is positive and minimum in the proximity
of T, in agreement with FM characteristics. The positive sign
of the Landau coefficient b(7T'.) confirmed that the magnetic
phase transition is SOPT and the c¢(T') parameter is generally
positive in low-temperature regions and becomes negative with
increasing temperature.

The calculated AS), values calculated using Maxwell’s
model and Landau’s theory, at different temperatures (7') near
SOPT (7;) and the magnetic fields of 2, 5, and 8 T are shown
in Fig. 11. The magnetic entropy change (AS),) estimated
from Landau and Maxwell’s model is in the good agreement
above T, (PM region), however, shows deviation below T, (FM
region). This observation suggests that the magnetic entropy
significantly depends on temperature and that the contribution
of the electron interaction and the magneto-elastic coupling is
auxiliary.

Furthermore, the observed deviation in magnetic entropy
change at low temperatures can also attribute to the fact that
the Landau theory is unable to account for the probable effect
of exchange interactions and Jahn—Teller distortion, which are
prevalent in the case of manganite [27].

III. CONCLUSION

The dual magnetic phase transition; FOPT AFM/CO-FM
transition at Tco = Ty = 150 K pursued by a SOPT FM-PM
transition at 7 = 226 K. A comparison of theoretically
(Landau model) calculated and experimentally (Maxwell’s
relation) obtained A S, established that the electron interaction
and magneto-elastic coupling are dominant origins to surmise
the significance of ASy.
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