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Abstract

In this work, we report a detailed experimental study regarding the impact of copper oxide (CuO) secondary phase and heat treat-
ments on the structural, magnetic, and magnetocaloric properties of the near-room temperature Pry;35r;,3MnO3 (PSMO) magnetic
refrigerant. Our investigations are carried out by using structural and microstructural analyses, alongside magnetization measure-
ments. The analysis of X-ray diffraction data of PSMO(95%)-CuO(5%) (PSMO-CuO) samples shows the coexistence of both CuO
and PSMO phases. Further, the microstructural analysis of PSMO-CuO reveals that the addition of CuO significantly enhances the
grains size. On the other hand, the added secondary phase markedly reduces the Curie temperature (T.) from 293 K for PSMO to
about 273 K for PSMO-CuO composite while increasing the magnetocaloric effect. This decrease in T, is associated with a signifi-
cant change from 162° to about 156° in the Mn-Oy-Mn bond angle respectively. Moreover, performed investigations regarding the
role of heat treatments unveil that the observed changes in the structural and magnetic features are mainly driven by the secondary
phase that modify grains size and double-exchange interactions in the PSMO compound. Interestingly, our findings demonstrate
that the Curie temperature of the PSMO and accordingly its magnetocaloric effect can be tailored by adding small amounts of
CuO without need to substitution on cation sites. In the light of obtained results, a multilayered refrigerant composed of PSMO
and PSMO-CuO is proposed to cover the magnetic cooling temperature range close to room-temperature. The resulting entropy
change remains practically constant between 273 K and 293 K. Such a behavior is highly appreciated from a practical point of view,

particularly in cases where the cooling process is carried out by using the AMR and Ericsson cycles.
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1. Introduction

Near-room temperature solid-state magnetic refrigeration is a
new and rapidly growing area of materials science and engi-
neering [1-6], due to its high thermal efficiency and the absence
of air pollutants. This makes magnetic refrigeration a serious
alternative to conventional techniques [7, 8]. Currently, there
are several prototype devices worldwide that use the magne-
tocaloric effect to generate higher temperature spans and cool-
ing powers [9, 10]. However, there is currently no mass-market
product available for purchase [11]. This is because various
hurdles must be overcome before magnetic refrigeration can be
commercialized, such as corrosion and mechanical brittleness
issues, as well as the discovery of a magnetocaloric material
with large MCE over a wide temperature range combined with
low hysteresis, low cost, and high electrical resistance. Mag-
netic refrigeration is based on the magnetocaloric effect (MCE)
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of magnetic materials, which are used to create a regenerator
matrix representing the heart of magnetocaloric systems [12—
14]. The MCE is defined as the change in temperature (mag-
netic entropy) of a magnetic material when it is adiabatically
exposed to an external magnetic field (isothermally) [15]. The
atomic and spin latices are the two major contributors to the
overall change in entropy. Under the influence of an external
magnetic field, the coupling between atomic and magnetic lat-
tices, in typical ferromagnets and paramagnets, results in the
material cooling (heating) when the magnetic moments are dis-
ordered (ordered) [16]. An effective refrigerant material must
have a higher AS;, and AT, values, high thermal conductiv-
ity, and low specific heat capacity [17, 18]. Various families
of materials were implemented in magnetic cooling, includ-
ing gadolinium, rare earth alloys, and intermetallics [19-24].
Unfortunately, the majority of these materials exhibit chemi-
cal instabilities (corrosion and oxidation) in aqueous environ-
ments, being harmful to active magnetic refrigerators (AMR)
[12, 13, 15]. Additionally, most of the reported MCE materials
include costly components or require complicated and expen-
sive production processes [14, 19, 25].
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In this context, the mixed-valence manganese perovskites, with
the chemical formula R;_,A,MnOs, in which R is a rare-earth
cation (Pr’*, La3*, Nd**, Y?>*) and A an alkali or alkaline
earth cation (Sr**, Ca’*, Ba?*, K*, Na*), have recently at-
tracted the interest of researchers due to their significant mag-
netocaloric effects near ambient temperature and the possi-
bility of tailoring their magnetocaloric properties because of
the strong coupling between their spin, charge, orbital, and
lattice degrees of freedom [26-28]. Furthermore, they are
also suitable for magnetic refrigeration applications owing to
their relatively low cost, easy preparation, increased chemi-
cal stability, reduced magnetic hysteresis, and low eddy cur-
rent heating [29]. Manganites with mixed-valence states may
be considered as a solid solution combining end members like
La**Mn’*03™ and Ca’*Mn**03", resulting in mixed-valence
La?fxCa?MnffonfO%‘ compounds [30, 31]. Typically, end
members are antiferromagnetic and insulating, but solid so-
lutions with x = 1/3 are ferromagnets and conductors [32].
Therefore, the specific composition, Ry;3A1,3MnOs3, is attrac-
tive for magnetic refrigeration, since a ratio of Mn**/Mn**
equal to 0.5 allows combining large magnetization and high
Curie temperature [33]. Moreover, the MnOg octahedral en-
vironment in manganites may be altered chemically by substi-
tuting A- or Mn-sites, which primarily affects the charge den-
sity and produce lattice distortions. The doping of A** site
with divalent ions leads to mixed-valence manganite systems in
which ferromagnetic (FM) double exchange (DE) Mn**-0?"-
Mn** competes with antiferromagnetic (AFM) super-exchange
Mn3*-0?~-Mn?* [34-37]. The magnetic and magnetocaloric
properties of these materials are highly dependent on the
strength of DE interactions between Mn**/Mn*" ions, which
are caused by the e, electrons migration between two partly
filled d-orbitals [38]. Moreover, the discrepancy in the average
ionic radii of A-site cations results in variations in the Mn-O-
Mn bond angles and Mn-O bond lengths, leading to the octahe-
dral tilting of MnOg [39-44]. In contrast to the A-site substi-
tution, the replacement of a transition metal ion at the Mn site
may result in altered magnetic interactions between Mn and the
replaced ion, transforming then the magnetic order from FM to
an AFM state or conversely [45—48].

Numerous techniques have been proposed with the aim of tai-
loring the magnetocaloric effect of R;_,A;MnO; manganite
oxides, including hydrostatic pressure [49-51], doping with
other rare earth elements [52, 53], and the insertion of sec-
ondary phases [54-61]. In fact, both the structural tempera-
ture transition and the Curie temperature (T.) increase linearly
upon increasing the applied hydrostatic pressure [49]. More-
over, as revealed by Sethupathi et al. [62], the increase of
praseodymium (Pr) content in Pr;_,Sr,MnOj3 decreases only
the material Curie temperature, whereas the magnetocaloric
properties remain almost unchanged. Apart from chemical re-
placement and hydrostatic pressure, nanoscale particle size re-
duction has been utilized to modify the physical characteristics
of manganites [63, 64]. Additionally, the strain effect has also
been shown to be an efficient approach for enhancing the mag-
netocaloric characteristics of oxides [65]. On the other hand,

inserting a secondary phase into the manganite-based materi-
als has been extensively investigated, initially for the purpose
of improving low-field magnetoresistance (LFMR) character-
istics [66—68]. The reported studies demonstrate that incor-
poration of an insulating secondary phase into the mangan-
ite materials is an efficient method for creating phase bound-
aries and accordingly generating a colossal low-field magne-
toresistance [69-72]. On the other hand, these findings have
motivated researchers to investigate the impact of adding sec-
ondary phases to the manganite matrix aiming to tailor and/or
enhance the magnetocaloric properties. In the reported work
by El Maalam et al. [73], it was shown that the mixture of
Lag 45Ndg 25Sr93sMnO3 with a small amount of CuO (typically
5% weight ratio) induces a slight decrease in the Curie tem-
perature and enhances the magnetocaloric effect, which is, ac-
cording to the authors, attributed to the larger grain size. Bhatt
et al. [74] have also investigated the effect of adding Ag,0 to
the pristine Pry;3Sr;,3MnO3 oxide, where it has been demon-
strated that the magnetic entropy change exhibits surprisingly a
rising trend as Ag,O concentration increases without affecting
T.. Recently, Neupane et al. [75] reported a study in which
they discussed the influence of NiO, CuO, and CoO transi-
tion metal oxides on the nanomaterial Lag45Ndg25Srg3MnO5
magnetocaloric effect. Their research work demonstrates the
possibility of a potential nanocomposite with increased magne-
tocaloric characteristics. Especially, it was demonstrated that
the Lag4sNdg25S5193MnO3 - 2.5 Wt. % CuO nanocomposite
displays AS,, =~ —3.95J kg' K~! under a magnetic field of
5 T, which is 110% higher than its equivalent of pristine mate-
rial. This is associated with the increase of T, from 240 K (pris-
tine) to 284 K (composite). However, the driving mechanisms
behind such marked changes regarding T, and the magnetic en-
tropy changes are not clearly explained. In addition, Neupane
et al. [75] findings are in full contradiction with E1 Maalam et
al. [73] results.

From a practical point of view, the Pr;_,Sr,MnOj series are
one of the most interesting perovskites for magnetic refrigera-
tion due to their large magnetization near to the ambient tem-
perature and their strong chemical resistance that compensates
for their relatively moderate magnetocaloric effect [76, 77].
Additionally, the substitution approach can be used to mod-
ify the Curie temperature, with a change of about 4 K in T,
per percent (%) of Sr [78, 79]. In the performed study by
Repaka et al. [80], the magnetization and the magnetocaloric
effect of the polycrystalline Pry¢Sro4MnO3; were particularly
investigated. It was observed that the studied compound shows
a second-order FM to paramagnetic (PM) transition at T, =
305 K, with a magnetic entropy change of 2.185 J kg~! K~!
and 3.416 J kg~' K~! for a field change of 1.5 T and 3 T, re-
spectively. Furthermore, Chanda et al. [81] have demonstrated
that for the same composition (Pry¢Srg4MnO3), a structural
transition from the orthorhombic to the monoclinic phase oc-
curs at Ty = 86 K. The latter significantly increases under the
application of hydrostatic pressure to reach 113 K, while the
Curie temperature remains almost unchanged. On the other
hand, Guillou et al. [33] have reported an experimental study on



Pr 66S109.34MnO3 synthesized by the solid-state reaction method
followed by a pelletization process. Particularly, it was shown
that the Prg ¢6S19.34MnO3 compound exhibits an FM-PM transi-
tion at T, = 295 K. Moreover, under a magnetic field change of
1 T, a magnetic entropy variation and an adiabatic temperature
change of 2.3 J kg™! K™! and 1.1 K can be reached respec-
tively. Furthermore, the implementation of Pryg6Srg34MnO;
in a reciprocating AMR-magnetic cooling device enables to
generate a temperature span of roughly 5 K under a magnetic
field of 1 T [33]. On the other hand, we have recently re-
ported a detailed numerical study regarding the real potential
of PryeSrp4MnOs3 in magnetic cooling. The obtained results
have unveiled the high performance of this material particu-
larly when fully taking advantage of its MCE. Furthermore,
even though the Pr(Srp4MnQOj3 exhibits a relatively low mag-
netocaloric effect at practical fields of 1 T to 2 T, the coeffi-
cient of performance can be increased by a factor of two pro-
vided that magnetic forces are balanced in magnetocaloric de-
vices [82].

Herein, the role of CuO and additional heat treatments (HT) in
tailoring the structural, magnetic, and magnetocaloric proper-
ties of the near Pr,/3Sr;3MnOj is deeply investigated. Keeping
in mind the fact that previous studies did not provide a satis-
factory explanation on how the secondary phases impact the
magnetism and MCEs of manganites [57, 73-75]. In this way
it is worthy to note that CuO oxide is a semiconductor with a
narrow bandgap (E,) of 1.2 eV [83] and an antiferromagnetic

order taking place at the Neel temperature Ty = 230 K [84].
It crystallizes in the monoclinic structure with the lattice pa-
rameters of a = 4.6837 A, b = 3.4226 A, and ¢ = 5.1288 A,
and B8 = 99.54 [85]. As a first step in our work, the PSMO
(95%)-CuO (5%) (PSMO-CuO) composites were prepared via
solid-state reaction. The lattice parameters, the interatomic dis-
tances, as well as the bond angles were determined by refining
the X-ray diffraction (XRD) data. The energy-dispersive X-ray
spectroscopy (EDX) technique was used to verify the chemical
compositions. The isothermal and isofield magnetic measure-
ments were carried out by using the Quantum Design Physical
Property Measurement System (PPMS).

2. Experimental details

The polycrystalline PSMO samples were prepared by using the
solid-state reaction method. The use of the latter for synthesiz-
ing manganites and composite materials seems to be the most
convenient since it has good grain growth distribution, excel-
lent process control, and appropriate process time. Stoichio-
metric proportions of PrgSry;, SrO, and MnO, powders with
high purity were mixed and grounded in an agate mortar for
1 hour. The mixture was annealed at 1000 °C for 12h and at
1200 °C for 24h in air, with intermediate grinding. Then, the
calcined powder was divided into four equal quantities. PSMO
(2h HT) and PSMO (24h HT) samples were heat-treated for two
hours and 24 hours, respectively, at 1200 °C. The two remain-
ing quantities were used to prepare the PSMO-CuO composites,
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Fig. 1: XRD patterns for (a) PSMO, (b) PSMO (2h HT), (c) PSMO (24h HT), (d) PSMO-CuO (2h HT), and (¢) PSMO-CuO (24h HT) polycrystalline.
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Table 1: Rietveld refined lattice constants, unit cell volume, bond angles, bond lengths and MnOg octahedron structural characteristics of both pristine and composite
samples in case of presence and absence of additional heat treatment. XRD data were obtained at room temperature.

Compound ? 107 (c,‘ C/ ﬁ y3 Mn-O-Mn MH-QI]-MH Ml’lQ-O] <Mn-Op> <w> WMn—OH—Mn
A @A A A (A% ) (A) (A)

PSMO 5480 5449 7.701 5.445 229.956 157.964 163.239 1.961 1.953 19.399 0.0950

PSMO (2h HT) 5490 5458 7.714 5455 231.146 157.440 162.611 1.966 1.958 19.975 0.0941

PSMO (24h HT) 5486 5452 7.704 5.448 230.424 158.930 162.018 1.959 1.958 19.526 0.0940

PSMO-CuO (2h HT) 5482 5.449 7.698 5.443 229.950 158.988 156.121 1.957 1.975 22.446 0.0904

PSMO-CuO (24h HT) 5.486 5.452 7.701 5.445 230.334 160.029 157.838 1.955 1.970 21.067 0.0915

where a small quantity of copper oxide (5% weight ratio) was
added and well mixed with PSMO to have a homogenous pow-
der. The resulting mixtures denoted as PSMO-CuO (2h HT)
and PSMO-CuO (24h HT) were calcined at 1200 °C for 2h and
24h, respectively. To check the crystalline quality of prepared
samples, XRD measurements were performed at room temper-
ature using a Bruker D8 ADVANCE diffractometer with Cu-Ka
radiation over the 26-angular range of 10° < 26 < 80° with a
step size of 0.01°. The particle sizes and the surface morphol-
ogy were analyzed by employing an Analytical Scanning Elec-
tron Microscope (ASEM) model X. Magnetization data were
collected over the temperature range of 10-350 K under mag-
netic fields going from 0 to 7 T by using a superconducting
quantum interference device magnetometer from Quantum De-
sign, model MPMS XL.

3. Results and discussion

3.1. Structural characterization

The X-ray diffraction patterns of PSMO (2h HT - 24h HT) and
PSMO-CuO (2h HT - 24h HT) samples at room temperature
are shown in Fig. 1. HighScore Plus software was used to ana-
lyze the existing phases, and the Rietveld method was adopted

i (b)

@

to refine the XRD data using the FullProf refinement software
[86, 87]. The observed and calculated patterns are successfully
superposed with a reliability factor (Rwp) less than 7%, unveil-
ing the excellent quality of refinement [88]. The analysis of
XRD data as reported in Fig. 1 shows that the compounds are
single phased without any impurities. This means that no ad-
ditional phases (e.g., Mn3O4, Mn;5Og, PrsO;;) and/or no ad-
ditional impurities at the Mn sites (e.g., Cr, Co, Fe, Ni) can be
found other than PSMO in the pristine samples and PSMO-CuO
in the composite samples. At room temperature, PSMO sam-
ples are well crystallized in the orthorhombic structure with the
Pbnm (n°® 62) space group. For the PSMO-CuO samples, the
coexistence of copper oxide and PSMO can be clearly observed
with a strong orientation along the (200) direction. The refine-
ment results for the studied samples are summarized in Table 1.

The XRD data examination revealed that adding a small amount
of CuO to the pristine PSMO led to a minor modification in
the lattice constants and the cell volume. Moreover, it is wor-
thy to mention that for all studied samples, ¢/ V2 < b < a.
However, the addition of CuO resulted in a significant change
in the Mn-Op-Mn bond angle that decreases from about 162°
for PSMO to about 156° for PSMO in the composite sam-
ples. The average Mn—O—Mn bond angle distortion of MnOg

Fig. 2: Scanning electron micrograph (SEM) of (a) PSMO, (b) PSMO (2h HT), (c) PSMO (24h HT), (d) PSMO-CuO (2h HT), and (e¢) PSMO-CuO (24h HT)

samples.



Fig. 3: Elemental mapping for PSMO-CuO (24h HT) with (a) all present elements and (b) only copper element. (c) SEM micrographs of PSMO-CuO (24h HT) and
their associated EDX spectrum at: (d) the grains boundaries and (e) the grains surface.

octahedra in the studied samples is defined as <w> = 180° —
<Mn-O-Mn> [78, 89]. From Table 1, it is noticed that the value
of < w > increases when adding the CuO secondary phase,
indicating that the latter enhances the octahedral MnOg distor-
tion. Moreover, the variation in bond angles and lengths leads
to a change in the effective one-electron bandwidth Wy_o-mm
(electron hopping interaction for Mn** and Mn** ions), de-
scribed as [90],

cos (7T - 9Mn—0—Mn)

2
3.5
dMn—O

! ey

WMn—O—Mn o

where Oypn.o.mn 1S the Mn-O-Mn bond angle, whereas dym.o
represents the Mn-O bond length. Table 1 includes the esti-
mated values of W, which decreases for the composite sam-
ples as compared to pristine ones. The narrowing of the
one-electron bandwidth indicates that the double exchange
(Mn**-0%>"-Mn*") interaction is less dominant than the super-
exchange (Mn**-0O% -Mn>*) coupling or other electronic insta-
bilities [91]. Additionally, the lower Wy,—o-mn implies a possi-
ble weakening of the octahedron electron transition probability.

On the other hand, scanning electron micrographs of the stud-
ied samples are reported in Fig. 2. The surface of obtained pure
PSMO perovskite powders after the three heat treatment modes,
shown in Fig. 2(a, b, and c), is composed of almost accumu-
lated spherical grains with an average grain size of 0.6 um and
a homogeneous microstructure. It is worth mentioning that the
addition of two or twenty-four hours of heat treatment has no
effect on the grain size. However when the CuO phase is mixed
with the pristine compound under the same heat treatment con-
ditions, the PSMO grains began to merge together, while their
boundaries became challenging to detect due to their large size
as can be seen in Fig. 2(d and e). The CuO effect is readily
apparent in the PSMO mean grain size that markedly increases
from 0.6 ym to 5 yum. More results concerning the scanning
electron micrograph and elemental mapping of here investi-

gated samples, as well as their associated EDX spectrum, are
provided in the supplementary information (see Figure S1).

To get insight on the location of CuO, a plate form is made for
the composite powder. The elemental analyses of the PSMO-
CuO pellet were carried out by EDX micro-analysis and re-
ported in Fig. 3. The latter shows the presence of a large quan-
tity of Cu metal at the grain boundaries, corresponding to about
45% of the atomic ratio. However, the Cu concentration is only
about 1% at the grains surface, which is mainly composed of
Pr, Sr, Mn, and O chemical elements. These findings reveal
that the copper oxide which covers the pure material grains
markedly promoted grain growth because of the liquid sinter-
ing [75, 83, 92], since the melting point of CuO (1325 °C) is
close to the sintering temperature (1200 °C).

3.2. Magnetic properties

To better understand the effect of secondary phase and addi-
tional heat treatments on the magnetic properties of studied
samples, it is necessary to investigate their temperature depen-
dence of magnetization. Thus, in Fig. 4(a), the latter is shown
for both pristine and composite samples. The measurements
reveal that the magnetization of investigated materials under a
magnetic field of 0.1 T rapidly changes near their Curie tem-
perature. The magnetic phase transition from the ordered (fer-
romagnet) to the disordered (paramagnet) state takes place at
high temperatures, which is mainly due to the strong double
exchange Mn3+(t§g ey)-0>"(2p)-Mn** (tgg e2) interaction [32].

Furthermore, the Curie temperature can be determined from
the lowest value of the dM/dT versus T curves. As shown
in Fig. 4(b), the T, of composite materials is around 273 K,
which is significantly lower than that of the PSMO sample
T. = 293 K. Based on the double exchange model, a lower
T. indicates a loss of overlap between the Mn(3d) and O(2p)
orbitals [57], which can be confirmed by the decreased effec-
tive one electron bandwidth Wy, 0.mn for composite samples
as reported in Table 1.
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The inverse susceptibility (y~!) as function of temperature is
represented in Fig. 4(c). From the Curie-Weiss fitted plots,
we can see that above the Curie temperature, the susceptibil-
ity obeys the Curie-Weiss law, defined as,

C

S an @)

X
where Ty is the Curie-Weiss temperature, and C is the Curie
constant that can be determined by the linear fit of y~'. The ob-
tained Curie constants can be further used to deduce the exper-
imental effective magnetic moment, using the following equa-

tion [93],
o 3-C kg M,
e e Rt 3)

where up is the Bohr magneton, kg is the Boltzmann con-
stant, N, is the Avogadro number, and M, is the molecular
formula weight. The obtained experimental values are summa-
rized in Table 2. Moreover, the theoretical effective magnetic
moment of Pr;_,Sr,MnQOj can be obtained using the following
relation [79],

ey = \J( =242, (%) + (1= 0 22 (M) + x4, (Mn*),
@

where ueff(Pr3+), ueff(Mn3+), and ,ugff(Mn‘”) represents the
effective magnetic moment of Pr’*, Mn3*, and Mn** ions, re-
spectively. Pry;3Sr1,3MnO3 has a theoretical effective magnetic
moment of 5.44 1. The higher experimental value of 1, com-
pared with the theoretical value can be related to the presence of
the FM state above T, [94, 95]. Furthermore, at 10 K, Fig. 4(d)
depicts the magnetization variation as a function of magnetic
field. PSMO has a greater magnetization value than the other
composite samples, which is primarily due to the decreased FM
volume caused by the introduction of CuO. This is confirmed by
the magnetization of the composite that is approximately equal
to that of the pure sample when removing the contribution of
secondary phase, as can be seen in the inset of Fig. 4(d).

The isothermal magnetization M(H) curves recorded in the tem-
perature range going from 250 K to 310 K and under chang-
ing magnetic fields up to 7 T for both pristine and composite
samples are reported in Fig. 5. At low temperatures, the mag-
netization curves exhibit a nonlinear pattern with a tendency
to saturate in the presence of magnetic fields, indicating a fer-
romagnetic behavior. However, above T., the magnetization
evolves almost linearly, indicating a paramagnetic state caused
by the thermal agitation disrupting the arrangement of magnetic
moments.
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Fig. 5: Isothermal magnetization curves for the investigated samples at different temperatures close to the magnetic phase transition and up to 7 T.

3.3. Magnetocaloric properties

This work also aims to determine the magnetocaloric proper-
ties of studied samples. In this way and according to the Ar-
rott plots (M? versus H/M) presented in Figure S2, the positive
slope of the curves indicates on the occurrence of a second-
order magnetic transition in all studied materials [96]. There-
fore, for materials that show a second-order transition and very
low field hysteresis, which is the case of the here investigated
Pry/3S113MnO3 oxide and its composite, the isothermal en-
tropy change resulting from the variation of external magnetic
fields from O to H can be obtained by using the following
Maxwell relation [8, 97, 98],

H (oM
AS (T,0 - H) = —_— dH’, 5
( ) fo(aT)H/ )

where AS is determined numerically by using the numeri-
cal form of above equation and reported magnetic isotherms

Table 2: Curie temperature (T.), Curie-Weiss temperature (Tg ), Curie constant
(C), and experimental magnetic moment (yz;’}) obtained from magnetization
data for all studied samples.

Sample T(K) Ty(K) € plh (up)
PSMO 293 300 0.0192 5.89
PSMO (2h HT) 295 299 0.0189 5.84
PSMO (24h HT) 291 297 0.0205 6.08
PSMO-CuO (2h HT) 274 276 0.0223 6.35
PSMO-CuO (24h HT) 270 273 0.0216 6.24

in Fig. 5. In this case, AS is given by,

M - M;
AS = Z T, M ©)
where M;,; and M; are the measured magnetization under an
external magnetic field at T;,; and T}, respectively. In Fig. 6(c),
the change in magnetic entropy as a function of temperature
for all studied samples under some representative magnetic
fields is reported. Their entropy change exhibits a maximum
close to Curie temperatures and then drops almost symmetri-
cally beyond the phase transition region. The AS maximum
values increases from 1.32 to 5.77 J kg™! K! and from 1.88
to 6.23 J kg~! K~ when increasing the applied magnetic field
from 1 T to 7 T for PSMO and PSMO-CuO, respectively,
while keeping their location at T, as shown in Fig. 6(a-b). On
the other hand, when the magnetic field is varied by 4 T, the
highest magnetic entropy change for PSMO-CuO approaches
4.66 J kg™!' K7! (at 273 K), whereas for PSMO it is roughly
equal to 3.7 J kg~! K~! (at 293 K). This difference is due mainly
to the fact that the magnetic phase transition of the PSMO-CuO
compound is broader than that of the pure compound. As men-
tioned above, the here investigated manganite shows relatively
lower AS value when compared with gadolinium (Gd), which
exhibits a large entropy change value of 2.8 J kg™! K~! (at
292 K) under a magnetic field of 1 T [13]. However, when com-
pared with similar oxides such as Lay/3(Cag.75Sr0.25)1,3MnOs3,
which is considered as the best candidate among manganites for
near-room temperature magnetic refrigeration, the PSMO-CuO
sample exhibits a similar magnetic entropy change [99]. Nev-
ertheless, AS can be remarkably enhanced for here investigated
manganite oxides when an appropriate method of preparation
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is used. In fact, Phan et al. [76] have prepared a single crys-
tal Prge3S1937MnO3 which exhibits a high magnetic entropy
change of 2.57 J kg~! K~! (at 305 K) under a magnetic field of
1 T. Furthermore, when the Prj3Sro37MnO; is shaped into a
pellet form with a higher calcination temperature and duration,
the magnetic entropy change could also be enhanced according
to Ref. [33]. Fig. 6(d) represent the magnetic entropy changes
of PSMO, PSMO-CuO (24h HT) and PSMO-CuO (24h HT),
without considering the mass contribution of CuO as a function
of temperature under some representative magnetic fields. As
can be seen, a slight increase in the entropy change that attains
1.9 T kg ! K7! (1 T) is observed. The latter is considered as
the real AS, value of PSMO magnetic entropy change in the
PSMO-CuO composite material, as the CuO secondary phase
has no contribution to the total magnetization and accordingly
the MCE. In addition to the entropy change, the refrigerant ca-
pacity (RC) is an important parameter that describes the effi-
ciency of a magnetocaloric material. In fact, materials with a
higher RC are more suitable for practical applications. RC is
given by [100],

Thot
RC = - f AS (T) dT, 7

Teold

where T, and T}, are the respective temperatures at the AS ,,,
peak’s full width half maximum, which can be calculated nu-
merically by integrating the area under the AS,, versus T curve
between T,y and Ty, In Fig. 7, the RC values are plotted ver-
sus the applied magnetic field. As can be seen, the RC linearly
increases with magnetic field reaching 40 J kg~! and 308 J kg~!
for PSMO, and 32 J kg~! and 271 J kg~!' for PSMO-CuO un-
der 1 T and 7 T, respectively. The observed decrease in RC
regarding the PSMO-CuO is particularly due to the reduction
of its working temperature range as the magnetic phase tran-
sition is closer to the first order transition character. On the
other hand, the resulting RC is nearly similar to that of the
near-room temperature refrigerant Lay;3(Cag 7551025)1,3MnO;3
(RC = 37 J kg™!) [99]. However, when compared to other
high-performance magnetic refrigerants such as Gd (RC =
170.171J kg‘l for 2 T) and LaFe;3_,Si, (RC = 97.05 I kg~! for
2 T) based compounds, the studied materials exhibit relatively
lower values.

Various studies have demonstrated the strong interplay between
lattice and spin degrees of freedom in perovskite-type man-
ganese oxides [101]. Therefore, a variety of mechanisms may
explain the reduction in transition temperature and the variation
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of PSMO-CuO magnetic entropy. First, the insertion of CuO
phase in the PSMO matrix weakens the FM interaction through
structural modifications. In fact, the presence of this secondary
phase in the grain boundaries leads to an apparent structural
deformation in the primary phase where the Mn-O bond dis-
tances and Mn-O-Mn bond angles are significantly affected as
reported in Table 1. In fact, the loss in FM interactions can be
explained by the weaker double exchange mechanism caused
by the reduction in the Mn-O-Mn bond angle since the ampli-
tude of charge carriers hopping from one Mn ion to another is
reduced when this angle deviates from 180° [36, 102—-104]. Ac-
cordingly, the remarkable decrease in the Curie temperature is
expected based on the following relation [105],

)
dMn—O
where dj,—o is the length of the Mn-O bond and ¢ is the Mn-
O-Mn bond angle. The observed modification in ¢ can be ex-
plained by a tensile force exerted by the CuO secondary phase,
particularly near grain boundaries. Furthermore, the loss in
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ferromagnetic interactions can be also reinforced by the low
magnetic coupling between the grains due to the inter-grain
constructed layer (CuO phase), which is magnetically different
from the magnetic state of the grains [106].

On the other hand, even though there is only an additional 2
hours of heat treatment at 1200 °C to PSMO-CuO, this brief
period was good enough to markedly increase the grain size as
shown in Fig. 2. This is because of the presence of CuO, which
acts as a sintering aid. In Park et al. [107] study, it was demon-
strated that the magnetization at the surface boundary of the
manganese oxide Lay7Srg3MnO; decays much slower than the
bulk magnetization. Therefore, the high grain size of the com-
posite samples may promote a more ordered FM phase and,
consequently, reduce the magnetic transition width (i.e. more
pronounced magnetic phase transition) since the impact from
the magnetically disordered surface boundary is reduced, which
can explain the slight increase of the magnetic entropy. On the
other hand, the near first-order magnetic transition may also
be related to the significant decrease in the Curie temperature.
With regards to the effect of additional heat treatments on mag-
netic and magnetocaloric properties, the obtained results indi-
cate that, in the absence or the presence of secondary phase,
the Curie temperature and the magnetic entropy change are al-
most constant. Therefore, the additional heat treatment has no
effect on the magnetic and magnetocaloric properties since the
observed modifications in the composite samples are in fact di-
rectly arises from the added secondary phase.

4. Multilayered magnetocaloric refrigerants based on
PSMO and PSMO-CuO

As already reported in this study, the investigated manganite
oxides show a significant magnetocaloric effect that remains
peaked on a relatively narrow temperature range, which is not
appreciated from a practical point of view. However, as demon-
strated above, the addition of CuO as secondary phase to the
pristine PSMO enables us to reduce its Curie temperature to
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Fig. 8: (a) Magnetic entropy changes of PSMO, PSMO-CuO (24h HT), and the multilayered material composed of both PSMO and PSMO-CuO (24h HT) samples
as function of temperature under magnetic fields of 1 T and 7 T. (b) Magnetic refrigeration capacity (RC) versus applied magnetic field for PSMO, PSMO-CuO

(24h HT) and the multilayered material.



about 273 K without proceeding to doping effects. Taking ad-
vantage of such a result, a multilayered refrigerant based on
both PSMO and PSMO-CuO is proposed aiming to cover a
wide temperature range close to ambient temperature. The
proposed multilayered material can be employed as a refrig-
erant in cooling devices that use AMR and Ericsson cycles to
achieve the refrigeration process. The latter cycle particularly
requires a constant entropy change over the considered tem-
perature range [8, 108—114]. For this purpose, the numerical
method proposed in Refs. [109, 115] was used to identify the
optimum mass ratio, y;, for each material based on the isother-
mal entropy change represented in Fig. 6. In general, for a re-
frigerant constituted of n magnetic compounds, the resulting
isothermal entropy change can be given by the following rela-
tion,

n
ASeom = ) ¥ihS, ©)
i=1

where y; is the mass proportion of one of the constituent com-
pounds. If AS ., of the composite material utilized as the work-
ing substance in the Ericsson refrigeration cycle is maintained
constant across a specified temperature range, the refrigeration
cycle may achieve a complete regeneration [114]. In this case,
Eq. (9) can be expressed as follows,

AScom= ) yi[ASi(TI) = ASi(TI)| =0, (10)

n

i=1

where j = 1,2,..., n-1 and T, is the Curie temperature of ith con-
stituent material. Under a magnetic fields of 1 T and 7 T, the
optimum mass ratio of the considered materials is determined
using the combination of Eq. (10) and the fact that ;" | y; = 1.
The calculated AS ., versus temperature and magnetic field is
shown in Fig. 8(a). As can be observed, AS .., remains almost
constant within the temperature range 273-293 K. Indeed, a
nearly perfect plateau is observed in the multilayered isother-
mal entropy change curve with an average value of 1 J kg~! K~!
(1 T) and 5.11 J kg~! K=' (7 T). Even though the achieved
AS com 1s lower than the one of the constituent samples, the
broadening of the working temperature makes the proposed
composite material a potential working substance in magnetic
refrigeration cycles. Similar features were reported by Balli
et al. [112] and Smaili et al. [111] for a composite refrigerant
based on Gd;_,Tb, and Gd,_,Dy, alloys, where it is observed
that AS .., remains practically constant for near-room tempera-
tures range of (260-300 K) and (210-290 K), respectively, with
higher magnetic entropy change when compared to the here in-
vestigated materials. Furthermore, as shown in Fig. 8(b), the
magnetic refrigeration capacity of the multilayered system is
greater than that of the composite material, and approximately
equivalent to that of pure PSMO.

5. Conclusions

To sum up, the structural, magnetic, and magnetocaloric prop-
erties of Pry/3Sr;3MnO3; (PSMO) and Pr;/3Sr1,3Mn0O3(95%)-
CuO(5%) (PSMO-CuO) samples have been studied to particu-
larly assess the real impact of the added CuO secondary phase

on the magnetic and magnetocaloric features of PSMO. There-
fore, the bond lengths and angles of prepared samples were
determined by the Rietveld refinement method of the X-ray
data. The latter unveil a significant variation in the Mn-O-Mn
bond angles caused by the tensile strain resulting from the sec-
ondary phase located at the grain boundaries. This was con-
firmed by using SEM micrographs. Moreover, such structural
deformations weaken the ferromagnetic interactions controlled
by double-exchange couplings, which markedly decrease the
Curie temperature from 293 K for the pristine PSMO to about
273 K for the PSMO-CuO composite. This is associated with
the enhancement of the magnetocaloric effect in the PSMO-
CuO. Based on the obtained results, a multilayered refriger-
ant based on PSMO and PSMO-CuO materials is proposed for
room temperature magnetic cooling applications. The resulting
entropy change remains nearly constant over the temperature
range going from 273 K to 293 K, being a favorable situation
for the efficient AMR and Ericsson thermodynamic cycles.
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Highlights

e The real impact of CuO secondary phase and heat treatment in tailoring the
Pr,3Sr3MnO; features is clarified.

e The correlation between structural and magnetic ordering parameters in
Pr,3Sr1sMn0O3/CuO composite is deeply investigated.

e An efficient room temperature multilayered magnetic refrigerant based on
Pr,3SrsMn0O3/CuO and Pry;Sry3MnOs is proposed.





