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Abstract Experimental studies of the structural, magnetic
and magnetocaloric properties of the three compounds
Pry5X0.1S19.4MnO5; (X = Ce, Eu and Y) are reported. Our
samples were synthesized using the Pechini sol-gel
method. X-ray powder diffraction at room temperature
indicates that our materials crystallize in the orthorhombic
structure with Pbnm space group. The compounds undergo
a second-order magnetic transition from paramagnetic to
ferromagnetic state around their own Curie temperatures
Tc ~ 310, 270 and 230 K for X =Ce, Eu and Y,
respectively. A considerable magnetocaloric effect (MCE)
is observed around room temperature. The maximum val-
ues of magnetic entropy change AS,.x are 3.54, 3.81 and
2.99 J/kgK for the samples with X = Ce, Eu and Y,
respectively, when a magnetic field of 5 T was applied.
The relative cooling power (RCP) values for the corre-
sponding materials are 246.60, 261.66 and 298 J/kg. It is
shown that for Prys5Xg 1Sro4MnO;5 the exponent n and the
magnetic entropy change follow a master curve behavior.
With the universal scaling curve, the experimental AS at
several temperatures and fields can be extrapolated.

D< R. M’nassri
rafik_mnassri @yahoo.fr

Laboratoire de Physico-Chimie des Matériaux, Département
de Physique, Faculté des Sciences de Monastir, Université de
Monastir, 5019 Monastir, Tunisia

Unité de recherche Matériaux Avancés et Nanotechnologies
(URMAN), Institut Supérieur des Sciences Appliquées et de
Technologie de Kasserine, Kairouan University, BP 471,
1200 Kasserine, Tunisia

3 Institut NEEL, BP 166, 38042 Grenoble Cedex 9, France

Laboratoire de Physique des Matériaux, Faculté des Sciences
de Sfax, Sfax University, BP 1171, 3000 Sfax, Tunisia

1 Introduction

Recently, the invention of a magnetic cooling prototype by
Zimm et al. [1] has greatly stimulated the search for new
generation of refrigerators that are more efficient, eco-
nomical and environmentally friendly for replacing the
current refrigerators using greenhouse gases that are
harmful to environment and contributing to ozone-deplet-
ing or global warming [2—4]. Practically, magnetic cooling
requires the combination of a magnetic field source with
high strength and a material with a sufficiently high mag-
netocaloric effect (MCE) at low magnetic fields, a wide
temperature range and a small thermomagnetic hysteresis.
In fact, the MCE is associated with temperature change of a
magnetic material under the application of magnetic field
(uoH). Depending on the direction of uoH, the material can
be heated or cooled [5]. This phenomenon is originated
from the coupling of a magnetic field with magnetic
moments in a solid [6, 7]. For this purpose, the magnetic
properties and MCE in lots of manganese oxide systems
are systematically investigated, and some of them are
found to possess promising MCE properties, such as Pr-
based manganites [8—11]. This family of materials showing
multifunctional properties has fascinated considerable sci-
entific and technological interests due to the rich funda-
mental physics and their presence in useful applications [5,
12]. With prominent advantages in terms of large magnetic
entropy change AS, Pr-based manganites ceramics has been
the subject of intensive research. These systems exhibit
excellent soft ferromagnetism, high magnetization, low
toxicity elements and low cost. Regarding these propri-
eties, manganites can be considered as a candidate material
for MCE application [13]. Additionally, these materials are
very convenient for the preparation routes, and their Curie
temperature can be justified under the various doping
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conditions. Fundamentally, the manganese ion exists in
two different oxidation states such as Mn’" and Mn*"
which creates two types of magnetic interactions that are
ferromagnetic and antiferromagnetic interactions related to
the double-exchange pair of Mn**—Mn*" and superex-
change pairs of Mn**—Mn** and Mn*"-Mn**, respec-
tively. Their interaction strength depends on Mn>"/Mn*"
ratio [14], the structural parameters as well as Mn—O bond
and Mn-O-Mn bond angles, the average size of the A
cation site ra [15] and the disorder degree of the so-called
mismatch A-site effect o2 [16].

As the MCE properties of manganites are known only to
a limited extent, the search for further compositions and
preferment elaboration method likely to lead to an
increased magnetocaloric effect is still desired. The present
paper extends recent studies on Pr-based manganites [17—
20] and aims at investigating the structural, magnetic and
magnetocaloric properties of PrysXg.1S194MnO3 ceramics
with X = Ce, Eu and Y prepared by using the Pechini sol-
gel method. In this study, our doped compounds are
characterized by a fixed Mn>*/Mn** ratio, while the values
of <r,> and ¢? depend on the nature of the substituent.

2 Experimental section

Our doped samples PrysXgSro4MnO3 were prepared
through sol-gel method using nitrate—citrate route [21].
The called sol-gel ceramics were obtained by dissolving
highly pure PrgO;;, SrCO;, Ce,O;, Eu,0;, Y,0; and
MnO, in diluted nitric acid with continuous stirring and
moderate heating resulting in a transparent solution. Nitric
acid was added to convert the stoichiometric amounts of
precursors into their respective nitrates. After total disso-
lution, citric acid (C¢gHgO~7) in 1:1.5 molar ratio was added
as a complexant agent and the pH of the solution was
controlled by the addition of NH;. After continuous stirring
for 2 h, ethylene glycol was added as a polymerization
agent and the mixture is maintained at 90 °C until the
formation of brown gel. The brown color of the gel indi-
cates that there are carbonaceous species in the material,
presumably due to the onset of decomposition in the
polymerized network. Then, this solution was heated at
130 °C and the excess of nitric acid and water was boiled
off giving a homogeneous red resin, which was then dried
at 150 °C overnight to evaporate a nitrogen element and
obtain a black fine powder. The PrysX St 4MnO3 with
X = Ce, Eu and Y crystallized powder was obtained by
calcination at 500 °C for 6 h. The resulting powder was
pressed into pellets forms for 2 min (of about 1 mm
thickness and 12 mm diameter) under 4 ton/cm?® and sub-
sequently sintered at 1000 °C for 7 h to be consolidated.
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The samples were characterized at room temperature by
X-ray diffraction with CuKa radiation (4 = 1.5406 10\).

The structural refinement was carried out by the Riet-
veld analysis of the X-ray powder diffraction data with the
help of FULLPROF software [22, 23]. Magnetization
measurements versus temperature and versus magnetic
applied field up to 5 T were carried out using BS1 and BS2
magnetometers constructed at Néel Institute. The MCE
results were deduced from the isothermal magnetization
data.

3 Results and discussions
3.1 Structural characterization

Figure 1 shows that the XRD patterns of the sol-gel made
ceramic for PrysXg 1S194MnO3 (X = Ce, Eu and Y) reg-
istered at 300 K including the observed and calculated
profiles as well as the difference profile. The quality of the
refinement is evaluated through the goodness of the fit
indicator Chi-square which is lower than 1.75. The
diffraction peaks can be indexed in the orthorhombic set-
ting of the Pbnm space group like bulk Prj sEug ;Srg 4MnOj3
[24]. The atoms Pr, Ce, Eu and Y are located at 4¢ (x, y,
1/4) position, Mn at 4b (1/2, 0, 0) and oxygen atoms
occupy two sites, specifically O, at 4¢ (x, y, 1/4) and O, at
8d (x, y, z). Regardless of the nature of elements of the
substituent, the orthorhombic crystal structure with the
Pbnm space group is stable. The obtained results are sim-
ilar in kind to those observed in the work of Moumen et al.
[23].

It is clear from Fig. 1 that a single phase-material is
observed for X = Eu sample without any detectable impu-
rity. A small secondary phase attributed to the presence of
PrgO, impurity is observed in the material doped by Ce or Y
marked with (*) in Fig. 1. The latter is identified with X’ Pert
HighScore Plus software. Given the small concentration of
the impurity, the absence of manganese in it, and the negli-
gible effect on the perovskite stoichiometry, we assume that
the secondary phase does not have any significant effect on
the subsequent measurements of magnetic properties [11,
25]. Detailed results of the structural parameters deduced
from the refinement are summarized in Table 1. The resid-
uals for the weighted pattern Rwep, the pattern Rp and the
structure factor Rg are given in Table 1. In Table 2, we have
calculated the tolerance factor (), the average size of A-site
cations (r,) and the mismatch size (62) at the A-site. The
ionic radii are taken according to Shannon [26]. The lattice
parameters a, b and c/\/2 verified the relation ¢/

V2<a<b indicating that the materials are characterized
by the presence of the static Jahn—Teller distortion [27]. In
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Fig. 1 XRD patterns after Rietveld refinement of Pry 5X 1Srp4MnO3
(X = Ce, Eu and Y) samples. The vertical tick indicates the allowed
reflections. The difference pattern between the observed data and fits
is shown at the bottom

addition, it can be concluded that values verify the
orthorhombic distortion condition (0.75 < ¢t < 0.96) which
is in accordance with the refinement results [28]. Refine-
ments results of the phase PrgOy; are reported in Table 3.

In the present samples, the substitution is achieved by
replacing the X ion by a trivalent rare earth ion (Ce’ ", Eu’ "
and Y’") with different sizes (rqg = 1.196 A,
rger = 1.12 A and rys+ = 1.075 A). This replacement
induces a modification in the chemical internal pressure
that affects locally the Mn—O-Mn angle and the Mn-O
distance. In our materials, the Mn3*/Mn** ratio is fixed
and the lattice distortion is ascribed to the variation of the
average ionic radius <r,> of the cation site, induced by the
size of the substitution. In fact, the participation of the
oxygen anion O~ in the dual exchange process allows us
to conclude that the more Mn—O-Mn angle moves away
from its ideal value (180°), the more the overlap between
3d orbitals of manganese ion Mn and 2p of oxygen O is
weakened. Consequently, this leads to the narrowing of the
band width W given by [29]:

Ccos [% X (713 — OMn—O—Mn)]

d(BI'V?nfO)

W(u.a) x (1)
where Oyp_ovn 1S the Mn—O-Mn angle and dyp, o is the
Mn-O distance. The wide bandwidth W plays a significant
role in the competition between ferromagnetic and anti-
ferromagnetic interactions. A small change in W has a
profound effect on magnetic properties of manganites [30].
The values of W are given in Table 1. The W decreases
with decreasing the average ionic radius <r,>. Thus, an
overall increase in the bandwidth W, thereby leading to an
enhancement of 7c. It is obvious that, in the PrysYq .
Sry.4MnO; sample, the distortion compared with the ideal
cubic perovskite structure (Onn_ovn = 180° et t = 1) is
the highest among our manganites and this leads to obtain
the smallest volume (Vx _ v = 227.84 (10\)3 ).

3.2 Magnetic properties

Magnetization versus temperature has been undertaken
under an applied magnetic field of 0.05 T in the field-
cooled (FC) mode for PrgsXg 1Srg4MnO3; materials and
shown in Fig. 2a. All materials exhibit a pointed transition
from high-temperature paramagnetic state to low-temper-
ature ferromagnetic state. The M(T) curves do not reveal
secondary magnetic phases, which indicates that the mag-
netic behavior is not affected by the presence of small
amount of secondary phase [11]. We see clearly by
examining the M(T) curve of the PrysCeySrg4MnO3
sample shows a steplike decrease at 170 K. A similar
behavior has been observed in previous works on the
Prg ¢Stp4MnO3 [31, 32]. The authors suggest that the
steplike decrease is not due to AFM transition. Using
neutron diffraction study, the mentioned anomaly is
attributed to orthorhombic to monoclinic structural phase
transition upon cooling [28]. Besides, we find, from Fig. 2,
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Table 1 Refined structural

parameters of

Pr0_5X0_ISI‘()'4MnO3 (X = CC,
Eu and Y) at room temperature

Table 2 1, <r,> and o values

Samples
Space group

Pro.5Ceo.1Sr0.4MnO3
Pbnm

Pro5Eug.1 Sro 4sMnO3

Pro5Y0.1510.4MnO3

Cell parameters

a (A) 5.4395(7) 5.4429(5) 5.4385(5)
b (A) 5.4809(5) 5.4717(5) 5.4580(6)
c (A) 7.6550(7) 7.6832(6) 7.6758(8)
c/V2 (A) 5.4129(5) 5.4328(4) 5.4276(6)
Unit cell volume
V (A% 228.22(4) 228.82(3) 227.84(4)
Atoms
Pr,Ce/Y/Eu,Sr
X 1.002(2) 1.001(5) 1.002(2)
y —0.0109(9) 0.0001(17) —0.0109(9)
Biso (A%) 1.31(13) 1.815(79) 1.918(0)
Mn B, (A?) 1.58852 1.591(92) 0.942(0)
o (1)
X —0.027(9) 0.01(3) —0.027(9)
y 0.521(7) 0.587(7) 0.521(7)
Biso (A2) 1.59403 1.594(0) 0.327(0)
0(2)
X 0.719(6) 0.762(16) 0.719(6)
y 0.281(5) 0.243(18) 0.281(5)
Z —0.037(3) —0.03298(0) —0.037(3)
Biso (A%) 1.00008 1.000(0) 0.986(0)
Structural parametres
<dyin-o> (A) 1.9035 1.95 1.9690
<Ovin-o-mn> (°) 167.8 163.5 158
W.(1072) (u. a) 10.51 9.65 9.33
Agreement factors
R, (%) 9.69 3.60 8.07
Ryp (%) 12.4 4.59 10.4
Ry (%) 9.42 3.95 9.11
1 (%) 1.73 1.35 1.30

Numbers in parentheses are statistical errors of the last significant digits

for Pry sX.1S104MnO; Samples Pro5Ceo.1Sr0.4MnO; Pro sBug.1Sr0.4MnO3 Pry.5Y0,1S104MnO;
(X = Ce, Eu and Y) samples ' 0.9314 0.9287 0.9271

<ra> (A) 1.2331 1.2255 1.2210

o (1074 (A)? 39.6649 43.1486 61.82

that the transitions of our samples are sharp. This allows us
to predict in advance that these samples are able to have a
strong magnetocaloric behavior around Curie temperature
Tc [33]. Tc defined as the temperature at which the (dM/
dT — T) curve reaches a minimum (see Fig. 2). The Curie
temperatures are equal to 310, 270 and 230 K for X = Ce,
Eu and Y, respectively, and confirm the decrease in
bandwidth W for the three compounds. This allows us to
conclude that these materials are able to be exploited in a

@ Springer

wide temperature range containing room temperature. So
we just should associate them together to obtain a com-
posite material usable in the magnetic refrigeration tech-
nology [34, 35].

In order to confirm the ferromagnetic behavior observed
in our materials, the magnetization M (T, uoH) is measured
for all samples. Figure 3 shows the isothermal magneti-
zation curves for the typical Prys5Y( Srg4MnO;. The M-
H curves reveal a strong variation of magnetization around
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Table 3 Refinement results of the impurity PrsOq,

Samples

ProsCep.1Sr04MnO3  Prg5Y.1Sro4MnO;

Impurity space group  Fm-3 m

Cell parameters

a A) 5.409(7) 5.305(16)
V(A% 158.30(4) 149.27(8)

Numbers in parentheses are statistical errors of the last significant
digits
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Fig. 2 a Temperature dependence of magnetization under 0.05 T for
Pry 5Xo1Sr94MnO3 (X = Ce, Eu and Y). b The dM/dT curves for
Pry 5Xo.1S19.4MnO3

the Curie temperature. It indicates that there is a possible
large magnetic entropy change associated with the ferro-
magnetic—paramagnetic transition temperature occurring at
Tc. It can be seen that the M (T, uoH) at T < T confirmed
the ferromagnetic behavior of our sample. The
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Fig. 3 a Isothermal magnetization curves at various temperatures for
Pro5Y(.1Sr04MnO; sample. b Magnetization versus magnetic applied
field at 20 K for Prj 5sX0.1Sr94MnO3 (X = Ce, Eu and Y) samples

magnetization increases sharply with magnetic applied
field for poH < 1 T but does not reach saturations up to 5 T
indicating that the magnetic moment of the rare earth ions
is polarized and pinned by the Mn sublattice [36]. At low
temperature, the spontaneous magnetization My(exp)
determined by the extrapolation of the M versus uoH data
in the high field to zero field is found to be 80.72 emu/g
(~3.05 ug/Mn), 82.58 emu/g (~3.13 ug/Mn) and
78.86 emu/g (~2.91 ug/Mn) for The PrysXq.1Srg4MnO3
with X = Ce, Eu and Y, respectively (see Fig. 3b). The
magnitude of the Mg,(exp) is smaller than the theoretical
value of 3.5 ug/Mn calculated for full spin alignment,
leading to small canted spins. This confirms the presence of
the antiferomagnetic (AFM) interactions, indicating that
the magnetic moment of the rare earth ions is polarized and
pinned by the Mn sublattice [31].

@ Springer
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Fig. 4 Experimental (open (a) (b)
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3.3 Magnetocaloric effect

To see the effect of (Ce, Eu and Y) doping on magnetic
entropy change, we have calculated the total magnetic
entropy change AS(T, poH) for all materials. Based on the
classical thermodynamical theory, the magnetic entropy
change AS (T, uoH) associated with a magnetic field vari-
ation is given by:

@ Springer
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Experimentally, there are two ways to estimate the AS:
The first one is measurement of the magnetization versus
temperature under different applied magnetic fields, and
the second one is measurement of the M—H curve at several
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Table 4 T¢, AS,.x and RCP

values for the present samples Material Tc (K) uH(T) AShax (J/kg K) RCP(J/Kg) References
under a magnetic applied field Pr sCeg,; Sto 4MnO5 310 5 3.54 246.60 Present work
of 5 T and for some previous
works Pro5Y0.1S19.4MnO5 230 5 2.99 298 Present work
Prg sEug Srg 4MnO3 270 5 3.81 261.66 Present work
Gd 293 5 9.5 410 [50]
Prg¢Cag 1 Srg3MnO3 270 5 3.64 243 [11]
Pro.63S10.37MnO3 300 5 8.52 511 [51]
Lag 7Cag,Srp.;MnO3 308 5 7.45 374 [52]
Lag g7 Srp33MnO5 370 5 5.15 252 [53]
Pry.5Srg sMnO5 255 5 32 215 [54]

temperatures. In this work, we use the second way to
estimate the magnetic entropy change. For magnetization
measured at discrete field and temperature intervals, AS
can be approximated to be:

AS — ZMi — M

= AuoH; 3
i Ti— Ty Ho 3)

where M; and M;,, are the experimental magnetization
values measured in poH;, at temperature 7; and T;,q,
respectively. The entropy change for PrjsXg 1Srg4MnOj3
(X = Ce, Eu and Y) compounds calculated as a function of
temperature at several magnetic applied fields is given in
Fig. 4a, b and c (the symbols represent experimental data).
The magnetic entropy changes reach its maximum around
Tc and increase with the magnetic field change. —AS ob-
served for X = Ce, Eu and Y is depicted in Fig. 4d under a
magnetic field of 2 and 5 T. At 5T applied field, the
maximum magnetic entropy change AS,;,.y is obtained to be
354 T kg ' K' for X =Ce and 3.81Jkg ' K" for
X = Eu and 2.99 for X = Y. The magnetic entropy change
of the Pry5Xo 1Sro4MnOj3 samples as a function of tem-
perature exhibits a broad variation with temperature around
Tc. Such a variation covering a broad temperature range is
advantageous for magnetic refrigeration [37]. This is a very
interesting result, because we are able to change MCE and
width of peak temperature range of the material by
changing the nature of substitution and may select opti-
mization, which is desirable for Ericsson-cycle magnetic
cooling and heat exchange technology.

In addition to the magnitude of the AS, another important
parameter used to characterize the cooling efficiency of the
material is the relative cooling power (RCP). RCP gives an
estimate of quantity of the heat transfer between the hot
(Thop) and cold (T¢1q) end during one refrigeration cycle and
is the area under the AS (T) curve between two temperatures
(AT = Tyo—Teoq) of the full width at half maximum
(FWHM) of the curve. RCP values under an applied field of
5T are about 246.6, 261.66, 298 J/kg for PrysXp 1S1rq.4-
MnO; (X = Ce, Eu and Y), respectively, which is ~60.1,
63.82 and 72.70 % of that of Gd metal at the same field (for

Gd metal, RCP = 410 J/kg at 5 T. In Table 4, we compare
the entropy changes of Pr( 5sXq 1519 4MnO; with other A-site
multi-element doping effect like Sr and Ca in several
manganites system. The obtained values were comparable
with those mentioned in Table 4. Phan et al. [13] studied the
MCE in perovskite manganites, and they have explained that
the large MCE in the perovskite manganites can originate
from the spin-lattice coupling related to the magnetic
ordering process. The results are obtained in the temperature
range that covers the room temperature which is beneficial
and strongly requested for magnetic cooling applications
[38]. These materials are thus considered as an alternative
option for refrigeration applications because the expensive-
ness of Gd (a prototype magnetic-refrigerant material) is
limited its applicability in commercial cooling devices.

A phenomenological universal curve, for the field
dependence of the magnetic entropy, has been proposed
being the theoretical justification for its existence based on
scaling relations [39, 40]. This universal curve can be
particularly helpful for studying order of phase transition
and refrigerant capacity of similar materials, such as
manganite series with same universality class. The method
is also used to compare the properties of several com-
pounds and to make extrapolations to temperatures and/or
fields outside the available experimental range [41].

The universal curve is made by using normalized
entropy change:

_ AS(T, ApgH = poHmax)
ASP(T, ApgH = pioHimax)

(4)

where ASP* is the peak maximum magnetic entropy
change at several magnetic fields. And the temperature axis
is rescaled by a new parameter 60, defined by the expression
[35]:

0— { (T —Tc)/(Tn — Tc);
(T —Tc) /(T2 — Tc);

where T;; and Ty, are the temperatures where AS equals AS/
2. Figure 5a, b and ¢ shows the 0 dependence of AS(T) for

AS/(Ta A:“’OH = :uOHmax)

T<Te
T >Tc (5)

@ Springer
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typical field changes for Prj 5Xq 1Stg4MnO;5 and confirms
the predictions of a master curve behavior for several
materials. The transformed curves ASP**/AS versus 0 of
X = Ce, Eu and Y under magnetic fields are depicted in
Fig. 5d. It can be clearly seen that the experimental points
of the samples collapse into a single master curve of the
magnetic entropy change, demonstrating the predictions of
master curve behavior for Pry 5Xq 1S194MnO;5 system. The
existence of the universal curve of AS around T confirms

@ Springer

the nature of second-order phase transition for X = Ce, Eu
and Y. This implies that the present materials have the
same nature of phase transitions and belong to the same
universality class. The inset of Fig. 5a, b and ¢ shows the
magnetic field dependences of the two reference tempera-
tures (7}, and T,,). The average curve of ASP***/AS versus 6
is plotted in Fig. 5 and gives a smoother depiction of the
curve. This average curve, once the temperature axis is
back-transformed from the reduced temperature to the
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unnormalized one, allows making extrapolations to lower
(higher) temperatures for the high-field data and obtaining
a finer description of the peak for the low-field curves [42,
43]. The inverse transformation to the experimental tem-
perature and magnetic entropy change axes can be done by
combining all data in the average universal curve. This way
permits to provide a prediction about the behavior of the
AS(T) curve. Figure 4a, b and ¢ shows the good agreement
between the predicted curves (red solid curves) and
experimental points (symbols).

Numerous works have been done concerning the field
dependence of the magnetic entropy change (AS) of man-
ganites at the FM-PM transition 7c. According to
Oesterreicher et al. [44], poH dependences of AS,,,, can be
described by a power function AS,.« ~ (toH)" [34] where
the exponent ‘n’ depends up on the magnetic state of the
sample. For a magnetic substance undergoing the second-
order magnetic transition, the interactions existed near T¢
obey to the mean field theory (MFT). According MFT, the
direct integration of the Curie-Weiss law indicates that
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n=2atT> Tc. At temperatures T < T, n tends to 1
and is magnetic field independent. At the Curie tempera-
ture, the field dependence of the magnetic entropy change
corresponds to n = 2/3 [35].

Figure 6a, b and c shows the temperature dependence of
n for different values of the maximum applied field for
Prg 5X0.1S19.4MnO5. However, n(T, uoH) curves show the
minima around their Curie temperature. Its peak position
shifts toward high temperatures when the magnetic applied
field increases. The exponent n exhibits a moderate
decrease with increasing temperature. The n value reaches
1 below the T¢ and 2 above the Tc. At T, the exponent
n for the three samples is larger than the predicted value of
2/3. The disagreements from theoretical value are due to
the local inhomogeneities or superparamagnetic clusters in
the vicinity of T¢ existed in the PrgsXq 1Srg4MnO5; with
X = Ce, Eu and Y [45]. A similar result has been observed
in other manganites system [46]. The universal curve is
made by using exponent n as a function of the rescaled
temperature (0) for the magnetic ordering transitions of our
materials. The insets in Fig. 6 show the 0 dependence of
the local exponent n. The procedure consists in identifying
the reference temperatures as those which have a certain
value of n. This value has been arbitrarily selected as
n(Tr) = 1.5. The present samples (X = Ce, Eu and Y)
show a collapse of n into a master curve confirming the
second-order nature of phase transition (see Fig. 6d). In
general, deviations from the collapse might indicate either
the influence of the demagnetizing field associated with the
shape of the sample [47] or to the presence of additional
magnetic phases [48, 49]. The divergence of the curves is
clear in the Pry5Y( 1St 4MnOj3 sample, particularly above
the T, and suggests an increased sensitivity of n to applied
magnetic field.

4 Conclusion

In summary, the PrgsXq 1Srp4MnO; samples were suc-
cessfully prepared via the modified nitrate—citrate route
method. X-ray diffraction measurements revealed that all
crystallize in the orthorhombic structure with the space
group Pbnm and also demonstrated the presence of a
secondary phase PrgO;; in the two samples PrysCeq ;.
St94MnO;5 and Prg 5Y(.1S1r94MnO;. The samples exhibit a
typical second-order magnetic phase transition at Tc,
which is obtained to be 230 and 310 K for X =Y and
X = Ce samples, respectively. The substitution of Pr
affected the magnetization curves, but M(7) of the doped
materials remains of the same order of magnitude as
values obtained for PrygSrg4MnOs. The PrgsXq 1Srg.4.
MnO5; manganites are particularly pronounced with wide

@ Springer

operative temperature range, as well as inexpensiveness
and easy fabrication, and therefore could be considered as
a potential magnetic refrigerant. The X-sample displays
better magnetic properties as far as the magnetic cooling
applications are considered. Consequently, it is plausible
to conclude that X>* plays an important role in modifying
physical properties of these materials in spite of the fact
that the Mn>"/Mn*" ratio remains fixed by partially
substituting Pr by a fixed amount of X in all samples.
Furthermore, the experimental AS collapses onto a uni-
versal curve based on the scaling relation, where an
average curve is obtained. With the universal scaling
curve, the experimental AS at several temperatures and
fields can be extrapolated.
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