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A B S T R A C T

The effect of Ni2+ substitution on the magneto-transport properties and the concomitant relationship with the magnetocaloric function of nano-sized
La0.7Ca0.3Mn1−xNixO3 (x= 0, 0.02, 0.07, and 0.10) perovskite manganites are reported. All the samples were synthesized using the auto-combustion method. X-ray
diffraction analysis studies confirmed the phase purity of the synthesized samples. The substitution of Mn3+ ions with Ni2+ ions in the La0.7Ca0.3MnO3 lattice was
also verified using this technique. Rietveld analysis indicated that the volume of the unit cell increased with increasing Ni2+ content. Zero-field-cooled and field-
cooled magnetization showed that all samples underwent a paramagnetic-ferromagnetic phase transition, which was concomitant with a metal-insulator transition. A
small deviation between the zero-field-cooled and field-cooled magnetization curves was observed when the measurements were carried out in a field of 1000 Oe.
The Curie temperature decreased systematically from 264 K for x= 0 to 174 K for x=0.10. Probably the doping at the Mn3+ sites with Ni2+ ions in the
La0.7Ca0.3MnO3 lattice weakened the Mn3+-O-Mn4+ double exchange interaction, which led to a decrease in the transition temperature. The metal-insulator
transition also shifted to lower temperatures upon Ni2+ substitution, and the value of the resistivity increased. Different conduction mechanisms were found in
different temperature regions. Important physical parameters such as the polaron activation energy were obtained from the fit of the models to the experimental data.
Arrot’s plots revealed a second-order nature of the magnetic transition for all the samples, which was also confirmed by Landau’s theory and universal curves. The
second-order character of the magnetic phase transition observed in the pristine La0.7Ca0.3MnO3 sample may be attributed to effects of the downsizing of the particle.
Interestingly, a notable increase in the value of the magnetic entropy change was observed at Ni2+ doping levels as low as 2%. The magnetoresistance underwent a
great change near the magnetic transition temperature, suggesting a close relationship between the magnetocaloric effect and magnetotransport properties in
La0.7Ca0.3MnO3 manganites. Such behavior can be attributed to the spin order/disorder feature, which plays a crucial role in both effects. On the other hand, the
value of the magnetoresistance of the pristine La0.7Ca0.3MnO3 sample increased upon Ni2+ doping, which is probably related to the downsizing of the particles.

1. Introduction

Manganite materials with the composition R1−xAxMnO3 (R= rare
earth elements such as La, Nd, Pr, and Sm, and A=divalent alkaline
elements such as Ca, Ba, and Sr) have received increasing attention due
to their special properties, such as colossal magnetoresistance (CMR),
metal–insulator (MI) transition, and the magnetocaloric effect (MCE)
[1,2]. In particular, magnetic refrigeration, based on MCE, is con-
sidered to be an alternative to the well-established compression-eva-
poration cycle for room-temperature applications [3]. Apart from the
manganites, a variety of materials that exhibit a large MCE have been
studied, and the relevant results have been summarized in several re-
view articles [4–6]. To mention just a few examples, Gd is among the
pure lanthanide elements exhibiting MCE, the only pure metal with TC
close to room temperature [4]. Interestingly, room temperature MCE

has been studied for other Gd-M binary compounds such as Gd0.85Y0.15,
Gd0.85Tb0.15 [7], and Gd0.75Zn0.25 [8] systems. Composites of Gd1−xHox
alloys (x= 0, 0.09, 0.20) have recently been considered for optimizing
the MCE response within the temperature range 265–293 K, which is
desirable for the Ericsson refrigeration cycle [9]. Other interesting MCE
materials are the AB2 intermetallic compounds known as Laves phases
[10]. In the AB2 stoichiometry, A represents a rare-earth metal (in-
cluding Sc and Y) and B mainly a transition metal. The transition
temperatures of most of the Laves phases, which are attractive for MCE,
lie below 100 K. Laves phases with transition temperatures above 100 K
generally contain Co as a transition metal [11].

Other MCE materials that have recently been investigated are La
(Fe1−xSix)13 alloys and their hydrides La(Fe1−xSix)13Hy, MnFePxAs1−x

alloys, and Ni2−xMn1−xGa Heusler alloys [12–15]. Although synthesis
of these systems requires very controlled conditions, the achieved
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results show that they are potentially interesting for practical applica-
tions in magnetic refrigeration. Nevertheless, several disadvantages,
such as large thermal and/or field hysteresis and high production costs,
hamper the use of these materials in actual magnetic refrigerant ap-
plications. In this regard, perovskite-type manganites not only exhibit a
large MCE but also high refrigeration efficiency, low-cost production,
chemical stability, and a broad working temperature [16]. In addition,
the manganites are environmentally friendly and nontoxic, and they do
not cause noise pollution. These characteristics make them attractive
for further research in refrigeration technology not based on gas com-
pression.

Generally speaking, the large magnetic entropy change (ΔSM) ob-
served in perovskite manganites is mainly linked to the variation of the
double exchange (DE) interaction of the Mn3+ and Mn4+ ions [17]. It
has also been suggested that the strong spin-lattice coupling in the
magnetic ordering process could also play an important role in the large
magnetic entropy change in perovskite manganites [18]. The con-
siderable lattice changes that accompany the magnetic transition in
perovskite manganites indicate that there is a strong coupling between
spin and lattice in this kind of material [19]. Concretely, the lattice
structural change in the Mn–O bond distance and in the〈Mn–O–Mn〉
bond angle would favor spin ordering. As a consequence, a more abrupt
variation of the magnetization near TC will happen, leading to a large
ΔSM and therefore to a large MCE.

When the particle size is reduced to a few tens of nanometers, the
properties of perovskite manganites are quite different from those at the
microscale [20,21]. For instance, low saturation magnetization and
low-field magnetoresistance (MR) are some special effects observed in
nanometric manganites [22–25]. Recent reports have shown that the
reduction of the particle size plays an important role in the determi-
nation of the change in magnetic entropy [26].

In recent years, the issue of replacing the Mn site with non-magnetic
and magnetic ions has received special attention [27,28]. This is be-
cause Mn-site doping allows one to explore more information about the
structural, magnetic, and transport properties of these complex mate-
rials. It has been argued that the study of doping effects at the Mn site
by other elements with different electronic configurations and ionic
radii, such as Fe, Co, Cr, and Ni, deserves particular emphasis because
of the decisive role of Mn ions in the colossal magnetoresistance ma-
terials [29]. In particular, the substitution of Mn3+ with Ni2+ ions in
the pristine LCMO lattice directly influences its magnetic and electrical
properties [30]. Concretely, the replacement of Mn3+ with Ni2+

modifies the ratio of Mn3+–O2–Mn4+ bonds, which leads to a weak-
ening of the DE interaction. Consequently, the transition temperature
TC is reduced and the resistivity increased. Likewise, the competition
between FM and AFM exchange interactions is reinforced [31]. Indeed,
Ni2+ substitution for Mn3+ increases the number of Mn4+ [32]. This in
turn leads to an increase in the AFM interaction pairs such as
Mn4+–Mn4+, Ni2+–Mn3+, and Ni2+–Ni2+ [33]. Thus the magnetic
interactions in the Ni2+-doped LCMO samples are different from those
of the undoped ones.

The influence of Ni2+ doping at the Mn site on the structural,
magnetic, and MCE properties of CMR manganites has been reported in
several papers [33–35]. Nevertheless, the greatest part of the results
reported in these references was achieved on samples synthesized by
conventional solid-state reaction, which produces grain sizes in the
micrometer range. As previously stated, particle size plays an obvious
role in the determination of the change in magnetic entropy and the
magnetotransport properties of manganites [26]. In this connection, the
standard solid-state reaction method is not appropriate for a variety of
advanced applications, due to the formation of large particles, ag-
glomerates, poor homogeneity, undesirable phases, irregular grain
growth, lower reproducibility, and an imprecise stoichiometric control
of cations [30]. Therefore, efficient processing methods based on wet
chemistry should be tested in order to improve the homogeneity and
reproducibility of perovskite-type materials [36].

In the present investigation, the auto-combustion method
was successfully used to produce high-quality, nanometric
La0.7Ca0.3Mn1−xNixO3 samples. Compared to the standard solid-state
reaction, this method has potential advantages, such as better homo-
geneities, lower processing temperatures, and short annealing times.
Thus the auto-combustion method is a straightforward preparation
process for producing homogeneous, very fine, crystalline, and un-
agglomerated multicomponent oxide powders without intermediate
decomposition steps [36].

The aim of this paper is to study the effect of low Ni2+ doping levels
on the magnetocaloric and magnetotransport properties of nanometric
LCMO samples. The possibility of using a manganite that exhibits a
second-order phase transition (SOPT) for refrigeration is evaluated by
estimating the magnitude of the magnetocaloric effect and the relative
cooling power. Furthermore, the relationship between the change in the
resistivity and the magnetic entropy is explored.

2. Experiment

The synthesis of polycrystalline La0.7Ca0.3Mn1−xNixO3 (x= 0, 0.02,
0.07, and 0.1) samples has been reported in a previous paper [37]. In
short, the samples were synthesized via the combustion method with
stoichiometric amounts of high-purity (99.99%, Sigma Aldrich) La
(NO3)3·6H2O, Ca(NO3)2·4H2O, Ni(NO3)2·6H2O, and Mn(C2H3O2)2·4H2O
as starting reagents. Glycine was used as fuel. After complete dilution of
the starting materials and fuel in distilled water, the solution was he-
ated (under magnetic stirring) on a hot plate at around 100 °C until
water evaporation and gel formation took place. After that, the mixture
was continuously heated at around 450 °C until the ignition of the
glycine started. Once ignited, the gel underwent a combustion process
and yielded voluminous La0.7Ca0.3Mn1−xNixO3 powders. The obtained
powders were then calcined in air at 700 °C for 3 h in order to remove
the unreacted carbon compounds and the organic material. The com-
bustion reaction can be expressed as:

+ + − + +

→ + + +−

0.7La(NO ) 0.3Ca(NO ) (1 x)Mn(C H O ) xNi(NO ) yC H NO

La Ca Mn Ni O aCO bN cH O
3 3 3 2 2 3 2 2 3 2 2 5 2

0.7 0.3 1 x x 3 2 2 2

3. Results and discussion

Before discussing the results achieved in the present investigation, it
is of value to mention that the Ni dopants in the perovskite manganite
structure were in the +2 valance states [38]. This was verified by so-
phisticated experimental techniques such as X-ray photoelectron
spectra, X-ray absorption fine structure, X-ray absorption near-edge
structure, and Fourier transform spectroscopy [31]. Fig. 1(a) shows the
XRD patterns of La0.7Ca0.3Mn1−xNixO3 (x= 0, 0.02, 0.07, 0.1) samples
recorded at room temperature. It is apparent that the XRD features of
the Ni2+-doped samples are the same as those of the pristine com-
pound. It was found that all the samples were single-phase with an
orthorhombic perovskite crystalline structure. No evidence of structural
phase transformation was found when the Ni2+ doping level in LCMO
was changed. These findings suggest that the auto-combustion method
is an efficient, time-saving and inexpensive route for preparing high-
quality LCMO powders with Ni2+ doping levels up to 10%. An enlarged
scale of the most intense peak (200 Bragg reflection) of the XRD pat-
terns shows a shift to lower 2θ values (Fig. 1(b)), indicating that the cell
parameters (and thus the unit cell volume) increasewith increasing
Ni2+ content. Note also that the full width at half maximum (FWHM)
for the most intense peak increases with an increase in the Ni2+ con-
tent, and consequently the average grain size should decrease. The full
profile fits, using the GSAS program, to the XRD spectra for the
La0.7Ca0.3Mn1−xNixO3 samples are shown in Fig. 1(a). A perfect con-
vergence of the experimental and the calculated data was obtained. As a
result, the crystal structure was indexed in the orthorhombic system
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with the Pbnm space group. The results of the Rietveld refinement have
been reported elsewhere [39]. In short, all the cell parameters and the
volume exhibit a tendency to grow as the Ni2+ content increases. This
result is consistent with the fact that the ionic size of Ni2+ (0.69 Å) is
slightly larger than those of Mn3+ (0.645 Å) and Mn4+ (0.53 Å) [40].
The observed variation of the LCMO cell parameters upon Ni doping
also suggests that the Ni ions are mainly in the Ni2+ state and that they
replace Mn3+ ions. The average particle sizes of the samples, calculated
from the Rietveld refinement, were 24.6, 22.9, 21.2, and 20.3 nm for
x=0, 0.02, 0.07, and 0.1, respectively (Fig. 1(c)). A systematic de-
crease in the grain size upon Ni2+ doping is clearly evidenced, which is
in accordance with the increase in the FWHM values observed in
Fig. 1(b). Fig. 2 shows the microstructure of the parent LCMO sample
obtained from the TEM analysis. The images show that that the mor-
phology of the compound consists of homogenous particles (rounded
polyhedrons) with the grain boundaries clearly visible. The particles are
abundant and almost uniform in size. The average particle size of the
sample observed from the TEM micrograph varies between 20 and
30 nm and is in reasonable agreement with the crystallite size obtained
from the XRD patterns. The variation in the grain size, as well as the
grain boundaries, will result in a variation of the bond angle, which
affects the DE interaction. Consequently, the orbital overlap and hop-
ping of electrons is reduced [41].

In order to determine the influence of the structural and electronic
changes generated by the Ni2+ doping on the magnetic and magneto-
caloric properties of the La0.7Ca0.3Mn1−xNixO3 samples, magnetization
measurements versus T and H were performed. Fig. 3 shows the tem-
perature dependence of the field-cooled (FC) and zero-field-cooled ZFC
magnetization M(T) of the synthesized La0.7Ca0.3Mn1−xNixO3 (x= 0,
0.02, 0.07, 0.10) nanopowders under an applied field of 0.1 T. All the
samples showed a smooth magnetic transition from the paramagnetic
(PM) to the ferromagnetic (FM) state as T decreased. The value of TC
was systematically reduced from 260 to 180 K for x=0 and x= 0.1,
respectively. On the basis of the double-exchange (DE) mechanism, an
increase in the Ni2+ content leads to the formation of a larger pro-
portion of Mn4+ with respect to Mn3+ [42]. The change in the Mn3+/
Mn4+ ratio weakens the DE, and therefore magnetization and TC are

reduced. In addition, the competition between FM and AFM exchange
interactions is reinforced [34]. In particular, the AFM interaction be-
tween different Mn-Mn, Mn-Ni, and Ni-Ni pairs increases, due to the
increase in Mn4+ caused by the appearance of Ni2+ions in the LCMO
lattice [31]. More precisely, the substitution of Mn3+ with Ni2+ ions
can reduce the number of available hopping sites and create cuts in the
conduction path, which weakens the DE interaction.

In many papers, it has been demonstrated that the reduction in
particle size has a direct consequence for the magnetic properties of
novel oxides [43–46]. The existence of a surface layer, the so-called
magnetically dead layer, due to a non-collinear spin arrangement at the
surface of the crystallites, was first postulated in Ref. [47]. The thick-
ness of this surface layer increases when reducing the particle size, and
consequently the saturation magnetization Ms decreases [47], as ob-
served in Fig. 3. A core/surface discrimination was then suggested,
where the magnetic coupling on the surface is lower than that expected
in the core. As a result, the transition is enlarged and the overall TC
reduced [43]. The reduction of the magnetization and the TC upon an
increase in the Ni2+ content is in good agreement with the reduction of
the average grain size of the Ni2+-doped LCMO samples. Thus it is
apparent that the role of a nonmagnetic surface layer becomes more
relevant as the average grain size decreases [30]. The reduction of the
TC with the increase in the Ni2+ doping level can also be explained by
considering the reduction of the effective eg electron bandwidthW [48].
The decrease in the W value reduces the overlap between the Mn3d and
the O2p orbitals, which in turn decreases the exchange interaction be-
tween Mn3+-O2−-Mn4+ ions. The reduction in the exchange interac-
tion strength reduces the FM coupling between neighboring manganese
ions, leading to a reduction in the TC.

In order to evaluate the MC effect in the Ni2+-doped samples, the
magnetic-field dependence of the magnetization, M(H), was measured
for the different samples. Fig. 4(a) and (c) show the M(H) curves for

Fig. 1. (a) X-ray diffraction patterns for La0.7Ca0.3Mn1−xNixO3 (x=0, 0.02, 0.07, 0.1) samples. Refined profiles and difference profile are shown at the bottom. (b)
(200) Bragg reflection plotted on enlarged scale. (c) Average particle sizes of the samples obtained from the Rietveld refinement.

Fig. 2. TEM image of the pristine LCMO sample.

Fig. 3. Temperature dependence of the field-cooled (FC) and zero-field-cooled
ZFC magnetization for La0.7Ca0.3Mn1−xNixO3 (x=0, 0.02, 0.07, 0.1) samples
recorded at H=1000 Oe.
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representative x=0 and x= 0.02 samples recorded at different tem-
peratures near TC in the field range of H=0–1.5 T. The M(H) curves
indicate that the magnetization of the samples increases rapidly at low
fields and then tends to saturate at higher fields, which reflects the
magnetic behavior of LCMO. The curves do not reach saturation values
at fields as strong as 1.5 T, which can be attributed to the competition
between the FM and AFM interactions. For both samples, at a specific
field H, M decreases gradually with increasing temperature, in good
agreement with the trend of the M(T) data. This decrease is primarily
due to the thermal agitation, which disrupts the arrangement of the
magnetic moments. The nonlinear M(H) curves in the FM region be-
come linear in the PM region. Moreover, it can be seen in Fig. 5 that the
magnitude of the magnetization at 50 K and 1.5 T decreases mono-
tonically with increasing Ni2+ content.

The nature of the magnetic phase transition in the
La0.7Ca0.3Mn1−xNixO3 (x= 0, 0.02) samples is determined by plotting
the Arrott plots H/M versus M2 curves (Fig. 4(b) and (d), respectively).
Near the TC, all the curves exhibit a positive slope, indicating that the
PM-FM phase transition is second-order according to Banerjee criteria
[49]. Although most mixed-valence manganites such as La0.7Ca0.3MnO3

are associated with the first-order character of the magnetic transition
[50], changes of the magnetic phase transition order can be induced
when the particle size is brought down from bulk to a few tens of
nanometers range [51]. In this case, there will be a large number of
spins on the surface of nanoparticles that are generally expected to be
disordered and will lead to destruction of any spin order [52]. This so-
called core/shell morphology model predicts that the disordered outer
layer is more likely to undergo a second-order transition, from the
disordered state to the paramagnetic one [53]. In this way, it is very
probable that the observed second-order magnetic phase transition in
the parent LCMO sample is linked to the effects of the downsizing of the
particle.

In order to evaluate how the Ni2+ doping influences the MC effect
in LCMO, the magnetic entropy change (ΔSM) in the second-order
magnetic phase transition, arising when the applied magnetic field
changes from 0 to H, and the relative cooling power (RCP) must be
calculated. Based on thermodynamic theory, ΔSM can be derived from
the thermodynamic Maxwell relation =∂

∂
∂
∂( ) ( )S

H T

M
T H

. By taking the M

(H,T) data, ΔSM of the samples can be evaluated through the relation

∫− = − = − ∂
∂( )S T H S T H S T dHΔ ( , Δ ) ( , ) ( , 0)M M M

H
M
T H0

[54]. In the pre-

sent case, the magnetization is measured at small discrete fields
(ΔH=40Oe) and temperature intervals (ΔT=5K). Under these con-
ditions, the integral in the preceding equation can be numerically ap-
proximated as follows: = ∑ −

−
+

+
S T H HΔ ( , Δ ) ΔM

M M
T T i

i i
i i

1
1

[34], Mi and Mi+1

being the magnetization values measured at Ti+1 and Ti temperatures at
a magnetic field change ΔH [55]. In turn, the RCP values are de-

termined by means of the relation ∫= −RCP S T dTΔ ( )
T

T
M

2

1
, where T1

and T2 are defined as the temperature at the cold and hot ends,
respectively, of an ideal thermodynamic cycle. For practical purposes,
the RCP value can be evaluated using the equivalent relation
RCP= ∣ΔSM,max∣xδTFWHM [55]. Here, δTFWHM represents the full width
at half maximum of the magnetic entropy change curve. Fig. 6 shows
typical temperature dependences of −ΔSM for representative samples
with x= 0 and x=0.02 at magnetic field strengths varying between
0.25 and 1.5 T. Results for the other Ni2+ concentrations (−ΔSM,max.

values) are plotted in Fig. 7(a). It can be seen in Fig. 6 that −ΔSM

Fig. 4. Isothermal magnetization curves for
La0.7Ca0.3Mn1−xNixO3 samples with x=0 (a) and
x=0.02 (c) samples measured in magnetic field
strengths varying between 0 and 1.5 T. The tem-
perature increment is 5 K for the range around TC.
Arrott plots (H/M versus M2) of the samples
La0.7Ca0.3Mn1−xNixO3 with x= 0 (b) and x=0.02
(d) around their FM-PM phase transition TC.

Fig. 5. Variation of the highest magnetization with the Ni2+ concentration for
La0.7Ca0.3Mn1−xNixO3 (x=0, 0.02, 0.07, 0.1) samples at T=50K and
H=1.5 T.
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reaches its maximum value at around the respective TC of each sample.
Moreover, −ΔSM(T) increases when increasing H, and the −ΔSM,max.

position shifts slightly towards higher temperatures. A similar trend
was observed for the x= 0.07 and x=0.1 samples (not shown). The
RCP values obtained for the LCMO samples with different Ni2+ doping
levels in the different magnetic fields are shown in Fig. 7(b). It can be
seen in Fig. 7(a) that the value of ∣ΔSM,max∣decreases upon Ni2+ doping.
A marked reduction of the maximum entropy upon Ni2+ doping has
also been reported for the La0.7Sr0.3Mn1−xNixO3 (x= 0.1, 0.33) system
[56]. A similar behavior has been reported for La0.7Sr0.3Mn1−xMxO3

(M=Cr, Fe, and Co) manganites [57–59]. Although the addition of
Ni2+ reduces the ∣ΔSM,max∣, the RCP value is increased as compared to
that of the parent LCMO (Fig. 7(b)). Thus the reduced ∣ΔSM,max∣ values
are compensated for by increased δTFWHM values for each magnetic
field, resulting in an enhanced RCP over sharper transitions [60]. It is
interesting to consider the case of thin films, for which a strong drop in
the ∣ΔSM,max∣ value has been reported [61]. Nevertheless, the strong
drop in the ∣ΔSM,max∣ value was compensated for by the increased
breadth of the transition. Thus large RCP values are often encountered
in materials in thin film form. From the results obtained in the present
study and by considering those reported in a variety of publications
[56], it is possible to assert that the MCE in perovskite manganites is
certainly large. In particular, it is demonstrated in the present study
that the RCP of the sample with x= 0.02 is increased by about 90% of
that of the parent LCMO. This is certainly a promising result for prac-
tical applications of manganites in magnetic refrigeration technology
over a wide range of operating temperatures.

The ΔSM can be calculated from the specific heat capacity by using
the thermodynamic relation ∫= −S dTΔ M

T C T H C T
T0

( , ) ( , 0)p p [55]. Hence

the relation = − = ∂
∂( )C C T H C T TΔ ( , ) ( , 0)p p p

S
T

Δ M allows one to esti-
mate the change of the specific heat ΔCp induced by the magnetic field
variation. Fig. 8 shows the variation of the Cp with the temperature for
La0.7Ca0.3Mn1−xNixO3 (x= 0, 0.02, 0.07, 0.1) samples recorded at
0.5 T. It can be seen in Fig. 8 that the ΔCp values change from the ne-
gative to the positive in the vicinity of TC for each Ni2+ doping level.

Moreover, the minimum value of ΔCp increases with the applied field
and the position shifts to higher temperatures (inset of Fig. 8). The
behavior of ΔCp is related to the relatively broad PM-FM transition
exhibited by the nanometric La0.67Ca0.33Mn1−xNixO3 samples [Fig. 3].
The sum of the two parts is the magnetic contribution to the total
specific heat, which affects the cooling or heating power of the mag-
netic refrigerator [62]. The appearance of negative values for Cp should
be interpreted carefully, because negative values of Cp do not make
physical sense. The issue of having negative values for Cp can be tackled
by considering that the use of magnetocaloric materials in magnetic
solid-state refrigeration requires a high Cp in order to reduce oscilla-
tions in temperature during the alternations in the transfer of heat flow.
Nevertheless, this value should not be too high, since this will tend to
reduce the adiabatic temperature change (ΔTad) of a magnetic system
when the magnetic field is varied from 0 to Hmax. Mathematically, ΔCp

should differ from zero only in the vicinity of TC. In this regard, the Cp

values are positive before the transition (T > TC) and negative after the
transition (T < TC). Since the first derivative ∂M/∂T < 0 around TC,
the basic equation relating SM and M gives values of SM < 0, and

Fig. 6. Magnetic entropy change ΔSM as functions of temperature and magnetic field for the undoped and 2% Ni2+-doped LCMO samples.

Fig. 7. (a) Variation of the ΔSM,max. values with the
Ni2+ concentration at different magnetic fields for
La0.7Ca0.3Mn1−xNixO3 (x= 0, 0.02, 0.07, 0.1) sam-
ples. (b) Dependence of the RCP values on the mag-
netic field for La0.7Ca0.3Mn1−xNixO3 (x=0, 0.02,
0.07, 0.1) samples. Inset: RCP values versus Ni2+

content at three different magnetic fields.

Fig. 8. Variation of Cp of the La0.7Ca0.3Mn1−xNixO3 (x=0, 0.02, 0.07, 0.1)
samples as a function of temperature at H=0.5 T. Inset: Temperature depen-
dence of CP of the pristine LCMO sample recorded at H=0.5, 1.0 and 1.5 T.
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accordingly the total entropy decreases upon magnetization. Hence a
sharp variation in ΔCp values is expected at T= TC.

As seen in Fig. 3, the LCMO samples synthesized by the auto-com-
bustion method exhibit a second-order PM-FM phase transition. In
order to understand the field dependence of ΔSM, the magnetocaloric
response of a system should be modeled. This can be can be approached
by developing first-principles models for particular materials. A variety
of predictions can be carried out for a particular alloy by means of these
models (e.g. mean-field models). Nevertheless, discrepancies between
the predictions of the models and the experimental ΔSM(H) data in
materials with a second-order magnetic phase transition have demon-
strated that additional models are necessary to explain the ΔSM(H)
dependence. Fortunately, the existence of an universal curve for the
ΔSM(H) dependence in materials with a second-order phase transition
has recently been demonstrated [63]. Such a curve can be constructed
phenomenologically without knowing the critical exponents of the
material or its equation of state [63]. This universal curve is not re-
stricted to the mean-field case. Here, the different ΔSM(T,ΔH) curves
recorded at several magnetic fields should collapse into a single master
curve with the scaling of the temperature. In order to plot such a uni-
versal curve, the different ΔSM(T,ΔH) curves should be normalized with
respect to their respective ΔSM,max. values. In addition, the temperature
axis should be rescaled in a different way below and above TC, as fol-

lows: =
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[63]. Here, Tr1 and Tr2 are reference

temperatures corresponding to a certain fraction f= ΔSM(Tr1,2)/
ΔSM,max. The choice of f (with 0 < f < 1) does not affect the universal
curve construction. Normalized entropy-change curves as a function of
the rescaled temperature theta at different applied fields for re-
presentative La0.7Ca0.3Mn1−xNixO3 (x= 0, 0.02) samples are shown in
Fig. 9. A superposition of the data into a single curve both in the PM
region with θ > 0 and the FM region with θ < 0 can clearly be seen
for all the studied samples. Similar behavior was verified for samples
with higher Ni2+ doping levels (not shown). The collapse of ΔSM(T,ΔH)
into a unique curve, within a wide temperature range, is a confirmation
of the general validity of the treatment in the second-order phase
transition compounds. Thus the order of the phase transition of mate-
rials can be determined by means of the universal curve. This is espe-
cially useful when the purely magnetic Banerjee criterion gives erro-
neous results. Furthermore, the universal curve can be used for
practical purposes, such as making extrapolations of the results up to
fields or temperatures not available in the laboratory, enhancing the
resolution of the data, and deconvoluting the response of overlapping
magnetic transitions [64].

Since the second-order transition has been proved for all the
La0.7Ca0.3Mn1−xNixO3 samples, it is to be expected that the magnetic
field dependence of ΔSM will vary according to the relation ΔSM= a
(H)n, where a is a constant and n a magnetic-state-dependent exponent
[65]. The exponent n, which depends on temperature and field, can be
locally calculated as =n .dln S

dlnH
| Δ |M The variation of ΔSM as a function of

H around the TC is well described by a power relation, and n values of
0.87, 0.88, 0.82, and 0.82 were obtained for La0.7Ca0.3Mn1−xNixO3

samples with x=0, 0.02, 0.07, and 0.1, respectively [37]. The tem-
perature dependence of n is displayed in Fig. 10 for representative
LCMO samples with x=0 and x= 0.02. The evolution of the n(T)
curves resembles that predicted by the mean field model [66]. At
temperatures below TC (FM state of the material), n has values ap-
proaching 1. This indicates that although the magnetization curves
depend on the temperature at these temperatures, the n(T) dependence
is essentially field independent. At temperatures above TC (PM state of
the material), n approaches 2 as a consequence of the Curie–Weiss law
[67]. At T= TC, values of n≈0.9 are found for the two representative
compositions. Within the framework of mean-field theory, a value
n=0.67 is predicted at TC [68]. The deviation of n from the mean-field
theory value suggests the existence of magnetic inhomogeneities and/
or superparamagnetic clusters in the vicinity of TC in the compounds.
Mean-field theory applied to SOMT inhomogeneous ferromagnets has
produced n values different from 0.67 [67,69]. It is evident that further
work should be done in order to obtain deeper insight into the nature of
the magnetic interactions in the La0.7Ca0.3Mn1−xNixO3 system. Con-
cretely, it is necessary to study the associated critical exponents in
detail for this SOFM material.

Perovskite LCMO manganites are important not only because of
their elastic [70], structural, electronic, and magnetic transition [71]
properties but also because of their extraordinary colossal magnetore-
sistance (CMR) property. Interestingly, the MR and the MC effects in
manganites are usually observed around the FM-PM phase transition
[72]. Hence the existence of a close relationship between the electrical
and magnetic properties in LCMO, namely a change in resistivity and
magnetic entropy, is anticipated. Certainly in the framework of the
double-exchange theory the electrons tend to hop between Mn ions of
different valences while keeping their spins unchanged. Therefore,
when the arrangement of the spins of the Mn ions is modified by an

Fig. 9. Normalized magnetic entropy change as a function of the rescaled temperature θ for the samples La0.7Ca0.3Mn1−xNixO3 samples with x= 0 (a) and x=0.02
(b).

Fig. 10. Temperature dependence of the field exponent n for LCMO samples
with x=0 and x= 0.02 obtained at H=1T.
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external field, the resistivity should change simultaneously [72]. In this
scenario, the CMR effect in the manganites has been qualitatively un-
derstood [73,74]. The interplay between the magnetic and the resistive
behavior in manganites, as well as the effect of Ni2+ doping on their
magnetotransport properties, have been explored in nano-sized
La0.7Ca0.3Mn1−xNixO3 samples synthesized via the auto-combustion
method. Fig. 11(a) shows the dependence of the resistivity on the
temperature, ρ(T), at H=0 for La0.7Ca0.3Mn1−xNixO3 (x= 0, 0.02)
samples. It can readily be verified that the resistivity first increases with
decreasing temperature and then exhibits a peak around the metal-
semiconductor transition temperature TP (250 and 140 K for x= 0 and
x=0.02, respectively). In addition, the resistivity increases and Tp
decreases upon Ni2+ doping, as observed in the insets of Fig. 11(a).
These effects can be explained on the basis of the DE mechanism
(Mn3+–O–Mn4+) [75]. In a manner similar to the magnetic case, the
partial substitution of Mn ions with Ni2+ leads to a change in the
Mn3+/Mn4+ ratio [76]. This change, in turn, produces a decrease in
DE, evidenced by the decrease in Tp. In short, Ni2+ doping suppresses
DE because the Mn3+–O–Ni2+ bond does not participate in this me-
chanism [77]. Formation of AFM Ni2+–O–Ni2+and Mn4+–O–Mn4+

bonds is also possible, which weakens the DE interaction [77,78]. By
increasing the Ni2+ doping level, the number of AFM bonds may in-
crease, and this would allow one to explain the resistivity increase and
the Tp decrease. The increase in the resistivity value of LCMO with the
Ni2+ content can be also explained in terms of the change in the
Mn–O–Mn angle (θ). Indeed, it is known that θ plays a relevant role in
the eg electron mobility [79]. A deviation of θ from 180° increases the
distortion, which decreases the transfer integral t= t0cos(θ/2) (here t0
represents the maximum value of t) [49]. The decrease in the t value
decreases the DE interaction between Mn ions [80], and consequently
the resistivity increases. Thus an orthorhombic structure with in-
creasing bond distortion results in localized carriers and therefore in
higher resistivities. Here, it is worthwhile to note that the Tp values of
the samples synthesized via the auto-combustion method are lower
than those of the samples obtained via the conventional solid-state re-
action. This is clearly evidenced in the inset of Fig. 11(b) for the un-
doped LCMO samples. The reduction of Tp can be attributed to the

downsizing of the particles [23], which can decrease the bond angle
and increase its length [81]. This leads to a decrease in the transfer
integral, which in turn decreases Tp. By taking the fact that the particle
size of the studied samples diminishes with an increase in the Ni2+

content (Fig. 1(c)) into account, it is possible to conclude that the
substantial increase in the resistivity value is a consequence of the
downsizing of the particle. Similar results were reported by Mahesh
et al. [23]. The dependence of the resistivity on the temperature mea-
sured at different magnetic fields for two representative samples (x= 0,
0.02) is presented in Fig. 11(b) and (c), respectively. The value of the
resistivity decreases when a magnetic field is applied, suggesting an
existence of the MR effect. The resistivity peak at Tp shifts to higher
temperatures with an increase in the magnetic field.

The nature of the conduction in the metallic regime (T < TP) of the
La0.7Ca0.3Mn1−xNixO3 samples, both in H=0T and H≠ 0 T, can be
examined by means of the equation ρ(T)= ρ0+ ρ2T2+ ρ4.5T4.5 [82]. In
this equation, ρ0 corresponds to the temperature-independent residual
resistivity due to domain and grain boundaries, ρ2T2 describes the re-
sistivity associated with electron-electron scattering, and ρ4.5T4.5 is a
term associated with electron-magnon scattering processes due to spin
waves. Fig. 12(a) shows the experimental ρ(T) data and the fitting
curves for the pristine and the 2% Ni2+-doped LCMO samples below TP
at H=0 and 1.25 T. The good correspondence between the experi-
mental data and the fitting function suggests that the transport me-
chanism in the metallic regime of the concerned samples is governed by
electron-electron and electron-magnon scattering [83]. From the fitting
curves, the values of ρ0, ρ2, and ρ4.5 for the two representative samples
are obtained, and the results are listed in Table 1. In the high tem-
perature region (T > Tp), the conduction process of the studied sam-
ples is well described by the small polaron hopping transport me-
chanism [84]. In this model, the dependence of the resistivity
on the temperature is mathematically represented by the relation
ρ(T)= ρ0Texp(Ea/kBT), ρ0 being a temperature-independent coefficient,
kB the Boltzmann constant, and Ea the activation energy of the polarons
[85]. This function was fit to the experimental resistivity data above Tp
for the pristine and the 2% Ni2+-doped LCMO samples. The resulting
fitting curves are indicated by the solid lines in Fig. 12(b). A good

Fig. 11. (a) Dependence of the resistivity on
the temperature for La0.7Ca0.3Mn1−xNixO3

(x= 0, 0.02) samples measured at H=0T.
Top inset: variation of the resistivity max-
imum of the La0.7Ca0.3Mn1−xNixO3 samples
with the Ni2+ content. Low inset: Plot of TC
and TP versus Ni2+ content for
La0.7Ca0.3Mn1−xNixO3 (x=0, 0.02, 0.07,
0.1) samples. (b) Temperature variation of
the resistivity at H=0, 1.25, 2.5, and 5 T of
the pristine LCMO sample. Inset: ρ(T) de-

pendences at H=0T for pristine LCMO samples synthesized by auto-combustion (AC) and standard solid-state reaction (SSR). (c) Temperature variation of the
resistivity at H=0, 1.25, 2.5, and 5 T of the 2% Ni2+-doped LCMO sample. Inset: Variation of the MR with the temperature under a field H=5T for pristine LCMO
samples synthesized by AC and SSR.

Fig. 12. (a) Representative ρ(T) data measured on
La0.7Ca0.3Mn1−xNixO3 samples with x= 0 and
x=0.02 below TP at H=0 and 1.25 T. The solid
lines represent fits of the equation ρ(T)= ρ0
+ ρ2T2+ ρ4.5T4.5 to the experimental data. (b)
Temperature dependence of the resistivity of the
La0.7Ca0.3Mn1−xNixO3 samples with x= 0 and
x=0.02 above TP at zero magnetic field fitted with
the polaron transport model. Inset: activation energy
of the polaron as a function of the Ni2+-content.
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concordance between the experimental data and the fitting function can
clearly be seen in this plot. Based on the best-fit parameters, the Ea
values were determined. The results, plotted in the inset of Fig. 12(b),
show that the Ea values increase upon an increase in the Ni2+ content.
Carrier localization resulting from the electron-phonon interaction has
been proposed as possible mechanism behind the increase of Ea [86].
Consequently, higher energies will be required to create free carriers. In
this context, results of measurements of La0.7Sr0.3Mn1−xNixO3 (x= 0,
0.025, 0.050, 0.075) ceramics have shown that the small-polaron
coupling interaction (γph), which is a measurement of electron-phonon
interaction, increases with the Ni2+ content [86]. Moreover, it
has been established that strong electron-phonon interaction can
occur for γph > 4 [87]. This requirement was verified for the
La0.7Sr0.3Mn1−xNixO3 samples reported in Ref. [86]. The increase of Ea
upon an increase in the Ni2+ content can also be explained by con-
sidering the downsizing of the particles with an increase in the Ni2+

content, as verified by XRD analysis (Fig. 1(c)). Although the down-
sizing of the particles may increase the interconnectivity between
grains during the sintering process, the number of grain boundaries
increases considerably in nano-sized systems. This, in turn, will hamper
the possibility of the conduction electron hopping to neighboring sites
[88]. Thus the conduction bandwidth will decrease, and as a result, the
value of Ea will increase. The results reported in the present paper
suggest that the conduction bandwidth of the materials may be mod-
ified by tuning their particle size. Similar conclusions have been drawn
from studies on other manganites prepared by means of chemical
methods, such as the citrate gel technique [89].

The decrease in the resistivity values of the La0.7Ca0.3Mn1−xNixO3

samples with the applied magnetic field was previously demonstrated
in Fig. 11(b) and (c). In general terms, the main mechanism responsible
for the decrease in the resistivity value upon the application of a
magnetic field is its influence on the magnetic domains of the material
[90]. Certainty the MR effect can be ascribed to the orientation of the
spins in the different domains due to the presence of the magnetic
field. When the spin system is oriented, the carrier scattering
during the hopping processes is eliminated [86]. Fig. 13 shows the
dependence of the MR on the temperature, recorded at 1.25 T, for
La0.7Ca0.3Mn1−xNixO3 (x= 0, 0.02) samples. Two MR effects can be
seen in the MR(T) curves of the studied samples. The first occurs near
TP, with maximum values of MR 45% for H=1.25 T. This MR is due to
the DE interaction of Mn3+-Mn4+ pairs [90]. The other notable var-
iation occurs at low temperatures below ∼100 K. In this region, the
values of the MR increase with decreasing temperature, resembling the
MR spin-polarized tunneling effect in granular ferromagnetic systems
[91]. This behavior can be described by a Curie-Weiss law-like, a+b/
(c+ T) [92]. The MR(T) data for the undoped and 2% Ni2+-doped
LCMO samples at low temperatures are shown in the inset of Fig. 13.
The function a+b/(c+ T) has been fit to the experimental data, and
the corresponding a, b, and c parameters are listed in Table 2. It is also
noteworthy that the value of the MR near the peak of the pristine and
the 2% Ni2+-doped LCMO samples does not show a significant change
at H=1.25 T. Both samples exhibit sharp and equally intense peaks

around TC. The insensitivity of the MR to the 2% Ni2+ doping is ob-
served even at higher fields (Fig. 14(a)). The results shown in Figs. 13
and 14(a) demonstrate that the MR of LCMO is not much affected by
Ni2+ doping levels as high as 2%. Nevertheless, a significant increase in
the MR value is verified for higher Ni2+ doping levels. The increase of
the MR value with an increase in the Ni2+ content may be explained by
considering the concomitant reduction of the particle size of the doped
samples. Thus the latter results suggest that manganites having nan-
ometer-sized particles can exhibit larger MR around TC than ones with a
higher particle size. This can be directly verified by comparing the
samples prepared via two different routes, namely auto-combustion and
standard solid-state reaction. As is widely known, the grain size of
LCMO samples synthesized by means of the physical method is in the
micrometric range. The inset of Fig. 11(c) shows the dependence of the
MR on the temperature for pristine LCMO samples fabricated via the
two different routes. It is evident that the MR (at T∼ TC) of the sample
synthesized through auto-combustion is higher than that of the sample
synthesized via solid-state reaction. Generally speaking, it is expected
that a substantial contribution by the grain boundaries be present in
these nanometric-sized systems [14]. The dependence of the MR
on the external magnetic field at different temperatures for the
La0.7Ca0.3Mn1−xNixO3 (x= 0, 0.02) sample is displayed in Fig. 14(b)
and (c). It can be seen in this plot that the highest values of MR occur
around the TC of each sample, as already seen in Fig. 13. It can also be
verified that the MR decreases after the transition passes Tp and starts to
increase at T < 100 K. Interestingly, a sharply increasing nature of the
magnitude of the MR is observed at low temperatures within a narrow
range of magnetic field strengths (H < ±1T). At a higher field
(H > 1T), the variation of the MR is slower and almost linear with an
increasing magnetic field. As previously mentioned, the behavior of the
MR at low temperatures resembles that of typical ferromagnetic gran-
ular materials at low temperatures. Indeed, the sharp drop of the MR
can be explained by taking the intergranular spin-polarized tunneling of
electrons near the grain boundaries into account. This kind of MR is
known as extrinsic MR, and in general the extrinsic nature of MR is
frequently found at low magnetic fields [93]. However, it has been
argued that the high-field response is also due to the existence of the

Table 1
Fitting parameters for the pristine and the 2% Ni2+-doped LCMO samples. The
function ρ(T)= ρ0+ ρ2T2+ ρ4.5T4.5 was fitted to the experimental ρ(T) data
recorded in zero field and H=1.25 T.

ρ(T)= ρ0+ ρ2T2+ ρ4.5T4.5

x ρ0 (Ωcm) ρ2 (×10−7ΩcmK−2) ρ4.5 (×10−13ΩcmK−4.5)

0 H=0 0.0046 3.65 4.95
H=1.25 T 0.0033 4.1 2.84

0.02 H=0 0.018 15.7 23.6
H=1.25 T 0.014 14.7 18.6

Fig. 13. Variation of the MR with the temperature at H=1.25 T for
La0.7Ca0.3Mn1−xNixO3 samples with x= 0 and x=0.02. Inset: MR(T) data for
T < 120 K fitted to a Curie-Weiss law-like, a+b/(c+ T). The solid lines in the
inset correspond to the fitting curves.

Table 2
Fitting parameters for the pristine and 2% Ni-doped LCMO samples obtained
from fits of the a+b/(c+ T) equation to the experimental MR-data recorded
at H=1.5 T.

x= 0 x=0.02

a 0.09125 −0.1008
b (K) 12.223 84.882
c (K) 80.785 252.579
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grain boundary [91]. The nature of the grain boundary is the key in-
gredient in the mechanism of the electrical transport, as it constitutes
the barrier through which carriers tunnel. The application of an ex-
ternal magnetic field brings about the movement of the magnetic do-
main walls through the grain boundaries. This movement is associated
with the progressive alignment of magnetic domains, and as a result, a
sharp drop of MR at low fields is commonly observed [91].

Fig. 15 shows the variation of the MR with the external magnetic
field for the La0.7Ca0.3Mn1−xNixO3 (x= 0, 0.02, 0.07, 0.1) samples at
different temperatures (200, 100, 4.2 K). It can be seen that the value of
the MR for the Ni2+-doped samples, at H≥ 1 T, is higher than that of
the pristine LCMO sample (the lower MR value seen for the sample with
x=0.1 at 200 K is due to its reduced TC∼ 170 K). The improvement of
the MR with Ni2+ doping at low magnetic fields (H=1T) and tem-
peratures around TC has been already corroborated (inset of Fig. 14(a)).
These results indicate that the MR of LCMO can be considerably im-
proved upon Ni2+ doping. It is evident that the value of the MR de-
pends on the temperature and the magnetic field strength. The in-
creased value of the MR at low fields (H=1T) and T≈ TC, as
compared to the pristine LCMO, suggests a higher magnetic field sen-
sitivity of the Ni2+-doped samples due to enhanced tunneling of elec-
trons between two grains through the grain boundary. In the pristine
LCMO samples, the electrons are spin polarized in the LCMO grains, and
charge transport occurs between Mn ions. In the case of the Ni2+-doped
samples, the downsizing of the particles leads to an increased number of
grain boundaries. Consequently, the highest spin-dependent scattering
takes place at the grain boundaries, resulting in higher resistivity, as
previously observed in the inset of Fig. 11(a). When an external mag-
netic field is applied, the domains are aligned, and therefore the spin
disorder near the grain boundary region is reduced. Hence the spin-
polarized tunneling is enhanced, which results both in higher MR va-
lues and in a higher magnetic field sensitivity of the Ni2+-doped LCMO
samples.

It is a known fact that magnetic entropy is also a parameter usually
used to characterize magnetic order [94]. By taking into account that
the magnetic disorder has a strong effect on the resistive behavior of the
manganites, a clear relation between ΔSM and resistivity is expected
[95]. This is certainly verified for the LCMO samples synthesized via the
auto-combustion method. The qualitative relation between these two
quantities is seen in Fig. 16 for the pristine LCMO sample. As expected,
the MR and ΔSM peaks appear simultaneously. Nevertheless, it is evi-
dent that the temperature dependences of these physical quantities are

different. Indeed, MR shows a sharp drop when the temperature de-
creases from TC, whereas the variation of ΔSM is smooth below TC. This
finding suggests that the relation between ΔSM and MR is not simple.
The ΔSM and MR peaks around TC have a common origin, namely the
spin order/disorder feature around TC. As stated above, the MR results
from spin disorder suppression. The different shapes of the ΔSM and MR
curves, particularly the difference in broadness, might be understood by
considering that spin disorder suppression is not the only mechanism
responsible for the MR effect. Concretely, the MR observed around TC is
not completely brought about by spin disorder suppression. Other
contributions, arising from sophisticated effects such as Jahn–Teller
distortion [96] and electronic phase separation [97], have also been
considered as plausible explanations for the colossal magnetoresistance
in manganites. The deviation between MR and ΔSM(T) behavior at low
temperatures is related to the mechanism responsible for the MR in this
temperature range. Indeed, spin disorder suppression in this tempera-
ture range is inoperative. As discussed previously, at low temperatures,
the granular nature of the compound leads to carrier transport through
spin-dependent tunneling between grains, which results in a large low-
field MR [91]. Here, it is worthwhile to mention that the magnetic spin
disorder that characterizes ΔSM is high around TC and leads to magnetic
polaron formation that affects carrier transport and hence the resistivity
ρ [95]. At low temperatures, the ferromagnetic ordering results in
magnetic polaron suppression. Thus the ferromagnetic ordering at low
temperatures excludes the impact on the MR by magnetic polarons, due
to the absence of magnetic spin disorder that characterizes ΔSM. This
also explains the deviation between ΔSM and MR behavior at low

Fig. 14. (a) Variation of maximum MR
(T= TC) as a function of the magnetic field
for La0.7Ca0.3Mn1−xNixO3 (x=0, 0.02,
0.07, 0.1) samples Inset: MR versus Ni2+-
content recorded at H=1.0, 1.5 and 2 T. (b)
MR(H) curves at different temperatures for
the pristine LCMO sample. (c) MR(H) curves
at different temperatures for the 2% Ni2+-
doped LCMO sample (c).

Fig. 15. Variation of the MR with the external magnetic field for the La0.7Ca0.3Mn1−xNixO3 (x=0, 0.02, 0.07, 0.1) samples at T=200 K (a), T=100 K (b) and
T=4.2 K (c).

Fig. 16. Comparison of ΔSM and MR of the pristine LCMO sample under a field
of 1.25 T.
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temperatures. The absence of a simple relation between MR and ΔSM
spurred the search for more suitable models to explain the discrepancy.
In a very interesting investigation, Xiong et al. [95] considered that the
relation between these two quantities, if it exists, should be in the form
of a logarithm. Such a function can smoothen the steep jump of MR near
TC and amplify the variation of MR far below this temperature. How-
ever, it was found that a simple logarithmic relation could not describe
the dependence of ΔS on MR. Finally, the relation between ΔSM and ρ
was found, and it reads ∫= − ⎡⎣ ⎤⎦

∂
∂S α dHΔ H ρ

T0
ln( ) . The latter relation has

been successfully applied to describe the relation between the two
quantities in a variety of manganites. In the case of the nanometric
La0.7Ca0.3Mn1−xNixO3 samples reported in the present paper, the rela-
tion between ΔSM and ρ will be carefully explored using the cited re-
lation, and the results will be reported in a forthcoming paper.

4. Conclusions

La0.7Ca0.3Mn1−xNixO3 (x= 0, 0.02, 0.07, 0.10) ceramic powders
with particle size in the nanometric range were successfully obtained by
means of the auto-combustion reaction, and their magnetocaloric and
magnetotransport properties were carefully analyzed. The introduction
of Ni2+ ions into the Mn site of pristine LCMO samples decidedly in-
fluenced their structural, magnetocaloric, and magnetotransport prop-
erties. The reduction of the TC of the nanometric LCMO as compared to
the bulk counterpart is attributed to the presence of a surface layer,
which destabilizes the magnetic order. The performance of the mag-
netocaloric effect of the LCMO samples is significantly increased upon
Ni2+ doping. In this regard, the LCMO sample with a Ni2+ doping level
as low as 2% featured a ∼90% increase in the RCP value at 1.5 T ap-
plied magnetic field. This feature is indeed desirable for practical ap-
plications in magnetic refrigeration. The observed increase in the value
of the resistivity with the Ni2+ doping can be attributed to the DE
decrease, which hampers the movement of the eg band electron of Mn.
The resistivity in the ferromagnetic metallic region seemed to be de-
termined by grain boundary effects, electron-electron scattering, and
electron-magnon scattering processes. In the high temperature region
(T > TC), the conduction process was explained by the small polaron
hopping transport mechanism. Here, the polaron activation energy in-
creased with an increase in the Ni2+ content, which could be related to
the downsizing of the particles upon Ni2+ doping. In general, the ap-
plication of an external magnetic field drove the metal-insulator tran-
sition to higher temperatures and largely depressed the resistivity va-
lues. The MR values exhibited maximum values around Tp. MR
measurement showed an enhanced field sensitivity for the Ni2+-doped
samples as compared to the pristine LCMO ones. In general, the elec-
trical and MR properties of the La0.7Ca0.3Mn1−xNixO3 samples can be
explained by the increase in the scattering of the conduction
electrons near the grain boundaries. The results suggest that
La0.7Ca0.3Mn1−xNixO3 may be regarded as a potential candidate for
application in low-field MR devices due to its enhanced magnetic field
sensitivity. The MR and ΔSM peaks appeared simultaneously, suggesting
a close relationship between the change in resistivity and magnetic
entropy. Nevertheless, the detailed temperature dependence of MR and
ΔSM seemed to be different. Additional factors in the MR mechanism,
other than spin disorder suppression, should be taken into account to
explain the difference in the behavior of these quantities. The correla-
tion between magnetocaloric and magnetotrasport properties in man-
ganites is an interesting and ongoing theme in condensed matter and
deserves additional work and closer analysis.
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