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a b s t r a c t

In this work, we investigate the effect of annealing process at different temperatures (600 and 800 �C) on
structural, magnetic and magnetocaloric properties of La0.7Ba0.3MnO3/xTiO2 system with x ¼ 0.04 and
0.06. Crystal structure analysis shows the R-3c rhombohedral symmetry for composites in both
annealing temperatures indicating structure stability. Magnetization and coercive field of doped com-
posites increase with increasing annealing temperature, while there is no effect on their Curie tem-
perature (Tc) that remains constant at 348 K due to the TiO2-La0.7Ba0.3MnO3 interaction lack. Increasing
annealing temperature is found to be an effective process that can positively affect the magnetocaloric
properties. Where, the relative cooling power of doped composites increases from 50 to 62 J/kg for
x ¼ 0.04 composite and from 54 to 66 J/kg for x ¼ 0.06 composite with increasing annealing temperature
from 600 to 800 �C. Moreover, the experimental results of magnetic entropy change have been modu-
lated using Landau theory and the calculations have indicated the negligible contribution of elastic,
magnetoelastic and magnetoelectronic coupling in the magnetocaloric properties of La0.7Ba0.3MnO3/
xTiO2 system in both annealing temperatures.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

Magnetic refrigeration technique is one of the most promising
techniques in cooling technology because of the efficient and the
environmental safe cooling applications, which have encouraged
the experimental and the theoretical studies in this direction.
Obtaining low cost and high performancemagnetocaloric materials
is not an easy target because of the associated demerits. For
example, Gd shows a large magnetocaloric effect (MCE) in room
temperature range [1], but it is an expensive element and tends to
oxidation. Current researches seek to balance the needs of technical
applications by obtaining high MCE performance with fewer
ty of Science, Oviedo Univer-
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disadvantages by investigating various kinds of magnetic materials
treated in different conditions.

Recently, manganites oxides have been paid attention for MCE
applications because of the outstanding physico-chemical proper-
ties that enable them to work with chemical stability and high
magnetization. The magnetoresistive/insulator system is an inho-
mogeneous system consisting of non-reacted manganite and
insulator materials such as La0.7Sr0.3MnO3/ZrO2 [2]. The main idea
behind this system depends on the interaction lack between
manganite and insulator materials that keeps on the intrinsic
properties of the manganite material. This enables us to tune the Tc
related phenomena as the MCE at the same temperature range [3].
In fact, the insulator distribution at the grain boundaries and on the
surface of the manganite grains is the key role of this system
properties. For instance, the insulator distribution changes the
boundaries resistance that increases magnetization disconnection
leading to the spin tunneling between grains and hence to the low
field magnetoresistance [4]. The insulator distribution may be
affected by annealing temperature modifying magnetic properties
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Table 1
Symmetry, cell volume (V), SEM grain size (G) and XRD crystallite size (P) of LBMO/
xTiO2 composites annealed at 600 and 800 �C.

Composition Condition Symmetry V (Å)3 G (mm) P (nm)

x ¼ 0 as-prepared R-3c 358.86 0.74 32
x ¼ 0.04 600 �C R-3c 358.17 0.63 34

800 �C R-3c 358.25 0.65 33
x ¼ 0.06 600 �C R-3c 358.23 0.67 33

800 �C R-3c 358.20 0.68 34
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and related phenomena. Accordingly, after we have studied the
effect of insulator doping level in La0.7Ba0.3MnO3/xTiO2 system
(0 � x � 0.08) in a previous study [3] and managed to enhance the
MCE of La0.7Ba0.3MnO3 at the same temperature range, it is a fruitful
to study the influence of insulator distribution by annealing tem-
perature and its effect on magnetic and magnetocaloric properties
of La0.7Ba0.3MnO3/xTiO2 system that has not been knocked before in
these systems.
2. Experimental method

Polycrystalline La0.7Ba0.3MnO3/xTiO2 ceramic samples with
x ¼ 0.04 and 0.06 composites were prepared in several steps.
La0.7Ba0.3MnO3 (LBMO) was prepared by the sol-gel method using
LaN3O9.6H2O, Ba (OOCCH3)2 and Mn (OOCCH3)2.4H2O raw as re-
ported in Ref. [5] and sintered at 1200 �C for 24 h. TiO2 nanotubes
(NTs) were prepared by the electrochemical anodization method of
titanium foils (99.6%) as reported in Ref. [6]. Then, the resultant
TiO2 NTswere annealed for 2 h at 400 �C. Stoichiometric amounts of
LBMO and TiO2 were mixed and pressed, then annealed at different
temperatures of 600 �C and 800 �C for 24 h. Crystal structure was
examined by x-ray diffraction (XRD) at room temperature, and the
patterns were analyzed using Rietveld refinement method with
FULLPROF program. Surface morphology was carried out using
scanning electron microscope (SEM), while, magnetic and magne-
tocaloric characterizations were performed using SQUID
magnetometer.
Fig. 1. XRD patterns of LBMO/xTiO2 composites and Rietveld refinem
3. Results and discussion

3.1. Structure

XRD patterns of LBMO/xTiO2 composites annealed at 600 and
800 �C are shown in Fig. 1. The single phase of the undoped LBMO
compound indicates the high homogeneity and the complete re-
action between elements. The patterns of doped composites are
characterized by an additional peak of TiO2 at 2q¼ 25.32� revealing
its coexistence with LBMO phase. This suggests TiO2-LBMO inter-
action lack in doped composites that seems to be preserved with
increasing annealing temperature due to the quite similar peak
intensity of TiO2 in both annealing temperatures. The interaction
lack leads to several consequences as structure stability at the R-3c
rhombohedral symmetry, cell volume (V) insignificant change and
constant value of XRD crystallite size (P) for composites in both
ent profile for x ¼ 0.06 composite annealed at 600 and 800 �C.



Fig. 2. SEM micrographs of LBMO/xTiO2 doped composites for x ¼ 0.04 and x ¼ 0.06 annealed at 600 and 800 �C.
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annealing temperatures as shown in Table 1. Where, P was deter-
mined by Laue-Scherrer equation and Rietveld refinement profiles
of x ¼ 0.06 composite annealed at 600 and 800 �C are displayed in
Fig. 1 as a selected sample. SEM micrographs in Fig. 2 support the
idea of TiO2-LBMO interaction lack, where it show TiO2 precipita-
tion at the boundaries and on the surfaces of LBMO grains leading
to the quite constant value of the average SEM grain size (G) in both
annealing temperatures (see Table 1). In addition, this figure shows
the influence of TiO2 distribution by annealing temperature.
Where, TiO2 grains are well agglomerated and less randomized in
composites annealed at the higher temperature of 800 �C in com-
parison with these annealed at 600 �C. Also, it is noteworthy the
smaller value of XRD crystallite size compared with the SEM grain
size in all annealed composites, which proposes crystallites
collectivization inside the grain as a result of structural defects and/
or internal stresses [7].

3.2. Magnetization

The thermal variation of magnetization at 100 Oe applied
magnetic field is shown in Fig. 3a and b for composites in both
annealing temperatures. The ferromagnetic-paramagnetic (FM-
PM) transition is observed at the same Tc value (348 K) for all
composites in both annealing temperatures, which corresponds to
the Tc of the undoped LBMO reported in our work [3]. The con-
stant behavior of Tc with doping or annealing proess is in agree-
ment with [8,9] and refers to the TiO2-LBMO interaction lack. This
is because Tc is an intrinsic property depends only on the interior
ferromagnetism of LBMO grains [10], which is kept without any
change due to the interaction lack between TiO2 and LBMO either
with doping level or with increasing annealing temperature. From
Fig. 3a,b we can see that the magnetization of doped composites
increases with increasing annealing temperature, in agreement
with [11,12]. The magnetization change with annealing tempera-
ture may be attributed to intrinsic and/or extrinsic effects. The
intrinsic effect comes from a change in LBMO grain size and
bandwidth [11], while, the extrinsic effect arises from grain
boundaries that decrease grains connectivity, interrupt the
interfacial magnetization and lead to magnetization pinning. The
negligible change in grain size with annealing temperature sug-
gests a non change in the intrinsic spin disorder [13e15] indi-
cating the negligible role of grain size in the magnetization
change. In addition, the change in LBMO bandwidth happens only
in case of the partial substitution of Mn ions by Ti4þ ions, which is
excluded in our case due to the TiO2-LBMO interaction lack. This
suggests that the magnetization change more likely arises due to
the grain boundaries extrinsic effect rather than the intrinsic ef-
fects. The grain boundaries thickness and resistance increase with
TiO2 segregation [3], which in turn increase magnetization
pinning. The agglomeration of TiO2 grains seems to be enhanced
with increasing annealing temperature (800 �C) as seen in Fig. 2,
which decreases their random distribution at grain boundaries
leading to an increase in the magnetization due to pinning
decrease. Vice versa, annealing process at low temperature



Fig. 3. (a), (b) Magnetization dependent temperature and (c), (d) hysteresis loops at 300 K for LBMO/xTiO2 system doped composites annealed at 600 and 800 �C, respectively.
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(600 �C) decreases TiO2 agglomeration and increases their
random distribution at grain boundaries, which decrease
magnetization due to pinning increase. According to the effect of
annealing temperature on TiO2 distribution and its effect on
magnetization value, results from hysteresis loops in Fig. 3c and
d reveal that both composites show higher saturation magneti-
zation (Ms) and coercive field (Hc) values at the higher annealing
temperature of 800 �C, as seen Table 2, in agreement with [16].
This is as discussed before due to the better ordering and the well
Table 2
Curie temperature (Tc), saturation magnetization (Ms) and coercive field (Hc) of
doped composites at 600 and 800 �C.

Composition Condition Tc (K) Ms (emu/g) Hc(Oe)

x ¼ 0 as-prepared 348 47 50
x ¼ 0.04 600 �C 348 33.7 40

800 �C 348 38.4 44
x ¼ 0.06 600 �C 348 31.3 16

800 �C 348 35.2 31
agglomeration of TiO2 grains away from LBMO grain boundaries in
composites annealed at 800 �C rather than these annealed at
600 �C.
3.3. Magnetocaloric effect (MCE)

Fig. 4 shows the isothermal magnetization curves of LBMO and
doped composites annealed at 600 and 800 �C. In both annealing
temperatures, the magnetization below Tc increases sharply at
low magnetic fields then saturates at high magnetic fields in
correspondence with the ferromagnetic behavior. While above Tc,
magnetization changes linearly with the applied magnetic field as
a feature of paramagnetism. The nature of FM-PM transition and
its impact by annealing temperature can be identified from Arrott
plots in Fig. 5. These plots indicate the second order transition for
composites in both annealing temperatures because of the posi-
tive slope around Tc that characterizes the second order transition
[17].

The magnetic entropy change, DS, was determined from the



Fig. 4. The isothermal magnetization curves of x ¼ 0 and doped composites x ¼ 0.04 and x ¼ 0.06 annealed at 600 and 800 �C temperatures.
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Fig. 5. Arrott plots of LBMO/xTiO2 doped composites x ¼ 0.04 and x ¼ 0.06 composites at 600 and 800 �C annealing temperatures.
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isothermal magnetization curves using the approximated Maxwell
equation Eq. (1) [18], where, Miþ1 and Mi are the magnetization
values measured at Tiþ1 and Ti temperatures in magnetic field DH.
In Fig. 6, composites show a broad peak of DS around Tc in both
annealing temperatures that increases monotonically with the
applied magnetic field. In principal, the change in DS depends on
the change in the intrinsic properties of LBMO, which are kept
without any change due to the TiO2-LBMO interaction lack. This
explains the negligible change in the maximumvalue of DS (DSmax)
with annealing temperature for doped composites as shown in
Table 3. The effect of annealing temperature appears clearly
through the change in the DS curves width that can be expressed
interms of the full width at half maximum (dTFWHM), where,
increasing annealing temperature has been found to increase the
dTFWHM of doped composites as seen in Table 2 for 2T applied
magnetic field.

DS ðT;DHÞ ¼
XMi �Miþ1

Ti � Tiþ1
DH (1)

RCP ¼ DSMax � dTFWHM (2)

DS ¼ aðm0HÞn (3)
Depending on DSmax and dTFWHM, the magnetocaloric effi-
ciency can be determined through the relative cooling power
(RCP) in Eq. (2) [11]. The MCE results show an improvement at the
same temperature range with changing annealing temperature,
where, the RCP values of doped composites show an enhancement
with increasing annealing temperature as seen in Fig. 7a, b. The
enhancement in RCP valuesis more likely referring to the
enhancement in dTFWHM rather than DSmax due to the negligible
change of DSmax with changing annealing temperature. This
concludes that the change in the magnetocaloric properties of
magnetoresistive/insulator systems mainly comes from the change
in dTFWHM more than DSmax. From these results, we can draw two
important notes, the first one is that TiO2 addition enhances the
MCE properties of LBMO compound at the same temperature
range and this has been discussed in details in our previous study
[3]. The second note is that annealing process at the higher tem-
perature of 800 �C exhibits interesting results more than 600 �C
that may increase the motivation for additional studies at higher
temperatures.

As the second order transition has been proved for compos-
ites in both annealing temperatures, so, the magnetic field
dependence of DS should vary according to Eq. (3) [18], where a
is a constant and n power depends on the magnetic state of the
sample. The mean field theory has predicted the 0.67 value for n



Fig. 6. Thermal variation of magnetic entropy change at different magnetic fields of x ¼ 0 and doped composites of x ¼ 0.04 and x ¼ 0.06 at 600 and 800 �C annealing temperatures.

Table 3
DSmax (J/kg.K), dTFWHM (K), RCP (J/kg) at 2T and n exponent of composites annealed
at 600 and 800 C.

Composition Condition DSmax (J/kg.K) dTFWHM (K) RCP(J/kg) n

X ¼ 0 as-prepared �1.34 30.15 40.66 0.7
x ¼ 0.04 600 �C �0.96 53 50 0.95

800 �C �1.001 62 62 0.87
x ¼ 0.06 600 �C �0.966 54 52 1.02

800 �C �1.006 66 66 0.87
at Tc [n (Tc)] [19], however, some manganites do not match well
with this value [20]. The temperature dependence of n exponent
is displayed in Fig. 7c and d for composites in different annealing
temperatures. These figures show the rough decrease of n value
with temperature elevation, passing through a minimum near Tc
then increases sharply above Tc. In spite of the close value of
n(Tc) in both annealing temperatures to these reported in man-
ganites and rare earth metal materials [21,22], but, there is a
notable deviation from the mean field theory value (see Table 3).



Fig. 7. (a), (b) The variation of RCP with magnetic field and (c), (d) n exponent versus temperature for x ¼ 0.04 and x ¼ 0.06 composites annealed at 600 and 800 �C annealing
temperatures.

Fig. 8. (a, b) and (c, d) The thermal variation of b and a coefficients, respectively, for the x ¼ 0.04 and x ¼ 0.06 composites annealed at 600 and 800 �C.
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This difference in value may refer to the local inhomogeneity or
the superparamagnetic clusters near Tc [23,24]. Also, it is note-
worthy that n value of doped composites annealed at 800 �C is
closer to the mean field theory value than ones annealed at
600 �C, which indicates the enhancement in the local in-
homogeneity or in the superparamagnetic clustering at the
800 �C composites.

To identify the participated components in the MCE or its origin,
we have modeled the experimental results of MCE with Landau
theory [25], which taking into account elastic, magnetoelastic and
magnetoelectronic coupling effects. According to this theory, the
magnetic energy (M) can be involved in Gibb's free energy (G) as in
Eq. (4), where a, b and c are the temperature dependent Landau
thermodynamic coefficients that have been determined at the
equilibrium state of Eq. (4) (dG/dT ¼ 0).

GðM; TÞ ¼ G0 þ
aðTÞ
2

M2 þ bðTÞ
4

M4 þ CðTÞ
6

M6 þ………:� m0H

(4)
Fig. 9. Experimental and Landau based calculation of DSat magnetic field of 1
�SMðT; m0HÞ ¼
�
dG
dT

�
m0H ¼

�a
2

�
þ dM2

dT
þ
�
b
4

�
dM4

dT
þ
�c
6

� dM6

dT

(5)

In principal, a and b coefficients play important role in DS of
manganites [20] and can give information about the related
magnetic properties. For example, the positive value of b at Tc,
b(Tc), indicates the second order transition [25,26] for doped
composites in both annealing temperatures as seen in Fig. 8a
and b confirming the results obtained from Arrott plots. Also,
a(T) coefficient in Fig. 8c and d is positive [27] and shows a
minimum at Tc around 330 K, which is far from the experi-
mental value.

The calculations of DS based on Landau theory are obtained
using Eq. (5) that results from Gibb's energy differentiation with
respect to temperature. Fig. 9 shows these calculations in com-
parison with the experimental results of Maxwell equation. The
observed difference between them agrees with [28], and indicates
T, for the x ¼ 0.04 and x ¼ 0.06 composites annealed at 600 and 800 �C.
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that the magnetocaloric properties arise only due to the magnetic
entropy change. This suggests the non contribution of elastic,
magnetoelastic and magnetoelectronic coupling, which are
involved in Landau theory. And this may be the reason for the
different theoretical and experimental Tc values.

4. Conclusions

Structural, magnetic and magnetocaloric properties of La0.7B-
a0.3MnO3/xTiO2 system with x ¼ 0.04 and x ¼ 0.06 composites
have been studied as a function of annealing temperature at 600
and 800 �C. The interaction lack between TiO2 and LBMO pre-
serves the intrinsic properties of LBMO without any change as the
R-3c rhombohedral structure and the Tc. TiO2 distribution in
doped composites is affected by annealing temperature, leading to
a change in the grain boundaries resistance that affects magne-
tization pinning. The magnetocaloric properties of doped com-
posites are enhanced at the same temperature range with
increasing annealing temperature, where the RCP increases from
50 to 62 J/kg for x ¼ 0.04 composite and from 54 to 66 J/kg for
x ¼ 0.06 composite with increasing annealing temperature from
600 to 800 �C. Else, the theoretical calculations of Landau based
theory indicate the absence of elastic, magnetoelastic and mag-
netoelectronic coupling contributions in the magnetocaloric
properties.
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