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The structural, magnetic and magnetocaloric properties of perovskite manganites Lag 7Srg 28 Prg osMnj_,Co,O3 (x =
0.05, 0.075 and 0.10) (LSPMCO) are investigated. LSPMCO crystallizes as a rhombohedral structure with R-3¢ space
group. As the Co content increases, the cell volume expands, the Mn—O-Mn bond angle reduces and the length of the Mn—
O bond increases. The samples show irregular submicron particles under a Zeiss scanning electron microscopy. The particle
size becomes larger with increasing doping. The chemical composition of the samples is confirmed by x-ray photoelectron
spectroscopy (XPS). The ferromagnetic (FM) to paramagnetic (PM) phase transition occurs near the Curie temperature (1c),
and all transitions are second-order phase transitions (SMOPT) characterized by minimal thermal and magnetic hystereses.
Critical behavior analysis indicates that the critical parameters of LSPMCO closely align with those predicted by the mean-
field model. The 7¢ declines with Co doping and reaches near room temperature (302 K) at x = 0.075. The maximum
magnetic entropy change (—ASy™) at x = 0.05 is 4.27 J/kg-K, and the relative cooling power (RCP) peaks at 310.81 J/K.
Therefore, the system holds significant potential for development as a magnetic refrigeration material, meriting further

professional and objective evaluation.

Keywords: magnetic refrigeration, perovskite manganites, second-order phase transitions, relative cooling

power, magnetocaloric effect
PACS: 75.30.Sg, 75.30.-m, 75.47.Lx, 75.10.-b

1. Introduction

Magnetic refrigeration, employing the magnetocaloric ef-
fect, presents significant prospects for tackling urgent con-
cerns related to climate change, energy efficiency and heat
management.!'# Magnetic cooling based on the magne-
tocaloric effect (MCE) has attracted great interest as a tech-
nique to reduce global warming. Magnetic refrigeration finds
application in various aspects of human life, including but not
limited to daily necessities, healthcare and industrial produc-
tion. Improving cooling performance is important, with about
half of all data servers requiring cooling to keep them running
while they are in operation. >8]

Compared with traditional gas compression refrigeration
technology, magnetic refrigeration technology has several ad-
vantages such as higher efficiency and green energy sav-
ing. In addition, no ozone-depleting chemicals are used and

n.[%19 Because of

there is a reduction in noise and vibratio
its unique physical characteristics, the magnetostatic effect
holds potential as an environmentally friendly technology for
refrigeration.!!!! Hundreds of MCE materials have been iden-
tified, and dozens of potential MCE materials are still being re-
searched and described annually. La(FeSi)3 alloys, Gd-based
alloys and Mn-based alloys, among others, have shown excel-

lent MCE values. 12! Nevertheless, there are some disadvan-
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tages to these materials. For example, Gd-based alloys tend to
be relatively expensive, some Mn-based alloys involve toxic
raw materials, La(FeSi);3 alloys exhibit magnetic and thermal
hysteresis, and the synthesis methods for these materials can
be cumbersome. Perovskite manganites have been the sub-
ject of intensive research for many years as materials to pro-
mote refrigeration due to the large change in magnetic entropy,
small thermomagnetic hysteresis and relatively low cost.!!3:14]

The tuning of the properties of perovskite manganites re-
lies heavily on doping. The perovskite manganites can be
represented by the chemical formula ABO3, where A repre-
sents a rare-earth lanthanide element and B is a trivalent man-

[15-17] The categorization of property tuning in-

ganese ion.
cludes A-site, B-site and AB-site doping. The main adjust-
ment of the energy by A-site doping is attributed to the dis-
tortion of the lattice due to the difference in ionic radii. The
distortion of the lattice affects the bandwidth and thus the dou-
ble exchange (DE) interaction further to the magnetic entropy
change (ASy). Previous research work involved the prepara-
tion and characterization of perovskite manganites LnMnO3,
where Ln is a rare-earth ion such as La, Pr and Nd, an alka-
line earth ion such as Sr, Ca and Ba, or a combination of these
ions. The doped perovskite manganites have relatively desir-
able properties.[!81° B-site doping differs from A-site doping
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in that the B-site directly affects the Mn3*/Mn** ratio. Doping
transition metals, including Fe, Co, Cu and Cr, at the B site, in-
duce notable structural, magnetic and resistive alterations via
network modification.

2. Experimental details

The sol-gel method was used in this paper as a rel-
atively mature preparation process. The raw materials
are La(NO3)3~6H20, SI(NO3)2, PI(NO3)3-6H20, MH(NO3)2
(50%) and Co(NO3),-:6H,0 (all chemicals are the Aladdin
brand with > 99.5% purity). An appropriate amount of cit-
ric acid and ethanediol was added as a complexing agent after
the ingredients were completely dissolved. A wet gel was ob-
tained by heating in a water bath and then drying at 393 K to
obtain a dry gel. It was then pre-sintered at 574 K so that the
organic matter was removed from the sample. It was cooled to
room temperature and then ground. The samples were sintered
in a muffle furnace at 1274 K to obtain the final samples.

The LSPMCO sample was characterized. The struc-
ture, phases and crystal parameters were analyzed using x-ray
diffraction (XRD) with Cu K¢y radiation (A = 1.54059 A).
Further processing of the LSPMCO data was carried out using
detailed Rietveld analysis. A Thermo Nicolet NEXUS 670
spectrometer was used to examine the molecular structure and
chemical composition of the samples.

The morphological characteristics of the samples were
observed via scanning electron microscopy (SEM), while the
compositional allocation of the samples was analyzed by em-
ploying energy dispersive spectroscopy (EDS). The magnetic

properties were evaluated using the integrated magnetic mea-

surement system.

3. Results and analysis
3.1. Structural analysis

The crystal structure parameters of the sample were inves-
tigated by x-ray diffraction analysis. XRD data of LSPMCO
at room temperature are presented in Fig. 1. Figure 1 con-
firms that all doping gradients of LSPMCO are single-phase
structures. The position and intensity of the diffraction peaks
can be analyzed for the presence of other impurity phases and
the degree of crystallization of the sample. Refinement of the
XRD data of LSPMCO by GSAS confirms that LSPMCO has
the rhombic structure with the R-3¢ space group (No. 167).
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Fig. 1. X-ray powder diffraction pattern of LSPMCO.
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Fig. 2. (al)—(a3) Rietveld refinement of the XRD pattern. (b1)—(b3) Cell structure of the samples.
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Table 1. Refined structural parameters of LSPMCO.

x 0.05 0.075 0.10
Space group R-3¢ R-3¢ R-3c¢
a=b(A) 5.514731 5.515489 5.516912
c(A) 13.371766 13.379537 13.392511
V (A3) 352.176 352.484 353.008
Mn-O (A) 1.95446 1.95502 1.95598
Mn—O—Mn (°) 167.694 169.692 167.690
Ry (%) 224 226 245
Ryp (%) 3.24 3.15 3.27
x? 4.451 3.965 3.759
t 0.9620 0.9614 0.9607
W (1072 a.u.) 13.086 13.075 13.056
Dxrp (nm) 43.47 53.53 66.91

The refined data plots and crystal structures for each dop-
ing level are presented in Fig. 2. Table 1 lists the lattice con-
stants, cell volume (V), Mn—O bond lengths and Mn—O-Mn
bond angles, which provide a summary of the goodness of fit
x%. V enhances with increasing Co>* dopant amount. The
reason for this is that the ionic radius of Co?* (0.745 A) is
larger than the ionic radius of Mn3* (0.645 A). Meanwhile,
the length of the Mn—O bond increases, and the angle of the
Mn—O-Mn bond reduces, leading to the deformation of the
LSPMCO lattice. To further understand the level of distortion
of the LSPMCO crystal structure after doping with Co>*, the
tolerance factor (¢) proposed by Goldschmidt is used. The for-
mula is as follows:

(ra+ro)
V2(rg+ro)’

where ro, rp and r4 are the oxygen-site ionic radius, B-site

€]

mean ionic radius and A-site mean ionic radius, respectively.
When 0.89 < r < 1.02, the perovskite structure can be stabi-
lized; when 0.96 <t < 1.00, the samples exist as rhombohe-
dral structure. The Shannon formula was used to calculate the

average ionic radius size.?"! The calculated ¢ ranged from 0.96
to 1, confirming that LSPMCO is a rhombohedral structure.

3.2. Morphology analysis

Figure 3(a) shows the microscopic morphology of
LSPMCO, which is presented as irregular polyhedral parti-
cles with some agglomerations, as can be seen from the fig-
ure. LSPMCO is micron-sized particles with an average parti-
cle size of 300 nm—180 nm. The average grain size (Dxrp) of
LSPMCO was calculated by Scherrer’s formula!?!!

KA

Dxrp = Beos(0)" 2

Here, Scherrer’s constant is denoted as K and its numerical
value is 0.9. The length of the x-rays is denoted by A, which
has a value of 0.15406 nm. 0 is the angle of Bragg diffraction
and f refers to the half-height width of the diffraction peak
observed in LSPMCO. The Dxrp of LSPMCO was 43.47 nm,
53.53 nm and 66.91 nm, respectively. The trend is the same for
Dxrp and Dggy, which both become larger with more dop-
ing. It was found that the grain size attained by SEM tests
was larger than that of the Dxgrp attained by the calculation
of Scherrer’s formula. The possible reason for this is that the
particles observed in the SEM images may have multiple crys-
tal domains, which are caused by defects or internal stresses
within the particles.??! Thus, the data obtained are larger than
those of the Dxrp. Figure 3(b) shows the total elemental spec-
trum obtained from the EDS test, illustrating that LSPMCO
contains all the expected elements (La, Pr, Sr, Mn, Co, O). Fig-
ure 4 demonstrates that not only do the samples contain all the
expected elements, but each element is uniformly distributed.
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Fig. 3. Morphology and grain size distribution of LSPMCO (a) x = 0.05, (b) x = 0.075, (c) x = 0.10. Elemental distribution of LSPMCO
(d) x =0.05, (e) x = 0.075, (f) x = 0.10.
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Fig. 4. Mapping of the distribution of elements.

3.3. FT-infrared spectroscopic analysis

Figure 5 shows the Fourier infrared spectral absorption
diagram of the product, through which the crystal structure
of the particles was investigated from the point of view of
lattice vibrations. The MnOg ion is widely recognized to
exhibit octahedral symmetry within the manganite structure.
This symmetry is often reflected by prominent infrared (IR)
bands that are active at 600 cm~!.[?3] The strong absorption
The

absorption bands at 600 cm™! and 492 cm~! represent the

peaks are due to the vibrations of the Mn—-O bonds.

stretching (vs) and bending (v,) vibrational modes of the
Mn-O bond, respectively. vy is relevant to the Mn—O bond
length and vy, is relevant to the size of the Mn—O—Mn bond

(241 With the increase in doping, its intensity decreases

angle.
and the frequency remains constant. This shows that the vi-
brational volume content of the Mn—O bond decreases due
to the deformation of the structure. There are also two weak
absorption bands observed near 1380 cm~! and 1635 cm™!,
and a broader absorption band appears near 3430 cm™~!. Two
weak absorption bands were observed due to the asymmetric
stretching vibration of the C=C bond (1380 cm™') and the

symmetric stretching vibration of C=0 (1635 cm™!).[23:26]

The C=C and C=0 functional groups are derived from cit-
ric acid and ethylene glycol solvents added as complexing

agents. A very broad peak was observed near 3454 cm™!,

leading to a stretching vibration of the hydroxyl group./?”-?8]
The broad absorption drop in the 3454 cm~! band is asso-
ciated with symmetric and asymmetric tensile vibration of
the hydroxyl groups (O-H) of water molecules adsorbed on
the surface. This is caused by exposure of the sample to va-

por in the air.!?>3 IR spectra showed the presence of Mn—-O

x=0.10

xz=0.075

Transmittance (%)

500 1000 1500 2000 2500 3000 3500 4000
Wavenumber (cm™1)

Fig. 5. FT-IR absorption spectra of Lag g7Srp 28Pro.osMnj_,Co,O3
(x=10.05, 0.075 and 0.10).
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bonds in the Co-doped nanoparticles, indicating the formation
of a MnOg octahedral structure. This is consistent with the
XRD results.

3.4. XPS analysis

XPS measurements are carried out to deeply comprehend
the elemental distribution of the Lag ¢7Srg 28Prg 0sMn_,Co0,03
surface and its ionic valence states.

Figure 6 displays the contrast between the wide scans for
all samples. In the diagram, we find that with the increase in
Co doping, the core level is enhanced significantly. The core
level of Mn shows the opposite trend. Figure 6 shows the de-
convolution high-resolution spectra of La 3d, Sr 3d, Pr 3d, Mn
2p, Co 2p and O 1s for LSPMCO (x = 0.05, 0.075 and 0.10)
samples.

Intensity

11 TR 1
800 600 400
Binding energy (eV)

1200 1000 200 0

Fig. 6. The contrast between the wide scans for all samples.

the La 3d core level in LSPMCO. The spectrum reveals two
prominent doublets corresponding to La 3d3/, and La 3ds ;.
The two peaks near 836 eV correspond to La 3ds, and the
two peaks at 853 eV correspond to the spin—orbit component
of La 3d3/,. The first splitting arises from spin-orbit inter-
actions, whereas the second splitting is attributed to electron
transfer from the oxygen valence band to the unoccupied La
4f energy level. The presence of an additional peak could be
attributed to vibrational excitations. 3!l

In addition, Fig. 7(b) displays the peak diagram for the
Sr element. The peak of 132.31 eV is Sr 3ds/;. The bind-
ing energy of this peak may tell us that SrCOs3 is present in
the samples, which may be caused by sintering. The peak of
134.05 eV is Sr 3d3 ;. The presence of this peak proves that
Sr(NOs3), may be present in the sample, and the cause of this
phenomenon may be the presence of excess Sr ions.

Figure 7(c) is the XPS plot for Pr3*. The XPS spectrum
of Pr 3d shows two groups of spin—orbit multiples with bind-
ing energies of about 953.7 eV and 935.0 eV, representing
the 3d;3/, and 3ds/, electrons of Pr, respectively. The bind-
ing energies of Pr (3ds/;) are about 935.3 for the 4-valent,
around 933.3 for the 3-valent, and 934.5 eV for the 4-valent,
which have also been reported in the literature.3>-3* Other-
wise, more vibrational satellite peaks are generated due to the
low content of Pr and Cu 2p interfering with it. The binding
energy of the Pr3* peak is larger than that of the Pr** peak,

and the results indicate that the Pr3" state dominates the struc-

Figure 7(a) presents a schematic of the fine spectrum of  ture.
(a) [La3d $378 83355 (®) [sraa (c)
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Fig. 7. The XPS spectra of Lag ¢7Sr¢.28Pro osMn;_,Co,O03 (x = 0.05, 0.075 and 0.10).
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In Fig. 7(d), resolving the spectrum according to the sim-
plest symmetry model based on the splitting of the peaks of

33.36] From the figure, it can be seen

Mn is not precise enough.!
that the samples include three components, Mn*t, Mn3* and
a satellite peak, and Mn2" is not observed on the surface of
all the samples.*”] The asymmetry of the peaks indicates the
existence of multiple components. The Mn 2p; /, spectra are
decomposed as two components. The first peak at 641.06 eV
is associated with Mn3*, while the second peak at 642.60 eV
can be assigned to Mn**. The appearance of a satellite peak
at 644.85 eV deeply verifies the presence of Mn*+.134381 Mn
2py ), at 653.19 eV also supports the above statement, and
similar results are obtained in the literature.[**) The positions
of Mn** and Mn** and binding energies are shifted with in-
creasing Co?* doping, and the proportion of Mn** to Mn3* is
boosted, with the specific values listed in Table 2. The rise in
the Mn**/Mn3* ratio enhances the superexchange (SE) inter-
actions within the samples, which competes with double ex-
change (DE), leading to a weakening of DE and thereby influ-
encing the material’s properties.

Figure 7(e) is an XPS plot of elemental Co. It is evi-
dent from the figure that the XPS peak of Co is significantly
enhanced with the increase in Co doping. According to the
previous explorations of Co, there are supposed to be two va-
lence states, Co?t and Co>*, which are also verified from the
peaks and vibrational peaks in Fig. 7(e).[***?! The dissimilar
valence states of Co>*and Mn3 directly change the carrier
density of the system, and the performance can be modulated.

Figure 7(f) is an XPS plot of O 1s, which has three peaks
in total. The peak near 529.06 eV is probably due to the si-
multaneous existence of oxygen in the manganese lattice in
the sample, the peak at 530.60 eV could be oxygen adsorbed
on the surface of the sample and hydroxyl groups on the sur-
face or weakly bound oxygen on the surface, and the peak at
531.97 eV may indicate the presence of some H,Q.[4344]

Table 2. The fitting parameters of the Mn 2p peaks for LSPMCO.

Mn2p;,, Mn2p;; Mn2p3, Mn2ps), 4t 3
Mn3+ Mn**+ Mn3+ Mn*t M/ M
0.05 652.31 653.92 641.00 642.51 0.3087
0.075  652.50 654.10 641.06 642.60 0.3269
0.10 652.45 653.95 640.94 642.53 0.3424

3.5. Magnetic property analysis

This study investigates the magnetic phase transitions of
LSPMCO samples, focusing on the effects of Co?* substitu-
tion on the behavior of the M-T curve. The DC magnetiza-
tion is measured as a function of temperature and the M—T
curves are performed at temperatures from 230-350 K with
an applied magnetic field, as shown in Fig. 8, where it can
be seen that the M-value of the LSPMCO samples decreases
sharply with the increase in 7 in a certain temperature inter-

val. This confirms the occurrence of FM—PM phase transition
in the samples.

—a—x =0.05

220 240 260 280 300 320 340 360
T (K)

Fig. 8. Temperature dependence of magnetization for
Lag ¢7Sr0.28Prg.osMn; _,Co,O3 measured as H = 100 Oe.
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Te=2892 K* T7,=302.2 K
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320 240 260 280 300 320 340 360
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Fig. 9. The dM/dT-T curves of Lag ¢7Sr0.28Pro.osMn;_,Co,03 (x =
0.05, 0.075 and 0.10).

Using the derivative of the M-T curve, the extreme point
of the dM/dT versus T curve (as shown in Fig. 9) corresponds
to the T¢. As the Co®t content (x) increases, the T values are
observed to be 315.7 K, 302.2 K and 297.2 K, respectively.

The change in T¢ is influenced by two factors: structural
distortion and fluctuations in the carrier density (that is, the
ratio of Mn3*/Mn**). The distortion of the structure leads to
variations in the Mn—O bond length and the Mn—O-Mn bond
angle. Meanwhile, the bandwidth (W) will also change as
follows: 4]

cos (r— (Mn— O —Mn))

P

The Co?* radius surpasses that of Mn>*, leading to struc-
tural distortion. As a result, the bandwidth is reduced and
particle hopping becomes less challenging. Substituting Co
for Mn strongly affects electron transport. Co>* incorpora-
tion directly affects the Mn3*/Mn** ratio, resulting in an in-
crease in the Mn>T—0?~—Mn** exchange network and an en-
hancement in DE. Furthermore, it could be associated with the
coacervation observed in the samples.*®! Comparable findings

[47]

were reported in studies on Lag7Srg3Mn;_,Zn, O3 and
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Lag 67Cag.33Mng 85Zn0.1503.1481 With the increase in Co?*
doping, the bandwidth W declines gradually (Table 3). Its de-
crease brings about a decrease in the overlap of the 3d orbitals
of Mn with the 2p orbitals of O on the one hand, thus weak-
ening the DE coupling. The weakening of the DE leads to the
reduction in 7¢. Due to the constraints of Hund’s law, the spins
of the e, electrons are aligned in parallel with the t-localized
spins in the Mn®* and Mn** ions before and after the jump,
which leads the system ground state into the FM metallic state.
The effective jump integral in the strong coupling limit can be
represented by the Anderson—Hasegawa relation as

tij:loij cos(e,-j/Z). (4)

The magnitude of the jumps of electrons between near
neighboring ions depends on the angle 6;; between the near
neighboring spins. The reduced bandwidth means that the
Mn3+ and Mn** ions are no longer in a parallel aligned state,
and the angle between the near-neighboring spins is no longer
0. The magnitude of the e electron hopping is reduced,
and the T¢ is lowered. At high temperatures, many PM sub-
stances follow a simple Curie’s law. The rate of magnetization
is inversely proportional to temperature. The formula is as
follows: %]

C

T &)
where C is the Curie constant. However, the Curie—Weiss law
is in better agreement with the experimental data. Its formula

x:

is

C
T—06y’
where By is the Weiss temperature. The curves in Fig. 10 are
plotted from an inverse fit of the magnetization and 7. The line

x= (6)

segments fitted to the PM region are shown in red. This can be
seen in Fig. 10, which shows that y ~! accelerates rapidly in
the case of T > Tc. Figure 10 indicates that the slope does not
change much with the reduction in temperature and the curve
tends to stabilize and flatten out when T' < T¢. Curie—Weiss
behavior manifests itself in the form of FM materials showing
large magnetization at low temperatures. As the temperature
increases, the magnetization decreases sharply. Higher than
Tc, it becomes PM and is no longer FM. The behavior cor-
roborates with the M—T diagram that an FM to PM transition
does happen at 7c. The computed Curie temperatures By are
326 K, 313 K and 290 K (x =0.05, 0.075 and 0.10). A contrast
indicates that the By is larger than T¢. The disparity between
Ow and Tt is typically reliant on the nature of the substance
itself as well as the existence of short-range ordering entities
slightly above Tc.

Figure 10 illustrates the probable presence of short-range
ordering bodies within the material. It is probably due to
the magnetic inhomogeneity in the matter. To understand the
mechanism of MCE of Co®* replacing Mn3* in the LSPMCO
system, isothermal magnetization curves of the samples are
tested in the range of 0-5 T.

The isothermal magnetization curves (M—-H) are dis-
played in Fig. 11. The M-H curves are comparable for
all samples and the intensity of saturation magnetization in-
creased with a reduction in temperature. It can be observed
that the M—H curve at low temperatures (T < T¢) is consistent
with the FM behavior of our sample. In the case of T > Tc, M
is comparatively small, showing typical PM behavior. Under
the same condition as H, M decreases as T increases.

20 -
| —A— COZ 005 A 12t .- Co=0.075 20+ = Co=0.10
= 16} — Linear fit 10} — Linear fit t — Linear fit
3 =] =161
g 12} £ st gl
~ @ o 121
N | W@ 6t % .t
= 3 £ o0 st
N 2 g4l = 7l
T4 T ool - 4
= > 0w =313 K |><
ot ot O
240 260 280 300 320 340 360 220 240 260 280 300 320 340 220 240 260 280 300 320 340

T (K)

T (K)

T (K)

Fig. 10. Inverse susceptibility (x~Y) versus T curves generated for LSPMCO (H = 100 Oe).
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Fig. 11. Isothermal magnetization as a function of applied magnetic field at different temperatures.
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3.6. Magnetic phase transition analysis

To gain deeper insight into the properties of the transi-
tion of magnetic phase transition, Fig. 12 displays an Arrott
diagram for the Lag 7Sr¢.18Prg.0sMn;_Co,O3 compound. In
accordance with Banerjee’s criterion, the Arrott diagram with
a negative sign in the slope corresponds to a first-order mag-
netic phase transition, and an Arrott diagram with a positive
sign corresponds to a SMOPT. All slopes in the Arrott diagram
are positive, indicating that all samples have undergone an FM
to PM SMOPT. Furthermore, it is possible to verify the form

of phase transition once more by means of the normalization

curve. The normalization equation is>"
0= { (Te-T)/(Ti = Tc), (T <Tc), o
(T-Tc)/ (T~ Tc), (T >Tc),

where T and 7> are the temperatures below and above the
The
(ASm/ — ASR™)—0 curves at various H are unable to be col-

Tc, respectively, at which the ASy curve intersects.

lapsed into a single curve, and what occurs is the primary
phase transition. If the curve can be collapsed into a single
curve, a SMOPT occurs. All three samples in Fig. 13 can be
collapsed into a single curve, verifying that it is a SMOPT.

6000

250 K

x=0.075

x=0.05 5000} 250 5000 230 K z=0.10
& 5000 & T 4000
50 o0 50
~4 4000 = el
~
g £ 3000 = 3000
Z 3000 <
— v2 ~—
< 2000 000 2000
1000 1000
2 0
0 005 010 0.15 020 025 0 0.05 0.10 0.15 0.20 0.25 90005 0.10 0.15 0.20 025
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H/M (T-kg-Am~?)

Fig. 12. The H/M versus M? curves (Arrott plots) for LSPMCO.
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Fig. 13. Normalized curves for LSPMCO.

3.7. Critical magnetization analysis

We usually refer to the special physical properties and
phenomena in and around a critical state as critical phenom-
ena. The study of critical behavior helps us to understand and
recognize the behavioral tendency of the system close to the
critical point as well as the change rule of each physical quan-
tity near the critical point, which is an important part of the
phase transition theory. By calculating the critical parame-
ters of each macroscopic physical quantity of the system in
the vicinity of the phase transition point it is possible to ob-
tain a model of the critical behavior to which the system be-
longs. For ferromagnetic systems, the statistical models are
the mean-field model, Heisenberg model, tricritical model and
Ising model. It is necessary to calculate the values of the mag-
netization intensity, magnetization rate and critical parameters
B, vy and & corresponding to the isothermal magnetization in-

tensity out of the critical point.’?! Depending on the model,

the critical parameters B and Y can take different values.>!]
The critical temperature T, B and 7y are defined using Arrott—

Noakes diagrams with the following equations: !53]

(H/M)'Y = a(T —Tc) /T +bM"/P,
(H/M)'" = a(T — Tc)/T.

®
©))

Here, a and b are constants, M is the magnetization strength,
H is the magnetic field and T is the temperature. There are
different models of schematic representation in Fig. 14. From
Fig. 14, it can be seen that all models have almost parallel
straight lines in the high magnetic field region. Therefore, it
is necessary to consider the relative slope (RS). Based on the
modified Arrott diagrams, we can get the RS, and it is defined
as RS = S(T)/S(T¢), about this determinant, while S(7') and
S(Tc) are the slopes around Tc and at T, respectively.>*! Fig-
ure 15 shows the map of the RS—T of all models. It is satisfac-
tory that the mean-field model has a value closest to 1.
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Fig. 15. The RS-T map of all models.

To get exact critical parameters, we need to fit the Arrott
curve using a polynomial and derive M> =0 and H/M = 0
to obtain the spontaneous magnetization strength and initial
magnetization rate, respectively. According to the following
equations:

Ms(T) = |T~Tc|P, T<Te,
x0(T) < |T—Tc|™", T>Tc,

(10)
(1)

the experimental data can be fitted by two dotted lines to attain
the critical parameters 8 and y. These are shown in Fig. 16(a).

Alternatively, 3 and y can be obtained by fitting using the
Kouvel-Fisher method ™!

Ms(T) _T-1T1c
dMs(T)/dT B (12
-1
ﬁ _I-Tc (13)
dy, /dT v

Ms(T)
The map of dMS(ST) a7 and

dxgol_ Jap Versus temperature by
linear fitting is shown in Fig. 16(b). The slopes of the straight
lines are the values of B and y. It is clear that the numerical
values of the critical index and 7¢ calculated using the map
method are similar to the numerical values of the critical pa-

rameters calculated using the KF method. Thus, the current

0.06
40F Te=302.38540.069
35k ~4=1.0004+0.010 {0.05 _
@ (a) g
= 301 {0.04 3
g o5l =
o 25 >
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Fig. 16. (a) The spontaneous magnetization Ms(7T') (left axis) and in-
verse susceptibility ! (right axis) versus temperature for LSPMCO.
(b) The Kouvel-Fisher plots for LSPMCO.
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research methodology for calculating the criticality properties
is effective and feasible.

The effectiveness of the critical indices can be determined
by examining the relationship between the critical parameters
B, vand 8. Based on M = DH1/5, €=0and T = T¢, we drew
In(M) versus In(H) to determine the critical parameters d in
Fig. 17. & can be compared to the value obtained theoretically
from Widom’s scalar law formula

A
o=1+—. 14
B (14)

The resultant theoretical and experimental values are
both similar, ensuring the reliability of the obtained 8 and 7y

5.6 All the above research data identifies the sample

value
as a second-order phase change material, which has less ther-
mal hysteresis relative to the first-order phase change hystere-

sis and has greater potential for application.

3.8. Magnetothermal analysis

The variation of magnetic entropy is achieved through the
insulated variation of 7 with a magnetic field. According to

Maxwell’s thermodynamic relation>”]

as oM
(aH)T = (ar),; ()

the ASy can be obtained by the following equation:

Hoftmax (M (T, upH
ASwi(1oH) = /0 (%f‘”)  d(koH). (16)
Ho

Since the magnetization was measured at both discrete
magnetic fields and T intervals, Eq. (16) can be approximated
to obtain the following equation:
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Fig. 17. The critical parameter 6 is determined by In(M) versus In(H).

The ASm of LSPMCO at different H and T are given in
Fig. 18. The graph indicates that at a constant temperature, the
AS\m gradually increases as the magnetic field increases. This
can be due to the fact that the stronger magnetic field is more
likely to realign the local spin arrangements, resulting in an
increase in the ASy. In addition, the ASy shows a tendency
to decline with increasing Co?>" doping. This may be due to
the change in the percentage of Mn**/Mn3* due to the addi-
tion of Co?*. The SE effect is introduced to suppress the DE,
leading to a decrease in the ASy. On the other hand, the Co
magnetic moment is different from that of Mn. The properties
of the magnetism of a substance are usually indicated by the
magnetic moment i, which is a function of an argument that is
immediately associated with the number of unpaired electrons.

The relationship between p and y is®
NaBu?
= 18
X WL (18)

where Ny is Avogadro’s constant (Ny = 6.0232 x 10723), B8
is the Bohr magneton and k is Boltzmann’s constant (k =
1.38016 x 10723 J/K). The experimental effective magnetic
moment (/.L:;}p) can be calculated by combining the following

Mo (Tos H — MAT.H equation:
AS(,JOH):ZI H—l( i+1; )_ i( iy )AH, (17)

Tiy1 —T; u=2.83V/C. (19)
in which M; and M| are the experiment magnetization values The value of the theoretical magnetic moment is obtained from
at temperatures 7; and 7;1 1, respectively. the following relation: ]

|
plhe — \/ 0.95[(0.67—x)uZ:(Mn") + (0.28-+x) u2(Mn*") + 0.05u2 (Pr* ™) +xu (Co* ™). (20)

The values of u:?fp and ué‘flfe are calculated in Table 3.

Based on the table, it can be assumed that the Co?* doping
ey diminishes, and ASy also decreases at the beginning of
the phase transition. In addition, the reason that there is a dif-
ference between the value of /.Lgf‘fe and [.Lgfp is usually due to
the presence of short-range FM interactions beyond the T¢.

‘Table 3. The T¢, 6w (CW temperature), C (Curie constant), u;}r‘fe, and /.L:;(fp
of LSPMCO.

x 0.05 0.075 0.10

Tc (K) 315.7 30222 289.2
Bw (K) 326 313 290
C (ug-K/T) 1.85 1.54 1.37
pet () 3.85 3.51 331
phe (up) 4.42 441 439
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The total of the values of the combined positive and neg-
ative fractions of the heat capacity is the field’s response to the
entire specific heat. Heat capacity influences the refrigeration
or heating ability of magnetic materials and represents a useful
indicator of the magnetocaloric effect. On the basis of thermo-
dynamic theory, the variation of magnetic entropy is given by
the equation of specific heat capacity (60]

r CP(T7 ‘Ll()H) — CP(Tvo)
ASy = /o T

The variation of H results in a variation of the specific

dr. 1)

heat. The heat capacity is obtained by the following formula:

T IASN (T, uoH)
aT
Figure 19 shows that the thermal fusion exhibits an in-

ACy = Cp(T, uoH) — Cy(T,0) = . (22)

creasing and then decreasing trend. The magnitude of AC*™
as well as ACZ™" is monotonic as H increases. The potential
of the material as a room-temperature magnetic refrigeration
material is further demonstrated by the heat capacity of the
samples. The RCP is a significant parameter for judging its
performance, and the formula for calculating the RCP is!®!]

RCP = —ASmax X 8TrwHM, (23)

where O0Trwpm is the magnitude of the half-peak width
of the maximum in the magnetic entropy variation curve.
The relevance between both RCP and H is demonstrated
in Fig. 20. It is clear from the diagram that the RCP of
La0.67Sr0.2gPr0_05Mn1_XCOXO3 (x = 005, 0075, 010) grad—
ually diminishes with the increase in doping. This occurs pro-
vided that there are two aspects. One is that the ASy; decreases

with the increase in doping. The other is that Mn** increases
and Mn3" decreases after Co?t replaces Mn3*. There is no
significant additional half-peak width under the complex effect
of DE and SE. The ASy decreases with no significant increase
in the half-peak width, and therefore the RCP diminishes.

= =0.05 (a) =0.05 (b)
300 300
ko 2 T 250
= 2
=2 = 200}
Iy <
g 150 g 150f RCP = aH?
100 4 a=53.88
100 =1.09
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250 250
o T
Ly 200 £ 200
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~ 150 o, 150
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Fig. 20. Relative cooling power plot for LSCMCO (x = 0.05, 0.075 and
0.10) and their fitting curves.

When H = 5 T, the values of LSPMCO with other ma-
terials Tc, —ASy™, RCP and H are as listed in Table 4. The
comparison reveals that LSPMCO has superior relative cool-
ing efficiency and ASy at x = 0.05. It has the potential for
further research and to be developed as a magnetic refrigera-
tion material.
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Table 4. The comparison of LSPMCO with previously investigated magnetically cooled materials in terms of Tc, H, —ASy** and RCP.

Materials H (T) Tc (K) —ASy* (J/kg-K) RCP (J/K) Ref.
Gd 2 294 5 196 [62]
Lag 67Sr0.33MnO;3 2 354 1.15 88 [63]
Lag ¢7Bag 33MnO3 5 292 1.48 161 [64]
La0.75H0()A()5 SI‘QzMHOg 2 310 1.48 73.69 [65]
La0_75Sr0_15Ca0_|5MnO3 5 310 5.8 195.21 [66]
L8.0457Nd()_| Sr0_13Ag0_2Mn03 5 307 5.08 146.74 [67]
La0A67Sr0433Mn0,85V0‘1503 5 292 5.24 258 [68]
Lao_(,Pro‘er()AzMnO'j 5 244 4.16 174.7 [69]
Lag.§Cap2Mng.9Coo.103 5 - 2.63 144.54 [70]
Laolgcao.zMn()gCOo.]Og 5 - 2.34 224.07 [70]
La0_7Sro‘3Mno,95C00_0503 1 300 1.17 46.8 [71]
Lag,7Sr9.3Mng.90Co.1003 1 260 0.92 54.3 [71]
Lao.gNaosznov94C00.()603 5 255 3.95 260 [72]
La0_55Pr0A1Sr0_35Mn0_95Ti0_0503 3 288 2.78 118.85 [73]
Lag 67Caq.13Bag 2Mng 96Co0.0403 1.6 272 2.68 - [74]
La0‘67BaO'ZQSl‘0.11MH043C00.203 5 228 2.12 270 [75]
Lag ¢7S10.28 Pro.05Mng 95C0g.0503 5 316 4.26 311.54 this study
Lag 67S10.28Pro.05sMng.95C0g. 0503 5 302 4.13 276.43 this study
La0.67Sroingro'OsMnoA%C00A05O3 5 289 3.96 274.79 this Stlldy

4. Conclusion

Samples have been synthesized using the sol-gel tech-
nique. The structure and morphology of the samples as well
as the magnetocaloric effect are also tested and analyzed. The
XRD diffraction results indicate a pure phase excluding any
impurities. The material has a rhombohedral structure belong-
ing to the R-3c space group. SEM yields samples that are ir-
regular particles of submicron size. The samples undergo an
SMOPT in the vicinity of 7¢ from FM to PM. XPS confirms
that the proportion of Mn**/Mn3* changes with the amount of
doping. Critical behavior analysis confirms that the LSPMCO
critical behavior is in agreement with the mean-field model.
The magnetic hysteresis and thermal hysteresis of the SMOPT
are much smaller, providing better efficiency. At a doping
level of 0.075 and a temperature of 302 K, T¢ is closest to am-
bient temperature. The optimal performance at 5 T is achieved
with a doping level of 0.05, resulting in a maximum —ASy*
of 4.26 J/kg-K and RCP maximum of 311.54 J/kg.
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