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Abstract
We have synthesized La0.67Ca0.33MnO3 (LCMO):xZnO (0 � x � 0.475)
composites through a citrate gel route and have characterized them for magnetic
and magnetotransport properties. In lower concentrations (x � 0.13), ZnO
mostly goes into the perovskite lattice substituting Mn in LCMO and segregates
less in the grain boundary region, but at higher concentration (x > 0.13) it
segregates mostly at the grain boundaries of LCMO and influences the transport
properties significantly. A model is proposed which describes the overall
resistivity of the system as a parallel combination of a low resistive intragrain
conducting path and a high resistive intergrain insulating path. Using this
approach, the grain and grain boundary contributions to the overall resistivity
are separated for all the composites. The field dependent resistivity shows that
all the composites have higher values of MR at the transition temperatures (TMI)
compared to that in pure LCMO (x = 0). The highest value of MR is obtained
for x = 0.10 and is 76.6% at 80 kOe field near TMI.

1. Introduction

Perovskite manganites have been the subject of intense research in the last few years because of
their inherent potential to exhibit a wide variety of interesting physical properties which include
colossal magnetoresistance (CMR) [1]. The work of Jin et al [2] triggered extensive research in
this fascinating field. The CMR effect, caused by the ‘double exchange’ mechanism, proposed
by Zener [3] in 1951, is useful to mostly explain the intrinsic CMR within the grains. CMR
related to extrinsic effects, on the other hand, is largely dependent on the grain boundary
properties and is generally ascribed to the spin polarized intergrain tunnelling of conduction
electrons [4]. Since the tunnelling process takes place across the interfaces or grains separated
by an energy barrier (related to the magnetic disorder [5]), dilution with secondary phases
in the manganites, which impede the magnetic homogeneity near the grain boundary area,
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will adjust the barrier layer and, hence, influence the tunnelling process. Also, since these
extraneous effects act as pinning centres in remagnetization by domain wall displacement [6],
a small field will align the neighbouring ferromagnetic (FM) grains and hence an enhanced
magnetoresistance (MR) response can be achieved at low fields and at low temperatures. This
extrinsic effect is observed in a wide temperature range and at low fields (H � 1 kOe) and
makes it more useful from an application point of view.

Although spin-polarized tunnelling through the grain boundaries leads to high MR at
low fields at a composition called the percolation threshold for the composite system, its
magnitude falls off rapidly with temperature. Several workers have attempted to enhance the
low temperature low field MR (LFMR) or the room temperature MR by making composites
of these CMR oxides like La0.67Ca0.33MnO3 (LCMO) or La0.67Sr0.33MnO3 (LSMO) with
secondary phases such as an insulating oxide [7–11], a hard ferromagnetic material [12], a soft
magnetic material [13], a polymer material [14], a glass [15], a metal [16] or metal oxide [17] or
with other CMR oxides [18, 19]. But in every case the basic objective is to increase the height
of the tunnel barrier between the neighbouring FM grains. Awana et al [20] have studied the
effect of Zn substitution on the magnetic transition temperature in La0.67Ca0.33Mn1−x ZnxO3 for
x = 0.0–0.50. Although they have carried out structural, magnetic and thermal measurements
for the entire range, they did not report the transport measurements on these. The present
investigation is an attempt to increase the MR of magnetoresistive LCMO through the formation
of a composite with ZnO. Since ZnO is a semiconducting material, it should affect the electrical
transport of the composites. We have performed room temperature powder diffraction to
confirm the phase formation. Magnetization (M versus T ) and electrical resistivity (ρ versus
T ) measurements have been carried out with and without magnetic field to characterize the
magnetotransport properties of these composites. A correlated polaron hopping model has
been used to analyse the transport data that gives a satisfactory fit with the experimental data
throughout the temperature range studied by us, and the results are presented in this paper.

2. Experimental details

A standard citrate-gel route has been used to synthesize La0.67Ca0.33MnO3 (LCMO):xZnO
(x = 0.0–0.475) composites [10]. Stoichiometric amounts of La2O3, CaCO3, MnCO3 and
ZnO (all Aldrich Chemical with purity more than 99.5%) were first converted to aqueous nitrate
by the addition of concentrated HNO3, where MnCO3 was precipitated as insoluble black
MnO2. The addition of citric acid dissolved the insoluble residue leading to the formation
of a cation–citric acid complex. Ethylene glycol was then added to this cationic complex.
Vigorous stirring of this resulting sol solution for 1–2 h, followed by heating at around 90 ◦C
for several hours, led to the formation of a brown transparent gel. On further heat treatment of
the gel at about 150 ◦C, a fluffy dried mass was obtained. The precursor powder so obtained
on calcining at 800 ◦C for 2 h in air resulted in the formation of the desired phase. The final
sintering of the pressed rectangular pellets was done at 1200 ◦C for 2 h in static air.

Room temperature powder x-ray diffraction (XRD) patterns of the samples were recorded
with a Philips PW 1729 diffractometer in the 2θ range 20◦–80◦ with a step size of 0.050 using
Cu Kα radiation. A microstructural study was done using an environmental scanning electron
microscope (ESEM model SEI QUANTA 200). Magnetization measurements were carried out
using a vibrating sample magnetometer (Oxford VSM) in the temperature range 4–300 K. The
temperature dependence of electrical resistivity (ρ(T )) was measured by a standard four probe
dc technique in a quantum design PPMS (model 6000) in the temperature range of 4–320 K.
The magnetic field dependence of resistivity was measured in a field of 80 kOe in the same
temperature range.
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Figure 1. (a) Room temperature powder x-ray diffraction patterns of LCMO:xZnO (0 � x �
0.475) composites. (b) Intensity of the strongest peak (101) of the ZnO phase with composition,
x , for the LCMO:xZnO (0 � x � 0.475) composites.

3. Results and discussions

The XRD patterns of the composites LCMO:xZnO are shown in figure 1(a). In lower
concentrations (x � 0.13) ZnO mostly goes into the perovskite lattice substituting Mn in
LCMO and segregates less in the grain boundary region, but at higher concentration (x > 0.13)
it segregates mostly at the grain boundaries of LCMO. The intensity of the ZnO lines increases
with composition, x . The logarithmic intensity of the strongest peak (101) of the ZnO phase
has been plotted against composition, x , in figure 1(b). There is a clear change in the slope,
d(Ints.)/dx , near x = 0.13, indicating the segregation of ZnO in the grain boundary region
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Figure 2. (a) Shifting of the most intense line (002, 200) and change in crystal symmetry of
LCMO:xZnO composites. The vertical line is a guide to the eye. (b) Shifting of the second intense
line (123, 321, 042) and change in crystal symmetry of LCMO:xZnO composites.

for x � 0.13. Awana et al [20] have, however, observed an isostructural substitution of Zn at
the Mn site up to x = 0.30. Beyond this value of x , they observed some extra lines, which
they have attributed to the presence of ZnO in the system as a separate phase. As discussed
below, this is also true for the present system. Lattice parameters of the orthorhombic LCMO
in the composite system have been calculated by a least-squares fitting of the observed 2θ (or
d) values in the x-ray powder diffraction data and are given in table 1. The variation in lattice
parameters does not show any regular trend. The crystal symmetry changes from orthorhombic
to cubic in the presence of Zn in the LCMO matrix, which becomes prominent for x � 0.30.
Shifting of the two most intense lines (002, 200) and (123, 321, 042) along with the gradual
change in crystal symmetry is shown in figures 2(a) and (b), respectively.
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Table 1. Variation of lattice parameters and unit cell volume with composition, x , for LCMO:
xZnO composites.

LCMO:xZnO (x) a (Å) b (Å) c (Å) Cell volume (Å3)

0 5.46 7.71 5.47 230.29
0.05 5.45 7.70 5.47 229.49
0.10 5.45 7.70 5.46 229.28
0.13 5.45 7.70 5.46 229.03
0.20 5.45 7.71 5.47 229.59
0.30 5.46 7.72 5.46 230.02
0.45 5.45 7.72 5.46 229.46
0.475 5.45 7.71 5.46 229.35

Table 2. Magnetization and electrical transport parameters of the LCMO:xZnO composites
obtained from the experiment.

x TC (K) MS (emu g−1) TMI (K) ρMI (� cm) Peak MR (%)

0.0 264 91.6 260 0.45 59
0.05 240 90.8 232 2.94 68
0.10 227 86.4 217 24.24 77
0.13 226 84.0 217 37.37 67
0.20 223 82.3 222 0.97 73
0.30 225 78.6 220 3.29 76
0.45 229 67.0 211 5.03 —
0.475 235 65.2 205 40.93 —

Scanning electron micrographs (figures 3(a)–(c)) along with an EDX analysis of the
thermally etched surface of the composite samples show uniform distribution of ZnO
throughout the matrix for lower concentration of ZnO. But ZnO gets segregated for higher
concentration (x � 0.13). The microstructures show uniform compaction with varying particle
size of the order of 1–2 µm and even less. For low concentrations of ZnO (x � 0.10), Zn
enters the LCMO lattice and hence the entire matrix shows the presence of Zn. Also, for
x = 0.10, refined smaller grains with better size distribution are seen. ZnO appears to work as
a sintering aid. As x increases, Zn segregates as a separate phase (ZnO) in the LCMO matrix,
which is seen as brighter spots in the microstructure. Also with increasing x , the cluster sizes
of ZnO increase ensuring better interparticle contact between LCMO grains. An EDX analysis
with spot scan of the micrographs indicates that for smaller x , ZnO tends to go to the lattice.
As x increases, more and more Zn diffuses from the interior of the LCMO grains and gets
segregated in the grain boundaries. So ZnO cluster sizes increase with increasing x , as seen in
the micrographs. The higher wt% of Zn (for samples with higher x values) is seen as brighter
spots in figure 3(c).

The temperature (T ) dependence of magnetization (M) has been measured in an applied
field of 5 kOe for all the composites and the results are shown in figure 4. If all Mn3+ and
Mn4+ spins are aligned parallel due to double exchange, the saturation magnetization, MS,
value expected for pure LCMO, x = 0.0, would be approximately 98 emu g−1 (assuming a
spin only moment), which is about 6% higher than the value measured in our pure LCMO
sample. The magnetic data on all the composites are given in table 2. The value of MS for
our pure compound (x = 0) agrees well with that reported in the literature [21]. Saturation
magnetization decreases with x as expected, due to the decrease in the volume fraction of the
LCMO phase and increase of the nonmagnetic ZnO phase in these composites. The variation



4094 D Das et al

Figure 3. Scanning electron micrographs of LCMO:xZnO samples with (a) x = 0.0, (b) x = 0.10,
and (c) x = 0.475. The bright spots in figure 3(c) correspond to Zn rich areas.

of saturation magnetization at 5 K with composition (x) is shown in the inset (a) of figure 4.
All the composites show similar M–T behaviour as the pure LCMO sample. All of them
show a sharp ferromagnetic to paramagnetic transition indicating magnetic homogeneity of
our samples. The Curie temperature, TC, obtained as the maximum inflection of the M–T
curve, shifts from 264 K for x = 0.0 to 240 K for x = 0.05 and further goes down to 227 K for
x = 0.10 and then remains essentially constant thereafter for x � 0.13. This suggests that up
to 10 mol% of ZnO, Zn has gone into the lattice substituting Mn and after that it is segregated
at the grain boundary, as also suggested by Ghosh et al [22] in their transition element doped
LCMO. The variation of TC with composition, x , is shown in the inset (b) of figure 4. Awana
et al [20] have also observed a decrease in TC with x and the rate of fall (dTC/dx) is smaller
for lower x (up to x = 0.075) than at higher concentrations of Zn. They find a reduction of
TC from 277 K for x = 0.0 to 185 K for x = 0.15. But for x > 0.15 they could not trace
TC clearly. In our present work, we have observed a distinct paramagnetic to ferromagnetic
transition in all the samples and the TC values for all of them are given in table 2.

The resistivity versus temperature behaviour of the composites is shown in figure 5 in the
temperature range 5–320 K. The room temperature zero field resistivity of the samples increases
with x up to x = 0.13 as shown in figure 6, and thereafter it decreases as x increases further.
All the composites show metal–insulator transition, close to their ferromagnetic transition



Magnetic and electrical transport properties of LCMO 4095

0 50 100 150 200 250 300 350

 
 

0.0 0.1 0.2 0.3 0.4 0.5

0.0 0.1 0.2 0.3 0.4 0.5

(b)

(a)

x = 0.475

x = 0.0

T (K)

x (mol. fraction ZnO)

x (mole fraction ZnO)

220

230

240

250

260

270

T C
 (

K
)

60

65

70

75

80

85

90

M
S
 (e

m
u/

g)

At 5K and at 5 kOe

0

20

40

60

80

100

M
 (

em
u/

g)

Expt
Theory

Figure 4. Plot of magnetization (in 5 kOe field) versus temperature for the LCMO:xZnO
composites. Inset (a): variation of the saturation magnetization at 5 K with composition (x)

from the experimental data and the calculated moment based on the magnetic LCMO fraction only.
Inset (b): variation of TC with composition, x , in LCMO:xZnO composites.

temperature, which shifts from 262 K for x = 0.0 to 216 K for x = 0.10 and then remains
constant at around 217 K for the other composites. The room temperature or the peak resistivity
at TMI does not increase as much as is observed in the case of LCMO:xSiO2 composites studied
earlier [10]. The variation of room temperature resistivity with composition (x), shown in
figure 6, indicates an approximately two orders of magnitude increase in resistivity for the
x = 0.13 sample compared to that of pure LCMO, but no percolation limit is observed in
this case. If Zn substitutes Mn in the perovskite lattice, being a diamagnetic ion, it cannot
participate in the double exchange (DE) mechanism involving Mn3+ and Mn4+ ions through
the Mn3+–O–Mn4+ network, so, in effect, it dilutes the DE process and hence the resistivity
increases initially up to x = 0.13. Also Zn2+ at the Mn site, being a bigger ion, should compress
some Mn3+–O–Mn+4 bonds which in turn should lead to bond angle distortion (<180◦) and
will result in a reduction of the mobility of the charge carriers as suggested by Ghosh et al
[22]. But since Zn2+ cannot acquire a higher valent state, it induces a higher residence time
of the higher valent Mn ion, namely Mn+4, in its close vicinity thereby causing a local charge
ordering. The local charge ordering in turn would straighten out some Mn3+–O–Mn4+ bonds in
its immediate neighbourhood and will make the Mn+3–O–Mn4+ angle close to 180◦, releasing
strain in the system which will lead to the improved mobility of the charge carriers [22]. This
effect becomes prominent for x � 0.20.

To discuss the variation of room temperature resistivity with composition, the following
model is proposed. The overall transport of the system can be discussed in terms of a
combination of intragrain and intergrain hopping of the conduction electrons between the
neighbouring sites. As the overall transport is governed both by low resistive intragrain
and high resistive intergrain conduction, the equivalent resistivity of the system is a parallel
combination of grain (ρg) and grain boundary (ρgb) as shown schematically in figure 7. The
equivalent resistivity, ρ can be expressed as

1

ρ
= 1

ρg
+

1

ρgb
. (1)
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Figure 5. Zero field resistivity behaviour of the LCMO:xZnO composites with temperature.
Resistivity behaviour of pure ZnO (x = 1) with temperature is also shown (right hand Y axis
scale).
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(x). The solid line is the theoretical fit based on the model proposed in the text.

The resistivity of ZnO is more than that of pure LCMO throughout the temperature range
studied. Moreover, due to the disordered nature of the grain boundaries, grain boundary
resistance is more than the resistance inside the grains. Zn behaves differently at different
concentrations. At low concentrations, in the range, 0 � x � 0.13, much of the Zn goes inside
the grains substituting Mn in the LCMO lattice and less of it (ZnO) goes to the grain boundary
region which is not seen as a separate phase, as shown in figure 3(b). In this composition
range, as x increases both ZnO within the grain and grain boundary increases such that the
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Figure 7. Circuit model of the grain and grain boundary conduction in a
LCMO:xZnO composite system.

contribution of grain and grain boundary to total resistivity can be expressed as

ρg (� cm) = 0.2 + αx (2)

ρgb (� cm) = 1 + βx (3)

where α and β are the coefficients which determine the grain and grain boundary contributions,
respectively, to the total resistivity of the system and x is the ZnO concentration. Above
x = 0.13, the resistivity of the composite suddenly falls to that of pure LCMO. The
concentration at which this fall occurs may be considered as the critical concentration,
xc (=0.20). At higher concentrations, x > 0.13, much of the ZnO goes in the grain boundary
and less goes inside the grain. Microstructural studies support this observation. In the range
0.13 � x � 0.45, since ZnO goes out of the grains and segregates in the grain boundary region,
it improves the interparticle contact inside the grains. In this range the overall resistivity is
much more dependent on the grain resistivity than on grain boundary resistivity. In this region
the grain and grain boundary resistivity can be expressed as

ρg (� cm) = 0.2 + α(x − xc) (4)

ρgb (� cm) = 1. (5)

However, beyond x = 0.45, the overall transport is governed mostly by the grain boundary
contribution. For x > 0.45, the grain and grain boundary resistivity can be taken as

ρg (� cm) = 0.2 + α(x − xc) (6)

ρgb (� cm) = 1 + β(x − xc). (7)

To fit our room temperature resistivity data we have taken α = 60 � cm mol−1 fraction ZnO
and β = 80 � cm mol−1 fraction ZnO in the whole composition range studied, 0 � x � 0.475.
With these values of α and β, and using equation (1), we have fitted the room temperature
resistivity data, and the fit is shown in figure 6 as a solid line. There is good agreement with
the experimental data throughout the whole composition range studied by us.

The temperature dependence of MR, measured in 80 kOe field (figure 8), shows a peak
near magnetic transition temperature which is caused by the intrinsic CMR effect. The MR
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behaviour below the transition temperature is interesting and is the manifestation of the extrinsic
CMR effect in the system. It shows a high value of around 60% for all the composites and
does not depend much on temperature below TMI. This weak temperature dependence of
MR is also observed in other CMR composites [8, 11] and has been explained on the basis
of spin dependent scattering at the grain boundaries. The enhancement of MR and its near
constancy at low temperatures can be ascribed to the magnetically disordered regions near the
grain boundary. Because of the secondary phases, the separation between conducting LCMO
grains may become comparable to spin memory length [15]. If the effect is only due to the
magnetically disordered region near the grain boundary, spin dependent scattering could be
essentially responsible for high MR and its near temperature independence below TMI. All the
composites show higher values of MR near TMI compared to that in pure LCMO and MR is
highest (76.6%) for x = 0.10 compared to 58.8% for the pure compound (x = 0). The MR
values of all the composites are shown in table 2. The variation of peak MR at the transition
temperature with composition (x) (displayed in the inset (a) of figure 8) shows a similar trend
to that of the room temperature resistivity variation with x shown in figure 6. The low field
MR behaviour is particularly interesting in the case of CMR composites. To see the low field
grain boundary magnetoresistance we have measured the temperature dependence of MR at
8 kOe field and the variation is shown in the inset (b) of figure 8 for some selected compositions
(x = 0, 0.05 and 0.30). It is interesting to note that all the composites show higher magnitude
of MR compared to pure LCMO at 8 kOe field and for x = 0.05 the peak MR is 29% which is
almost double that of pure LCMO (15%). So the CMR related to the extrinsic effect [23, 24]
is more pronounced in the low field magnetoresistance (LFMR) behaviour of the composites.

We now attempt to analyse the transport results (ρ versus T ) discussed above. The
resistivity data have been examined using the correlated small-polaron hopping model
discussed by one of the authors elsewhere [25]. In this model, the expression for resistivity is
given by

ρhop = AT

n

[
1 +

{
1 − c′m2 (t)

}
σ 2

a

]
cosh2

(
εp

2 (T + θ)

)
exp

(
U

T

)
(8)
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Table 3. Fitted parameters of the electrical resistivity of the LCMO:xZnO composites with
x = 0–0.475 with the correlated polaron hopping model described in the text. Here A/n is a
constant, n is the density of charge carriers, Tca is the charge order temperature, εp is the small
polaron stabilization energy. k, c and c′ are the coefficients which take care of the spin–spin
scattering, short range atomic order and magnetic scattering, respectively, in the metallic regime
and U0 is the polaron hopping activation energy.

x A/n (10−3 � cm K−1) n (1017 cm−3) Tca (K) εp (K) U0 (K) θ k

0.0 0.6 13.7 265 264 420 54 1.3
0.05 1.8 4.6 265 360 465 100 1.6
0.10 4.8 1.7 265 454 700 100 2.0
0.13 6.0 1.4 265 480 700 70 2.8
0.20 0.2 41.1 270 494 625 100 2.7
0.30 0.7 11.7 270 430 625 100 2.5
0.45 1.0 8.2 270 420 625 100 2.1
0.475 7.3 1.1 270 440 625 100 2.7

with

A = 1.13kB

νpha2e2
, (9)

where n is the density of charge carriers, νph is the frequency of the longitudinal optical
phonon mode to which the electron with charge e is coupled, a is the hopping distance
and m(t) (=M(T )/M(0)) is the normalized magnetization at the normalized temperature,
t (=T/TMI). Here TMI is the temperature at which the peak resistivity occurs (this temperature
is different from the magnetic transition temperature, TC), σa is the short range order parameter,
εp is the small polaron stabilization energy and U is the activation energy of the charge carriers,
U = U0ξ

2, where ξ2 = S2
a (1 − Sm)2 σ 2

a . Here U0 is a constant, Sa is the long-range atomic
order parameter and Sm is the long-range magnetic order parameter. To fit our resistivity data,
we have used S2

a = 1, σ 2
a = (1 − ct3

ca)
1/2 and (1 − Sm)2 = (1 − mk), where k is a variable

related to spin–spin scattering and dependent on the compositions (x). Here tca = T/Tca,
where Tca is the charge-order temperature [25] and m is obtained by solving m = tanh(m/t),
appropriate for a system which has two stable spin states, Sz = ±S. Since m = tanh(m/t) is
valid only for S = 1/2, the method used represents an approximation only. In equation (9) we
have taken νph = 5 × 1012 Hz and ‘a’ =3.85 Å. The θ added to T in the cosh term, compared
to the original equation discussed in [25], is to take care of the zero point vibration of the
atoms which prevent the complete localization of the polarons as T → 0. The coefficient
‘c’ appears in the expression for σa related to short range atomic order while ‘c′’ relates to
the magnetic scattering in the metallic regime and appears in equation (8). The values have
been taken as c = 0.70 and 0.85 for pure LCMO (x = 0). These coefficients for the other
composites (0.05 � x � 0.475) have been taken as 0.56 and 0.05, respectively, to fit the
resistivity data. The other parameters used to fit the resistivity data are given in table 3 and
the fit to the experimental resistivity data for the composites is shown in figures 9(a)–(f). In
each case, there is a good fit with theory for ρ(T ) in the range 20 K to TC. The localization
expected for T < 20 K in the actual system is not as sharp as predicted by the theory, though
in each case there is an indication of the upturn of the curve. In the paramagnetic regime, for
T > TMI, there is a small deviation from theory which may be due to short range spin order.

Using equations (8) and (9), and the parameters given in table 3, we have obtained the
charge carrier density, n. We have plotted the variation of n with composition in figure 10.
The charge carrier concentration (n) decreases from 13.7 × 1017 cm−3 for x = 0.0 to
1.4 × 1017 cm−3 for x = 0.13. This reduction of carrier concentration leads to a one order
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Figure 9. Fit of the experimental resistivity data with equation (8) discussed in the text for
LCMO:xZnO samples with (a) x = 0.0, (b) x = 0.05, (c) x = 0.10, (d) x = 0.13, (e) x = 0.20,
(f) x = 0.30, (g) x = 0.45 and (h) x = 0.475.

of magnitude increase in room temperature resistivity and two orders of magnitude increase
in peak resistivity for x = 0.13. For lower values of x (�0.13), Zn mostly goes into the
lattice in the Mn site, reducing the mobility of the charge carriers (since DE is hindered) and
segregates in a lesser amount in the grain boundary region, while for higher values of x , ZnO
mostly segregates at the grain boundary. Consequently, formation of a percolation path for the
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Figure 10. Variation of the charge carrier density (n) and spin–spin scattering coefficient, k, with
composition (x) of LCMO:xZnO composites.

conducting LCMO with a smaller amount of Zn in the host matrix leads to an improvement
in conductivity for x > 0.13 (figure 6). The spin–spin scattering term, which is related to the
exponent k of m in equation (8) and is associated with the long range magnetic order parameter,
Sm, follows the reverse trend to that of ‘n’ and is shown in figure 10. Xia et al [26, 27] have
observed a similar effect in their YSZ doped LSMO and LCMO samples, respectively.

4. Conclusions

For the La0.67Ca0.33MnO3:xZnO composites studied, Zn2+ mostly go into the perovskite lattice
of LCMO if x � 0.13. But beyond this value of x , ZnO mainly segregates as a separate phase
in the grain boundary region, improving the conductivity of the system. The overall transport
behaviour of the system is described as a parallel combination of the low resistive intragrain
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conduction and high resistive intergrain conduction. Using the same model, the grain and
grain boundary contribution to the total resistivity is separated out for all the composites. The
field dependent resistivity at 80 kOe shows that all the composites have higher value of MR
compared to those in pure LCMO close to the transition temperatures and is a maximum of
76.6% for x = 0.10 at TMI. All the composites show high low field MR at 8 kOe compared
to pure LCMO, and is highest at about 29% for x = 0.05. The experimental resistivity data
for all the composites shows a good agreement with the correlated polaron hopping model
throughout the temperature range.
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