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Abstract: Incorporation of the secondary oxide phase into the manganite composite capable of
enhancing low-field magnetoresistance (LFMR) for viability in high-performance spintronic applica-
tions. Polycrystalline La0.67Ca0.33MnO3 (LCMO) was prepared via the sol–gel route in this study. The
structural, microstructural, magnetic, electrical, and magneto-transport properties of (1−x) LCMO: x
NiO, x = 0.00, 0.05, 0.10, 0.15 and 0.20 were investigated in detail. The X-ray diffraction (XRD) patterns
showed the coexistence of LCMO and NiO in the composites. The microstructural analysis indicated
the amount of NiO nanoparticles segregated at the grain boundaries or on the surface of LCMO grains
increased with the increasing secondary phase content. LCMO and NiO still retained their individual
magnetic phase as observed from AC susceptibility (ACS) measurement. This further confirmed
that there is no interfacial diffusion reaction between these two compounds. The NiO nanoparticle
acted as a barrier to charge transport and caused an increase in resistivity for composite samples. The
residual resistivity due to the grain/domain boundary is responsible for the scattering mechanism in
the metallic region as suggested by the theoretical model fitting, ρ(T) = ρ0 + ρ2T2 + ρ4.5T4.5. The
magnetoresistance values of LCMO and its composites were found to increase monotonically with
the decrease in temperature. Hence, the LFMR was observed. Nonetheless, the slight reduction of
LFMR in composites was attributed to the thick boundary layer created by NiO and impaired the
spin polarised tunnelling process.

Keywords: fitting; grain boundary; LFMR; sol–gel

1. Introduction

The hole-doped manganites with a general formula of RE1−xAxMnO3, where RE is
a rare earth ion (RE = La, Nd, Pr) and A is a divalent alkaline earth metal ion (B = Ba, Sr,
Ca) have attracted considerable research interest due to their intriguing properties. The
correlation between spin, charge, orbital, and lattice degrees of freedom in manganites has
been extensively studied [1–3]. Magnetoresistance effect is an important phenomenon to be
utilised by magnetic field sensing elements in novel technological devices. It is described
by the change of resistance when a conductor is placed under the influence of a magnetic
field. The discovery of colossal magnetoresistance (CMR) on manganites has earned them
a spot in spintronic technologies such as memory recording applications and magnetic field
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sensors [4]. Perovskite manganites exhibit CMR in the vicinity of metal-insulator transition
and ferromagnetic–paramagnetic transition [5]. The electrical conduction and magnetism
in manganites can be explained by the double exchange (DE) mechanism between pairs of
Mn3+ and Mn4+ [6].

The CMR effects of perovskite manganites are grouped into two categories, namely
intrinsic and extrinsic magnetoresistance, respectively [7]. The intrinsic magnetoresistance
is only expressive at high saturation magnetic field about several teslas while the extrinsic
magnetoresistance is significantly higher in low magnetic fields [8]. A high-efficiency
magnetoresistive material should be able to respond at low magnetic fields for its viability
in practical spintronic applications [9]. The extrinsic magnetoresistance is attributed to
the spin polarised tunnelling, and it can be achieved by the natural or artificial grain
boundaries in manganites [10,11]. Therefore, an introduction of the secondary oxide phase
into the manganite system has been adopted by the scientific community as its capability to
enhance low field magnetoresistance (LFMR). This approach is favoured by recent research
works and has proven as an effective attempt to improve the LFMR as demonstrated by
La0.8Sr0.2MnO3:NiO [12], La0.7Sr0.3MnO3: SrFe12O19 [13], La0.67Ca0.33MnO3: Sm2O3 [14],
La0.7Ca0.2Sr0.1MnO3: MgO [15], La0.7Ca0.3MnO3: Al2O3 [16], La0.7Sr0.3MnO3: AZO [17]
and La0.7Sr0.3MnO3: ZnO [18].

The understanding of the secondary oxide phase in the manganite composites devel-
opment is important in designing high-performance spintronic applications. Nickel oxide
(NiO) is an insulator with a high melting point and proved to be an excellent candidate as
the secondary phase in manganite composites [19]. The NiO nanoparticle has successfully
enhanced the LFMR of Pr0.67Sr0.33MnO3 composites prepared by solid-state reaction [20].
Additionally, Ning et al. incorporated NiO into the La0.7Ca0.3MnO3 nanocomposite thin
films and significantly enhanced the LFMR over a broad temperature range by tuning
the microstructures [21]. Eshraghi et al. described that the NiO doping influenced LFMR
in La0.8Sr0.2MnO3:NiO composites [12]. From their study, the composites with high NiO
content demonstrated the reduction in LFMR, originating from the substitution of Ni2+

with the Mn3+ and causing the magnetic dilution. Besides the concentration of the sec-
ondary phase, the spin polarised tunnelling responsible for LFMR could also be restricted
by the nanosized parent compound, which was proposed in our previous work for LCMO:
Al2O3 [22].

In this work, we prepared (1−x) LCMO: x NiO (x = 0.00, 0.05, 0.10, 0.15 and 0.20)
by the sol–gel method. The effects of NiO nanoparticle addition on the structural, mi-
crostructural, magnetic, electrical, and magneto-transport properties were systematically
examined. To the best of our knowledge, there is no up-to-date literature on the sol–gel
synthesised LCMO:NiO nanocomposite. Hence, this work is important in providing a
novel understanding of manganite composites.

2. Materials and Methods

(1−x) LCMO: x NiO composite samples were prepared by two stages, which are the
synthesis of LCMO via sol–gel route and the addition of NiO nanoparticles. For the prepa-
ration of LCMO, the stoichiometric ratios of La(NO3)3·6H2O (Alfa Aesar, Heysham, UK;
99.99%), Ca(NO3)2·4H2O (Alfa Aesar, Heysham, UK; 99.98%) and Mn(NO3)2·4H2O (Merck,
Darmstadt, Germany; ≥98.5%) were dissolved in an appropriate amount of distilled water
under a constant stirring. Citric acid and ethylene glycol were later added to the precursor
solution as a chelating agent and a dispersant (polymerization of metal ions), respectively.
The mixed solution was left for 24 h and stirred constantly at 70 ◦C until it turned into a
yellowish gel. The gel was further dried in an oven at 120 ◦C to remove the moisture. It
was ground into fine powder in an agate mortar before being calcined at 500 ◦C for 5 h.
Later, the powder was pre-sintered at 800 ◦C for 6 h to facilitate the formation of the LCMO
phase. Next, the LCMO powder was added with different contents of NiO (Sigma Aldrich,
St. Louis, MO, USA; 99.8%) nanoparticle (<50 nm) at x = 0.00, 0.05, 0.10, 0.15 and 0.20.
These mixed powders were ground and pressed into pellets, then sintered at 800 ◦C for 2 h.
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All samples were evaluated by an X-ray fluorescence spectrometer (XRF, Shimadzu
EDX-720, Shimadzu Corporation, Kyoto, Japan) and energy-dispersive X-ray spectrometer
(EDX, Max 20, Oxford Instruments, Abingdon, UK) to confirm the existence of a secondary
phase (NiO) in the composites. The structural characterisation was carried out by an X-ray
diffractometer (XRD, X’Pert Pro PW 3040, Malvern Panalytical, Malvern, UK) and Rietveld
analysis was performed by HighScore Plus software. The surface morphologies and
microstructures were observed by a field emission scanning electron microscope (FESEM,
FEI Nova NanoSEM 230, Thermo Fisher Scientific, Waltham, MA, USA). AC susceptibility
was measured by an AC susceptometer (ACS, CryoBIND T, CryoBIND, Zagreb, Croatia) in
a magnetic field of 5 Oe at 219 Hz to determine the Curie temperature (TC). The temperature
dependence of the resistivity and magneto-transport were assessed by standard four-point
probe method using a Hall effect measurement system (HMS, Lakeshore 7604, Lake Shore
Cryotronics, Westerville, OH, USA) from 80 K to 300 K.

3. Results and Discussion

X-ray diffraction patterns of the samples with different NiO contents are depicted
in Figure 1a. Standard XRD peaks for LCMO and NiO are illustrated in red and blue
vertical lines, respectively. All samples exhibited a strong orientation towards (121) plane
direction. This is contributed by the dominant plane orientation of their parent compound
(LCMO). Minor peaks corresponding to NiO in the composites were observed and the
relative peak intensity is gradually increased with the increasing NiO content. All peaks
were indexed with LCMO and NiO phases, indicating the coexistence of the two chemically
separated phases. Figure 1b illustrates the Rietveld XRD pattern of the pure LCMO phase.
The blue circle is the diffraction data obtained from the experiment, the black solid line
is the calculated result, the green vertical line represents the diffraction peak position of
the LCMO phase, the red solid line is the difference between the experimental value and
the calculated value. The experimental data are considered to fit well with calculated data
as given by the low residual values of RWP and χ2. The refinement parameters of (1−x)
LCMO: x NiO (x = 0.00, 0.05, 0.10, 0.15 and 0.20) are summarised in Table 1. There is no
significant change in the lattice constants (a, b, c, V) of LCMO composites. This implies that
NiO is segregated on the surface of LCMO grains or at the grain boundaries [14,23]. The
average crystallite size, D was calculated by Scherrer’s equation below and gathered in
Table 2:

D =
0.9 λ

β cos θ
(1)

where β = βsample − βinstrumental, β is the line broadening at half of the maximum intensity
(FWHM), λ is the X-ray wavelength (1.5406 Å) and θ is the position of the most intense
diffraction peak. The calculated average crystallite size based on the (121) peak is found to
be in the range of 35–39 nm as listed in Table 2. The results further confirmed that there is
no reaction between NiO and LCMO as the changes in crystallite size are negligible.
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Figure 1. (a) XRD patterns of LCMO:NiO composites. (b) Rietveld refinement of LCMO.

Table 1. Rietveld refinement data of pure LCMO and LCMO:NiO composites.

Sample LCMO

Ref. code 98-006-5295
Structure type Orthorhombic
Space group Pnma (62)

NiO content, x 0.00 0.05 0.10 0.15 0.20
a (Å) 5.454 5.454 5.453 5.452 5.454
b (Å) 7.710 7.704 7.717 7.705 7.706
c (Å) 5.462 5.473 5.458 5.467 5.473

V (Å3) 229.688 229.975 229.676 229.684 230.334
Mn1-O1 (Å) 1.930 (19) 1.932(14) 1.929 (22) 1.931 (17) 1.932 (18)
Mn1-O1 (Å) 1.974 (19) 1.977 (14) 1.973 (23) 1.975 (17) 1.977 (19)
Mn1-O2 (Å) 1.954 (13) 1.952 (5) 1.955 (19) 1.953 (8) 1.953 (8)

Mn1-O1-Mn1 (◦) 162.6 (3) 162.6 (4) 162.5 (6) 162.6 (6) 162.58 (6)
Mn1-O2-Mn1 (◦) 161.2 (7) 161.1 (9) 161.2 (7) 161.2 (7) 161.1 (7)

REXP (%) 4.625 4.178 3.843 3.757 3.511
RP (%) 3.578 3.324 3.064 3.003 2.853

RWP (%) 4.628 4.317 3.917 3.818 3.546
Goodness of fit, χ2 1.001 1.068 1.039 1.032 1.020

Sample NiO
Ref. code 98-000-8168

Structure type Cubic
Space group Fm-3m (225)

a (Å) - 4.179 4.177 4.177 4.179
b (Å) - 4.179 4.177 4.177 4.179
c (Å) - 4.179 4.177 4.177 4.179

V (Å3) - 72.97 72.86 72.86 72.96

Table 2. The D, TMI, and MR (%) at 80 K for sample x = 0.00, 0.05, 0.10, 0.15 and 0.20.

x D (nm) TC1 (K) TC2 (K) TMI (K) ∆T (K)
MR (%) at 80 K

2 kOe 10 kOe

0.00 35.8 289 - 172 117 20.70 29.41
0.05 35.9 293 179 116 177 16.48 26.70
0.10 37.5 287 173 98 189 14.09 25.04
0.15 38.7 291 174 <80 - 15.76 27.84
0.20 35.3 292 175 <80 - 14.53 26.83



Coatings 2021, 11, 835 5 of 14

To analyse the addition of NiO nanoparticles on the microstructure of LCMO, the
typical FESEM micrographs and grain size distributions of (1−x) LCMO: x NiO (x = 0.00,
0.10, 0.20) composites are shown in Figure 2a–c. Energy-dispersive X-ray (EDX) spectra are
also included in Figure 2. The grain size distribution was depicted by 100 grains randomly
picked from the FESEM micrographs. All samples were observed to compose with an
irregular shape of grains, and it was found that the grain size of pure LCMO sample is
in the range of 40–180 nm with 98.1 nm as the mean grain size. The average grain size of
LCMO is ~3 times larger than its crystallite size, indicating the grain is consisting of several
crystallites. The difference between grain and crystallite sizes is ascribed to the congregation
or structure defects (vacancies, dislocations and stacking faults) of crystallite domains [24].
The grain size distribution is observed to skew to the left with the increasing NiO content.
As a result, the mean grain size of samples reduced to ~70 nm with the addition of secondary
phase (NiO). The reduction of average grain size in composites suggested that the NiO
nanoparticle (<50 nm) was mainly segregated at the grain boundaries or on the surface
of LCMO grains, which is in line with the XRD results. This also confirms the composite
structure for the samples obtained in this work. The presence of La, Ca, Mn, O and Ni
were confirmed by the EDX characterization and this supports the existence of NiO in the
composites as demonstrated by the XRF results (not shown).

Coatings 2021, 11, x FOR PEER REVIEW 5 of 15 
 

 

are also included in Figure 2. The grain size distribution was depicted by 100 grains ran-
domly picked from the FESEM micrographs. All samples were observed to compose with 
an irregular shape of grains, and it was found that the grain size of pure LCMO sample is 
in the range of 40–180 nm with 98.1 nm as the mean grain size. The average grain size of 
LCMO is ~3 times larger than its crystallite size, indicating the grain is consisting of sev-
eral crystallites. The difference between grain and crystallite sizes is ascribed to the con-
gregation or structure defects (vacancies, dislocations and stacking faults) of crystallite 
domains [24]. The grain size distribution is observed to skew to the left with the increasing 
NiO content. As a result, the mean grain size of samples reduced to ~70 nm with the ad-
dition of secondary phase (NiO). The reduction of average grain size in composites sug-
gested that the NiO nanoparticle (<50 nm) was mainly segregated at the grain boundaries 
or on the surface of LCMO grains, which is in line with the XRD results. This also confirms 
the composite structure for the samples obtained in this work. The presence of La, Ca, Mn, 
O and Ni were confirmed by the EDX characterization and this supports the existence of 
NiO in the composites as demonstrated by the XRF results (not shown). 

 

 
Figure 2. Cont.



Coatings 2021, 11, 835 6 of 14

Coatings 2021, 11, x FOR PEER REVIEW 6 of 15 
 

 

 

Figure 2. Grain size distribution histograms, FESEM micrographs and EDX spectra of (a) x = 0.00, (b) x = 0.10 and (c) x = 
0.20. 

The magnetic properties of the samples were studied by the temperature dependence 
of AC susceptibility (ACS) measurement. All samples showed the ferromagnetic (FM)–
paramagnetic (PM) transition as the temperature increases from 80 K to 330 K. The tran-
sition is demonstrated by a rapid drop of susceptibility until it reaches a minimum value 
(close to 0). The Tc can be identified from the inflection point of dχ'/dT versus T plot. Fig-
ure 3 shows the temperature dependence of the real part of AC susceptibility for 
LCMO:NiO composites. The TC of the pure LCMO was observed at 289 K and was denoted 
as TC1 in Table 2. This value is higher than the value reported by Xia et al. in La0.7Ca0.3MnO3 
nanoparticle (268 K) [25]. The discrepancy can be attributed to the loss of long-range fer-
romagnetic ordering and the presence of magnetic disordered grain boundary layers in 
previously reported LCMO nanoparticles (<50 nm). The grain size of LCMO in this work 
is larger (98 nm), thus it has a higher value of TC [26,27]. The TC1 values recorded by the 
composite samples are in the range of 287–293 K. This indicates that the LCMO perovskite 
lattice remained intact, and no substitution occurred or formation of the new phase. The 
difference in TC of composites is insignificant by considering the FM–PM transition as an 
intrinsic and intragrain behaviour [28]. Nonetheless, there is an increase in the transition 
width and occurrence of TC2 for the LCMO:NiO composites. This can be ascribed to the 
presence of the antiferromagnetic material which is NiO nanoparticles at the grain bound-
aries and/or grain surfaces, where a similar behaviour was reported in La0.8Sr0.2MnO3:NiO 
composites [12]. Both TC1 and TC2 do not experience significant change with the increasing 
content of NiO. Therefore, we can deduce that LCMO and NiO still retain their individual 
magnetic phase in the composites and there is no interfacial reaction between these two 
phases.  
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x = 0.20.

The magnetic properties of the samples were studied by the temperature dependence
of AC susceptibility (ACS) measurement. All samples showed the ferromagnetic (FM)–
paramagnetic (PM) transition as the temperature increases from 80 K to 330 K. The transition
is demonstrated by a rapid drop of susceptibility until it reaches a minimum value (close
to 0). The Tc can be identified from the inflection point of dχ’/dT versus T plot. Figure 3
shows the temperature dependence of the real part of AC susceptibility for LCMO:NiO
composites. The TC of the pure LCMO was observed at 289 K and was denoted as TC1
in Table 2. This value is higher than the value reported by Xia et al. in La0.7Ca0.3MnO3
nanoparticle (268 K) [25]. The discrepancy can be attributed to the loss of long-range
ferromagnetic ordering and the presence of magnetic disordered grain boundary layers
in previously reported LCMO nanoparticles (<50 nm). The grain size of LCMO in this
work is larger (98 nm), thus it has a higher value of TC [26,27]. The TC1 values recorded
by the composite samples are in the range of 287–293 K. This indicates that the LCMO
perovskite lattice remained intact, and no substitution occurred or formation of the new
phase. The difference in TC of composites is insignificant by considering the FM–PM
transition as an intrinsic and intragrain behaviour [28]. Nonetheless, there is an increase
in the transition width and occurrence of TC2 for the LCMO:NiO composites. This can
be ascribed to the presence of the antiferromagnetic material which is NiO nanoparticles
at the grain boundaries and/or grain surfaces, where a similar behaviour was reported
in La0.8Sr0.2MnO3:NiO composites [12]. Both TC1 and TC2 do not experience significant
change with the increasing content of NiO. Therefore, we can deduce that LCMO and NiO
still retain their individual magnetic phase in the composites and there is no interfacial
reaction between these two phases.
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Figure 4 shows the temperature dependence of the resistivity at various fields (0 kOe,
2 kOe and 10 kOe) for the LCMO:NiO composites. It is observed that the resistivity of the
samples increases with the concentration of NiO. This can be attributed to the increasing
amount of NiO nanoparticles segregated at the grain boundaries or on the LCMO grain
surface, and it contributes to the scattering enhancement near the grain boundaries. Most
samples in this work (x = 0.00, 0.05 and 0.10) showed a distinct metal–insulator transition
in the range of 80–180 K. The metal–insulator transition temperature (TMI) shifted to a
higher temperature under the influence of a magnetic field. This effect is attributed to the
alignment of localised spin in manganite and leads to the reduction in electron scattering,
thus enhance the DE coupling in the metallic region [22,29]. Additionally, the TMI appeared
to shift towards the lower temperature region with the increasing content of NiO in LCMO
composites. The same behaviour was reported in our previous work for LCMO: Al2O3
composites [22]. This shift is caused by the segregation of NiO nanoparticles near the
LCMO grains or grain boundaries of the composites. The NiO nanoparticle acted as a
barrier to charge transport and caused an increase in the resistivity, as well as the dilution
to the DE interaction [30]. The decrease of TMI values in composite samples also indicates
that the extrinsic transport behaviour originates from the interface and grain boundary
effects [11,31]. The transport behaviour of the composite can be explained by the parallel
network of good and bad conduction channels, also known as the two-channel conduction
model [13,18,32]. The charge transport in the pure LCMO sample is contributed by the
direct contact between LCMO grains. In contrast, the presence of insulating NiO nanopar-
ticles near the grain boundaries in composites results in the increase of resistivity and the
shift of TMI towards the lower temperature region. Magnetic and electrical behaviours
are important physical properties of manganite materials. From the literature, the values
of TC and TMI are close to each other for bulk manganites [33]. Nevertheless, this differs
for nanocrystalline samples as demonstrated by our work here. The difference between
TC1 and TMI is given as ∆T and summarised in Table 2. The ∆T value is getting greater
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with the NiO content. This is because the electrical behaviour (TMI) is dependent on the
microstructural properties such as grain size and grain boundary, while the magnetic
behaviour (TC1) is a cumulative effect of intrinsic properties in manganites [24,34].
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To gain insight into the different scattering mechanisms in the metallic region (T < TMI),
the electrical resistivity data were fitted with the equation below [27,35,36]:

ρ(T) = ρ0 + ρ2T2 + ρ4.5T4.5 (2)

where ρ0 represents the grain/domain boundary effect, ρ2T2 is due to the electron–electron
scattering and ρ4.5T4.5 is attributed to the electron–magnon scattering process in the fer-
romagnetic region. The experimental data were fitted to the theoretical models in ρ − T
plots (not shown). The quality of fitting between them was accessed by the squared linear
correlation coefficient (R2) and a good match between experimental results and theoretical
models was obtained. The fitting parameters for all the samples are given in Table 3. It is
observed that ρ0 is greatest among all parameters. This implies that the residual resistivity
due to the grain/domain boundary is primarily responsible for the conduction process
in the metallic region. Interestingly, the ρ0 has experienced a drastic increase compared
to ρ2 and ρ4.5 as the NiO content increases in composite samples. This observation con-
firmed that the segregation of NiO at the grain/domain boundary and required electrons
to tunnel through the NiO layer during the conduction process. Besides that, it can be seen
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that ρ0 decreases with the application of the magnetic field. This might be attributed to
the increase of domain size under the influence of the magnetic field, thus reducing the
value of ρ0 [5]. The polaron conduction is likely to responsible for the conduction in the
semiconducting region (T > TMI) [37]. The small polaron hopping (SPH) model arising
from the strong-phonon coupling due to the Jahn–Teller distortion is given by [38,39]:

ρ(T) = ρaT exp(Ea/KBT) (3)

where ρa is the temperature-independent coefficient, KB is Boltzmann’s constant and Ea is
the activation energy of the polaron. Figure 5 shows the graph of ln (ρ/T) against 1/T. The
plot followed a linear relation at the high-temperature region and the obtained parameters
are summarised in Table 3. The good fit between our data and the SPH model demonstrates
that the conduction mechanism for the LCMO:NiO composites in the high-temperature
region is mainly contributed by the hopping process of small polaron. As shown by the
previous studies, the Ea in SPH is related to the height of the phase boundaries [40,41].
It is interesting to point out that the Ea values calculated for the LCMO:NiO composites
in this work do not show a significant change with the increasing NiO content. This is
contradicted with the previous works as the magnetic disorder in the secondary phase
will dominate the conduction process and leads to a higher resistive phase boundary, so a
higher Ea is required for the higher concentration of the secondary phase [17,18]. However,
the SPH model still accords well with the conduction mechanism in the high-temperature
region. Hence, the scattering mechanism in the metallic region can be sufficiently described
by the theoretical models as the resistivity data were well fitted with Equations (2) and (3).

Table 3. Parameters obtained corresponding to the best fit of the experimental data based on Equations (2) and (3) for (1−x)
LCMO: x NiO (x = 0.00, 0.05, 0.10, 0.15 and 0.20).

NiO
Content, x

H (kOe)
ρ(T) = ρ0+ρ2T2+ρ4.5T4.5 ρ(T) = ρaT exp(Ea/KBT)

ρ0
(Ω cm)

ρ2
(Ω cm K−2)

ρ4.5
(Ω cm K−4.5) R2 Ea (meV) R2

0.00
0 −0.131 0.0047 −9.81 × 10−10 0.998 1.589 0.999

10 −1.373 0.0037 −9.00 × 10−10 0.998 - -

0.05
0 50.840 0.0133 −4.20 × 10−8 0.999 1.552 0.998

10 37.576 0.0102 −3.01 × 10−8 0.999 - -

0.10
0 607.812 0.0534 −2.40 × 10−7 0.999 1.545 0.998

10 250.109 0.0845 −3.87 × 10−7 0.997 - -

0.15
0 - - - - 1.585 0.999

10 - - - - - -

0.20
0 - - - - 1.540 0.997

10 - - - - - -
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Figure 6 illustrates the MR (%) as a function of external applied magnetic field
(0–10 kOe) curves from 80–300 K for (1−x) LCMO: x NiO, x = 0.00, 0.05, 0.10, 0.15 and 0.20.
The MR (%) is defined by Equation (4):

MR (%) =
ρH − ρO

ρO
× 100 (4)

where ρO and ρH represent the resistivities without and with an applied magnetic field,
respectively. The MR (%) curves display two distinct regions as the magnetic field increases.
The first region (H ≤ 2 kOe), better known as LFMR, exhibits a steeper slope in contrast
with another part of the curve. The LFMR effect can be attributed to the spin polarised
tunnelling across the grain boundaries [11]. The disorder spins in manganite will align
when the magnetic field starts to apply, and this causes a drastic drop in resistivity at the
low field region due to the electron hopping enhancement. On the other hand, the MR (%)
increases linearly with the applied magnetic field with a reduced slope in the high field
region above 2 kOe. The high field magnetoresistance can be explained by the slow rotation
of the grain core and the reduction in the probability of domain-wall scattering with the
application of a magnetic field [42,43]. The pure LCMO sample obtained the highest MR
(%) in this work, which is 29.41% at 80 K (10 kOe). To investigate the variation of magnetic
fields on the MR (%) of LCMO:NiO composites, plots of MR (%) against T at 2 kOe and
10 kOe are presented in Figure 7. It is observed that LFMR (2 kOe) is more pronounced at
low temperatures by showing a higher value as the temperature decreases. The intrinsic
MR (%) plot (10 kOe) can be explained by the suppression from spin fluctuations, where
the spins are aligned parallel to the magnetic field and exhibit a high MR (%) value near
the TMI or TC. As displayed by MR (%) curves at 2 kOe, the MR (%) of LCMO and its
composites increases monotonically with the decrease in temperature and the LFMR was
observed. However, the LFMR becomes narrower above 80 K as the NiO content increases
and there is no improvement of LFMR contributed by the composites compared with the
pure LCMO. In fact, the LFMR originates from the spin polarised tunnelling near the grain
boundaries, and grain boundaries can be enhanced through the grain size reduction or the
addition of a secondary phase by creating the artificial grain boundaries. The thickness of
the grain boundaries created by NiO in this work may exceed the spin memory length and
too thick for spin-preserving electron tunnelling [17,44]. As a result, the spin-dependent
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tunnelling process is impaired and induces a decrease in LFMR in composite samples. In
addition, the thickness of grain boundaries could also be the cause of the fluctuation that
happened at MR (%) curves at the high-temperature region, as well as the inconsistency of
the Ea calculated by SPH fitting in this work compared to previous studies.
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4. Conclusions

The LCMO:NiO composites were successfully synthesised by the sol–gel method.
Their structural, microstructural, magnetic, electrical, and magneto-transport properties
were systematically studied in this work. The XRD analysis showed that LCMO crystallised
into orthorhombic (Pnma) and NiO into cubic (Fm-3m) structures. Both phases coexisted
in the composite samples. As NiO content increases, the changes in the lattice constants of
composites are insignificant, indicating that NiO was segregated outside the LCMO grains
and at the grain boundaries. From microstructural characterisation, the average grain size
of composites reduced to ~70 nm with the addition of NiO and confirmed the composite
structure of LCMO:NiO. The temperature dependence of AC susceptibility showed double
transition for composite samples due to the presence of the antiferromagnetic material
(NiO) at the grain boundaries or grain surfaces. The NiO nanoparticle acted as a barrier to
charge transport in composites and shifted TMI to lower temperatures. From the theoretical
model fitting in the metallic region, the residual resistivity due to the grain/domain
boundary is mainly responsible for the conduction process. The LFMR was observed and
it is more pronounced at low temperatures. However, there is no improvement of LFMR
contributed by the composites compared with the pure LCMO. The concentration of NiO
used in this work may create the grain boundary which is larger than the spin memory
length and hampered the electron tunnelling process. The findings presented are able to
provide some insights into the composite design development especially in the control of
secondary phase concentration.
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