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a b s t r a c t

In this study we report the structural, electrical and magnetic properties of (1 − x)La0.67Ca0.33MnO3

(LCMO)–(x)SrTiO3(STO) composites. For this series we have observed a minute change in ferromag-
netic (FM)–paramagnetic (PM) transition temperature with STO addition in LCMO matrix; however a
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reasonable change is observed in metal–insulator transition temperature, along with the occurrence of
percolation threshold for x = 0.30 sample. Overall pattern for temperature dependence of resistivity for
this series has been best-fitted using the formula 1/� = (1 − f)/�PM + (f/�FM), where�PM and �FM are the
resistivities of the PM and FM contents in the sample and f is the volume fraction of FM phase in the
sample. Investigations on magnetoresistance (MR) using magnetic field up to 3 T show enhancement of

osite

rain size
ercolation threshold
wo-phase model

extrinsic MR in the comp

. Introduction

Perovskite manganites with chemical formula RxA1 − xMnO3,
here R = La, Nd, Pr, etc. trivalent rare-earth ions and A = Sr, Ca, etc.
ivalent alkaline-earth ions, have attracted considerable research

nterest in recent years because of the observation of a huge
agnetoresistance (MR) in them, called the colossal magnetoresis-

ance (CMR) effect. These materials have unusually strong coupling
mong their lattices, spins, and charge degrees of freedom [1,2].
hese properties find applications in magnetic sensors, magnetic
witching of recording devices, magnetic refrigeration, etc. [3,4].
he intrinsic CMR, caused by the double exchange (DE) mechanism
roposed by Zener in 1951 [5], is useful to explain CMR phenom-
na mostly observed near TC. However the extrinsic CMR, which
s absent in a single crystal, is related to natural and artificial grain
oundaries (GBs). Spin polarized tunneling or spin dependent scat-
ering of the charge carriers at the GBs seems to be responsible for
his kind of CMR effects [2]. This extrinsic effect may enhance MR in
wide temperature range and can be more useful to satisfy practical
pplications.

For a better understanding of CMR a large num-
er of studies have been carried out in single crystals
6], thin films [7,8], polycrystalline CMR materials [9,10]
nd CMR-based composites [11–18]. Many groups have

ttempted to synthesize CMR–insulator composites, such as
a0.67Ca0.33MnO3 (LCMO)–MgO [11], LCMO–BaTiO3 (BTO) [12,13],
CMO–Al2O3 [14,15], La0.67Sr0.33MnO3–La2O3–La(OH)3 [16],
a0.67Sr0.33MnO3–polyaniline [17] and LCMO–SrTiO3 (STO) [18],

∗ Corresponding author. Fax: +91 651 2275401.
E-mail addresses: sskeshri@rediffmail.com, s keshri@bitmesra.ac.in (S. Keshri).
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samples which can be viewed in the light of spin polarized tunneling.
© 2011 Elsevier B.V. All rights reserved.

etc. Incorporation of insulating materials as a second phase is
believed to be advantageous to enhance extrinsic CMR behaviour
as they make the GBs insulating, thus creating a barrier in the way
of the charge carriers followed by an enhancement of tunneling
probability. The LCMO has been selected as the matrix material
by many researchers, because it is one of the well-studied man-
ganites among the large number of pure CMR materials studied
so far. In our previous papers, we have reported on the electrical
and magnetic properties of LCMO–BTO [12] and LCMO–STO [18]
composites. Both these series show a peaky intrinsic MR behaviour
at TC followed by a wide extrinsic MR behaviour below this tem-
perature. Our LCMO–BTO composites have shown extrinsic MR up
to 60% (at 20 K) in presence of 3 T magnetic field. But our previous
LCMO–STO composites show only up to 35% (at 5 K) for the same
magnetic field, although STO is a good insulator and supposed to
enhance the electron tunneling probability at the GBs. So our main
motivation behind the present investigation is to achieve large MR
of LCMO–STO composites for a wide temperature range; we have
tried to achieve this by reducing the grain size of LCMO matrix. It
is generally expected that a high value of the surface-to-volume
ratio with sharper GBs can enhance the MR. Hence studies on
such samples with high density GBs seem to be informative. In
the present paper, we have studied the structural, electrical and
magnetic properties of LCMO–STO series, prepared using LCMO
of smaller grain size (100–170 nm as compared to 5–7 �m for
previous case) and STO of 25–70 nm grain size (similar to previous
one).
The most remarkable feature observed in composite samples
is decrease in TMI with the increase of the grain boundary effect
whereas there is no significant change in TC [12,14]. Along with the
decrease in TMI, the resistivity curves become broader. Phenomeno-
logically, such transport behaviour can be explained by considering

dx.doi.org/10.1016/j.jallcom.2011.02.122
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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Mn–O bond which involves the internal motion of a change in bond
length in MnO6 octahedral and the band at about 592 cm−1 can
be caused by the Jahn–Teller effect [12,18,23,24]. In IR spectra of
STO two absorption peaks have been observed at ∼600 cm−1 and
S. Keshri et al. / Journal of Alloys a

two-phase model in which two kinds of conduction channels are
onnected in parallel to each other. Jaime et al. [19] have used an
ffective medium approach to compute the total resistivity of the
wo-component system for LCMO thin films. Their work explores
he possibility that a field- and temperature-dependent concen-
ration of metallic regions may occur within a semiconductive,
olaronic background having an activated electrical conductivity.
his model was further modified by Rubinstein [20] by incorpo-
ating the concept of f(T) which defines the fraction of the carriers
hat are in the metallic state, required as a reasonable function to fit
he two halves of the resistivity curve together. Several researchers
ave considered similar two-phase model for explaining transport
ehaviours of different CMR based composites, e.g. LCMO–Al2O3
14,15], LCMO–BaTiO3 [13] and LCMO–LCSMO [21], etc. However,
orking formulae used by them are not exactly same. Moreover, we
ave not come across this type of work on LCMO–STO composites.
ence in this paper, we have tried to make a theoretical investiga-

ion on the effect of STO addition on transport behaviour of LCMO
sing two-phase model. We have found that the fitted curves are

n good agreement with our experimental data.

. Experimental

In the present investigation, the polycrystalline composite series
1 − x)LCMO–(x)STO, where x = 0.0, 0.10, 0.20, 0.30 and 0.40, were prepared
n two steps. Firstly single phase LCMO was prepared from high-purity La2O3

99.99), CaCO3 (99.99%), and Mn(CH3COO)2 (99.99%) by pyrophoric reaction process
22]. The advantages of this technique are that it results small particle size, good
article size distributions, good compositional control and low sintering tempera-
ure. The powder was calcinated at 800 ◦C and 950 ◦C, respectively, for 12 h to form
perovskite phase. It was then mixed with fine powder of STO (99.99%) in required

atio and pressed into pellets. The pellets were finally sintered at 900 ◦C in air for 2 h,
nd then slowly furnace cooled to room temperature. Crystallographic structure of
he specimen was examined at room temperature by a Philips diffractometer using
u K� radiation for the range 20◦ ≤ 2� ≤ 80◦ with a step size of 0.02. The infrared
IR) transmission spectra were studied at room temperature by standard KBr pellet
echnique using a Perkin Elmer Fourier transform infrared (FTIR) spectrometer
Spectrum 1000). The surface morphology of the samples was studied using
EOL scanning electron microscope (SEM); equipped with Oxford INCA Energy
ispersive X-ray (EDX) Spectrometer. The transmission electron microscope (TEM)
bservation was performed with Philips (CM200) TEM. Sample for TEM study was
repared by dispersing the powder sample in isopropanol and then depositing the
esultant dispersed solution onto holey carbon coated copper grid. The electron
iffraction (ED) investigation was also carried out. AC susceptibility measurements
ere carried out with the variation of temperature down to 100 K where real and

maginary components were resolved using a Stanford lock-in-amplifier. For the
esistivity measurement sample was cut into rectangular shape from the prepared
ellet and the DC electrical resistivity as a function of temperature down to 5 K
as measured using the standard four-probe technique, in absence and presence

f magnetic field by means of a 8 T superconducting magnet.

. Results and discussion

.1. Structural and microscopic analysis

The phase purity and lattice parameters of the synthesized sam-
les were examined by means of powder X-ray diffraction (XRD)
t room temperature. The XRD patterns of (1 − x)LCMO–(x)STO
amples, where x = 0.0, 1.0, 0.10, 0.20, 0.30 and 0.40, are shown
n Fig. 1. Using ‘Checkcell’ software we have found that LCMO
as an orthorhombic structure with lattice constants a = 5.469(1) Å,
= 7.706(2) Å, and c = 5.457(1) Å having Pnma space group whereas
ure STO has a cubic structure with lattice constant a = 3.911(1) Å
aving Pm3m space group. It can be seen from this figure that for
omposite samples, the diffraction peaks caused by the individual
hases are distinguishable from each other. With increasing STO

ontent, intensity corresponding to pure LCMO phase decreases
nd that of STO increases. No additional peak of any other phase
s observed, indicating that the chance of interdiffusion between
CMO and STO is negligible. It is thereby believed that the com-
osites of this series consist of two chemically separated (LCMO
Fig. 1. XRD pattern of (1 − x)LCMO–(x)STO composite series, where x = 0.0, 1.0, 0.10,
0.20, 0.30 and 0.40 [#LCMO and *STO].

and STO) phases. The IR transmission spectra of the same series
measured at room temperature are shown in Fig. 2. This may be
mentioned here that unit cell of LCMO consists of central Mn atom
surrounded by six nearest neighbour oxygen ions in octahedral
structure, which contains six vibrating modes, but only two of
them are IR active. The first peak of this spectrum at ∼418 cm−1

corresponds to bending mode (vb) of bond angle and the strong
absorption peak at ∼592 cm−1 arises from stretching mode (v ) of
Fig. 2. Infrared spectra of (1 − x)LCMO–(x)STO samples.



5798 S. Keshri et al. / Journal of Alloys and Compounds 509 (2011) 5796–5803

der) s

∼
o
p
n
w
t
f
i

F
h
s
h
a
E
s
s
t
u

Fig. 3. SEM micrographs of (a) x = 0 (LCMO), (b) x = 0.30 and (c) x = 1.0 (STO pow

425 cm−1 correspond to the Ti–O stretching modes, similar type
f result has been found by Zhou et al. [25] also. IR spectra of com-
osite samples contain the absorption peaks of both the phases and
o other additional peak. However, it can be observed that the peak
idth of composite samples at 592 cm−1 increases with STO addi-

ion. Since absorption peaks at 592 cm−1 for LCMO and at 600 cm−1

or STO are overlapped for composite samples, chance of minute
nterdiffusion if any, cannot be understood from FTIR result.

The SEM images of x = 0, 0.30 and 1.0 samples are shown in
ig. 3(a)–(c). Both the pure (LCMO and STO) samples have almost
omogeneous distribution of spherical grains; grain size of STO is
maller than that of LCMO. From SEM as well as EDX studies we
ave understood that the STO grains segregate at the grain bound-
ries and on the surfaces of the LCMO grains. Fig. 3(d)–(f) shows

DX spectrum of three selected positions of x = 0.30 sample. As the
tructural characterization through TEM provides visual demon-
tration of grain distributions more exactly, we have carried out
his study also. The microstructures of x = 0, 0.40 and 1.0 samples
sing TEM are shown in Fig. 4(a)–(c). The micrographs show that
amples; (d)–(f) show the EDX results of the regions ‘A’, ‘B’ and ‘C’, respectively.

the grains of LCMO and STO are nearly spherical in shape. The aver-
age grain size of LCMO and STO is found in the range of 100–170 nm
and 25–70 nm, respectively. From TEM pattern of x = 0.40 sample
we find that the two phases, LCMO and STO of different grain sizes
are present as individual components in the composite without
intermixing. The ED patterns, as shown in Fig. 4(d)–(f), show that
diffraction rings are discontinuous and consist of bright spots, indi-
cating that the samples are well crystallized. No dislocations or
other extended defects are observed. The ED pattern of x = 0.40
composite shows an overlapped appearance constructed as a result
of superposition of the diffraction patterns of pure LCMO and STO.

3.2. AC susceptibility
The magnetic behaviour of the grown samples has been anal-
ysed by studying temperature variation of real (�′) component
of AC susceptibility (Fig. 5). The frequency of AC signal has been
kept constant at 131 Hz for entire experiment. The paramagnetic
(PM) to ferromagnetic (FM) phase transition temperature which
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Fig. 4. TEM micrograph of (a) LCMO, (b) x = 0.40 sample and (c) STO; (d–f

s known as Curie temperature TC is determined from minimum
oint of (d�′/dT) versus temperature plot. It is observed that on
ecreasing the temperature below TC, susceptibility curve shows a
mall downturn indicating the presence of FM phase with a possi-
le amount of anti-ferromagnetic (AFM) phase [26]. The possible
eason of such phenomenon is due to the role of grain bound-
ry and grain surface. The exchange interactions (DE interaction
n3+–O–Mn4+ and AFM super exchange interaction Mn3+–O–Mn3+

nd Mn4+–O–Mn4+) are weak at grain boundaries compared to
hose inside the grain [27]. The grain boundary effect becomes more
rominent in lower temperature side [12], resulting in a downturn

n the �′–T curve. From Fig. 5 it is evident that a sharp PM–FM
ransition occurs for LCMO at TC = 283 K. For composite samples
ith addition of STO, the transition width increases with a minute
ecrease in TC, as observed for our LCMO–BTO composites [12] also.
rom these results we can argue that the magnetic coupling inter-
ction within LCMO grains has not been significantly compressed

ecause of STO addition. The inconsistency of TC between the pure
nd composite samples may be due to the different oxygen content
n these samples. With the increase in non-magnetic STO content,
he volume fraction of LCMO dilutes resulting in a decrease in the

ig. 5. Real part of AC susceptibility plotted as a function of temperature for
1 − x)LCMO–(x)STO composite series.
ron diffraction pattern of the selected area of the corresponding samples.

value of �′. Moreover, the existence of STO grains probably causes
an increase in grain boundary pinning centers of LCMO grains, pro-
hibiting the hopping of eg electrons between two neighbour ions
below TC [28]. It may act like a pinning centre for the domain rota-
tion giving rise to a decrease in magnetization [29].

3.3. Resistivity

Temperature dependence of resistivity (�) of the pure LCMO
and the composite samples is shown in Fig. 6 for the tempera-
ture range 5–300 K. Parent sample shows extrinsic metal–insulator
(M–I) transition at temperature TMI = 231 K with an indistinct peak
corresponding to intrinsic M–I transition nearly at TC = 283 K;
whereas composite samples show hump type extrinsic transition
only. While comparing these results with that for previous series
[18], as shown in inset of Fig. 6, we find that the previous parent
sample shows only intrinsic M–I transition around TC whereas its
composite samples show double hump corresponding to both types
of transitions. In present case the order of resistivity is enhanced
by ∼102 times compared to that for previous series. These findings
can be interpreted as follows. For composite samples with addition
of insulating phase there exist two kinds of conduction channels
connected parallel: one is the direct contact between CMR grains
and the other is through insulating grains [12,18]. Composite sam-
ples of present series have more contact area with smaller core,
resulting in reduced conductive channels compared to that of pre-
vious series. Thus extrinsic behaviour dominates for the first one,
which reflects in resistivity behaviour in the form of occurrence of
extrinsic peak only with disappearance of intrinsic one.

Fig. 6 shows that with the increase in percentage of STO, TMI
shifts towards lower value till x = 0.30 and resistivity increases.
However for x = 0.40 these trends reverse and a percolation thresh-
old is observed for x = xm ∼ 0.30. A similar behaviour has also been
observed in case of many other CMR based composites [12,18,30].
Suppression of transition temperature to the lower value up to
30% increase in STO suggests towards the suppression of the DE
mechanism across the grain boundaries and the average size of
LCMO cluster decreases with increase in intergranular effect. How-

ever for further increase in STO content (40%), the smaller STO
grains start clustering because of which LCMO grains constitute
a three-dimensional percolation connection without being sur-
rounded completely by the STO phase and as a result charge carriers
find an alternate path showing a decrease in resistivity.
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ig. 6. (a) and (b) Resistivity of the present composite series in the temperature
ange 5–300 K. Inset shows the resistivity data of our previous LCMO–STO series
16].

Fig. 7(a) shows the normalized resistivity as a function of tem-
erature for the complete series. At sufficiently low temperature
∼35 K) a noticeable resistivity minimum is observed for each sam-
le, following an upturn on further decrease in temperature. It is
bserved that the upturn in the resistivity increases with addition
f STO phase till x = 0.30 and again decreases for x = 0.40. This is
nother extrinsic effect commonly found in polycrystalline sam-
les [31,32]. We have noticed a steeper low-temperature resistivity
pturn for this series compared to that for previous series because
f reduction of grain size. When the grain size is small the energy
arrier at sufficiently low temperature is quite large, so the charge
arriers are inhibited from tunneling from grain to grain giving rise
o a steeper rise in resistivity. As the average grain size increases
he contribution from Coulomb barriers decreases and charge car-
iers find enough energy to tunnel through the grains and upturn
ecome less significant. According to a theoretical model proposed
y Sheng et al. [33], resistivity for this region can be represented by
he equation.

(T) = A exp

(√
�

T

)
, (1)
ith � ∼ EC where EC is the charging energy. Fig. 7(b) shows the
lots of �(T)/�(300) versus 1/

√
T curve in the lowest temperature

egime which exhibits a linear dependence up to ∼35 K. The slope
f individual fit is proportional to an electrostatic Coulomb energy
arrier between the grains. The value of EC from these fits have
mpounds 509 (2011) 5796–5803

been found to be 0.001, 0.236, 1.59, 3.29 and 0.62 K for x = 0.00,
0.10, 0.20, 0.30 and 0.40, respectively. It has been observed that
EC increases till x = 0.30 sample, which corresponds to percolation
threshold. It is because of the fact that with the increase in STO till
this sample, average grain size decreases due to the smaller grain
size of STO as compared to LCMO. However for x = 0.40 sample the
smaller STO grains tend to form a cluster like structure; as a results
the average grain size increases and thereby EC decreases compared
to that for x = 0.30. Our findings are in agreement to that of Phong
et al. [14] who have fitted their low temperature resistivity data
of nanocrystalline LCMO–Al2O3 composite sample using the same
model.

The temperature-dependence of the composite series in pres-
ence and absence of 3 T magnetic fields is shown in Fig. 8(a)–(e).
Previous studies [34,35] show that the resistivity data for such sam-
ples in metallic region (T < TMI) are governed by electron scattering
process and fit well with an equation of the type

�FM = �0 + �2T2, (2)

where �0 is the resistivity due to the domains, GBs and other tem-
perature independent scattering mechanism, where the T2 term is
indicative of a combined effect of scattering of electron–electron,
electron–phonon and electron–magnon [14]. The �FM(T) data fits
well with the above equation. On the other hand in insulating
regime (T > TMI), PM insulating phase is dominated by the hop-
ping motion of self-trapped small polarons [36]. The conventional
expression for �(T) in this region is as follows:

�PM = �˛T exp
(

EA

kBT

)
, (3)

where �˛ is a constant and EA is the activation energy and kB is
Boltzmann constant. The variation of resistivity in presence of 0
and 3 T magnetic fields have been compared in Fig. 8(a)–(e); with
the application of field the indistinct peak corresponding to intrin-
sic M–I transition of the pristine sample disappears. The addition
of STO and the magnetic spin disorder interfaces play the role of
energy barriers for the conduction electron and hence lead to an
increase in resistivity in the absence of an external magnetic field.
When the field is applied, spin disorder is suppressed and within
the disordered region Mn spin realign along the direction of field;
as a result the tunneling resistivity substantially reduces.

For such a two-phase system, transport properties can be deter-
mined by percolation mechanism and resistivities of the entire
composite series, with and without magnetic field, can be written
as:

1
�

= (1 − f )
�PM

+ f

�FM
, (4)

where �PM and �FM are the resistivities of the PM and FM con-
tents in the sample as given in Eqs. (2) and (3), respectively, and
f is the volume fraction of FM phase in the sample. The tempera-
ture and field dependence of phase fraction f(T,H) can be given by
phenomenological equation

f (T, H) = 1
1 + exp{�U(T, H)/kBT} , (5)

where �U is the energy difference between the metallic and insu-
lating states and may be expressed as:

�U∼ − U0

(
1 − T

Tmod
C

)
. (6)
The ground is the FM state which is of lower energy than insu-
lating state, hence in this expression −U0 is taken as the maximum
energy difference for temperature region well below transition
temperature. Eq. (5) describes that the value of FM phase fraction f
is zero and unity below and above TMI, respectively. The parameter
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Fig. 7. (a) Normalized reduced resistivity versus temperature for the same series. (b) Plots of �(T)/�(300 K) versus 1/
√

T , where symbols are the experimental data points
and the solid line corresponding to each sample denotes the low temperature resistivity fit to the Eq. (1).

Fig. 8. (a–e) Temperature dependence of resistivity at 0 and 3 T and MR for (1 − x)LCMO–(x)STO samples. Symbols are the experimental results and solid lines are the graphs
fitted by Eq. (4). (f) Temperature variation of MR of all samples at 3 T magnetic field. Inset shows the MR of our previous LCMO–STO series at 3 T [16].
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Table 1
TMI, TC and the parameters obtained corresponding to the best fit by Eq. (4) to the experimental data of (1 − x)LCMO–(x)STO composite samples, where x = 0.0, 0.10, 0.20, 0.30
and 0.40.

Sample �0 (� cm) �2 × 10−5 (� cm K∼2) �a × 10−4 (� cm) EA/kB (K) UA/kB (K) Tmod
C (K) TMI (K) TC (K)

0 T
x = 0.0 0.53 0.61 0.44 1356 251 232 231 283
x = 0.10 3.87 LO 0.66 1430 160 178 170 283
x = 0.20 17.53 0.1 1.5 1507 125 154 154 280
x = 0.30 49.21 3.35 2.51 1610 91 151 152 280
x = 0.40 39.36 0.01 4.1 1570 165 169 170 281

3 T
x = 0.0 0.34 0.70 0.36 1296 247 235 234 –
x = 0.10 2.64 1.21 0.65 1410 210 ISO 181 –
x = 0.20 13.82 0.18 1.6 1443 189 163 163 –
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x = 0.30 39.58 2.6 3.2
x = 0.40 31.57 0.01 0.44

mod
C has been considered as the theoretical value of TC by some
esearchers [14,36] earlier. However Li et al. [36], who have used
he same model (with temperature dependent volume fraction) for
xtrinsic transition behaviour (TC > TMI) of LCMO and LCMCO thin
lms, have obtained Tmod

C nearly equal to TMI. Our samples also
how extrinsic transition behaviour (TC > TMI) and fittings of our
ata with Eq. (4) result (Tmod

C ∼TMI) for each sample; the best-fitted
alues of all fitting parameters are enlisted in Table 1. From Eqs.
4)–(6) it is evident that near Tmod

C the resistivity tends to attain
ts maximum due to the competition between the contributions of
nsulating and metallic regions, whereas Eq. (4) illustrates that the
esistive behaviour of these samples is strongly dependent upon
. We have found that our data can be fitted well by these equa-
ions; the best fit curves using Eq. (4) are shown by solid line in
ig. 8(a)–(e) and experimental data are represented by symbols.
owever, these equations have not been found adequate to inter-
ret the upturn of resistivity curve at very low temperature region
below 50 K).

From Table 1 it is evident that EA/kB and �0 increase with STO
ontent till x = 0.30 ∼ xm, after which the trends reverse. Similar
equences have been observed in presence of magnetic field too.
his is because; the extrinsic behaviour dominates till the thresh-
ld value thereby increasing the parameter�0, which strongly
epends on GBs. This also results in increase in activation energy
f transport process of carriers. With the application of field, spin
uctuations are suppressed thereby decreasing EA. The values of
A/kB are found to be in the range 1356–1610 and 1296–1574
ith and without magnetic field respectively for our samples. It

s interesting to see that these values are in agreement with the
ndings of several authors [14,36]. From Table 1 it is also evi-
ent that U0/kB decreases with STO content till x ∼ xm, and then
gain increases for x = 0.40. Our findings indicate that for our series
he energy difference between the metallic and insulating states is
esser.

.4. Magnetoresistance

The MR is defined as [{�(H) − �(0)}/�(0)] × 100 %, where�(0)
nd �(H) are resistivity values in zero and applied fields respec-
ively. MR as a function of temperature measured in the presence
f 3 T magnetic fields is presented for all samples in Fig. 8(f). A
harp peak is observed for the parent LCMO sample corresponding
o intrinsic M–I transition nearly at TC = 283 K, whereas from the
ame temperature MR of composite samples of this series increases

lmost linearly with the decrease in temperature. These findings
ndicate that because of incorporation of STO in LCMO, the MR prop-
rty of the samples becomes completely extrinsic in behaviour. But
or our previous LCMO–STO composite series we have found that
he intrinsic MR decreases with STO addition while extrinsic MR
1574 156 161 162 –
1540 240 181 180 –

gets enhanced until a threshold condition is achieved and after this
the trend is reversed [18]. The MR values for present series are of
larger values compared to the previous series; this enhancement
of MR can be attributed to the enhanced and sharper GB effects
which also makes the behaviour extrinsic type. This is important to
note that for this series we have obtained almost linear tempera-
ture dependent extrinsic MR at temperatures below TC; highest MR
achieved for this series is 41% at 5 K as compared to 35% for same
temperature for the previous series.

4. Conclusions

In conclusion, we have presented detailed studies of structural,
electrical and magnetic behaviours of LCMO–STO composite series.
With STO addition, a minute change in TC with a reasonable change
in TMI(<TC) are observed along with the occurrence of percolation
threshold for x = 0.30 sample. The resistivity upturn below 35 K
can be understood in light of Coulomb blockade model. The over-
all resistivity data, except for very low temperature region (below
50 K) are found to be fitted well by considering a two-phase model
[Eqs. (2)–(5)] in which two kinds of conduction channels are con-
nected to each other, where resistivity in FM metallic region T < TMI
is governed by electron scattering process and that in PM insulating
phase is dominated by the hopping motion of self-trapped small
polarons. To fit the two halves of the resistivity curve together,
a function f(T) has been considered which defines the fraction
of the carriers that are in the metallic state. From this study it
can be understood that the composite samples have sharper GBs
compared with those for pure LCMO, resulting a disappearance of
intrinsic MR and an enhancement in extrinsic MR as compared to
that for pure LCMO. The observed enhanced extrinsic MR in the
composite samples has been viewed in the light of spin polarized
tunneling. The linear behaviour of temperature dependent MR for
a wide temperature range below TC, as observed for these compos-
ites, could be useful for practical applications.
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