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Abstract The Lag 73Dy 02Cap2MnO3 (LDCMO) com-
pound prepared via high-energy ball-milling (BM) presents
a ferromagnetic-to-paramagnetic transition (FM-PM) and
undergoes a second-order phase transition (SOFT). Based
on a phenomenological model, magnetocaloric properties of
the LDCMO compound have been studied. Thanks to this
model, we can predict the values of the magnetic entropy
change AS, the full width at half-maximum § Trwnm, the
relative cooling power (RCP), and the magnetic specific
heat change AC), for our compound. The significant results
under 2 T indicate that our compound could be considered
as a candidate for use in magnetic refrigeration at low tem-
peratures. In order to further understand the FM-PM tran-
sition, the associated critical behavior has been investigated
by magnetization isotherms. The critical exponents esti-
mated by the modified Arrott plot, the Kouvel-Fisher plot,
and the critical isotherm technique are very close to those
corresponding to the 3D-Ising standard model (8 = 0.312 +
0.07,y =1.28 £ 0.02,and § = 4.80).Those results revealed
a long-range ferromagnetic interaction between spins.
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1 Introduction

Rare earth manganites with a general formula of Rj_xAx
MnO3(R = rare earths, A = alkaline earth or alkali elements)
gained the attention of researchers due to their interesting
electric transport and magnetic properties [1, 2]. The close
relation between transport and magnetism in this kind of
materials has been explained by many theories, such as dou-
ble exchange (DE) interaction [3], polaronic effects, [4], and
phase separation [5]. Strong competition between lattice,
charge, orbital, and magnetic degrees of freedom determines
the properties of the perovskites manganites, which lead to a
series of novel behaviors related to basic concepts in modern
physics and materials science [6, 7]. Today, the universal-
ity class of the paramagnetic (PM) to ferromagnetic (FM)
transition in manganites is still a controversial question [8].
Previous studies on the critical behaviors and the univer-
sality class of the Curie temperature (7¢) transition have
indicated that the critical exponents play important roles in
elucidating interaction mechanisms near 7¢ [10, 11].

In this paper, we decided to study the Lag 78Dyo.02Cag.2
MnOs3 (LDCMO) manganite compound elaborated using a
new synthesis route, the ball-milling (BM) process. Exper-
imental details of the BM elaboration have been detailed
in our previous work [14]. This method has been known
as a very versatile technique to prepare supersaturated solid
solutions and other metastable systems, including rare earth
(RE) and transition metal (TM)-based systems [12]. The
use of BM can be found in literature as a single-step
production technique even if annealing maybe necessary
sometimes to produce the desired phase [13]. Based on a
phenomenological model, we predicted the critical phenom-
ena parameters behavior near the phase transition such as
the magnetic entropy change, the relative cooling power
(RCP), and the heat capacity. This study allowed estimating
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the critical exponents for LDCMO near the Curie tempera-
ture. Three different methods have been used to analyze them.

2 Theoretical Consideration

In thermodynamic theory [15], the entropy change ASy
associated with a magnetic field variation is given by:

H BN
ASy =/ (8_> dH €))]
0 max H T

From Maxwell’s thermodynamic lows, it can be written as:

(), ()
T )y \0H);

From (1) and (2):

AS —/H"m M\ g 3)
= T )

As a consequence, numerical evaluation of magnetic
entropy change can be carried out from (3) using isothermal
magnetization measurements.

Hamad [16, 17] has proposed a new model to eval-
uate magnetic materials behavior by using electrocaloric
modeling. The proposed model assumes the temperature
dependence of magnetization to be expressed as:

(M;

m = M= M)
= Ttanh[A (Tc —T)]+ BT +C )

where

M; is the initial magnetization at FM-PM transition;
M is the final magnetization at FM-PM transition;
B is the magnetization sensitivity (dM/dT) in the
ferromagnetic region before the transition; and
Sc is the magnetization sensitivity (dM/dT) at Curie

temperaturec;
M;+M 3
A= (2B—Sc)
(Mi—My)

The magnetic entropy change of a magnetic system under
adiabatic magnetic field variation can be evaluated by [16]:

[Fa(H 5 e |
ASy=1—A — sech”[A (Tc —T)]+ B ito Hmax
(%)

At T = Tc, the entropy change reaches its maximum; so,
(5) may be written as follows [16]:

M; — M
ASmax = |:_ <Tf) + Bj| 0 Hnax (6)
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The full width at half maximum, § TpwpM, 1S determined at
the two extreme points of the ASp,x curves where ASpax
is the half of its maximum value. Thus [16]:

STrwine = 2sech | | —A (M~ M) ™
FWHM = S A (M — M) + 2B

Thanks to these parameters, the relative cooling power
(RCP) can be calculated allowing the evaluation of the mag-
netocaloric efficiency of the materials. In fact, the RCP is
defined as [17]:

RCP = —AS(T', Hmax) X §TrwnMm

AM;—My)+2B
®)
The heat capacity can be also calculated from the magnetic

contribution to the entropy change by the following expres-
sion [16]:

B 2A(M;—My)
= (M;— My _2Z)Hmax x sech

S§ASy
8T

According to this model [16], AC ), g can be rewritten as:

ACpy=T

©))

ACpy = —TA* (M; — My)sech? [A(Tc — T)]
x tanh [A (Tc — T)] Hax (10)

3 Scaling Analysis

In accordance with the scaling hypothesis [9], the critical
behavior of a magnetic system showing a second-order mag-
netic phase transition near the Curie point is characterized
by a set of critical exponents: the spontaneous magnetiza-
tion exponent (f), the isothermal magnetic susceptibility
exponent (y), and the critical isotherm exponent (§). The
mathematical definitions of the critical exponents from
magnetization measurements are given as follows [18]:

Ms = limpy_o (M) = Mo(—¢)?, & < 0T< T¢ (11)

xo ' = limp_o(uoH/M) = (ho/mo)e” & >0 T>T¢
(12)

M=DuH)"7e=0 T=Tc (13)

where My, hg, and D are the critical amplitudes and ¢ =
(T — T¢)/ Tc is the reduced temperature. Furthermore, the
field and temperature dependence of magnetization in the
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Fig. 1 Temperature dependence of the LDCMO magnetization for

different applied magnetic field. Symbols represent the experimental
data and solid lines the simulation obtained by the model in [16]

critical regime obeys to a scaling relation which can be
expressed as:

M(uoH, &)= (®)P f1_(noH/ePH) (14)

where f4 and f_ are regular analytical functions above and
below T¢ [19, 20]. According to this scaling low, the plots of
M/ (¢)B versus H / &P would lead to two universal curves:
one for T>T¢ (e>0) and the other for T<T¢ (¢ < 0).

4 Results and Discussion
4.1 Simulation

Based on the phenomenological model proposed by M. A.
Hamad [16], we can easily predict the magnetocaloric prop-
erties in a magnetic material. First of all, the experimental
magnetization data M (T) are fitted using (4) for several
magnetic applied fields between 1 and 5 T. In Fig. 1, we
report the measured magnetization (symbols) and the sim-
ulation (solid line) obtained by using the model parameters
given in Table 1. The results of simulation are in very
good agreement with the experimental data indicating the

accuracy of the method. As shown in Fig. 1, the ferro-
magnetic to paramagnetic transition is characterized by a
continuous decreasing of the magnetization around 7¢. The
observed smooth change in M (T) for different applied mag-
netic fields indicates that this magnetic phase transition is of
second order [14] (Fig. 2).

Using (13), the change of the specific heat (ACp) versus
temperature at various magnetic fields is displayed in Fig. 3.
It can be seen that ACp goes through an unexpected change
of sign in the vicinity of the transition with a positive value
below T¢ and a negative one above T¢.

Based on the model parameters reported in Table 1 and
on (5), the magnetic entropy change (—AS)s) has been pre-
dicted and it is displayed in Fig. 2. It is found to be positive
in the entire temperature range. However, the full-width at
half-maximum of magnetic entropy change and the relative
cooling power of the present magnetic refrigerants increase
with A(uoH). At4 T, (LDCMO) compound reached a high
value of RCP around 345 (J/kg), which is relatively close
to the reported RCP of the Gd material [21] of 535 (J/kg).
Thus, our compound can be a good candidate for magnetic
refrigeration.

4.2 Critical Exponents

The reliable method used for obtaining the exact values of
the critical exponents and critical temperatures is based on
the measurement of the magnetic isotherm M (H) curves
at various temperatures. The LDCMO magnetization M (H)
has been measured with a step of 2 K in the vicinity of Curie
temperature as shown in Fig. 4.

4.2.1 Arrott—Noakes Plot or Modified Arrot Plots

The (M)YP versus (H/M)'? Arrott—-Noakes plots [22],
also known as modified Arrott plots (MAP), are constructed
for the LDCMO compound using four different kinds of
trial exponents. Based on the magnetic state equation:

H A\ T — T
<Ms> = a(—TC)g—l—bM]/ﬂ (15)

where a and b are considered to be constants.

Table 1 LDCMO parameters from (4) at different applied magnetic fields (see text)

woH(T) M; My Tc B R?
(emu/g) (emu/g) (K) (emu g~ 'K~ 1)

1 86.592 (2) 0.924 (8) 166.886 (1) —0.016 (6) 0.999 (4)

2 77.210 (4) 18.901 (8) 175.850 (2) —0.187 (6) 0.998 (9)

3 71.622 (6) 40.760 (7) 184.116 (3) —0.353 (2) 0.999 (4)

4 73.217 (7) 45782 (3) 193.105 (8) —0.356 (6) 0.999 (8)

5 82.208 (5) 42.391 (8) 194.441 (7) —0.265 (4) 0.999 (8)
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Fig. 2 Magnetic entropy change, (—ASy) versus temperature for
different magnetic fields
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In theory, we have four kinds of trial exponents that
are used to plot the MAP by using four models of criti-
cal exponents: mean—field model (8 = 0.5 and y = 1); 3D
Heisenberg model (8 = 0.365 and y = 1.336); 3D-Ising
model (8 = 0.325 and y = 1.24) and tricritical mean—field
model (8 =0.25 and y = 1) as shown in Figs. 5, 6, 7 and 8.

In these four models, the lines in the high field region
are quasi-parallel, so it is complicated to distinguish which
one of them is the best model to determine the critical expo-
nents. Thus, we calculated the so-called relative slope (RS)
defined at the critical point as RS = S(7)/S(T¢).The RS of
the best model should be near the unity. As shown in Fig. 9,
the RS of LDCMO using the mean—field model, the Heisen-
berg, and the tricritical ones, clearly deviates from 1. On the
contrary, the RS of 3D-Ising model is close to unity. Thus,
the latter is the best model to describe our perovskite material.
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Fig. 10 The spontaneous magnetization Mg (T') (left axis) and the ini-
tial inverse susceptibility x ~!(T) (right axis) together with the fitting
curves (solid lines)

Based on the MAP, the spontaneous magnetization Mg (T)
as well as the inverse of the magnetic susceptibility x L)
were determined from the intersections of the linear extrap-
olation line with the (M)"/# and the (H/M)'/7 axis, respec-
tively. The Ms(T) and x(;l(T) are shown in Fig. 10. Those
curves denote the power low fitting of Mg(T) and x ! (T)
according to (1) and (2), respectively. The new critical expo-
nent values were hence determined and reported in Table 2.
In addition, the Curie temperatures associated with the fit-
ting of Mg(T) and x, ' (T) with (1) and (2), respectively,
are also determined.

4.2.2 Kouvel-Fisher Method

The Kouvel-Fisher (KF) method is the most accurate pro-
cedure to determinate the critical exponents. It is based on
the following equations [23]:

Ms(T)[dMs(T)/d(T)]~" = 1/B(T — T¢) (16)

X0 {(Dldxy "(T)/dT™" = 1/y(T — Tc) (17)

According to (16) and (17), plots of Ms(T)[dMs(T)
/d(T)]~! and )(0_1(T)[d)(o_l(T)/a’T]_1 versus temperature
should yield to straight lines with 1/8 and 1/y as slopes,
respectively, and with intercepts on T axes equal to Curie
temperature (7¢). In Fig. 11 the critical exponents obtained
from the KF methods are 8 = 0.312 £ 0.007 and y = 1.28+
0.02.

It is easy to remark that the critical exponents values
as well as T¢ calculated by the MAP and KF-plots, match
reasonably well.
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Table 2 Comparison of ASyax, RCP, and AC), for LDCMO and related materials

Materials noH ASmax STrwHM RCP AC[T?I AC;?}; Ref.
(T (T kg K) X) (Jkg) (T kg K) (Tkg K)
Lag 73Dy0.02Cag2MnOs 1 1.182(5) 67.698 (0) 80.022 (2) 3.336 (0) —4.623(2) Present work
2 1.968 (9) 78313 (2) 154.134 (1) 4.95 (1) —6.711(1) Present work
3 2.738 (9) 81.575 (1) 223.367 (2) 7.63 (1) —9.41(0) Present work
4 3.271(9) 105.52(0) 345.207(3) 8.14(2) —10.06(0) Present work
Gd 5 10.2 - 410 — - [35]
Lag.75Cag.25MnO3 0.5 1.36 19.55 26.5 22.42 —21.11 [36]
1 2.52 16.71 42.19 59.71 —56.77 [36]
4 5.39 33.97 183.16 58.11 —53.19 [36]
LapgCap2MnO3 5 5.8 - 280.6 — - [37]
Lao'gCavo5K0A15Mn03 5 5.32 — 236.99 — — [37]
Lao'gCa().()5K()A15Mn03 5 5.32 — 236.99 — — [37]
LapsKp2MnO3 5 4.37 - 241.6 — - [37]

4.2.3 Critical Isotherm Exponent

The third critical exponent § can be determined by plotting
the M (H) data at T = T¢ according to (13). Based on the
obtained critical exponents, the M(H, Tc = 161 K) ver-
sus H measured from O to 5 T, were chosen as the critical
isothermal magnetizations, as shown in Fig. 12. The inset of
the same figure shows the M (H) curve on a log—log scale.
From the linear fitting in inset Fig. 12, the value of § is found
to be 4.80. Furthermore, exponent § has been calculated
from Widom scaling relation defined as [24]:

14
y=1+=
B

Using the above scaling relation and estimated values of
and y from the modified Arrott plot method as shown in

(18)

Fig. 12, we have obtained § = 4.80. The § value deduced
from the KF method in Fig. 11 is § = 5.10. This value is
larger than the one estimated from the Widom scaling. This
difference is probably due to the experimental errors.

4.2.4 Scaling Law

In Fig. 13, we have plotted M/|s|~# versus H/|g|~B+7)
curves with 8 and y obtained from the KF method. It is clear
that all the data fall into one of the two parts of the plots,
i.e., one part for temperatures above T¢ (T > T¢) and the
other for temperatures below T¢ (T < T¢). To ensure a good
visualization of the separation of curves, we plot the curves
with log—log scale inset (Fig. 13). This evidently suggests
that the obtained values of the critical exponents and the T¢
one, confirm the reliability and the good concordance with
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Fig. 11 Kouvel-Fisher plots for the spontaneous magnetization
M (T) (left axis) and the initial inverse susceptibility I (right axis)
for LDCMO sample. Solid lines correspond to the linear fit of Mg(T')
and x, ! data
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the scaling hypothesis. Indeed, all data fall into two distinct
branches, one for temperature below T¢ and the other for
temperature above T¢.

It is obvious that the values of the critical exponents agree
well with those of 3-D Ising model, suggesting that the inter-
actions among spins are of short range type. Actually, this
is completely accepted for perovskite manganites [25].

As reported above, LDCMO exhibits a large MCE
around T¢ but it’s still useless for a magnetic sensor device
designed to work at room temperature [26]. Our results are
similar to those of Khlifi et al. [27], in which they found
that the critical exponents of LaggCap,MnO3 agree pretty

well with the 3-D Ising model predictions. Therefore, the
slight substitution with Dy3* in LDCMO does not affect the
universality class.

In another work, Kim et al. [28, 29] pointed out that the
critical exponents of the Lap¢Cag4MnO3 contain a tricrit-
ical point separating regions of first-order transition from
regions of second-order one. These results are not con-
sistent with the LDCMO ones discussed here showing a
Dy>* substitution effect. An interesting feature is also that
in La;_,Ca, MnO3compounds, the 3D-Heisenberg model is
applicable only for x < 0.2. Severe deviations for x > 0.2
have been observed (in fact, forx = 0.3 a first-order transi-
tion occurs) [30, 31]. In particular, at x = 0.2, the obtained
critical exponents are between the 3D-Heisenberg and the
3D-Ising model [29]. At this point, we decided to go further
and to compare the critical behavior found in our study with
other manganite systems reported in literature (see Table 3).

One of the drawbacks of several studies is that they have
been done on polycrystalline samples which present a strong
smearing in the phase transitions, making it difficult to
evaluate the critical parameters [32]. Numerous papers are
dealing with the critical exponents in manganites. For the
same composition, we can notice a difference between crit-
ical exponents near the transition’s temperature depending
on the synthesis process used. For instance, Ezaami et al.
[33] have studied the effect of synthesis route on the critical
behavior of Lag7Cag2Srg.1MnO3 manganite system in the
vicinity of the Curie temperature and their results showed a
change in the universality class. Moreover, Messaoui et al.
[34] noticed that by changing the milling time, the critical
behavior changed from the tricritical mean—field prediction

Table 3 Critical exponents for LDCMO compound compared to earlier values reported in literature by using various theoretical models

Materials Method B y 8 Ref.

Lag 78Dy0.02Cap2MnO3 MAP 0.32 + 0.01 1.34 + 0.01 - This work
KF 0.312 £ 0.007 1.28 + 0.02 - This work
C.L (cal) - - 5.10 This work
C.L (exp) - - 4.81 £ 0.03 This work

Mean—field model Theory 0.5 1.0 3.0 [18]

3D-Heisenberg model Theory 0.365 1.336 4.80 [18]

3D-Ising model Theory 0.325 1.241 4.82 [18]

Tricritical mean—field model Theory 0.25 1 5 [18]

Lag 7Cag2Sr9.1 MnO3 0.394 + 0.008 0.925 + 0.021 3.34 £ 0.01 [38]

Lap §Cap,MnO3 0.316 =+ 0.007 1.081 =+ 0.036 4.421 [39]

Lap 7Cap3MnO3 0.36 £ 0.01 1.2 4.33 [40]

Lagp 6Cap4MnO3 0.25 + 0.03 1.03 £ 0.05 50+ 0.8 [41]

Lag 5Cap.4Ago.1MnO3 0.311 £ 0.003 1.146 =+ 0.006 4.83 + 0.01 [42]

Lag.1Ndg.6Sro.3MnO3 0.257 £ 0.005 1.12 £+ 0.03 5.17 £ 0.02 [43]

Ndg 7Cag.15Sr9.15MnO3 0.2437 + 0.01 0.9077 £ 0.041 4.547 £ 0.041 [34]

Lag 7Pbg.g5Nag.25MnO3 0.344 1.296 4.80 [44]

Prg.sgErg.02Cag 1 Srg.3MO3 0.3379) 1.189 (28) 4.528 [45]
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to the 3D-Ising model one in Ndg 7S1p.15Cag.15MnO3 poly-
crystalline sample.

Up to now, although the wide difference of critical
phenomena is reported in the literature, it is difficult to
determine the common universality class for a continuous
PM-FM phase transitions in manganites. The better way for
this issue needs more experimental measurements on high
purity samples with different compositions [32].

5 Conclusion

In summary, Lag 738Dyg.02Cap>2MnO3 compound was syn-
thesized by high-energy ball-milling process. We simulated
the dependence of magnetization, magnetic entropy, and
heat capacity change as a function of temperature for
(LDCMO) materials under an external magnetic field. A
large magnetocaloric effect is observed, and the large rela-
tive cooling power (RCP) is found to be 345 (J/kg) under
4 T. Thus, we can consider our sample as a potential
candidate for magnetic refrigeration applications. The crit-
ical properties of the perovskite manganite were studied
using the isothermal magnetization around Curie tempera-
ture (T¢), based on various techniques: Arrott plot, Kouvel—-
Fisher analysis, and critical isotherm method. Furthermore,
the validity of our critical exponents was confirmed by the
universal scaling analysis. The obtained critical exponents
are similar to those predicted by the 3D-Ising.
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