Journal of Alloys and Compounds 518 (2012) 32-37

Journal of Alloys and Compounds

journal homepage: www.elsevier.com/locate/jallcom

Contents lists available at SciVerse ScienceDirect

ALLOYS
AND COMPOUNDS

Effect of Al substitution on magnetocaloric effect in Lag 57Ndg 1Srg33Mn1_xAl,O3
(0.0 <x <0.30) polycrystalline near room temperature

Emna Tka®*, Karima Cherif?, Jemai Dhahri?, Essebti Dhahri?, Hafedh Belmabrouk¢, El Kebir Hlil4

a Unité de Recherche Physique des Solides, Département de Physique, Faculté des Sciences de Monastir, 5019, Université de Monastir, Tunisia
b aboratoire de Physique Appliqué, Faculté des Sciences, B.P. 1171, 3000 Sfax, Université de Sfax, Tunisia

¢ Laboratoire de Micro Electronique, Département de Physique, Faculté des sciences de Monastir, 5019, Université de Monastir, Tunisia

d Laboratoire de Cristallographie, CNRS, 25 avenue des Martyrs, B.P. 166, 38042 Grenoble-Cedex 9, France

ARTICLE INFO

Article history:

Received 9 October 2011

Received in revised form

20 December 2011

Accepted 21 December 2011
Available online 29 December 2011

Keywords:

Al doped manganites
Magnetocaloric effect
Magnetic refrigeration
Magnetic entropy change

ABSTRACT

We have investigated the effect of aluminum (Al) doping on the magnetic and magnetocaloric proper-
ties of Lags7Ndg.1Sro.33Mn1_xAlyO3 (LNSMAO) (0.0 <x <0.3). The Curie temperature T¢ of the prepared
samples is found to be strongly dependent on the aluminum content and it spans between 238 K and
342 K. It has been analyzed by using two methods: a linear extrapolation of M (T) to zero magnetization
and the thermodynamic model. With an increasing Al concentration, a systematic increase in the values
of magnetic entropy is observed. The magnitude of the isothermal magnetic entropy ( | ASwm|) at the FM
Curie temperature increases from 2.31 J/kg K for x=0 to a maximum value of 3.58 J/kg K for x=0.3 for a
magnetic field change of 10kOe. Moreover, the relative cooling power (RCP) increases from 23 J/kg to
68]/kg, respectively. Large magnetic entropy changes upon the application of a low magnetic field and
a wide temperature range of Tc suggest that these materials can be used as candidates for magnetic
refrigerants.

Relative cooling power

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Magnetic refrigeration based on the magnetocaloric effect
(MCE) has attracted a great deal of interest in the prospect of an
energy-efficient and environment-friendly alternative to the com-
mon vapor-cycle refrigeration technology in use today [1-3].

Magnetic materials contain two energy reservoirs; the usual
phonon excitations connected to the lattice degrees of freedom
and magnetic excitations connected to the lattice spin of free-
dom. These two reservoirs are coupled by the spin-lattice (in other
words — magnetoelastic) interactions. An externally applied mag-
netic field can strongly affect the spin degree of freedom that results
in the MCE. Historically, many ferromagnets concerning second-
order transition were investigated in an attempt to achieve large
magnetocaloric effect (MCE), of which the rare-earth elemental
gadolinium Gd was used as a prototypical refrigerant because of
near room temperature ferromagnetic transition (T¢ =293 K) and
a large magnetic entropy change ( AS&“XJ =13.3]/kgK for AH=
7T), due to a high spin value (S=5/2 for Gd) [4].

Nonetheless, because of the high price of Gd (~$4000/kg),
its usage as an active magnetic refrigerant (AMR) in magnetic
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refrigerators is limited. Therefore, the search for a new working
substance at low prices and large MCE becomes a main research
topic in this field. At present, besides some possible candidates,
such as Gd5(Sij_xGex)s [4], MnAs;_xSbx [5], MnFeP;_yAsyx [6],
Tby_xGdxAl, [7] and RM; (where R=rare earth, M=Al, Co, Ni)
[5,8-12], the hole-doped manganites with the general formula
Ln;_4AxMnOs3 (Ln=trivalent rare earth, A=divalent alkaline earth)
with perovskite structure should be one of the most promising
materials because they present numerous advantages such as the
low production costs, the ease of shaping and preparation, the tun-
able T¢ and the chemical stability [13].

In this context, several studies have been performed on the
effects of the substitution in the Ln-site [14,15], however, only
a few studies have been reported in the substitution effects in
the Mn-site [16,17] especially the presence of the non-magnetic
ion in this Mn-site which influences the magnetotransport, the
MR and the MC properties of the material. In fact, it has been
revealed that La;_,SrxMnO3; based manganite materials, mod-
ulated by Mn-site substitution with Cr, Cu, Ni, Co, Fe etc,
present a large isothermal entropy change upon an applica-
tion of a magnetic field around the ordering temperature Tc
[18-21].

To gain more insight into this aspect, we have studied the effect
of the non-magnetic ion AI3* substituted in the Mn-site on new
magnetocaloric material Lags57Ndg.1Srg.33Mn0O3 which might has
properties applicable at room temperature.
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Fig. 1. Variation of the magnetization M vs. temperature for
Lag57Ndo.1S1033Mn;_xAl,O3 samples at 0.05T for x=0.05, 0.1, 0.15, 0.2 and
0.3.

2. Experimental

Polycrystalline samples of Lags7Ndg 1Srg33Mn;_4AlO3 (0.0 <x <0.3) prepared
by conventional solid-state reaction method were taken from the same batches
used in a previous work [22]. Room temperature X-ray diffraction measurement
showed that the samples are single phase perovskite rhombohedral (space group
R3c) structures. The magnetization (M) vs. temperature (T) and magnetization vs.
magnetic field (H) curves were measured by using a Foner magnetometer equipped
with a super-conducting coil. Magnetization of the samples was measured in an
isothermal regime under an applied magnetic field varying from 0 to 10 kOe. In the
vicinity of Curie temperature, isothermal M (H) curves were obtained by steps of 5
and 2 K. The temperature steps were smaller near Tc and larger further away.

3. Results and discussion
3.1. Magnetization investigation

In order to analyze the effect of Al substitution on the Curie
temperature, two methods have been used to determine T¢:

(i) The first one is a linear extrapolation of M (T) to zero mag-
netization. The Curie temperature Tc of the samples defined
as the temperature corresponding to the inflection point of
the M (T) curve. Fig. 1 shows the temperature dependence of
magnetization for the LNSMAO (0.05 <x <0.30) samples dur-
ing cooling and warming measured under pgH =500 Oe and T¢
data extracted by extrapolation are shown in it. The obtained
values of Curie temperature Tc are 300, 289, 279, 263 and 238 K,
respectively, for x=0.05, 0.10, 0.15, 0.20 and 0.30.

(ii) The second method is based on the thermodynamic model:
Amaral et al. [23,24] discussed the magnetic properties of man-
ganites in terms of the Landau theory of phase transitions. Here,
the magnetic energy MH has been included in the expression
of Gibb’s free energy as given by:

F(T,M)=Fo + %A M? + %BM“ — MH

where A and B, known as Landau coefficients, depend both
on pressure P and temperature T and provide information
about magnetoelastic coupling and electron-electron interac-
tion [23-26]. The last term in the equation describes the energy
of spins which is expected to be slowly varying with tempera-
ture. On the other hand, the coefficient A shows negative and
positive values below and above T¢ respectively.

By assuming equilibrium condition of Gibb’s free energy:
(8F/6M)=0, the magnetic equation of state is obtained as:
AM+BM?3 =H. In this equation, M is the experimentally measured
mass magnetization and equal to Ms + M;, where Mjs is the sponta-
neous and M; is the true magnetization caused by the application
of the field H.

Thus, by plotting the experimental data in the form,
A+BM?=H|M, the temperature dependence of the parameters A
and B can be extracted, from which the transition point T¢ and the
temperature dependence of Ms below T¢ can be determined.

In order to gain a deeper understanding of the magnetic
properties and to confirm the ferromagnetic behavior at low tem-
peratures, we plotted the magnetization vs. the applied magnetic
field (from O to 10kOe) obtained at various temperatures for the
LNSMAO samples (x=0.05 and 0.20) in Fig. 2. We have not shown
the M (H) data of the other samples since they have a similar behav-
ior. These curves provide evidence of a close relationship between
the magnetization M and the applied magnetic field H. Below T¢,
the magnetization M increases sharply with magnetic applied field
for (H<0.5kOe) and then saturates above 1kOe. The saturation
magnetization shifts to higher values with decreasing temperature.
When the temperature approaches T¢, the magnetization change
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Fig. 2. Isothermal magnetization for Lag57Ndg.1Sro.33Mn;_xAl,O3 samples measured
at different temperature around T¢ for: (a) x=0.05, (b) x=0.2.
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Fig. 3. Arrott curves for Lags7Ndg1Sro33Mn;_xAlyO3 samples for (a) x=0.05, (b)
x=0.2. The temperatures of the isotherms are indicated.

becomes large. This result confirms the ferromagnetic behavior of
our samples at low temperatures.

To understand the nature of the magnetic transition of the sam-
ples, Arrott plots of H/M vs. M? covering a broad temperature
range around T¢ are plotted in Fig. 3 for x=0.05 and 0.2. According
to Banerjee’s criterion [27], samples which exhibit second-order
phase transition show a positive slope at all points of M? in the
Arrott plot, at and below Tc. Whereas samples which exhibit first-
order phase transition show a negative slope for certain range of M2
values. Clearly, an inflection point and positive slopes in the high-
field regions are observed in Fig. 3, indicating the occurrence of
second-order magnetic transition. The temperature dependence of
parameters A can be extracted by fitting to the linear section of the
transition formed curves (Fig. 4). The Curie temperature T¢ is given
by A=A’ (T—T¢), where A varies from negative to positive values
with increasing temperature, and the temperature corresponding
to the value where it crosses zero is consistent with the Tc. The
values of Tc obtained for the samples LNSMAO (x=0.0, 0.05, 0.10,
0.15, 0.20 and 0.30) are respectively 345, 299, 287, 276, 260 and
234 K. The obtained values of Tc determined by the two methods
mentioned above are nearly the same.
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Fig. 4. Parameter (A) as a function of temperature.

3.2. Magnetocaloric effect

The magnetocaloric effect is an intrinsic property of magnetic
materials. It is the response of the material to the application or
removal of magnetic field, which is maximized when the mate-
rial is near its magnetic ordering temperature (Curie temperature
Tc). A recent study has shown that the substitution of Al for Mn in
Lag 7Srg3MnOs effectively lowers the ferromagnetic ordering tem-
perature T¢ from ~364.5K to well below 300K [28]. The AI3* ion
is not magnetic and does not possess any 3d electrons; the sub-
stitution of Al for Mn causes a sudden break of the ferromagnetic
Mn3*—0—Mn*" interactions without any ferromagnetic compensa-
tion which could lead to a much stronger decrease in Tc compared
to other transition metal substitutions [28]. These compounds are,
therefore, suitable for the studies of MCE in the room-temperature
region. Furthermore, it would be interesting to see how a dilu-
tion of the Mn lattice by a non-magnetic element like aluminum
affects the MCE in the manganites systems. So, to examine this
effect on the magnetic-entropy change ASy, the temperature and
field dependence of the magnetization M (T, H) was utilized.

According to the classical thermodynamic theory, the magnetic
entropy change ASy produced by the variation of a magnetic field
from 0 to Hpax is expressed as follows: [29]

Hmax
8S

ASM(T, H) = Sm(T, H) = Sm(T, 0) = / ((SH> dH 1)
T
0

From the Maxwell’s thermodynamic relationship:

5 M
A I (2)
(), - (%),

One can obtain the following expression:

Hmax

ASM(T, H) = Sm(T, H) — Sm(T, 0) = / (‘;";’) dH (3)
H

Here Hpax is the maximum external field [30].

According to Eq. (3) the maximum magnetic entropy
change is obtained at the Curie temperature where the
ferromagnetic-paramagnetic phase transition takes place. In
general, the magnetic entropy change ASy is often evaluated
thanks to two different numerical calculations. The first approx-
imation method is to directly use the measurement of the M-T
curve under different applied magnetic fields. In the case of small
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Fig. 5. Magnetic entropy change as a function of temperature of the samples
Lag57Ndg.1S10.33Mn;_xAl, O3 for x=0.05, 0.1, 0.15, 0.2 and 0.3. The inset is for x=0.

discrete field AH;, the magnetic entropy change defined in Eq. (1)
can be approximated by:

Hmax Hmax
T +T, 1
AsM( ) = ( ) / M(Tz, H)ptodH / M(Ty, HpodH | (4)
2 T,-Th
0 0

The ASy values for different AH as a function of temperature
are presented in Fig. 5. It is clear that the magnetic-entropy change
depends on the magnetic field change. The ASy; is negative in
the entire temperature range for all the samples for AH=10kOe.
However, it increases with lowering temperature from T > T¢, goes
through a maximum around T¢ and then decreases for T« Tc. The
magnitude of the peak increases with an increasing value of AH
for each composition but the peak position is nearly unaffected
because of the second order nature of the ferromagnetic transition
in these compounds.

As expected, the peak of —ASy may occur around Tc where
the variation in magnetization as a function of temperature is the
sharpest [31].

In general, two prerequisites are necessary for inducing large
MCE. One is associated with a large enough spontaneous mag-
netization, while the other is associated with an abrupt drop of
magnetization at T¢. Therefore, samples exhibiting the second-
order magnetic transition are expected to show a reduced magnetic
entropy change and the peak expands with the enhancement of dis-
order. The maximum isothermal entropy changes for the samples
are listed in Table 1. Upon an application of a field 10 kOe for the
samples, the largest value of ASy ~3.58]kg~1K-! for the sample
with x=0.3 is found at a temperature of 238 K. The large value of
’ ASH* | in LNSMAO may be related to the strong coupling between
the spin and the lattice.

Earlier studies have shown that with decreasing the mean
radius of B-site < rg>, the Tc decreases and results in an enhance-
ment of a spin lattice interaction [32]. As it can be seen from
Ref. [22], our investigated samples LNSMAO exhibit a decrease in
Mn3*—02-—Mn** angle and an increase in Mn—O length. These
results lead to a weakening of the double exchange interaction
between Mn3* and Mn** ions and consequently leads to a reduction
in both T¢ and carrier mobility (right scale of Fig. 6).

Whatis worth noting is that our results are excellently compara-
ble to those reported by Dhahri et al.[33] where the authors showed
that the substitution of Co for Mn in Lag g7Pbg33Mn;_xCoxO3 com-
pounds leads to an increase in —AS{** and a decrease in the Curie
temperature.
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Fig. 6. The dependences of the magnetic entropy change and the Curie temperature
(Tc) on the Al-doped concentration (x) for Lags7Ndo.1Sro33Mn;_xAlyO3 (x=0, 0.05,
0.1,0.15,0.2 and 0.3).

The maximum value of ASy; plotted as a function of composition
(x) is shown in Fig. 6 (left scale) which shows gradual increases in
—ASH* values.

The main panel of Fig. 7 presents the magnetic entropy change
ASy for LNSMAO (x=0.2) as a function of temperature under
different magnetic fields. A remarkable feature is the exact corre-
spondence between the maximal ASy and the recorded PM-FM
transition at Tc, while ASy; distributes over a relatively wide T
range.

The peak of —ASH** increases with an increasing value of AH
for each composition but the peak position is nearly unaffected
because of the second order nature of the ferromagnetic transition
in these compounds.

To assess the applicability of LNSMAO samples for magnetic
refrigeration, the ’ASW" values determined in the present stud-
ies are compared in Table 1 with those reported in literature
for several materials having close T¢ and considered promising
for such application. The large MCEs found in several mangan-
ite systems indicates that these manganites are potential for
room-temperature AMR (Active Magnetic Regenerator). In the tem-
perature range of 200-375K, La—Ca—Mn—03 manganites exhibit
the largest MCE. In particular, Ulyanov et al. [34] recently found
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Table 1

The Curie temperature and magnetocaloric parameters of the Lags7Ndo 1 Sr0.33Mn;_xAlyO3 and some important magnetic refrigerant candidate materials.

Sample Tc (K) H (kOe) ’ASI‘\’,[“‘X (J/kgK) Qu (Tc £ 10K, H=10kOe)| (J/kg) RCP (J/kg) Refs.
Gd 292 10 3.25 122 (Tc £25K) - [33]
L30v57Nd041 Srp33Mn0O3 342 10 231 33 23 This work
Lag.57Ndg.1Sro.33Mng.95Alp,0503 300 10 2.97 50.96 40 This work
Lag.s7Ndg.1Sro.33Mng.90Alp.1003 289 10 3.39 57.57 50 This work
Lags7Ndo 1 SI‘0433M1’10.35A10.1503 279 10 3.48 59.8 53 This work
Lag.57Ndg.1Sro.33Mng goAlp2003 263 10 3.52 60.27 59 This work
Lag.57Ndg.1Sr0.33Mng.70Alp3003 238 10 3.58 60.8 68 This work
Lage5Ndg.05Cap.3MngoCro 103 225 10 0.96 - 98 [40]
Lay/3 (Cao.955r0.05)1/3 MnO;3 275 10 3.26 - 71 [41]
L30_7 Sro_gMno_gAlo_l 03 310 10 0.61 - 51 [28]
Lag.7Sr0.3Mng 95 Tip.0503 308 10 9.45 - 42 [28]
L30,67 Pb0433Mn0.7C00'3 03 260 10 3.22 45.87 63 [33]
Lao_67 Bao_33Ml’10_95 FEU_0503 271 10 0.62 - 50 [39]
Lay3Sry;3MnO3 370 10 15 - 41 [41]

ASp=6.25]/kgK for AH=10kOe in a Lag;Cag3Mn0O3 manganite
exceeds that of Gd (ASy =3.25]/kgK for AH=10KkOe). Compared
with Gd and other candidate materials, perovskite materials are
more convenient to prepare and exhibit a higher chemical stability
as well as a higher resistivity that are favorable for lowering eddy
current heating. In addition, they show a much smaller thermal and
field hysteresis then any rare-earth and 3d-transtion metal-based
alloys.

The MCE peak temperature can be easily tuned in the wide
temperature range of 100-375K, which is beneficial for AMR at
various temperatures. Additionally, the manganite materials are
the cheapest (~$10/kg) among the existing magnetic refrigerants.
These superior features make them more promising for future MR
technology.

The results obtained for LNSMAO system over a wide temper-
ature range around the room temperature make this system very
useful as a magnetic refrigerant for room temperature magnetic
refrigerator because of: a well-defined transition temperature due
to a sharp shape of ’ASM’ (T) curve, a modest magnetic entropy
change upon application/removal of a low magnetic field and eas-
ily controllable magnetic entropy, a good chemical stability and
with a quite high efficiency, and ultimately the possibility of being
manufactured at a low price.

From our study it is obvious that the perovskites are polycrys-
talline. A large value of entropy change could be expected in single
crystalline samples. Perovskites are easy to prepare and exhibit
a higher chemical stability as well as a higher resistivity that are
favorable for lowering eddy current heating. Besides, since the
Curie temperature of perovskite manganites is doping dependent,
a large entropy change could be turned from low temperatures to
near and above room temperature, which is beneficial to operating
magnetic refrigeration at various temperatures. The large magnetic
entropy change in our samples must be originated from the con-
siderable variation of magnetization near T¢. Moreover, it provides
insight into the role of the spin-lattice coupling in the magnetic
ordering process.

In this context, it is worth comparing the magnetocaloric
effects of Al and other B-site dopants like Cr, Co, Ni and Cu
in Lag7Srg3Mn;_yMy03 system. Choudhury et al. [21] studied
MCE in Lag7Srg3Mn;_4NixO3 (0<x<0.05) and found a max-
imum entropy change of 3.54]/kgK under H=13.5 kOe for
x=0.02 sample but decreased to 2.33]/kgK for x=0.05 sam-
ple. The Tc of the sample also decreased from 350K for
x=0-320K for x=0.05. Phan et al. [13] still found higher value
of magnetic entropy (ASy =7.65]/kgK for AH=70kOe) in 2% Ni-
doped sample. A large magnetocaloric effect (ASy =5.5]/kgK for
AH=10kOe) was also found in Lag 7Srg3Mng gCug 103 [35]. In the
series Laggq5Srg.155Mn1_xMxO3 (M =Mn, Cu, Co), the largest MCE
(ASM=2.67]/kgK for AH=13.5k0e) was found for x=0.1% of Cu

[36]. All these studies indicate that MCE is enhanced in systems
where the spin-lattice interaction is strong at the Curie tempera-
ture irrespective of the magnetic nature of the B-site cation as long
as the doping level is small. For a higher level doping, when the
antiferromagnetic interaction dominates the ferromagnetic double
exchange interaction, the magnetic entropy change is reduced.

On the other hand, the magnetic cooling efficiency of refriger-
ants can be in simple cases, evaluated by considering the magnitude
of ASy and its full-width at half-maximum (§Tpwnum)[37,38]. It is
easy to establish the product of the ASy; maximum and the full-
width at half-maximum (8Tpwhm = Thot — Tcold) s RCP = —ASH# x
S8Trwhm, Which stands for the so-called relative cooling power (RCP)
to the amount of heat transferred between the cold and the hot
sinks in the ideal refrigeration cycle [38]. It is also an important
parameter to determine the efficiency of cooling. For the Al doped
sample LNSMAO, RCP with AH=10kOe increases from 23 J/kg for
x=0 to 68]/kg for x=0.3. Nearly similar RCP values have been
reported for Lag g7Bag 33Mn;_xFexO3 [39] and Lag 7Srg 3Mnq_xAlxO3
[28]. Refrigerants with a wide working temperature span and high
RCP are in fact very beneficial to magnetic cooling applications.
It is worth mentioning that while T¢ is largely suppressed, the Al
substitution only slightly affects the magnetic cooling effect.

Asshownin the inset of Fig. 7 forx=0.2, | AS{}®* | and RCP exhibit
an almost linear rise with an increasing field, which is an indica-
tion of amuch larger entropy change and a relative cooling power to
be expected at a higher magnetic field (|ASW" = 3.52] kg‘1 K1
and RCP=59]/kg at 10 kOe), signifying, therefore, the effect of the
spin-lattice coupling associated to changes in the magnetic order-
ing process in the sample.

The heat originated only from magnetic entropy
change around 410K of T¢, _can also be estimated as:
|Qu(Tc 10K, H = 10kOe)| = fTZC_Toolf ASw(T, H = 10kOe)dT.
Qu the refrigerant capacity obtained at 10 kOe around +10K of T¢
increases with Al content (Table 1) and is typically found for x=0.1
to be ~47% that of Gd (122.0]/kg at T¢ +25K).

Our results may be interesting enough, compared to materi-
als considered as good for applications in magnetic refrigerators,
paving the way for more investigation into materials useful for
magnetic refrigeration.

4. Conclusions

In conclusion, we have reported the effects of Al replace-
ment for Mn on the magnetic properties and the MCE in
Lag 57Ndg.1Srg 33Mnq_,Alx O3 for a wide range of Al concentrations
(0.0 <x<0.30). It has been found that the substitution of Al for Mn
results in a decrease in Tc and the saturated magnetization simul-
taneously. All the samples exhibit a maximum of magnetic entropy
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at the phase transition. For the Al substituted series, the magni-
tude of MCE, the relative cooling power as well as the refrigerant
capacity (Qu ) have considerably improved. The x=0.3 composition
shows the largest value of magnetic entropy change EJAS;\‘/}“
3.58]/kgKatT¢ =238 K for AH=10kOe)in the series and this value
is larger than the values reported around the Curie temperature
of other half-doped manganites. This compound exhibits a high
value of RCP=68]/kg. Thanks to their numerous advantages such
as the considerable magnetic entropy change, the relative large RCP,
and being inexpensive and innocuous raw materials, LNSMAO can
be considered as potential magnetic refrigeration materials to be
employed in various thermal devices.
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