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Abstract

In this study, the critical behavior and magnetic and magnetocaloric properties in
a polycrystalline Prg gSrgoMnO3; sample synthesized by solid-state technique were
investigated in detail. By analyzing the temperature and the field dependence of mag-
netization, we have demonstrated that this compound exhibits a clear second-order
magnetic phase transition around the Curie temperature estimated at 7c = 161 K.
Refined values of the critical exponents 8, y and § determined by the modified Arrott
plots, the critical isotherm and Kouvel-Fisher analysis show that our compound is
described by the 3D Ising model. The reliability of these critical exponents was fur-
ther confirmed using the universal scaling hypothesis. Under an applied magnetic
field of 5 T, the calculated value of the maximum of the magnetic entropy change
is estimated at 1.740 J K~! kg~! and the relative cooling power (RCP) turns out to
be 134.46 J kg~ !. Moreover, the critical exponents were evaluated from RCP results
which confirm the correlation between the critical behavior and magnetocaloric results
in the Prp g§Srp2MnO3 compound.

Keywords Second-order phase transition - Critical behavior - Scaling hypothesis -
Magnetocaloric effect

1 Introduction

Praseodymium perovskite materials with the general formula Pr;_, A, MnO3; where A
is an alkaline earth ion (such as Ca, Ba, Sr) still attract the interest of researchers owing
to their important physical properties and their promising industrial applications. These
properties can be controlled by defects, doping level, pressure, electric and magnetic
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fields, etc. [1-4]. Moreover, from a fundamental point of view, the physical properties
are governed by several parameters such as the Mn>*/Mn** ratio, the average radius
of the A-site and the cationic disorder in A- or B-site [1, 5].

Most attention was focused on manganite compounds exhibiting a large mag-
netocaloric effect (MCE) and colossal magnetoresistance (CMR) around the Curie
temperature T'c such as Lag ¢Srg2Nag>MnO3 [6] and Lag 7Cag 3_, K, MnO3 [7]. For
magnetic refrigeration purpose, T'c should be around room temperature for domes-
tic use [6]. However, materials with multifunctional properties are more interesting
both fundamentally and technologically in addition to their environmental friendli-
ness. Nevertheless, lead-based manganites may be useful as magnetic gas sensors
[8]. Besides, cobalt-based materials exhibit good magnetotransport properties close
to ambient temperature, giving rise to possible technological applications [9].

In this context, we have chosen the Pr-based manganites which are easy to elaborate,
and in addition, their price is relatively low compared to other materials having the
same characteristics.

Among these compounds, we have studied the Prg gSrg2MnO3; compound prepared
by solid-state reaction and quenched slowly in air [10] or quenched in water [11].
This compound shows high conductivity values, important dielectric constants and
relatively low dielectric losses.

In order to pursue the investigation of this compound, we focus on studying the
FM-PM phase transition around 7T'c. This transition is currently explained by the
double-exchange theory proposed by Zener and the Jahn—Teller effect [12, 13]. Addi-
tionally, the critical behavior is studied on the basis of the critical exponents to
understand whether they belong to long-range or short-range magnetic interactions.
As well recognized, the critical behavior was studied for the first time in the framework
of the mean field theory [14]. Actually, four different theoretical models can be used
to explain the critical behavior of the majority of manganite materials, which are the
mean field, 3D Ising, 3D Heisenberg [14] and the tricritical mean field [15] models.
Both the 3D Ising model and the 3D Heisenberg model are simplified models of mag-
netism in materials. Furthermore, it has been demonstrated that the critical exponents
in the majority of manganites belong to 3D Heisenberg or 3D Ising model describing
short-range magnetic interaction between spins [16].

In this investigation, we report a detailed analysis of the magnetic and mag-
netocaloric properties of PrggSrgoMnO3; compound prepared by the conventional
solid-state route. In addition, the critical exponent values were determined from the
isothermal magnetic measurements by different methods and from magnetocaloric
results.

2 Experimental Details

Pro g St ,MnO3 sample was successfully elaborated using the solid-state reaction tech-
nique [10]. Indeed, high-purity PrgO1, StCO3 and MnO; precursors were at first well
mixed in an agate mortar for 2 h and then heated at 1000 °C in air. The obtained
powder was pressed into a pellet and sintered at 1400 °C with intermediate regrinding
and pelletizing. The final step consists of quenching the obtained pellet rapidly in air
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at room temperature in order to avoid the lack of oxygen stoichiometry. Consequently,
our sample is stoichiometric in oxygen [17, 18]. In addition, the Mn3* and Mn** con-
tents were checked by chemical analysis. The Mn3* and Mn** concentrations were,
respectively, 79.89 and 20.11%.

Powder X-ray diffraction, at room temperature, was checked using CuKa radiation
(Ao = 1.54056 A) and collected in the 26 range 15°~100°. The obtained data, analyzed
by means of the Rietveld method using the FullProf software [19], demonstrated that
our material crystallizes in the orthorhombic system with Pnma space group and the
lattice parameters are a = 5.481(7) A b= 7.734(8) Aand ¢ = 5.505(9) A [10].
Additionally, the crystallite size obtained from XRD and the grain size obtained from
SEM analysis are, respectively, 120 nm and 35 pm [10]. The magnetic measurements
were taken by means of a cryogenic vibrating sample magnetometer operating between
5 and 350 K with an applied magnetic field uoH up to 7 T. The obtained isothermals
M(uoH, T) were corrected by a demagnetization factor determined by a standard
method on the basis of low-field magnetization measurements at low temperatures
[20].

3 Results and Discussion
3.1 Magnetic Properties

Figure 1 illustrates the recorded magnetization temperature dependence M (T) of the
Pro.3Srg,MnO3 compound (noted PS1) under an applied magnetic field of uoH =
0.05 T. As can be observed, this sample displays a transition from paramagnetic (PM)
to ferromagnetic (FM) state with the decrease in temperature. The Curie temperature
Tc, corresponding to the minimum of the dM/dT curve, shown in the same figure, is
determined to be 161 K. This value is close to that obtained by B. Christopher et al.
estimated at 161.4 K [21] and determined in our previous work (7'c = 162 K) using
a sample prepared also by the solid-state reaction but quenched in water [11]. On the
other hand, Martin et al. [22] reported a transition temperature estimated at 150 K
using the solid-state reaction. Let us also note that an important 7¢ value (210 K) is
recorded for the same sample prepared using the sol-gel method [16].

Bourouina et al. [23] and Hueso et al. [24] have demonstrated that the decrease in
Tc is correlated to the decrease in the grain size, which is explained in the first paper
by the formation of nanostructured subgrains and in the second work by the formation
of a non-magnetic layer whose origin is the existence of some non-crystallized regions
which is more important as the grain size is smaller. On the other side, Zhang et al.
[25] found that T ¢ decreases with the increase in grain size. They supposed that the
contradiction could be attributed to the different doping levels.

A decrease in the Curie temperature 7'c can be attributed also to the weakening of
the double-exchange mechanism due to the decrease in the bandwidth W describing
the overlap between the manganese and oxygen orbitals [16]. Many other factors can
govern the T'c value such as the ionic radius of the A-site [26, 27], the increase of the
Mn** ions [28], the disorder effect [29] and the preparation method [11, 16].
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Fig. 1 Temperature dependence of the magnetization measured under an applied field of 0.05 T and the
evolution of dM/dT (T) to determine T'c. The inset shows the inverse susceptibility versus temperature plot
for Prg g Srg. o MnO3 compound (Color figure online)

The temperature dependence of the inverse susceptibility 1/ in the paramagnetic
region is reported in the inset of Fig. 1. This curve follows the Curie—Weiss law given
by:

x L =(T —6w)/C )

where 6w and C are the Weiss temperature and the Curie constant, respectively. These
parameters were determined from the linear fit of x ~!(7') in the paramagnetic region.
The Curie constant C is calculated theoretically using the formula:
expy\2
_ ko ()
3ks

C (@)

The permeability 11 and the Boltzmann constant kg are equal to 47 10~” Hm ™! and
1.3810723 J K, respectively. Then, the experimental paramagnetic moment can be
determined from relation (2). However, the theoretical value of the effective moment
ug}f is calculated from the following relation:

2 3+\ 12 2 2
(Mg;f) :0.8|:Mtel}f(Pr>i| +O.8[,ug}f<Mn3+)] +0.2[M2}f(Mn4+)] 3)

In this relation, the magnetic moments of Pr’*, Mn3* and Mn** ions are, respec-
tively, 3.58,4.9 and 3.87up. The obtained values of ugyt and u. are 6.418 and 5.697
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Fig. 2 Isothermal magnetization curves for Prg gSrg ,MnO3 sample (Color figure online)
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uB, respectively. We can see that /ngp is larger than the expected theoretical one
calculated from relation (3) suggesting the presence of a short-range magnetic order
that can be attributed to the persistence of ferromagnetic correlations in the paramag-
netic region [11]. Additionally, the obtained positive fw value (181 K) confirms the
dominance of the interactions between Mn>* and Mn** FM clusters.

It is worth noticing that this value of /,LZ?fp is lower than that obtained with the
same sample prepared by the solid—solid reaction and quenched in water (8.036 up)
or by sol-gel route (7.687 ug) [11, 16]. These samples will be noted PS2 and PS3,
respectively. In these samples, the ferromagnetic correlations in the paramagnetic
region seem to be stronger.

Figure 2 shows the variation of the isothermal magnetization versus the applied
magnetic field M (uoH) for our Prg gSrg>MnO3 studied sample. At low temperature
and applied magnetic field values, we can remark that magnetization increases sharply
with the increase of ;o H which characterizes the presence of a ferromagnetic behavior.
Far from T'c (around 200 K), the magnetization increases linearly with the increase in
applied magnetic field which is the signature of a PM state.

So as to analyze the order of the magnetic transition, we have determined the Arrott
plots showing the evolution of M? versus j1oH/M. These curves are depicted in Fig. 3.
As can be seen, the positive slopes of the Arrott plots for Pry gSrg2MnO3 compound
confirm a second-order magnetic PM—FM transition according to Banerjee criterion
[30].

3.2 Critical Behavior

The modified Arrott—Noakes plots, obtained from the isothermal M(uoH) results mea-
sured around 7T'c (see Fig. 4a), were determined using the trial critical exponents
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Fig. 3 Modified Arrott plots (M 2 versus woH/M at different temperatures) for Prq gSrg2MnO3 compound
(Color figure online)

and y of the four theoretical models: the mean field, the tricritical mean field, the 3D
Ising and the 3D Heisenberg one. The 8 and y values obey the following relation [31]:

H\7 i
<“°7> — Kot + K1 (M)? (4)

In this formula, Ko and K are considered as constants, and ¢ = (T — Tc)/Tc is
the reduced temperature.

Figure 4b—e displays the plots showing the modified Arrott plots obtained for the
Pro gSrg,MnO3 compound. As clearly observed, in the high-magnetic-field region,
all these models yield almost a set of quasi-straight lines, but the selected model is
that which gives straight parallel lines in the high-field region. A comparison of these
models can be evaluated by calculating the relative slopes (RS) determined at high
magnetic fields using the following relation:

S(T)

RS= ————
S(T =Tc)

&)

where S(T") and S(T = T¢) are the slopes at a temperature close to the Curie temperature
and the slope at Tc, respectively. The best model can be chosen when the RS values
around T'c are close to unity regardless of the temperature.

Figure 5 illustrates the temperature evolution of the RS values relative to the
Pro §Srg,MnO3 compound. A simple analysis of the results shows that the behavior
of the studied sample is consistent with the 3D Ising model where spins can acquire
the values £ 1 on each site of the lattice. This result goes in good agreement with
that obtained with the PS2 and the Prgg_,Bi,Srg2MnO3 (x = 0.05 and 0.1) com-
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Fig. 4 a Magnetic field dependence of the magnetization determined at temperatures around 7'c, b—e mod-
ified Arrott plots for Prg g Srg ,MnO3 sample (Color figure online)

pounds [11, 16]. Contrariwise, the magnetic phase transition of the PS2 sample can
be described by the tricritical mean field model.

As a comparison, the transition behavior of Pry 5_,Gd,Srg sMnO3 (x = 0; 0.05 and
0.1) [5] and Lag ¢7S19.33Mn0O3 o1 [32] compounds is in good agreement with the mean
field model, implying the existence of long-range magnetic interaction.

Using the obtained critical exponents relative to the 3D Ising model as trial values,
we have reported in Fig. 6a the temperature evolution of the spontaneous magnetization
Msp(T) and the inverse of susceptibility x ~!(T") for our compound. Our target is to
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Fig. 5 Temperature evolution of the relative slope RS using several models for Prg g Srg ,MnO3 compound
(Color figure online)

determine more precisely the y and $ values describing the PM behavior below T'c
and the FM behavior above Tc.

Currently, the critical exponents 8, y and § can be expressed using the following
equations [33]:

Mgp(T) = My (0)(— &) T < Tc (6)

x (M =x"'0e) T>Tc @)
and

M(uoH) = A(uoM)'° T =Tc (8)

In these relations, Msp(0) and x ~'(0) denote, respectively, the spontaneous mag-
netization and the inverse of susceptibility determined at 0 K, whereas A is a critical
amplitude. The power-law fitting of Msp(T) and 1/x(T) using relations (3) and (4) is
also shown in Fig. 6a. The obtained values of g8, y and the accurate average value of
Tc are 0.318(3), 1.260(7) and 161.904(5), respectively.

Additionally, the third critical exponent é can be obtained from the critical isotherm
M(161 K, puoH) curve reported in Fig. 6b in linear scale and with Ln(M) versus
Ln(uoH) scale in the inset. In the high-magnetic-field region and according to relation
(5), the Ln(M)-Ln(uoH) plots show straight lines with slopes of 1/5. The estimated
value of § is 4.831(3). The & value can be also calculated using the Widom scaling
relation given by [34]:

5=1+y/p ©)
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Table 1 Critical exponents of the Prg gSrg»MnO3 sample and of other materials listed as comparison

Compound Technique Tc (K) (average) S y 8 Refs.
Mean field model Theory 0.5 1 3 [14]
Tricritical mean field Theory 0.25 1 5 [15]
model
3D Heisenberg model ~ Theory 0.365 1.336 4.8 [14]
3D Ising model Theory 0.325 1.24 4.82 [14]
Pr g Srg2,MnO3 MAP 161.905 0.318(3)  1.260(7) This work
(solid—solid)
KF 161.715 0.326(6)  1.246(8)
Cl(exp) 4.831(3)
ClI(cal) 4.960(7)
PS2 KF 162.251 0.335(1) 1.239(0) 4.489 [11]
PS3 KF 210.828 0.260(4) 0.993(2) 4.81 [16]
Prg 55S19.45MnO3 KF 290 0.462 1.033 4.749 [37]
Prg 67Bag.33Mn0O3 KF 201 0.246 1.03 5.069 [38]

Using relation (6) together with the values of 8 and y obtained previously from
MAP, the calculated value of § is 4.960(7), which is in good agreement with that
calculated from the critical isotherm at Tc = 161 K. All obtained values are gathered
in Table 1. (CI indicates the critical isotherm.) A comparison between the obtained
critical exponents and theoretical ones confirms that the 3D Ising model is the most
satisfying model for describing magnetic interactions around the Curie temperature.

An additional method to determine accurately the critical exponents as well as the
Curie temperature is the Kouvel-Fisher method [35] based on the following relations:

-1
e || T T
Xo (T)[ i -— (10)

dMs(T)}_l _T-Tc an

Ms(T) -
s(T) [ T 5
From a physical point of view, the parameter 8 describes how the ordered magnetic
moment grows below the Curie temperature, while the critical exponent y character-
izes the divergence of x values at temperatures above T'c [36].
The evaluation of the critical exponents y and 8 requires the plotting of the x !

—1 -1 —1
(T) - [%} and Ms(T) - [des#] curves. Figure 6¢ depicts the fitting of

these plots by a straight line using relations (7) and (8). The obtained slopes are,
respectively, 1/8 and 1/y. It is noticeable that the intercept of these curves with the
axis temperature allows us to determine the Curie temperature. The results, with those
of other materials as comparison [11, 16, 37, 38], are gathered in Table 1. It is worth
noticing that the obtained values of the critical exponents and the Curie temperature
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figure online)
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Fig. 7 Scaling plots indicating two universal curves below and above T¢ for Prg gSrg>MnO3 sample. The
inset shows the same plot in a Ln—Ln scale (Color figure online)

show a good satisfaction with those obtained from modified Arrott plots (MAP) of the
3D Ising model. This suggests a short-range magnetic interaction.

The reliability of the critical exponents can be checked by scaling analysis. Indeed,
according to this theory, the magnetization M and the applied magnetic field uoH are
related, around 7'c, by [39]:

H
M(uoH, ) = s”fi(‘; ,‘;y) (12)

In this formula, f 1 are regular functions: f_ below Tc (¢ <0) and f; above T¢c (e
>0). Using the critical exponents 8 and y determined on the basis of the KF method,
we have plotted in Fig. 7 the evolution of M le|~# as a function of (1oH lel~#*7) for our
Pro 3Srg,MnO3 compound. As noticed, all obtained curves collapse into two different
curves: the first one is for temperatures below T¢ and the second for temperatures
above T'c. Such a result highlights the accuracy of the critical exponents obtained in
this study. In addition, the reliability of these critical values is outlined by the same
curves plotted in a logarithmic scale (see the inset of Fig. 7).

3.3 Magnetocaloric Effect

Although the materials with second-order magnetic FM—PM phase transition show
a lower magnetocaloric effect (MCE) as compared with materials with a first-order
magnetic transition [32, 40], we have investigated the magnetocaloric effect in this
compound in order to evaluate its efficiency using the magnetic results. Indeed, around
the Curie temperature, the release of heat induces an important increase in the variation
of the magnetic entropy. The magnetic entropy change A Sy versus temperature can be
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calculated from the magnetization measurements as a function of the applied magnetic
field M (uoH) based on the Maxwell relation:

noH (oM
ASM(T, poH) = Sm(T, woH) — Sm(T,0) = f (—) d(poH)  (13)
0 3T woH

ASy can be obtained by integrating numerically in the given range of magnetic
fields based on the set of isothermal magnetism M (uoH) curves measured at different
temperatures. The ASp(7) can also be estimated by the formula:

M1 (Tiv1, poH) — Mi (T, o H) A
Ti+1 - T,

ASM(T. woH) = )

i

(moH) (14

where M; and M;,; are the experimental magnetization data measured under the
applied magnetic field poH, at the temperatures T'; and T';41, respectively.

Figure 8a illustrates the evolution of the magnetic entropy change (— ASy) with
temperature and the external magnetic field. As shown, at fixed uoH, (— ASwm)
increases and reaches a maximum noted (— ASM“) at Curie temperature. Addition-
ally, ( - ASM"") shifts toward higher temperatures indicating the reinforcement of the
FM behavior following the application of the applied magnetic field. The maximum
(— ASI\I\,/IIE‘X) obtained is 1.740 J K=! kg~! under an applied magnetic field of 5 T.
It is worth noticing that large magnetocaloric results can be obtained in perovskite
manganites which may be attributed to the spin—lattice coupling during the ordering
process [41].

In order to evaluate the magnetic cooling efficiency of the studied compound, we
have calculated the relative cooling power (RCP) given by [42]:

RCP = — ASM™(T, uoH) x ATrwam (15)

where ATgwnwm is the full width at half maximum which corresponds to the curve
giving the temperature dependence of (— ASI{\/I/IaX) shown in Fig. 8a. We summarize
in Table 2 the values of (— ASM®™), ATgwrm and RCP for Prg §Srg ,MnO3 and other
materials as a comparison [43—49]. As seen, the RCP results may be enhanced by
the application of stronger magnetic field confirming the field dependence of this
parameter.

Furthermore, we have shown in Fig. 8b the comparison between RCP values
obtained for the three compounds PS1, PS2 and PS3 and the RCP of gadolinium
considered as the best candidate for magnetic refrigeration [49]. As seen, the RCP
values of the PS1, PS2 and PS3 compounds represent 32.8, 76.1 and 48.3% of that of
Gd. Although our compound gives the lowest RCP, the ATgwnwm is the highest one
which broadens the use of this sample in a wide range of temperature around 7'c.

As well recognized, the magnetic field dependence of (— ASMaX) can be estimated,
around the Curie temperature and for materials with second-order transition by the
universal relation [50]:

(= ASM™) = AGuoH)" (16)

@ Springer



Journal of Low Temperature Physics (2019) 197:357-378

369

(@ 4
n HOH—'IT JOTS,
o pH=2T ® ®
o
34 M H=3T o o°°°°°o =
e
O pH=4T .o % o
—_ = o
< wind ao o g0e, o0
o @ pH=6T 9 0° o,
X 24 0 Ge ] [
) & pHETT L TG0 0 )
= - ° o
(%)) o @ Qo o o
< °° o 0 ° 0’
h o
11 2 ® 00 0099%0,
>0 0°° 0°° °°o°
o°°°°
2 @ 0 0 0 ° Y LLLLY T I
= ._'!...Ill g

T T
160 200

40 80 120
T(K)
(b)
PS1: 32.8% cd
n . . (]
400 PS2: 76.1%
PS3: 48.3%
PS2
300 1
2
> PS1 PS3
o 2001 ’
o
2
100 -
0 T T T

T T
160 180 200 220 240

T(K)

T T
260 280 300

Fig. 8 a Temperature evolution of the magnetic entropy change as for several applied magnetic fields values,

b for the Pry gSrg»MnO3 sample (Color figure online)

In this expression, n is a critical exponent depending on the magnetic state of the
studied compound and A is a proportionality constant.

The magnetic field dependence of the maximum entropy change (— ASNM™) for
our compound is displayed in Fig. 9a. The fit of this curve with good accuracy, using
relation (16), gives n = 0.891, which is higher than that obtained for FM materials
in the mean field theory where 7 is equal to 2/3 at T¢c [S1]. This result confirms the
appearance of a short-range FM order in our sample, which can be attributed to the

persistence of local magnetic clusters above T'c.
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Table2 (— ASmax), RCP and ATgpwgMm values calculated at different applied magnetic fields for
Pro gSrg2MnO3 sample and values relative to other compounds as comparison

1oH (T)  — ASyax ATgawm (T)  RCP(Jkeg™!)  Refs.
TK kg™

Prg 550 2MnOs 1 0.245 62.634 1535 This work
(solid-solid) 2 0.740 70.669 52.30

3 1.107 79.689 88.22

4 1.425 76.323 108.76

5 1.740 77.273 134.46

6 1.970 77.730 154.13

7 2.182 77.326 168.73
Pro.5Sr0.2MnOs 1 127 34.62 44.05 [11]
PS2 2 2.14 47.41 101.52

3 2.84 59.88 170.27

4 3.49 68.70 239.98

5 4.09 76.24 312.04
Pro gSrg2MnO3 1 1.12 22.77 25.50 [16]
PS3 2 2.81 26.63 74.83

3 3.95 30.52 120.55

4 4.79 33.83 162.05

5 5.41 36.59 197.95
Prg.gPbp2MnO3 1.35 2.64 - 55 [43]
Lag67Bag225r0.11MnO3 5 275 - 290 [44]
Lag gSt02MnO3 5 3.77 - 259.78 [45]
Pro 6Srg4MnO3 2 1.55 - 62.11 [46]
Lag.gCago,MnO3 1.5 5.5 - 72 [47]
GdsSipGep 5 18.4 - 535 [48]
Gd 5 9.5 410 [49]

On the other hand, this parameter can be expressed locally by the formula [52]:

n(T, poH) = TEMASm (17)
dLo(uoH)

The evolution of n(T, woH) for the PrygSrgoMnO3s compound is displayed in
Fig. 9b. As clearly seen, n decreases, and then, it shows a minimum at Curie tem-
perature. At low and high temperatures and as suggested by Franco et al. [53], the
asymptotic values of 7 are 1 and 2, respectively. This behavior is typical in manganites.
It shows the non-magnetic homogeneity of our compound, in particular around 7'c.

Using the magnetocaloric results plotted in Fig. 8a, we have constructed, according
to Franco et al. [54], a phenomenological universal curve based on the following
relations:
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Fig. 9 a Temperature evolution of the magnetic entropy change for several applied magnetic fields, b com-
parison between RCP values for PS1, PS2, PS3 and the RCP of gadolinium (Color figure online)

o= (T-Tc) (18)

At fixed pwoH, ASM(T) is normalized using its peak entropy change (— ASME‘X)
and the temperature is rescaled below and above the Curie temperature 7'c.

In relation (18), 6 is the rescaled temperature and 7| and T, are the temperatures
of the two reference points obtained for Sy = (— ASM*‘") /2. The evolution of the
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Fig. 10 Normalized (— AS)) data versus rescaled temperature for Prg g Srg ,MnO3 compound (Color figure
online)

normalized entropy change as a function of 6 for different applied magnetic fields is
gathered in Fig. 10. It is well illustrated by analyzing this figure that all experimental
data collapse into one universal curve confirming the reversible behavior of the second-
order magnetic phase transition for our studied compound.

3.4 Correlation Between Critical Exponents and Magnetocaloric Results

Using the values of RCP calculated at different applied magnetic fields and the
exponent n calculated from relation (16), we can estimate the isothermal magnetic
susceptibility exponent y, the spontaneous magnetization exponent 8 and the criti-
cal isotherm exponent §. As we have mentioned previously, these critical exponents
characterize the magnetic transition around 7'c.

At the Curie temperature, the n exponent value can be determined using the relation
proposed by Franco et al. [51]:

Tc) =1 ! 1 ! 19
n(Tc) = +5( —E) (19)

We have calculated this value using the critical exponents 8 and § calculated with
the KF theory and the Widom scaling relation, respectively. We have obtained n =
0.572 which is not far from that obtained using the 3D Ising model (0.569) confirming
the validity of this model to describe the magnetic interactions in the vicinity of T'c.

Furthermore, the exponent calculated previously can be determined for 7 = T'c,
using the relation [55]:

n(To) =1+(B—-D/(B+y) (20)

The magnetic field dependence of RCP can be given by the following expression
[54]:
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Fig. 11 Evolution of Ln(RCP) versus Ln(toH) to determine the critical exponent § (Color figure online)

RCP = (uoH)'"™*!/° 1)

In this relation, « is a constant.

In Fig. 11, we have plotted the evolution of Ln(RCP) versus Ln(uoH) for our
compound. The slope of this curve (1 + 1/§) gives the critical exponent § = 4.828.
Then, B and y values can be calculated using relations (19) and (20). We have obtained
B =0.326 and y = 1.249 confirming the correlation between the critical behavior and
the magnetocaloric results for Pry gSrg>MnO3 compound.

Another scaling equation is also proposed by Franco et al. [56] where the magnetic
entropy change is given by:

2B+y—1 T
— ASM(T. poH) Jay = Ao(oH) 7 [—r} (22)
(moH) P+

where Tr = &=L is the reduced temperature and ayy = T_IA‘S”B being Ay and

B the crltlcal amplitudes [43]. Flgure 12 displays the evolutlon of ASM(T, noH)/
B+y—1

(nwoH ) Ty versus Tr - (uoH) /3+V relative to our studied sample. As shown, all
experimental values collapse in a single curve, confirming that there is a good cor-
relation between the magnetocaloric and the critical behavior for the Prg gSrg2MnO3
compound.

This method offers the possibility to characterize new magnetic materials based on
the universal curve. In addition, it allows the selection of the most efficient materials
for magnetic refrigeration by extrapolating to fields and temperatures not available in
the laboratory.
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Fig. 12 Evolution of the scaled magnetic entropy change with scaled temperature using critical exponents
for Pr g Srg »MnO3 compound (Color figure online)

4 Conclusion

The polycrystalline PrggSrg>MnO3 compound was synthesized by the solid-state
reaction.

An investigation of the critical behavior and magnetic properties was presented in
detail. The Arrott plots show a second-order FM—PM transition. Using various tech-
niques such as modified Arrott plots, the critical isotherm method and Kouvel-Fischer
analysis, we have demonstrated that the magnetic phase transition is described by the
3D Ising model suggesting short-range magnetic exchange interactions. The validity
of the obtained critical exponents is confirmed by scaling analysis. Furthermore, a
detailed analysis of (— ASy) and RCP allows us to determine the range of tempera-
ture where the compound is more efficient. The magnetic entropy change follows the
universal law confirming the second-order PM-FM transition. The critical exponents
were also determined through magnetocaloric results. A good agreement was obtained
between the two methods confirming the correlation between the critical behavior and
the magnetocaloric properties of this compound.
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