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Abstract

La0.67Ca0.33MnO3 polycrystalline ceramics with high temperature coefficient of resistivity (TCR) have been synthesized by the sol–gel method
at the sintering temperature of 1450 1C and in a sintering time range of 2 h–24 h. The micrographs of the ceramics reveal that the grains grow up
from 2 μm to about 10 μm with increasing the sintering time. The optimization of the sintering time is found to be a simple and effective way to
largely enhance the TCR values of the ceramics. The highest metal–insulator transition temperature Tp (272.5 K) and the largest TCR (21.4%)
were obtained in the ceramic sintered for 12 h. The reduction of grain boundary and resistivity contributes to the enhancement of Tp and TCR
values.
& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

The rare earth doped perovskite manganite La1�xCaxMnO3

has been intensively studied in the past decades since the
colossal magnetoresistance (CMR) effect was observed in the
material system [1–5]. It has a general chemical formula of
ABO3, in which Mn ions occupy the B-site at the center of the
unit cell and are octahedrally coordinated by the oxygen ions.
The La3þ and Ca2þ ions are distributed randomly over the A-
sites in the crystal. With the variation in Ca concentration, the
compound La1�xCaxMnO3 shows a rich phase diagram of
ground state. At the ends of the doping level, LaMnO3 is a
tetragonal layered antiferromagnet (AFM) and CaMnO3 is a G-
type AFM with opposite spin orientations for nearest-neighbor
Mn4þ spins [6,7]. At Ca concentration of 0.2–0.5, where
CMR effect is observed, the material shows a paramagnetic-
insulator to ferromagnetic-metal transition with the change in
the ambient temperature [2]. It is accepted that double
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exchange and Jahn–Teller effect are attributed to the ferro-
magnetic metallic state and paramagnetic insulator state,
respectively [8,9]. In the doping process, the substitution of
trivalent La3þ by divalent Ca2þ leads to the decrease in the
ratio of Mn3þ to Mn4þ ions. The variations in the
Mn3þ3O3Mn4þ bond length and bond angle change the
electron hopping and carriers localization and therefore deter-
mine the electronic and magnetic transport properties of the
materials [10].
Recently, a lot of researches have been focused on the

heterojunction and sandwich structure of La1�xCaxMnO3 thin
films (i.e. LCMO/LSMO [11], La2/3Ca1/3MnO3/YBa2Cu3O7

[12], LCMO/STO/YBCO [13]) due to their unusual transport
properties. In terms of polycrystalline ceramic, the low field
magnetoresistance (LFMR) has attracted considerable efforts
since the low field limits the practical application of the CMR
effect [14–16]. Besides the CMR and LFMR effects, electro-
resistance (ER) effect has also triggered many researches on its
potentiality as an alternative for CMR in industrial application
[13,17,18].
Since the highest Curie temperature (TC) is acquired at

xE0.33, and CMR usually reaches its maximum around TC,
ghts reserved.
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Fig. 1. XRD patterns of LCMO ceramics sintered at 1450 1C for different time.
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Fig. 2. Temperature dependence of resistivity of the LCMO ceramics sintered
for different time.

Fig. 3. TCR curves of the LCMO ceramics. Inset shows the enlarged view of
the ceramic sintered for 2 h.
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the composite La0.67Ca0.33MnO3 becomes the most popular
subject in this kind of material system [19–21]. The develop-
ment of highly sensitive bolometers at room temperature
requires materials with high Tp and TCR values [22]. In
La1�xCaxMnO3 system, the optimal doping level for obtaining
the highest insulator–metal transition temperature (Tp) and
paramagnetic–ferromagnetic transition temperature (TC) is
around x¼0.33. The largest TCR value which in general is
less than 10% is usually obtained at Ca doping level of 0.33 as
well. Double doping with Ca and Sr can further enhance the Tp
value, while the TCR value will decrease at the same time [23].
In this paper, we have prepared the La0.67Ca0.33MnO3 poly-
crystalline ceramics by calcinating the precursor powders at a
low temperature (500 1C) and sintering the ceramics at a high
temperature (1450 1C) according to our previous works. By
changing the sintering time from 2 h to 24 h, we obtained the
largest Tp of 272.5 K and TCR value of 21.4% at the sintering
time of 12 h. To characterize the sintering time effects on the
transport properties, the low-temperature behavior (ToTp) and
high-temperature behavior (T4Tp) have been fitted by using a
T4.5 power law and the variable-range hopping model,
respectively.

2. Experiments

Polycrystalline La0.67Ca0.33MnO3 (LCMO) ceramics were
synthesized by a simple sol–gel method with citric acid as the
chelating agent [24]. Our previous work has demonstrated that
enlarging the difference between the calcination and sintering
temperature is an efficient way to improve the TCR value [25].
In addition, the sintering time and sintering temperature are
also very important for the grain growth, which has a strong
influence on the transport properties of ceramics [26]. Accord-
ing to our experiments, the precursor LCMO powders were
calcinated at a low temperature of 500 1C for 12 h. The
obtained black powders were grinded and sintered at a high
temperature of 1450 1C for 2 h, 8 h, 12 h, 16 h and 24 h,
respectively.

The structures and phases of the samples were examined by
X-ray diffraction (XRD) with the Cu Kα radiation at room
temperature. The surface morphologies of the ceramics were
characterized by scanning electron microscopy (SEM). The
resistance of the samples was measured by using the four
probe method in the temperature range of 300–100 K.

3. Results and discussion

XRD patterns of the LCMO polycrystalline ceramics
sintered for different time are shown in Fig. 1. All the samples
have a single phase with the perovskite structure. It indicates
that the sintering time has a negligible influence on the
formation of LCMO phase, perhaps because the sintering
temperature is high enough.

The temperature dependence of resistivity of the LCMO
samples is shown in Fig. 2. The TCR (TCR¼ (1/ρ)(dρ/dT)
100%) values were obtained from the ρ(T) data and shown in
Fig. 3. All the ceramics sintered over 8 h show the sharp
metal–insulator transition at the temperature TpE270 K. The
physical properties, such as Tp, electrical resistivity and
relative density of the samples change with the sintering time
increasing. These relationships are plotted in Fig. 4. It can be
seen that both Tp and TCR values increase at first and then



Fig. 4. Dependence of Tp, TCR, ρ and relative density of the LCMO ceramics with the sample sintering time.

Fig. 5. SEM micrographs of LCMO ceramics sintered for (a) 2 h, (b) 8 h, (c) 12 h and (d) 24 h.
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decrease. For the ceramic sintered for 2 h, a broad metal–
insulator transition appears at Tp¼269.0 K with a small TCR
value of 3.0%. For the sample sintered for 12 h, the values of
Tp and TCR reach to the maximum at the same time as
272.5 K and 21.4%, respectively. The resistivity of the
ceramics first decreases with the increase in the sintering time
and reach a minimum with sintering time of 12 h. While the
sintering time keeps increasing, the resistivity of the material
increases slightly. The relative density (defined as the ratio
between the calculated practical density and theoretical density
of bulk La0.67Ca0.33MnO3) of the ceramics increases fast when
extending the sintering time, and changes little above 16 h.
It is well known that the doping level of Ca and the oxygen

content significantly influence the magnetic and electronic
properties of the material as the Mn3þ /Mn4þ ratio changes.
The occurrence of oxygen vacancies would weaken the
hopping of eg electrons between Mn3þ and Mn4þ , which
would reduce the density of charge carriers and result in the



Fig. 6. Fits of low and high temperature resistivity of LCMO ceramics to the expression ρ(T)¼ρ0þρ2T
2þρ4.5T

4.5 and ρ(T)¼ρ0 exp(T0/T)
1/4, respectively.
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decrease in Tp and broadening of the resistivity peak [27]. On
the other hand, Tp is supposed to decrease with the decrease in
grain size. The total resistivity of polycrystalline is assumed to
originate from bulk grain resistivity and the intergrain bound-
aries resistivity [28]. The grain boundary acts as a region of
enhanced scattering for the conduction electrons and increases
the total resistivity. Base on the above analysis, the present
results in Fig. 4 can be explained. The sintering time has a
direct influence on the grain growth. The oxygen stoichiometry
decreases as the sintering time decreases, which results in a
broader resistivity peak, a higher resistivity value and a lower
metal–insulator transition Tp. For a longer sintering time, the
oxygen content increases and the grain boundaries decreases,
at 12 h, Tp and TCR reach the largest at the same time as the
deficiencies is the least. But further increasing the sintering
time will lead to the increase of the oxygen vacancies and the
deficiencies at the grain boundaries. Therefore, the electrical
properties will no longer be improved.

As shown in Fig. 5, the increase in the sintering time
significantly promotes the grain growth, For a short sintering
time of 2 h (Fig. 5(a)), the grain size is small (2–3 μm) and the
grains agglomerate obviously. Large number of weak-links
appear. A lot of large pores exist among the grains and particles,
inducing material inhomogeneity and leading to a large resistivity
and small density of the ceramics. Consequently, the metal–
insulator transition region is broad and the TCR is very small.
With the increase in the sintering time, the grains have more time
to grow up and the pores can be released gradually. The reduction
in the weak-links also occurs along with the grain growth. The
decrease in grain boundaries and pores then improves the electric
conductivity and homogeneity of the sample. Therefore, the Tp
and TCR values are enhanced largely. After sintered for 8 h
(Fig. 5(b)), many grains grow up to about 5 μm, while there are
still a number of small grains (2–3 μm). Both the small and large
grains continue growing up for 12 h sintering time (Fig. 5(c)). It
contributes to the formation of strong intergrain connectivity and
enhances electrical transport. The further decrease in grain
boundaries and a possible increase in oxygen in the lattice
enhance the Tp and TCR. For the sample sintered for 24 h (Fig. 5
(d)), almost all the grains have a similar size about
8–10 nm, but its electrical properties is not the best. We think
that a too long sintering time may induce more disorders and
defects between the grains. Therefore, a slight increase in the
resistivity and decrease in the Tp and TCR were observed.
In Fig. 6, we plot the measurement results of the resistivity

and the corresponding fitting curves of the LCMO ceramics at
low temperature (100–260 K) and high temperature (270–
290 K), respectively. The electrical transport behavior at
low temperature (ToTp) can be well fitted using the formula:
ρ(T)¼ρ0þρ2T

2þρ4.5T
4.5 [2,29] where ρ0 is the residual

resistivity due to domain boundaries and other temperature-
independent scattering, ρ2T

2 represents the electron–electron
scattering, ρ4.5T

4.5 is attributed to the electron–magnon or two-
magnon scattering process. For all the samples, the fit provides
an excellent approximation of the experimental data. All the
parameters are found to decrease first with increasing the
sintering time, reach a minimum at 12 h, and then increase.
The decrease in resistivity can be attributed to the reduction in
grain boundary and increase in grain size with the increasing in
sintering time, since the grain size and mechanical connection
between grains play an important role in the electronic
conduction. As a result, the scattering processes are suppressed
and ρ0, ρ2 and ρ4.5 change with the variation in the grain size.
In the paramagnetic phase (T4Tp), there are three possible

mechanisms to describe the conduction behavior: the thermally
activated model (ρ(T)=ρ0 exp(EA/kBT)) [30], the nearest neigh-
bor hopping model (ρ(T)¼AT exp(EA/kBT)) and the variable
range hopping model (VRH) (ρ(T)¼ρ0 exp(T0/T)

1/4) [31–33].
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In our experiments, the VRH model is the best one to fit our
data for all samples. The residual resistivity ρ0 and character-
istic VRH temperature T0 values are found to decrease first and
then increase with increasing the sintering time. The minimum
values are obtained at 12 h. Since T0 is related to the
localization length, the higher T0 value implies an increase in
the bending of Mn–O–Mn bond which decreases the localiza-
tion length and thus the carrier mobility is reduced [34].
Therefore the observed tendency is due to the fact that the
increase in grain size and changes in the amount of grain
boundary enhance the localization length and result in a large
change in resistivity.

4. Conclusions

We have investigated the effects of sintering time on the
structures, morphologies and electrical transport properties of
polycrystalline La0.67Ca0.33MnO3 ceramics. The results show
that it is possible to largely enhance the TCR value by
appropriate sintering schedule, and processing and tailoring
material of this composition may yield better performance for
bolometric device application based on insulator–metal trans-
portation. With the sintering time increased from 2 h to 24 h,
the grains grow up and the relative density of the ceramic
increase. The Tp and TCR values increase at first and then
decrease. The largest TCR (21.4%) with the highest Tp
(272.5 K) was obtained in the sample sintering for 12 h, which
can be attributed to the least grain boundary and deficiencies,
and the smallest resistivity of the sample. In the ferromagnetic
state (ToTp), the ρ(T) curves of the ceramics can be well
fitted using a T4.5 power law. In the paramagnetic state
(T4Tp), the ρ(T) characteristics can be explained using the
variable range hopping model.
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