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Abstract. The magnetocaloric effect (MCE) and the field dependence of the magnetic entropy changes in the
perovskite-type Lag ¢7Cag 33Mng 9Fe( 103 were studied using the phenomenological model. The model parameters
were determined from the magnetization data adjustment and used to give better fits to magnetic transition and to
calculate the magnetocaloric properties. The entropy curves have been observed to behave a symmetrical broad-
ning of A Sy peak with the increase in magnetic field. The values of maximum magnetic entropy change, full-width
at half-maximum, relative cooling power (RCP) and the refrigerant capacity (RC), at several magnetic field varia-
tions, were calculated. The maximum magnetic entropy change of 1.17 J kg~! K~! was obtained for 3 T. The theo-
retical calculations were compared with the available experimental data. The results were found to be in good
accordance. The critical exponents associated with ferromagnetic transition have been determined from the MCE
methods. By using the field dependence of ASmax ~ a (gH)" and the RCP ~ v (ugH)", the critical behaviour
of Lag ¢7Cag 33Mng 9Fey 103 was investigated. From the analysis of the relationship between the local exponent
n and w, other exponents 8, y and § were calculated. Our results indicated that the ferromagnetic coupling in
the Lag 67Cag33Mng 9Feg 103 can be well described by the 3D Heisenberg model. This reflects an existence of

ferromagnetic short-range order in the sample.
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1. Introduction

Large number of magnetocaloric effect (MCE) materials
have attracted much attention owing to their numerous
potential advantages over vapour-compression refrigeration:
higher chemical stability, easy fabrication, longer usage time,
low noise, etc. [1-5]. For an overview on the experimental
and the theoretical aspects of the (MCE), see references [6,7].
A lot of work has been carried out by various researchers
with the aim to understand physics of perovskite-manganites
and to explore possible applications such as MCE [8-12].
These materials exhibit a large magnetization change under
the application of a magnetic field. They transform from a
magnetically disordered state to an ordered state (at a tem-
perature close to its critical temperature), and consequently
large magnetic entropy changes occur [1]. Several com-
pounds with a high MCE can be elaborated at different (low,
intermediate and high) temperatures, and the major prob-
lem remains to get the samples with a high MCE at a low
external magnetic field, which is advantageous for applica-
tion as magnetic cooling, working in the fields produced by
permanent magnets [13]. Manganites are promising candi-
date materials to satisfy this requirement and might be of the
option of future magnetic cooling [14—16]. These perovskites
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are characterized by the strong competition among a fer-
romagnetic double-exchange (DE) interaction, an antiferro-
magnetic super-exchange interaction and the spin—phonon
coupling [17-19]. Magnetic and magnetocaloric properties
of these interactions are determined by intrinsic parameters
such as, doping level [20], average cationic size [21], cationic
disorder [22], grain boundary [23], sintering temperature
[24], particle size [25] and oxygen stoichiometry [26].

Phan et al [27] studied in their review the MCE in man-
ganites systems 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.
This strong coupling is evidenced by the lattice changes
accompanying the magnetic transitions in these manganites;
the lattice structural change in Mn—O-Mn bond angles and
Mn-O bond distances with temperature, which results in a
variation of the volume, can cause an additional change in
the magnetic properties of the material. There is no doubt
that manganese ions play a crucial role in the DE process.
Hence, it is worthwhile to investigate the influences of the
replacement of Mn by other transition metals. Several works
have been made on the effects of the substitution at Mn site
by various elements. They suggested that the introduction of
a transition element Cr [28,29], Co [30,31] and Fe [32,33]
commonly affected the magnetic and electrical properties in
manganites systems. It is found that when modifying the
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Mn element in ferromagnetic manganites always leads to a
reduction in 7¢ and magnetization, an increase in the resis-
tivity and ultimately insulating state at low temperatures for
high substitutions.

To obtain a large ASy material without a thermal and
magnetic hysteresis which is workable in a wide range of
temperatures, Mukadam et al have studied the effect of the
doping of Fe in Lag ¢7Cag 33MnO3; manganites [34]. Iron was
chosen as the dopant because Mn** and Fe* have ionic
radii that are close to each other and hence the crystal struc-
ture of the material remains almost unaltered [34]. Since the
spin, charge, lattice and orbital degrees of freedom are inti-
mately linked to the Mn ion, any perturbation at the Mn site
is expected to modify ground state properties of such man-
ganites. In a mixed system of Fe and Mn, the Fe** ions do
not participate in the DE interaction with Mn3* ions. Thus,
the ferromagnetic DE interaction is weakened to the profit of
superexchange interactions which favours the antiferromag-
netic coupling between Mn**—-O-Mn**, Mn**-O-Fe3* and
Fe3*-O-Fe’*.

The knowledge of field dependence of magnetic entropy
change A Sy of a magnetic refrigerant material is important
[35]. Understanding the field dependence can provide fur-
ther clues to improve the performance of refrigerant materi-
als in a lower field rather than those needed in already exist-
ing prototypes (generally 1-2 T). The field’s dependence of
the magnetic entropy change curve helps us to predict the
response of a particular material under different extreme con-
ditions, which can be useful for designing new materials for
magnetic refrigeration [6]. Therefore, a study of the MCE for
a particular material is not only important from a practical
application point of view but also it provides a tool to under-
stand the properties of the material. In particular, the details
of the magnetic phase transition and critical behaviour can
be obtained by studying the MCE of the material [36,37].

In this paper, the magnetocaloric properties and the crit-
ical behaviour for the optimized Lag¢7Cag33MngoFeq 03
compound at several magnetic fields was investigated. The
polycrystalline sample was prepared by a solid-state reaction
method [34].

2. Model calculations

According to the phenomenological model [38], the depen-
dence of magnetization on variation of temperature and Curie
temperature 7¢ is presented by

M; — M;
M(T, H = Hyax) = (T) [tanh (A (Tc — T))]

+BT + C, (1)

where H,.x is the maximum external field, ¢ the Curie tem-
perature; M;/M; the initial/final value of magnetization at
ferromagnetic—paramagnetic transition as shown in figure 1.
Here,

B —
A=2 —SC ,
M; — M;
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B the magnetization sensitivity dM/dT at ferromagnetic state
before transition, S, the magnetization sensitivity dM/dT at
Curie temperature 7¢, and C = ((M; — My)/2) — BT¢.

The magnetic entropy change (ASy) can be obtained
through the adiabatic change of temperature by the applica-
tion of a magnetic field. ASy as a function of temperature
for a field variation from 0 to Hy,y is given by

ASM (Ts AH = Hmax)

A () |
= Huw | —A (=5 ) sech® (A(Te=T)+B|. @)

A more abrupt variation of magnetization near the magnetic
transition occurs and results in a large magnetic entropy
change. ASy depends on the temperature gradient of the
magnetization and reaches a maximum value around 7¢.

Relative cooling power (RCP) is a useful parameter which
decides the efficiency of magnetocaloric materials based on
the magnetic entropy change [1,39]. The RCP is defined
as the product of the maximum magnetic entropy change
ASvmax and full-width at half-maximum in ASy(T) curve
(8 Trwum). According to this model, ASymax 1S available
by

M; — M;
ASMmax = Hmax |:_A (T) + B:| (3)

and § Trwpw is presented by
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Figure 1. Temperature dependence of magnetization in constant

applied magnetic field.
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Table 1. Model parameters for Lag 67Cap 33Mng 9Fep 1 O3 at several magnetic fields.
oH (T) M; (emu g=1) My (emu g~ ') Tc (K) B (emug™' k™) Sc (emu g~ k1)
0.05 16.97393 0.45549 105.043 —0.00289 —0.41592
0.1 25.47044 0.56936 106.19 —0.00541 —0.51
0.2 33.14763 0.56936 105.665 —0.00401 —0.49491
0.5 38.14338 2.22846 106.912 —0.00842 —0.49508
1 41.25447 5.65958 109.444 —0.0261 —0.45866
1.5 42.33495 9.47224 110.67 —0.0475 —0.43608
2 45.28089 9.01723 112.563 —0.04024 —0.41307
3 4631226 14.34203 113 —0.06545 —0.39333
Then RCP is computed by O
2B
RCP = —ASMmax 8Trwam = Hmax (Mi - My — 7) 120.67C80.:MMoF 84105
50 .
. 2A (M; — My) 1/2 o p,H=0.05T]| 1
x cosh™ . 5 =
<A (Mi—Mf)+2B> ) o 40 7 HHZ0IT
[ o uH=02T
The RCP corresponds to the amount of heat that can be trans- 5 o uH=05T
ferred between the cold and hot parts of the refrigerator in ~ § 30 a pHAIT |
one ideal thermodynamic cycle. This parameter allows an E % pH=1.5T
easy comparison of different magnetic materials for appli- 20 o uH=22T |-
cations in magnetic refrigeration; hence, larger RCP values v uH=3T
lead to better magnetocaloric materials. ok —— Simulated
Another figure of merit which is used to compare the mag-
netic refrigerant materials is the refrigerant capacity (RC). N
The RC can be determinate by numerically integrating the 00 5'0 ](')0 350

area under the ASy(T) curve using the temperatures at
half-maximum of the peak as the integration limits [40].
Here, RC value can be obtained as

STrw.
To— EWHM

- /AS(T) dr

8Ty
Te+ F\;/HM

RC =

ST,
= Hpu [— (M; — M) tanh (AM>

2

Bs TFWHM} . ©)

The heat capacity can be calculated from the magnetic contri-
bution to the entropy change induced in the material, ACp y,
by the following expression:

0ASMm
oT

From this model, a determination of ACp p can be carried
out as follows:

ACpy=T @)

ACP,H (T9 AH = Hmax)
= Huax [~ T A> (M;— My) sech® (A (Tc—T))
x tanh (A (Tc—T)) ] . (8)
From this phenomenological model, it can easily assess the

values of ATrwaM, ASMmax> RCP RC and ACp g min/max for
Lag 67Cag 33Mng gFep 1 O3 at several magnetic fields.

T (K)

Figure 2. Magnetization vs. temperature for the Lagg7Cag 33
Mng gFep 103 system at several magnetic fields. The solid lines
are modelled results and symbols represent experimental data from
reference [34].

3. Model application and discussions

In order to predict the thermomagnetic properties for
Lag 67Cag 33Mng gFeg 1 O3, numerical calculations were made
with parameters as displayed in table 1. Figure 2 depicts
the magnetization vs. temperature in different applied mag-
netic field shifts for Lag¢7Cap33MngoFeq 103 prepared by
the solid-state reaction method as described elsewhere [34].
The symbols represent experimental data from reference
[34], while the solid curves represent modelled data using
model parameters given in table 1. It is seen that for the
given parameters, the results of calculation are in good
accordance with the experimental results. The substitution
of the manganese with the iron in the parent compound
Lag 67Cag 33MnOj3 leads to introduce the quenched disorder
and has modified the nature of the phase transition from
the first-order to the second-order-like [34]. Consequently
magnetic transition in Lag ¢7Cag 33Mng oFe 1 O3 is reversible
in a cycle of increasing and decreasing temperature and
the thermal hysteresis losses have been reduced which is
highly desired in the sense of practical application. It can be
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reported that the magnetization exhibits a continuous change
around 7T¢ in different magnetic fields [34].

Furthermore, figures 3 and 4 show predicted values for
changes of magnetic entropy and specific heat. Magnetic
entropy change in Lag¢7Cag33Mng9Fe( 105 is reported for
noH =0.05, 0.1, 0.2, 0.5, 1, 1.5, 2 and 3 T in figure 3
and shows an increase in —ASy; with increasing poH. The
— A8y is found to be positive in the entire temperature range
for all magnetic fields confirmed the ferromagnetic character.
It is seen that the results of calculation are in a good agree-
ment with the experimental results. The MCE increases with
the increase of the applied magnetic field and with the change
of magnetization during application of magnetic field. This
means that the effect reaches its maximum in the vicinity of
magnetic phase transition points. The large values of —A Sy
for Lage7Cap33Mng9Fep 03 compounds originate from a
reversible second-order magnetic transition [34]. The mag-
netic transition becomes broader and so gives rise to a larger
broadening of the —A Sy [41]. The broad magnetic entropy
peaks are advantage for magnetic cooling system [42].

Using equation (8) one can calculate the specific heat
changes, ACp g caused by the applied magnetic field. Shown
in figure 4 is ACp y as a function of temperature for uoH =
0.05, 0.1, 0.2, 0.5, 1, 1.5, 2 and 3 T. It is clearly seen that
ACp y changes sharply from the negative to the positive at
the Curie temperature. Since dM/0T < 0; ASy < 0 results,
and accordingly the total entropy decreases upon magnetiza-
tion. Furthermore, ACpyy < 0 for T < Tc and ACpyy > 0
for T > Tc¢ [43,44]. The sum of the two parts is the mag-
netic contribution to the total specific heat which affects the
cooling or heating power of the magnetic refrigerator [45].
Specific heat presents the advantage of delivering values nec-
essary for further refrigerator design, should the material in
question be selected.

1.4 T T T T T T T T T T
LaO.67caO,33Mn0.9FeO.1O3
1.2 1
1.0 .
~
4
T 0.8
8 — pH=3T
= QO uH=3Texp
o2 0.6 — g H=2T
? © pH=2Texp
e H=1S T
0.4 — 1T
HH=05T
0.2 — p H=02T
—— pH=0.IT
—— p,H=0.05T
0.0
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T (K)
Figure 3. Magnetic entropy change, ASy, for the

Lag 67Cag 33Mng gFeg 1 O3 sample. The solid lines are predicted
results and symbols represent experimental data from reference
[34].
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The MCE data of different materials of same universal-
ity class should fall onto the same curve irrespective of the
applied magnetic field [46]. Because of the intrinsic relation
between the MCE and the universality class, one can obtain
the critical exponents based on the MCE data, which may
be another method for determining the critical behaviour of
phase transition, i.e., the universality class. Using the mag-
netocaloric response (or magnetic entropy change), one can
investigate the nature of these coupled order parameters and
further understand the rich magnetic properties exhibited by
Lag 67Cag 33Mng 9oFep 1 O3 manganites. At the peak, the field
dependence of —ASy can be assumed to be a power law,
with an exponent n

ASmax ~ a (uoH)" . 9)

At Tc, the exponent n becomes field independent and is
expressed as

(To) (ﬂ - 1) 1
n(lc)= | ;—— )
B+vy
where $ and y are the critical exponents [7,47]. With the
Widom relation § = 1+y/8 [48], relation (10) can be written

as
T _ ! 1 ! 1
n(C)—§<—‘E>+-

As shown in figure 5 the fitting of full square
points (ASnax) leads to that n(7¢) = 0.710(2) for
Lag 67Cag 33Mng 9Fep.1 O3, which is larger than the predicted
value of 2/3 in the mean field approach [49] due to the local
inhomogeneities in Lag ¢7Cag33MngoFey ;O3.

As discussed above, the width of ASy becomes more and
more broad with the increase of field. In order to confirm
this result; the field dependence of the full-width at half-
maximum ATgwgym 1S given in figure 5. It is found that

(10)
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Figure 4. Heat capacity change, ACy, for Lagg7Cag33Mng.9
Fep.1 O3 system at several magnetic fields.
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Figure 5. Field dependence of ASmax and ATpwpam for
Lag.67Cag.33Mng.9Feq 1 03.

ATrwum is also field dependent. The fitness of ATpwam
gives that ATgwam ~ b (uoH)™ where b = 77.516(8) and
m = 0.209(1).

In addition to the magnitude of the A Sy, other important
parameters used to characterize the refrigerant efficiency of
the material are the RCP and the RC defined as equations (5)
and (6). RCP and RC give an estimate of quantity of the heat
transfer between the hot (7o) and cold (T0q) end during
one refrigeration cycle and is the area under the ASy vs. T
curve between two temperatures (A7 = Tho—Tcolq) Of the
full-width at half-maximum (FWHM) of the curve. Figure 6
shows the values for the compound Lag ¢7Cag 33Mng gFep 1 O3
as a function of applied magnetic field.

To analyse the nature of the magnetic phase transition
in detail, a critical exponent’s study near their Curie tem-
perature (7¢) for the Lagg7Cag33MngoFep O3 sample was
carried out. In this context, the field dependence of ASy
is used for investigating the critical behaviour [50,51]. On
the basis of figure 6, the field dependence of the RCP for
Lag 7Cag 33Mng oFe 1 O3 is depicted. It can be expressed as
a power law by taking account of the field dependence of
entropy change A Sy and reference temperature into consid-
eration RCP = v(uoH)™ (where w = 1+ 1/8, v is a constant
and § the critical exponent of the magnetic transition), as pre-
dicted by scaling laws [35]. This feature provides insight into
the critical behaviour of the compound. The lowest field data
have been omitted because of the large uncertainty of the
peak position. The slope of the linear function fitted to the
Ln-Ln data yields the value of w &~ 1.208(7) which implies
8 =4.791(5).

The knowledge of two critical exponents n and § inferred
from the field dependence of MCE is enough to determine
other exponents, 8 and y. By means of the Widom relation,
equations (10) and (11) one effortlessly finds B = 1/(8(1 —n)
+1) ~ 0.418(6), and y = p(6—1) ~ 1.587(3). Funda-
mentally 8 and y keep close to the value expected for
the 3D Heisenberg ferromagnets with ferromagnetic short-
range interactions. A similar result of critical behaviours was
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Figure 6. Field dependence of RCP and RC for

Lap.67Cag.33Mng 9Feq 1 O3.

observed in Fe-doped LaMnO; [52] and ErTiO; [46]. The
obtained critical exponents of Lag¢7Cag33MngoFep 03, as
well as those of different theoretical models, are listed in
table 2 for comparison.

Hence, the present study deals with critical and magne-
tocaloric properties of Lag¢7Cag33MngoFeq 03. A precise
estimate of the critical exponents for this material near fer-
romagnetic (FM)—paramagnetic (PM) phase transition tem-
perature is presented and shows that the critical exponents
are 3D short-range Heisenberg like in this particular com-
pound. This reflects the existence of FM short-range order
in Lag ¢7Cag33Mng oFep 1O3. The mixed valence of Mn and
Fe ions promotes both the FM double-exchange and AFM
super-exchange interactions and thus leads to inhomoge-
neous regions in magnetism.

In recent times, the authors [22,26,53] and others [54,55]
have shown that for second-order magnetic transition mate-
rials the ASy(T) curves obtained with different maximum
applied fields will collapse onto a universal curve by nor-
malizing all the A Sy curves with their peak entropy change,
respectively, as ASy/ = ASw/2, and the temperature axis
has to be rescaled in a different way below and above T¢,
just by imposing that the position of two additional reference
points in the curve correspond to new parameter 6, defined
by the expression [26,56]

9:{ —(T-To)/(Tn—Te): T < Tc

T > T, 2)

(T = To) / (Try = To);
where T;; and T,, are the reference temperatures below and
above T¢, respectively.

The phenomenological construction of the universal scal-
ing of different magnetic field is depicted in figure 7.
Figure 7 shows an attempt to form a master curve for the
entropy change of the Lagg7Cag33MngoFej103. One can
see that the universal behaviour manifests itself only in a
limited interval around the peak temperature. Farther below
and above the peak the scaling behaviour apparently breaks.
Increasing fields produce an increase in the reduced magnetic
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Table 2. Critical exponents of materials obtained from the MCE scaling law method and theoretical values of three models.

Composition n B y 8 Ref.
Lag.¢7Cag 33Mng gFeq 1 O3 0.710(2) 0.418(6) 1.587(3) 4.791(3) Present
DyTiO3 0.621(4) 0.352(2) 1.355(3) 4.85(2) [46]
HoTiO5 0.679(3) 0.397(5) 1.476(4) 4.72(6) [46]
ErTiOs 0.710(7) 0.413(5) 1.611(6) 4.90(5) [46]
Lag ¢Pro.4Fei97Co0.8Si; s 0.773(5) 0.560(5) 1.381(1) 3.463(9) [36]
Tricritical mean-field model — 0.25 1.0 5.0 [61]
Mean-field model — 0.5 1.0 3.0 [61]
3D Heisenberg model — 0.365 1.386 4.8 [61]
3D Ising model — 0.325 1.24 4.82 [61]
1.2 T T T T Dependence of the magnetization on temperature varia-

La0.67C 0.33M nO.QFe0.1O3

—u H=3T
—p H=2T
——p H=15T ||
—u H=1T
— H=0.5T ||

uH=02T |
——pu H=0.1T
— 1, H=0.05 T[]

e = Average

Figure 7. Normalized entropy change as a function of the
rescaled temperature 6 (the dash curve is averaged).

entropy change. Deviations from the collapse might indicate
either the influence of the demagnetizing field associated to
the shape of the sample [57] or the presence of additional
magnetic phases [58,59]. The divergence of the curves is
clear in the compound, particularly above the T¢. As you can
see, this universal curve is independent of the external mea-
surement conditions, which is just determined by the intrinsic
magnetization.

On the basis of the universal scaling, an average curve is
obtained, as shown as dashed curve in figure 7 which gives a
smoother description of the curve. This average curve, once
the temperature axis is back transformed from the reduced
temperature to the unnormalized one, allows making extrap-
olations to lower temperatures for the high field data and
obtaining a finer description of the peak for the low field
curves [60].

4. Conclusions

In summary, the exhibition of large MCE in Lagg7Cag 33
MnyoFe( 03 which is associated with a FM to PM phase
transition near the Curie temperature was reported.

tion for Lage7Cag33MngoFen ;O3 upon different magnetic
fields was simulated. A good RCP value was observed.
The large change of magnetization during the phase tran-
sition leads to large MCE. It was shown that the higher
field Lag ¢7Cag33Mng9Fep 03 MCE has a power law field
dependence characterized by an exponent n =0.710(2). The
critical exponents associated with FM transition have been
determined from the MCE methods. Therefore, the MCE
scaling laws can be applied to complex magnetic systems
involving different magnetization processes in the critical
region. Furthermore, the A Sy collapse onto a universal curve
based on the scaling relation, where an average curve was
obtained. This sample exhibits considerably no magnetic
hysteresis, which was beneficial for the magnetic cooling
efficiency. In this respect, the lanthanum manganites based
materials are very promising refrigerants because of (1) high
safety, (2) easily tuned Curie temperature, (3) relatively low
cost of components and fabrication, and (4) being non-toxic.
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