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a b s t r a c t

In this study, we investigate structural, magnetic, magnetocaloric and thermoelectric properties of
La0.7Sr0.3Mn1-xNixO3 compounds with 0.025 � x � 0.125. X-ray diffraction analysis shows the structure
transformation from the R-3c rhombohedral to the Pbnm orthorhombic structure with Ni2þ doping at x
� 0.075 composites. The dc thermal magnetization measurements reveal the monotonic decrease in both
Curie temperature and magnetization values with Ni2þ addition. The change in magnetic properties of
the studied system is correlated to the ferromagnetism suppression and the antiferromagnetism pro-
motion according to some cooperative intrinsic and extrinsic factors. Results show that Ni2þ addition
affects the magnetocaloric properties, where it shifts the maximum value of the magnetic entropy
change towards lower temperatures with relative cooling power of 88, 105, 47 J/kg for x ¼ 0.025, 0.075
and 0.125 composites, respectively. Moreover, it is observed that Ni2þ doping increases the absolute value
of Seebeck coefficient and decreases hole conduction interval.

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

Pervoskite doped manganites are remarkable materials char-
acterized by various magnetic phenomena as the colossal magne-
toresistance (CMR) [1] and the magnetocaloric effect (MCE) [2].
These phenomena have an intrinsic origin occurring around the
Curie temperature (Tc) and they are governed by the double ex-
change interaction (DE) between Mn3þ and Mn4þ ions (Mn3þ-O-
Mn4þ). In spite of the interesting CMR phenomenon, but its mag-
netic field dependence restrains the practical implementations due
to the high magnetic fields used to achieve the high CMR values.
This has increased the necessity to the high sensitive materials for
low applied magnetic fields. This kind of MR has been observed in
granular manganites [3] and was known as the low field magne-
toresistance (LFMR). The LFMR has been attributed to spin scat-
tering and spin polarized tunneling at grain boundaries [3]
revealing the LFMR extrinsic origin.

Magnetic refrigeration is an environmental friendly technique
workingwith energy saving of 30% better than the conventional gas
compression refrigerators [4]. This technique depends on the
ty of Science, Oviedo Univer-

du.eg (A.E.-M.A. Mohamed).
magnetic entropy change (DS) of magnetic material upon magnetic
field application/removal. In details, magnetic field application
decreases spin entropy through their alignment in the magnetic
field direction. Adiabatically, this decrease in spin entropy is
compensated by an increase in the lattice entropy that increases DS
leading to heat releasing. Due to the interesting physico-chemical
properties of manganites oxides as the high magnetization and
the chemical stability, they have been paid attention for magnetic
refrigeration technology. Several literature have discussed the po-
tential applicability of these oxides [5], where, they show a high
MCE response in comparison with the Gd based alloys [6] as
La0.7Ca0.3MnO3 that shows Ds value of 5.27 J/kg.K [7].

Inspite of the outstanding manganites phenomena, but, these
phenomena are based on complicated mechanisms. The thermo-
electric power measurements of these oxides may help to under-
stand these complicated mechanisms. Where, the systematic
analysis of the thermoelectric data provides information about the
change in band structure and enables us to understand conduction
mechanisms. In addition, from the experimental view point, man-
ganites oxides can be considered as good green energy candidates
for thermoelectrics [8e10]. For example, they can be used in ther-
moelectric generators by converting the wasted heat from engines
to electrical energy.

The partial substitution of the Mn-site by other transition metal
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is an interesting topic that leads to a change in the magnetic
coupling between Mn3þ and Mn4þ ions [11], sometimes leads to a
structural transition [12] and has the advantage of charge ordering
suppression in some manganites [13]. The partial substitution of
Mn by Ni ions was studied before and the system showed promi-
nentmagnetoresistive results [14,15]. So, in this work, we are trying
to understand the magnetic behavior of La0.7Sr0.3Mn1-xNixO3
system.

2. Experimental

Polycrystalline La0.7Sr0.3Mn1-xNixO3 (LSMN) ceramic samples
with 0.025 � x � 0.125 were prepared by the solid state reaction
method as reported elsewhere [16]. The crystal structure was
examined using x-ray diffraction (XRD) technique and the micro-
structure was investigated by scanning electron microscope (SEM)
using a deposited gold layer (Au) on samples surface during im-
aging process. Magnetic measurements were performed using
vibrating sample magnetometer (VSM), and the thermoelectric
power measurements were measured by a home built set up.

3. Results and discussion

3.1. Structure

Room temperature XRD patterns of LSMN composites are
shown in Fig. 1. The patterns show a single phase of LSMN with
additional peaks of La2O3 phase around 2q ¼ 27.5� that were
observed by Refs. [17,18]. Rietveld refinement of these patterns
reveals the R-3c rhombohedral structure for x � 0.05 composites
and the Pbnm orthorhombic structure for x � 0.075 composites, in
agreement with Mostafa et al. [19]. The observed structural trans-
formation refers to the disturbance in the Mn3þ/Mn4þ ratio as a
result of the Mn-site doping that decreases Mn4þ ions, which in
turn increases the Mn3þ ratio [20]. It is noteworthy to state that
Mn3þ is a Jahn-Teller distortion active ion, so, the observed gradual
orthorhombic distortionwith increasing Ni2þ content is reasonable.
Also, the decrease in the XRD peaks intensity with increasing Ni2þ

content suggests the decrease in phase crystallinity. SEM micro-
graphs in Fig. 2 show a distribution of spherical grains, the average
grain size decreases with Ni2þ doping and so the XRD crystallite
size that was calculated from Laue-Scherrer's equation (see
Table 1). Results in Table 1 shows the smaller size of XRD crystallite
in comparison with the SEM average grain size. This suggests
Fig. 1. Room temperature XRD patterns of La0.7Sr0.3Mn1-xNixO3 composites.
crystallites clustering inside grains due to structural defects/inter-
nal stresses [21]. Fig. 2 also shows the energy dispersive x-ray (EDX)
spectra that confirm elements presence through their characteristic
peaks as seen in the figure for x ¼ 0.025 and x ¼ 0.075 as selected
samples, in addition to Au peaks that come from the deposited gold
layer on the samples surface during the SEM imaging.

3.2. Magnetic properties and magnetocaloric effect (MCE)

In this part, we discuss the change in magnetic properties of
LSMN system taking into account the intrinsic and the extrinsic
factors. The intrinsic factors are represented in a change in mag-
netic interactions as the ferromagnetic DE interactions (Mn3þ-O-
Mn4þ) or a change in the internal structure [22], while, the extrinsic
factors arise from the change in grain size or the presence of im-
purity phases [23].

The temperature dependent magnetization curves in Fig. 3
show the paramagnetic-ferromagnetic (PM-FM) transition at the
Tc for all studied composites. The Tc and the magnetization values
decrease monotonically with increasing Ni2þ doping content (see
Table 2), these are in agreement with the results of La0.7Ca0.3Mn1-

xNixO3 [24] and La0.85Na0.15Mn1-xNixO3 [25] compounds. Intrinsi-
cally, the magnetic properties change arises from the change in
magnetic interactions. In other words, the partial substitution of
Mn by Ni2þ ions weakens ferromagnetism by decreasing the
ferromagnetic DE interactions (Mn3þ-O-Mn4þ) forming new anti-
ferromagnetic bonds of Mn3þ-O-Ni2þ, Mn4þ-O-Mn4þ and Ni2þ-O-
Ni2þ, which are non DE interactions that promote antiferromag-
netism. These antiferromagnetic bonds are suggested to increase in
number with increasing Ni2þ content due to the monotonic
decrease in magnetization and Tc values. Moreover, the structural
role in the magnetic properties change can be realized through the
gradual increase in the orthorombic distortion due to Jahn-Teller
effect that stabilizes charge ordering in competition with ferro-
magnetism [26]. With respect to the extrinsic factors role in the
magnetic properties change, the decrease in grain size with Ni2þ

doping content decreases the grain inner core (the magnetic part)
and increases its surface area (the non magnetic layer containing
defects) [27], which damps ferromagnetism. Besides, the coexis-
tence of the La2O3 impurity phase with the main pervoskite phase
leads to a quit broadness in the PM-FM transition in magnetization
curves [28e30].

Fig. 4 shows the isothermal magnetization curves for x ¼ 0.025,
0.075 and 0.125 composites. This figure illustrates the ferromag-
netic behavior in curves below Tc, where the magnetization in-
creases sharply at the low applied magnetic fields and saturates at
the higher values. The figure also shows the paramagnetic behavior
above Tc, where, the magnetization increases linearly with the
applied magnetic field. The PM-FM transition nature of these
composites can be identified according to the induced Arrott plots
in Fig. 4, which are a relation between M2 vs H/M. According to
Banerjee's criteria [31], the positive slope of Arrott plots around Tc
characterizes the second order transition; otherwise, the transition
is a first order one. Accordingly, the positive slope of Arrott plots
around Tc reveals the second order transition in our system.

The MCE based on DS was calculated from the isothermal
magnetization curves using the approximated Maxwell equation in
Eq. (1) [32]. Where, Miþ1 and Mi are the

DS ðT ; DHÞ ¼
XMi �Miþ1

Ti � Tiþ1
DH (1)

RCP ¼ DSMax � dΤFWHM (2)

magnetization values measured at Tiþ1 and Ti temperatures at a



Fig. 2. SEM micrographs and EDX for x ¼ 0.025, 0.075, 0.125 composites.

Table 1
XRD crystallite size (P), average SEM grains size (G) and Tc of La0.7Sr0.3Mn1-xNixO3

composites.

x Symmetry P (nm) G (mm)

0.025 Rhombohedral 20.9 0.537
0.05 Rhombohedral 19.57 0.482
0.075 Orthorombic 16.85 0.414
0.1 Orthorombic 16.34 0.382
0.125 Orthorombic 14.24 0.302

Fig. 3. The temperature dependent magnetization at H ¼ 100 Oe for La0.7Sr0.3Mn1-

xNixO3 composites.
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magnetic field change DH. The temperature dependent DS in Fig. 5
shows negative values with a maximum around Tc (DSmax). DSmax is
shifted towards higher temperature and increases in amplitude
with the applied magnetic fields (not shown here). As one can see,
Ni2þ doping decreases the Tc value towards lower temperatures,
however, it has a minor effect on the DSmax value that shows 0.80,
81 and 0.71 J/kg.K for x ¼ 0.025, 0.075 and 0.125 composites,
respectively. The Ni2þ content independence of DSmax value agrees
with Bose et al. [33] and can be considered as a merit for magnetic
refrigeration applications, because the samematerial can be used at



Table 2
Magnetic and magnetocaloric parameters for La0.7Sr0.3Mn1-xNixO3 composites.

x Tc (K) dTFWHM (K) RCP (J/kg)

0.025 310 109 88
0.05 287 e e

0.075 256 130 105
0.1 229 e e

0.125 180 66 47
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wide range of temperatures. The shift in DSmax towards lower
temperatures refers to the DE interaction decrease with increasing
Ni2þ doping, while a possible reason for the insignificant change in
the DSmax value may be the magnetic saturation at the used mag-
netic field value [34]. Results in Table 2 show a change in the DS(T)
curve width with Ni2þ doping that can be expressed by the full
Fig. 4. The isothermal magnetization curves (M vs m0H) and Arrott plot
width at half maximum (dTFWHM). The good magnetocaloric ma-
terial interests with highMCE over awide range of temperature. So,
theMCE efficiencymay be expressed interms of the relative cooling
power (RCP) in Eq. (2) [34] that depends on both DSmax and dTFWHM
values, where, it refers to the transferred heat between the cold and
the hot reservoirs in a refrigerator during an ideal thermodynamic
cycle [35]. From the RCP calculations presented in Table 2 we find
that x¼ 0.025 composite shows a room temperatureMCE of 88 J/kg
where it shows Tc value of 310 K, while, x ¼ 0.075 composite shows
the highest RCP value (105 J/kg) around 256 K at 3 T applied
magnetic field.
3.3. Thermoelectric power (TEP)

Fig. 6 shows the thermal variation of Seebeck coefficient, S(T),
s (M2 vs H/M) for x ¼ 0.025, x ¼ 0.075 and x ¼ 0.125 composites.



Fig. 5. The thermal variation of DS for x ¼ 0.025, x ¼ 0.075 and x ¼ 0.125 composites.

Fig. 6. The temperature dependence of Seebeck co

Table 3
S0, S1, S3/2, S3 and S4 components in TEP below Ts, T*(K) and Es (mev).

x S0 S1 S3/2 S3 S4 T*(K) Es (mev)

0.025 18.092 �0.334 �0.499 0.25 �1.31 � 10�7 243 138
0.05 28.788 �0.48755 �0.499 0.25 �1.47 � 10�7 213 369
0.075 14.860 �0.20017 �0.499 0.25 �2.14 � 10�8 233 509
0.1 - - - - - e 680
0.125 - - - - - e 144
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for all composites. Composites with x � 0.075 show a crossover
from positive to negative S sign at T* temperature, while, x � 0.1
composites show a negative S sign all over the temperature range.
This reveals that the conduction in x � 0.075 composites is due to
both electrons and holes, whereas at x � 0.1 composites, electrons
are the only carriers responsible for conduction. Ni2þ doping de-
creases hole conduction interval until it vanishes at x� 0.1, this can
be inferred by the decrease in T* (see Table 3). The negative S sign at
high temperatures is attributed to the high mobility of electrons in
conduction band (CB), which are excited from the valence band
efficient for La0.7Sr0.3Mn1-xNixO3 composites.



Fig. 7. The best fitting of Mott equation with the TEP data at high temperatures for
x ¼ 0.025, 0.075, 0.125 composites.
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(VB). In addition, the non sequential increase in the absolute S value
with Ni2þ doping refers to the decrease in both the DE interaction
and the eg electron activity [36]. At low temperatures, the VB
electrons are excited into the impurity band generating holelike
carriers that is responsible for the positive S sign [37].

The change of S sign in the ferromagnetic region suggests a
change in the electronic band structure. To explain this change, we
will quote Asamitsu et al. model [38]. According to thismodel, the eg
band consists of two orbitals separated by an order of JH, and this
interaction increases when electrons are excited from VB (t2g) to CB
(eg). In degeneracy case, the lower orbital of eg band will be occu-
pied by an electron with a filling probability of n ¼ 1-x, in spite the
full filled probability is n¼ 2, x is Sr2þ orMn4þ ratio. In this case, the
lower orbital of eg band is considered as a nearly empty level and
the band exhibits a negative S sign according to S ¼ p2k2T/2e(d
lns(E)/dE) equation, where the conductivity, s(E), is proportional to
the number of states, N(E). This equation describes the metallic TEP
and indicates that the nearly filled band shows a positive TEP, while
the nearly empty band exhibits a negative TEP [39]. By quoting the
previous scenario, the negative S value at x � 0.1 suggests the de-
generacy of eg band all over the temperature range and its behavior
as a nearly empty band showing negative S values. Whereas at
x � 0.075 composites, the degeneracy of eg band decreases with
decreasing temperature that makes it a nearly filled band and be-
haves as a hole like material, this can be inferred by the change in S
sign.

The TEP data were analyzed at low and high temperatures to
know the components responsible for behaviors in each region. At
high temperatures, the thermal variation of S obeys Mott equation
(Eq. (3)) [40], where e is the electronic charge, kB is the Boltzmann
constant, ES is the TEP activation energy and a is a constant related
to the polaron kinetic energy [41]. Fig. 7 shows the best fitting data
withMott equation at high temperatures for x¼ 0.025, x¼ 0.05 and
x ¼ 0.125 composites as selected samples. Table 3 shows the
monotonic increases in the Es value with increasing Ni2þ content
with a drop at x ¼ 0.125 composite, where, the increase in Es is
attributed to the increase in carriers scattering with Ni2þ addition.

S ¼ KB=e ðES=KBT þ aÞ (3)

S ¼ S0 þ S3=2T
3=2 þ S4T

4 (4)

S0 þ S1Tþ S3=2T
3=2 þ S3T

3þS4T
4 (5)

At low temperatures, the ferromagnetic behavior can be
explained on the basics of the spin wave theory. According to this
theory, charge carriers in ferromagnetic materials are scattered by
spin waves increasing the electron-magnon scattering and pro-
ducing the magnon drag effect. Similarly, electron-phonon in-
teractions can produce the phonon drag effect. So, The TEP data at
low temperatures was analyzed by Eq. (4) [42], where S0 is a con-
stant, S3/2 is the magnon drag component and S4 is the spin wave
fluctuation in the ferromagnetic phase. However, the data shows a
worth fitting with this equation, which suggests the contribution of
other factors. So, S data was examined again with Eq. (5) [43] and
showed a good fitting with this equation that contains two addi-
tional components, S1 for the diffusion component and S3 for the
phonon drag component. The fitting parameters of Eq. (5) in the
ferromagnetic region are displayed in Table 3. As clear from this
table, magnon and phonon drag components are nearly small and
constant with Ni2þ addition indicating their minor effect on TEP.
But, the notable change in diffusion and spin wave fluctuation
components shows up their important effect in the TEP below Ts.
4. Conclusion

Structural, magnetic, magnetocaloric and thermoelectric prop-
erties of La0.7Sr0.3Mn1-xNixO3 composites were studied. Composites
show a complete structural transformation from the R-3c rhom-
bohedral to the Pbnm orthorhombic structure at x � 0.075 com-
posites. Tc and magnetization value decrease with Ni2þ doping due
to the decrease in the ferromagnetic DE interactions. DSmax is
shifted towards lower temperature with Ni2 þ addition without
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significant change in the amplitude revealing that these materials
can be used in magnetic refrigeration at wide range of tempera-
tures with the same efficiency. In addition, the composites show
RCP values of 88, 105 and 47 J/kg for x ¼ 0.025, x ¼ 0.075 and
x¼ 0.125 respectively. This nominates x¼ 0.075 to be the best MCE
composition among the studied system, however, x ¼ 0.025 com-
posite shows a room temperature magnetocaloric properties.
Moreover, the increase in Ni2þ content decreases the hole con-
duction interval in the TEP measurements and increases the
negative S value.
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