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Abstract

Polycrystalline La, g_,Eu, S, ;MnO; (x=0.000, 0.025) samples were prepared using a traditional high temperature solid-state reac-
tion method. The effects of double doping of cationic Eu** and Sr** on the preformed clusters, critical field behavior, and change
of magnetic entropy of LaMnO; were studied systematically. The results show that polycrystalline La, o Eu,Sr, ;MnO; (x=0.000,
0.025) samples are orthogonal crystal structures with a good unidirectionality and the space group of the polycrystalline samples
is Pbnm. As the temperature increased from 15 to 380 K, the polycrystalline La o  Eu,Sr, ;MnO; (x=0.000, 0.025) sequentially
displayed the characteristics of cluster spin glass, ferromagnetic phase, preformed cluster, and paramagnetic phase. For both
Lay ¢ Eu,Sry ;MnO; samples, the second-order phase transition occurs near Curie temperature. The critical index of the undoped
parent compound and doped sample fitted best to the mean-field model and 3D-Heisenberg model, respectively. At an applied mag-
netic field of 7 T, the maximum absolute values of the magnetic entropy changes of the two samples were 2.76+0.002 J-kg ™' K™
and 2.81+0.002 J- kg~!- K~!, respectively, and the temperature corresponding to the maximum absolute values of the magnetic
entropy change was approximately 130 K. The magnetic refrigerant capacities (RC) of the two La, o ,Eu St ;MnO; samples were
436.01£0.002 J- kg~! and 438.09+0.002 J- kg™, respectively. Our results revealed that the changes in magnetic entropy and mag-
netic refrigerating capacity of the doped sample increased compared to the parent sample, suggesting that the double-doped man-
ganese oxide La, o Eu, Sr; ;MnO; samples can be used as magnetic refrigerants in the medium temperature range of 80 to 250 K.

Keywords Perovskite manganese oxide - Doping - Preformed cluster - Critical behavior - Magnetic entropy change -
Refrigeration capacity

Abbreviations

RC Refrigerant capacities

MCE Magnetocaloric effects

DE Double exchange

XRD X-ray diffraction

VSM  Vibrating sample magnetometer
ZFC  Zero field cooling

K-F  Kouvel-Fisher method

technologies [1-3]. Previous studies show that the rare earth
element Gd has a large MCE. However, the use of Gd as a
magnetic refrigerant is limited due to its high price [4-6].
Doped manganese oxides have attracted some attention in
the field of magnetic refrigeration research. Studies reveal
that the double-doped manganese oxide with the formula
R,_ A MnO;, where R is a trivalent rare-earth cation, and A
is a divalent alkaline earth cation, has a large MCE.
Furthermore, double-doped manganese oxides showed
advantages compared to Gd and other magnetic refriger-
ating materials. The double-doped manganese oxides are
low-cost and convenient to prepare, while they exhibit high

1 Introduction

Magneto-refrigeration technology based on magnetocaloric
effects (MCE) is important for energy saving, is environmen-
tally friendly, and can replace traditionally used refrigeration
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chemical stability, high resistance, and favorable eddy cur-
rent reduction [3, 5].

The transport and magnetic properties of manganese oxide
can be explained by Zener double exchange (DE) [3, 7-9]. It
is well known that the DE is very sensitive to the Mn—O bond
length and the Mn—O-Mn bond angle and is a function of the
average radius of the ions at A or Mn sites. If the ion at the A
site is substituted with a rare earth element with a different ionic
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radius, internal stress changes in the crystal lattice lead to the
deformation of the MnOg octahedron. This results in a decrease
in the Mn—O-Mn bond angle [1-3, 9]. A difference of the Neel
temperature was achieved with varying degrees of the aver-
age radius of the cations, which is important for equivalent ion
valence substitutions [1, 8—10] except for the change of the Mn>*/
Mn** ratio. Thus, changing the average anion radius <r, > via
doping is beneficial for the adjustment of the ferromagnetic—para-
magnetic transition temperature and the regulation of MCE [8,
11]. The ferromagnetic—paramagnetic phase transition tempera-
ture of the Sr-doped manganese oxides was higher [1, 8].

Numerous efforts were made to dope the A site. In our pre-
vious study, the magnetic and magnetocaloric properties of
Lay ¢ Eu,Sry ;MnO; (x=0.05) were investigated. Compared
to the undoped La, 4Sr,, ;MnOj; sample, the magnetic entropy
change in a 7-T magnetic field and the RCP decreased to
2.53J.- K~' - kg!and 354.93 J- kg~!. The doping levels were
further decreased to x=0.025in order to improve the prop-
erties of doped La0.9-xEuxSr0.1MnQO3, In this study, the
MCE and critical field behavior of the La, ¢ Eu Sr, ;MnO;
(x=0.000, 0.025) samples were investigated after adjusting
the average radius of the cation at the site A.

2 Material and Methods

The polycrystalline La, 3 Eu,Sr; ;MnO; (x=0.000, 0.025)
samples were prepared using a traditional high-temperature
solid-phase reaction. High purity (>99.9 wt%) La,0;, Eu,0;,
SrCO;, and MnCOj; were strictly weighed following the stoi-
chiometry ratio and then ground with an agate mortar. The
mixture was sintered twice for 12 h at atmospheric pressure
and a temperature of 1000 °C and 1100 °C, respectively, and
was ground between two sintering steps. The sample was
ground for a final round at the end and pressed into a circular
pellet with a diameter of 10 mm and a thickness of ~2 mm
using a pellet press set. The pellets were sintered at 1250 °C
for 24 h at atmospheric pressure in a tube sintering furnace,
and bright, high-quality samples with smooth and crack-free
surfaces were obtained. An X-ray diffractometer (XRD)
was used to examine the crystalline structure and quality of
the samples. The magnetic properties of the samples were
obtained using the multifunction physical property measure-
ment system (US Quantum Design, PPMS) with a vibrating
sample magnetometer (VSM) module.

3 Results and Discussion

The sample quality and crystal structure of the polycrystal-
line Laj ¢ Eu, Sry ;MnO; (x=0.000, 0.025) samples were
measured using an X-ray diffractometer at room tempera-
ture. As shown in Fig. 1, the XRD patterns revealed that
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Fig. 1 XRD patterns of polycrystalline Lag_ Eu,Sr, ;MnO; samples
with x=0.000 and 0.025 at room temperature

all samples are in the space group of Pbnm and have an
orthogonal crystal structure with good unidirectionality. The
Eu’* doping did not affect the spatial structure compared to
its parent compound. The XRD results showed the presence
of extremely small amounts of Eu,05 in the LSMO matrix.
However, Eu,0; impurities did not affect the changes of
the adiabatic temperature (AT,,) since the lattice-specific
heat dominates. Table 1 shows the lattice parameters and
c/a of the Lay ¢ Eu,Sr; ;MnO;samples with x=0.000 and
0.025. The results show that the doping decreased the lat-
tice parameters a and ¢ and increased b. The slight change
in the lattice parameters with doping was attributed to the
radius difference between La®* and Eu®* [2, 12—14] since
the La>* radius (0.117 nm) was larger than the Eu** radius
(0.0947 nm), which resulted in a shrinkage of the unit cell
volume after Eu** doping.

The distortion of the crystalline structure was measured
using the tolerance factor 7 [15], which was calculated as

t= (rA+r0)/21/2(rMn+r0) (1)

where 14, rp, )y, are the radii of the rare earth ion, oxy-
gen ion, and manganese ion, respectively. The calculated
results show that the tolerance factors of the polycrystal-
line La, 4 Eu, Sty ;MnO; samples with x=0.000 and 0.025
were t; ogo=0.876 and 1, 5 =0.875, respectively. Distortion
occurs when t=0.75~0.9, at which the symmetry decreases,
but the orthogonal crystal structure is stable [16]. After the
Eu’" doping, the tolerance factor decreased slightly, and the
degree of the structure distortion of the sample increased.
The magnetization was a function of temperature (M-T
curve) of the La, ¢ .Eu, Sr, ;MnO; samples (x=0.000, 0.025)
at a magnetic field of 0.05 T, as shown in Fig. 2. The zero
field cooling (ZFC) and zone cooling (FC) curves of each
sample were shown in Fig. 2. The inset presents the dM/dT
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Table 1 Crystal parameters and N a/nm binm c/nm Vinm? cla

c/a of the La;, o .Eu, Sry, ;MnO,

Safgples with x=0.000 and 0.000  0.553+0.0002  0.548+0.0002  0.779+0.0003  0.236+0.0001  1.410+0.0001
0.025 0.025 0.549 +0.0002 0.552+0.0002 0.777+0.0002 0.235+0.0003 1.416 +0.0002

versus T curve. The results reveal that at high temperatures,
these two La, ¢ ,Eu Sr, ;MnO; samples were paramagnetic.
The magnetic property of the samples changed from para-
magnetic to ferromagnetic with increasing temperatures. At
Curie temperatures, 7cl ~ 130 K and 7c2 ~ 120 K, the
magnetization increased dramatically, and the samples
had ferromagnetic properties [17-21]. After Eu** doping,
the decrease of the average ionic radius increased the lat-
tice distortion, decreased the Mn—O-Mn bond angle, and
reduced the ferromagnetic interaction between Mn** and
Mn** through oxygen, resulting in a decrease of the Curie
temperature and magnetization [1, 22, 23]. As the tempera-
ture in the lower temperature region further decreased, the
ZFC and FC curves of the samples deviated from each other.
This could be attributed to the competition between the fer-
romagnetic and antiferromagnetic states of the molecules.
The deviations of the ZFC and FC curves of the samples
from each other indicate a cluster spin-glass behavior [2].
At a magnetic field of 0.05 T, the magnetic susceptibility
times temperature (y7) versus T curves of the two poly-
crystalline Laj o  Eu Sry ;MnOj; samples (with x=0.000
and 0.025) are shown in Fig. 3. The yT decreased as the
temperature increased and reached the maximum near
105 K before it rapidly decreased. Thus, the Neel tempera-
ture obtained is Ty; & 105 K. The samples are antiferro-
magnetic below the Neel temperature, which is consistent
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Fig.2 Magnetization versus temperature (M-7) curve of

Lay ¢_,Eu,Sry ;MnO; (x=0.000, 0.025) samples at a magnetic field of
0.05 T. The inset is dM/dT versus T curve

with our previous results. The Neel temperature for the
Eu*-doped samples was slightly lower than the undoped
sample.

The inverse of the magnetic susceptibility (y~!) versus T
and the Curie—Weiss fitting curves of La o, Eu Sry ;MnO,
(x=0.000, 0.025) samples was calculated at a magnetic field
of 0.05 T (Fig. 4). The Curie—Weiss law for fitting was cal-
culated as follows [24-27].

x(T)=C/(T-6)

where C is the Curie constant and 0 is the Curie—Weiss tem-
perature. The fitting results revealed that the Curie’s temper-
ature of the two Lag ¢ Eu, Sry ;MnO; samples (with x=0.000
and 0.025) were 0 1 ~ 200 K and 0 2 ~ 190 K, respectively.
In the temperature regions of 130-285 K and 120-290 K, the
2~ '-T curves of both samples deviated from the Curie—Weiss
law as depicted in Fig. 4. This is ascribed to the antifer-
romagnetic competition within the system, resulting in the
anti-parallel arrangement of the ferromagnetic clusters.
This suggests that there are preformed clusters in the poly-
crystalline samples [2]. Combined with our other results
from Fig. 2, we discovered that an increase in temperature
within the temperature regions of 15-105 K and 15-96 K
resulted in antiferromagnetic phase characteristics of both
samples. Within the temperature regions of 105-130 K and
96-120 K, the samples were ferromagnetic. At 130-285 K
and 120-290 K, the samples presented as preformed clus-
ters. The La, ¢ Eu Sr, ;MnO; samples (with x=0.000 and
0.025) presented as pure paramagnetic materials above the
temperature of 285 K and 290 K, respectively.

The experimental effective paramagnetic moment was
obtained by [3, 16]

Hey = BkgC/Ny)'? 2)

where the Avogadro constant N, =6.023 x 10** mol™' and
the Boltzmann constant k= 1.38016x 1072 J- K~ 1.

The theoretical effective magnetic moment was deter-
mined by [2, 4, 28]

1/2

HZ’: = [O.luezﬁ(Mn“) +xu3ﬁ(Eu3+) + (0.9 —x)uezﬁ(Mn“)]
(3
Table 2 shows the Curie constant C, Curie tempera-
ture 6, experimental effective paramagnetic moment,

and the theoretical effective magnetic moment of the
Lay ¢ ,Eu,Sry ;MnO; samples with x=0.000 and 0.025 at a
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Fig.3 Magnetic susceptibility
times temperature (y7) versus
T curves of the polycrystalline 50k |-
Lay ¢_,Eu,Sry ;MnO; samples _
with x=0.000 and 0.025 at a i x=0.000
magnetic field of 0.05 T x=0.025
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magnetic field of 0.05 T. The difference between the exper-
imental and theoretical effective paramagnetic moments
resulted from the existence of ferromagnetopolaron in the
paramagnetic materials.

A series of isothermal magnetization measurements
were carried out near the Curie temperature to investi-
gate the magnetocaloric effect of the Lag o Eu,Sry ;MnO;
(x=0.000, 0.025) samples. Figure 5a, b illustrate the isother-
mal magnetization curves (M-H curves) of the two samples.
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Fig.4 Inverse of magnetic susceptibility (y~') versus T curves of
Lay g Eu,Sry ;MnO; samples with x=0.000 and 0.025 at a magnetic
field of 0.05 T

@ Springer

At the same temperature, the magnetization of the samples
increased as the external magnetic field increased. Under
the same magnetic field, the system was subjected to more
intense thermal perturbation with increasing temperatures,
leading to the magnetization of the samples decrease [2,
29-31]. Furthermore, the M-H curve of the sample tended
to be linear at high temperatures, indicating that the para-
magnetic state of the sample was most prevalent in the high-
temperature region. In contrast, the magnetization of the two
samples rapidly increased and tended to be saturated at low
temperatures, indicating a predominantly ferromagnetic
phase.

Figure 5Sc, d illustrate the isothermal Arrott curves (H/
M-M? curves) of the La, o Eu Sr, ,MnO; samples with
x=0.000 and 0.025. No obvious S shape and negative slope
were observed for the curves. Following the Banerjee crite-
rion [32-35], the paramagnetic-ferromagnetic transition of
the two samples near T, was a second-order phase transition.

To study the second-order phase transition of the
Lay g ,Eu,Sry ;MnO; samples with x=0.000 and 0.025,
the mean field, three-dimensional Heisenberg, three-
dimensional Ising, and tri-critical models were used to
fit the magnetization curves of the samples. Figure 6a
show the fitting results of the magnetization of the
Laj ¢ Eu Sry ;MnO; sample with x=0.000 using the
mean field, three-dimensional Heisenberg, three-dimen-
sional Ising, and tri-critical models, respectively, at tem-
peratures ranging from 120 to 140 K with an incremental
increase of 2 K. The fitting results revealed that for the
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Table 2 Curie temperature T, Curie-Weiss constant C, paramagnetic Curie temperature 6, and the experimental and theoretical magnetic, para-
magnetic moments of the Lag o Eu,Sry ;MnO; samples with x=0.000 and 0.025 at a magnetic field of 0.05 T

Sample Tc /K C/(10** iz K-mol ™) /K ,42‘;’/,43 y:}e/,, 5
Lag ¢Sty ;MnO, 130 4.59+0.002 200 5.83+0.002 4.81+0.001
Lag g75EU0 05510 MnO;4 120 4.46+0.002 190 5.75+0.002 4.77+0.003

sample with a doping amount of 0.000 (x=0.000), the
fitting curves of the mean field and three-dimensional
Heisenberg and Ising models were parallel to the experi-
mental curve spanning a large range of temperatures and
H-M~'. The tri-critical model fittings showed a diver-
gence from the experimental magnetization curve. The
mean field model had the best fitting for the experimen-
tal magnetization curve of the sample. Figure 6b show
the fitting results of the magnetization of the second
Lay ¢ Eu Sty ;MnO; sample with x=0.025 using again
the mean field, three-dimensional Heisenberg, and Ising,
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and tri-critical models, respectively, at temperatures rang-
ing between 112 and 152 K with an incremental increase
of 4 K. The results from Fig. 6b illustrated that for the
Lay o ,Eu,Sry ;MnO; sample with x=0.025, the experi-
mental magnetization curve fits the three-dimensional
Ising model the best compared to other models.

To further examine which model fits the
Lay ¢ Eu Sry ;MnO; (x=0.000, 0.025) samples best, the
critical exponents B, y, and d [1, 36] of the samples were
obtained using the Kouvel-Fisher (K-F) method. f is the
critical exponent associated with the critical behavior of
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Fig.5 a and b Magnetization curves (M-H curves) of the La, ¢ ,Eu Sty ;MnO; samples with x=0.000 and 0.025, respectively, at varied tempera-
tures. ¢ and d Isothermal Arrott curves of the Lay ¢ Eu Sry ;MnO; samples with x=0.000 and 0.025, respectively, at varied temperatures
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«Fig.6 a The fitting results of the magnetization of the
Laj ¢ ,Eu,Sry ;MnO; sample with x=0.000 using the mean field,
three-dimensional Heisenberg, three-dimensional Ising, and tri-criti-
cal models, respectively, at temperatures from 120 to 140 K with an
incremental increase of 2 K. b The fitting results of the magnetiza-
tion of the La, g Eu,Sry, ;MnO; sample with x=0.025 using the mean
field, three-dimensional Heisenberg, three-dimensional Ising, and tri-
critical models, respectively, at temperatures from 112 to 152 K at an
increment step of 4 K

spontaneous magnetization; vy is the critical exponent related
to the critical behavior of the magnetic susceptibility with
no applied magnetic field; d is the critical exponent of the
state function. The Kouvel-Fisher equations are as follows:

M(T)[dM(T)/dT] ™" = (T - T,) /B 4)
2 (D|dzg /AT = (T =T.) /y )
6=1+/h (6)

where Mg is the spontaneous magnetization, y,~" is the sus-
ceptibility at a zero magnetic field. The Arrott plots in the
temperature ranges of 7<7c and T> Tc were linearly fit-
ted, and the intercepts obtained from the fitting curves are
M* and y,~', respectively. Figure 7A(a), B(a) illustrates the
spontaneous magnetization versus temperature (Ms-T) plots
below the Curie temperature, and Figs. 7A(b), B(b) shows
the Ms(T)-(dMs/dT)~" versus T curves. Figures 7A(c) to (d),
B(c) to (d) show the inverse of the magnetic susceptibility
at a zero magnetic field versus temperature and y,~!(dy,~"/
dT) versus T plots with the temperature that is higher than
the Curie temperature. The 1/p value represents the slope of
the fitted Ms(T)-(dMs/dT)~" versus T curve, as shown in Eq.
(4). Based on the slope, we determined that the 1 of the
polycrystalline La g Eu,Sry, ;MnO; sample with the doping
amount x=0.000 was 0.524+0.02. The 1/y was expressed as
the slope of the (d);(o_l(d;(O_I/dT) versus T fitting curve, as
shown in Eq. (5), and was y1 =1.02+0.02. Based on Eq. (6),
we obtained 81 =2.96 +0.01. Comparing the results with the
data from the models, the results of the sample fit best with
the mean field model. Furthermore, the critical exponents for
the Eu**-doped sample, 2 =0.368 +0.02, y2=1.303 +0.02,
and 62=4.54+0.01, fit best with the 3D- Heisenberg model,
which is consistent with the previous results.

The magnetic equation of state is a relationship between
the variables M(H,¢), H, and T. From the scaling hypothesis,
the equations is as follow:

M(H,€) = €’f + (H /") (7

where f stands for regular analytic function, f+for 7> T
and f- for T< T, ¢ is the reduced temperature, (T-7.)/T.
The scaled M/lelP is plotted as a function of the scaled
H/lelP*”. Two individual branches appeared in the vicinity
of T, confirming that the critical parameters determined
are in good conformity to the scaling hypothesis. The two
different curves in In (M/IelP) as a function of In(H/lelP*7)
strongly support the accuracy of obtained values of the criti-
cal exponents and T as shown in the inset of Fig. 8.

Critical exponents affect how magnetic caloric reactions
respond. According to Oesterreicher et al. [1], the equation
for field dependence of change in magnetic entropy AS,, for
the second-order magnetic phase transition is

|ASy"| = aE)" ®)

where a is a constant and n depends upon the magnetic state
of the compound. n can be calculated by the logarithmic
derivative of the AS,, to the magnetic field:

_ dinAS,,
" dlnH

(€))

n reaches about “2” in the paramagnetic region (7> T) and
about “1” in ferromagnetic region (for T< 7). n is field
independent at T~ and can be found by
p-1 1 1

n 1+ﬂ+y 1+6(1 ﬂ) (10)

Figure 9 uses Eq. (9) to demonstrate how temperature
affects the exponent n (7, H) at different fields. The fig-
ure shows that n changes with the field over the tempera-
ture range, and its values are very similar above the Tc.
n approaching “2" for temperatures greater than 7Tc is a
consequence of the Curie—Weiss law, suggesting that the
magnetization has a linear field dependence in the higher
temperature range. At 7< T, n is approximately ‘‘1.” The
n at Curie temperature (7) can be calculated with critical
exponents 3 and y with Eq. (10). Mean field theory and
3D-Heisenberg theory explains that a minimum value of
n at T=T, is projected to be around 0.67 and 0.637 [37].
In our compounds, n values near the temperature 7 were
measured to be 0.68 +0.001 and 0.623 +0.002 for x=0.000
and 0.025, respectively. Our simulated values of n are very
close to the theoretical values of n near Curie temperature,
indicating that the critical model we built is reasonable.
Before doping, the model is an average field model, and
the interaction of the magnet falls into the magnetic field
fluctuation effect. After doping, the model changed to the
Heisenberg model, and the apparent critical fluctuation near
Curie temperature (7c) led to the critical indices <0.5
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«Fig.7 Spontaneous magnetization (Ms) of the Lajq Eu,Sry ;MnO;
(x=0.000 (A), 0.025 (B)) sample as a function of temperature plots
when the temperature is smaller than the Curie temperature (a) Ms
versus T plot (b) Ms(T)-(dMs/dT)™" versus T plot, and the reciprocal
zero-field magnetic susceptibility as a function of temperature plots
(c) o~ versus T plot and (d) y,™" (dy,~'/dT) versus T plot

and y > 1, indicating that the doping resulted in double
exchange, which led to the increase in the magnetic field
and the magnetic entropy change.

The isothermal magnetic entropy AS,, was generally cal-
culated using Maxwell’s thermodynamic equation. Then
the magnetocaloric effects of the magnetic material were
estimated as described previously [37-39]. The equations
involved were as follows

H
ASy (T, H) = S,/(T,H) — $,,(T,0) = / (0S/oH)dH (11)
0

Substituting (0S/0H); = (0M /dT)g into Eq. (11), the fol-
lowing equation was obtained:

H
AS,(T,H) = S,,(T,H) — S,,(T,0) = / [oM(T, H)/oT)|dH

0
12)

The magnetic entropy change of the polycrystalline sam-
ple Lay o Eu Sry ;MnO; (x=0.000, 0.025) under different
applied magnetic fields was obtained using Eq. (12). It is
necessary to approximate Eq. (12) numerically because
of discrete experimental data. This change of magnetic
entropy of the polycrystalline samples was expressed as a
function of temperature, as shown in Fig. 10. The results
show that the magnetic entropy change increased as the
applied magnetic field increased. The increase in the mag-
netic entropy change was attributed to the increased mag-
netic order of the samples and the applied magnetic field,
which led to an increase in magnetization near 7, [1]. For
the sample with x=0.000, a maximum magnetic entropy
change was observed around 130 K. When the applied
magnetic field reached 7 T, the maximum magnetic entropy
was 2.76 +0.002 J- kg~'- K=, For the second sample with
x=0.025, the maximum magnetic entropy change was
obtained near 125 K. The maximum magnetic entropy
change was 2.81+0.002 J- kg~'- K~! when the applied
magnetic field reached 7 T. Small errors are introduced
with the experimental magnetization data and the numeri-
cal approximation of Eq. (12). The increase in magnetic
entropy after doping Eu’* resulted from the decrease in
the average ionic radius <r, > of site A. Therefore, the lat-
tice disorder increased, and the Mn—O-Mn bond angle was
inhibited [3, 9, 40]. Furthermore, the spin—lattice coupling
played an important role in the change of magnetic entropy

in the magnetic ordering, and the coupling strength changes
as the average ionic radius of site A changed. Eu®* doping
reduced the < Mn—O-Mn > bond angle and increased the
distortion of MnOy octahedron, which in turn weakened the
interaction and affected the parallel arrangement of Mn>**/
Mn*t spins. Therefore, there was a trend that the enhanced
distortion tends to increase the spin—lattice coupling, which
in turn increases the change in magnetic entropy [1, 8, 41].

Good magnetic refrigerating materials have a large AS),,
and a high cooling efficiency (RC). RC is another criti-
cal parameter for magnetic refrigerating materials used
in the field of magnetic refrigeration technology and was
used to determine the performance of magnetic refrigerat-
ing materials [42, 43]. The definition of RC is as follows:
RC =|—ASy-AT gy Where AT gy, 1s the full width at half
maximum of the magnetic entropy of the magnetic entropy
versus temperature plot. The RC of the La, g Eu Sr, ;MnO;
samples with x=0.000 and 0.025 at an applied magnetic
field of 7 T are 436.01 +0.002 J- kg~! and 438.09 +0.002 J-
kg™!, respectively. The comparison of the magnetocaloric
parameters of La, o [Eu Sry ;MnO; (x=0.000, 0.025) sam-
ples and similar magnetic refrigeration materials in a 5-T
magnetic field is shown in Table 3. The magnetic entropy
and RC of Gd are 9 J- kg™'- K™' and 405 J- kg~'in a 5-T
magnetic field, respectively. The results show that the
Lag ¢_,Eu Sry ;MnO; (x=0.000, 0.025) samples achieved
magnetic refrigeration in the middle of the temperature
curve and can, therefore, be used as good magnetic refrig-
erating molecules.

The ATad is an important parameter for the magnetoca-
loric effect (MCE) of the magnetic materials. The relation-
ship between the ATad and the isothermal magnetic entropy
change is represented by the following equation [44]:

H,
T OMH,T) T
AT, ;(T)py = — dH = AS, (T
ad( )AH /H] CH,P oT CH,P M( )
13)

where AS,,(T) reveals the temperature-dependent magnetic
entropy change; Cy; p stands for the specific heat of the mate-
rial in an applied magnetic field H at a constant pressure; the
specific heat without an applied magnetic field is given by
the following equation [45]:

6.93 x 10*

2 +398 x 1077 = 3.31

C,y =2.82 + 0.874T —

x 107273/ (77 < T < 298)
(14)

The maximum adiabatic temperatures of both sam-
ples at an applied field of 7 T were obtained using Eqgs.
(13) and (14) and are AT;‘;"(TCI) =5.67+0.001K and

AT™(T,,) = 4.89 + 0.002K, respectively. Figure 11 shows
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Fig.8 Scaling plots indicate 500

two universal curves below and
above T for two compounds.
Inset represents the same plots
on logarithmic scale
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the maximum adiabatic temperature curves of both samples
at the varied applied field. The trend of the change in the
maximum adiabatic temperature (A7) is similar to the
trend of the maximum magnetic entropy change. Both the
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entropy change increased as the applied field increased.
Based upon the rescaled magnetic entropy change

curves, Franco et al. [46] hypothesized that the Fe-doped
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Fig.9 Temperature depend- 2.0
ence of the exponent (n) of the
change in magnetic entropy r
with different applied magnetic 18 L
fields from 1 to 7 T ’ i x=0.000 /.
16 +
14 +
C 2L
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08 |-
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Gd;Ge,Si, underwent a second-order magnetic phase
transition if the modified curve construction recollapsed
the magnetic entropy change onto a single curve in a
temperature range near the peak of the magnetic entropy
change at different applied fields. The samples had a

T(K)

first-order phase transition if the magnetic entropy change
did not collapse to a single curve in a range of 7T < TC3D .

Figure 12 shows a rescaled magnetic entropy change
plot of the Laj g ,Eu, Sry ;MnO; (x=0.000, 0.025) samples.
The y-axis is the ratio of the magnetic entropy change
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Fig. 10 The negative magnetic (a) 3.0
entropy change under the same |
applied magnetic field versus L _ s 1T
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(AS) to the maximum magnetic entropy change (AS,,)
at the applied fields. The x-axis is 6, which is defined as

, ——= T<T,
= 1 c
L PR T, (15)
2

—Le
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T(K)

where T, and T, stand for the two reference temperatures
corresponding to AS,,/2.

Figure 12 illustrates that the rescaled magnetic entropy
change collapses to a single curve, indicating the occur-
rence of a second-order phase transition, which is in good
agreement with the previous results.
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Table 3 Comparison of the
magnetocaloric parameters of
Lay.Eu,Sry ;MnO; (x=0.000,
0.025) samples and similar
magnetic refrigerant materials
under a magnetic field of 5 T

Fig. 11 The field dependence of
the maximum values of adiaba-
tic temperature change AT/

2663
Sample TJ/K —AS, kg 'Ky RC/Okg™)  pAH/T  Ref
Lag ¢Sty ;MnO; 130 2.76 295 5 Present work
Lag g75Buq 4»5519 ;MnO5 120 2.81 296 5 Present work
Lay gsEug 551y ;MnO; 121 1.95 268 5 [2]
(Lay 7Smg 3) 35K 1sMnO; 130 2.70 48 5 [16]
Lay ¢Pry ;Bay sMnO; 94 1.48 - 5 [41]
La, ;Tey sMn 5Co\ sO; 220 2.2 121 5 [47]
Lay ;Sry 3sMn, gFe ,05 94 1.3 168 5 [48]
Lay ¢;Sr; 33Mn0O5(48 nm) 275 1.09 133 5 [49]
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Fig. 12 Behavior of the master
curve as a function of the s 1T
rescaled temperature for differ- 1.0 - X=OOOO o 2T
ent magnetic fields
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4 Conclusions through a traditional solid-state reaction were unidirec-

tional orthogonal crystal structure with the space group
The effects of Eu* and Sr?* cationic double-doping on  of Pbnm. As the temperature increased from 15 to 380 K,
the preformed clusters, critical behavior, and magnetic ~ the two La, o Eu,Sry ;MnO; samples sequentially pre-
entropy change of two LaMnO3 samples were inves-  sented the characteristics of cluster spin glass, ferromag-
tigated. Our results show that the Laj o Eu Sry ,;MnO;  netic phase, preformed cluster, and paramagnetic phase.
(x=0.000, 0.025) polycrystalline samples we prepared = The Curie temperatures of the two samples were 130 K
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and 120 K, respectively. The phase transition of the two
samples was the second-order phase transition, and the
critical indexes of the samples were analyzed. The criti-
cal index of the sample with x=0.000 was best fitted to
the mean field model, and the critical index of the sample
with x=0.025 fit best with the 3D- Heisenberg model.
At an applied magnetic field of 7 T and a temperature of
130 K, the maximum magnetic entropy changes of the
two polycrystalline Lag ¢ Eu,Sry ;MnO;5 samples (with
x=0.000 and x=0.025) were 2.76 +0.002 J- kg~!- K™!
and 2.81+0.002 J- kg~!- K~!, respectively, and the mag-
netic refrigerating capacities were 436.01 +0.002 J- kg™!
and 438.09 +0.002 J- kg~!, respectively. Our results show
that the magnetic entropy change and magnetic refrigerat-
ing capacities of the samples increased after doping. The
results suggest that Laj Eu, Sry ;MnO; samples with
x=0.000 and 0.025 can be used as magnetic refrigerants
in the medium temperature range of 80-250 K.
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