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ABSTRACT

The La0.67Ca0.33MnO3 polycrystalline ceramics were prepared by the co-pre-

cipitation method with ammonium carbonate as the precipitant and the influ-

ence of the sintering temperature on the electrical transport properties of the

ceramics were investigated. XRD results show that the ceramic structures

obtained are all perovskite structures, which belong to the Pnma space group.

Scanning electron microscopy (SEM) photographs demonstrated that the aver-

age size of the grains with the sinter temperature increased from 5.78 lm at

1300 �C to 24.04 lm at 1475 �C. Meanwhile, when the sintering temperature

reached 1450 �C, the TCR reached the maximal value (32.3%�K-1), which was

much larger r than the TCR at 1350 �C. The theoretical model analysis of the

data leads to the conclusion that the conductive mechanism of the low-tem-

perature metallic region and the high-temperature insulating region is domi-

nated by the grain boundary scattering effect and the small-polariton hopping

(SPH), respectively.

1 Introduction

In recent decades, Manganese-based perovskite

materials with CMR effect are another strong corre-

lated material after high-temperature superconduc-

tors [1–5]. The general formula is RExAE1-xMnO3 (RE

is the rare-earth element, La3?, Nd3?, etc.; AE is the

alkali earth element, Ca2?, Sr2?, etc.) while being of

extensive attention due to special physical properties,

for instance, the colossal magnetoresistance effect

(CMR), charge/orbital ordering, phase separation

and so on [6–8]. Such properties had potential

technical applications in magnetic refrigeration,

magnetic sensors, and infrared detectors [9, 10].

The Mn ion in the parent compound (REMnO3)

occupies the B position and is all ? 3 valence, and the

material as a whole exhibits antiferromagnetic insu-

lating properties [11]. When doped with divalent

alkaline earth ions, a mixed-valence state of Mn3?

and Mn4? will appear in the system to hold the

electric neutrality. Electrons jump between Mn3? and

Mn4? via oxygen ions, forming a double-exchange

mechanism. Since the strong coupling effect of the

electron–phonon, the electrons in the process of

jumping are accompanied by the movement of lattice
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distortion, resulting in the so-called Jon Teller effect

[12–17]. In general, double-exchange interactions

support metal behavior, while the Jahn–Teller effect

is in favor of insulator properties [18, 19].

Many factors have a bearing on the properties of

LCMO materials, such as the average radius of the

A-site cation, the tolerance factor, and oxygen

vacancy [20, 21]. However, in perovskite manganese

oxides, oxygen vacancy exists as a defect that is easily

ignored and quantified by parameter d. Similar to the

La/Ca chemical substitution, changes in oxygen

content affect carrier concentration and thus trans-

port and magnetic properties. Besides, the effect of

grain boundaries in polycrystalline manganese oxi-

des has been intensively studied, and different syn-

thesis methods and preparation conditions can

change the microstructure of ceramics such as uni-

formity, crystallization, and grain size, thus impact-

ing the electrical properties of the system [22–25]. The

conventional methods for the preparation of calcium-

titanite manganese oxides include the conventional

solid-state reaction, co-precipitation, reactive milling,

spray-drying, sol–gel method, etc. [26, 27]. The co-

precipitation method has the advantages of solid-

phase and sol–gel methods and has the high chemical

activity to accurately control the ratio of raw mate-

rials, to prepare the precursors with small particle

size and uniform distribution. So it is of great sig-

nificance to study the preparation of LCMO ceramics

using the co-precipitation method to improve their

magnetoelectric transport performance.

In the present work, LCMO was synthesized

through the co-precipitation method and sintered at

various temperatures. The crystallinity, microstruc-

ture, and electrical properties of these samples were

investigated for all samples. The maximum TCR of

the samples obtained by sintering at 1450 �C is close

to that of the sol–gel method. Furthermore, by fitting

q-T, the mechanism of the electrical properties in the

metallic and insulating regions of the samples were

systematically investigated.

2 Experimental

The series of LCMO ceramic samples were prepared

by the co-precipitation. La(NO3)3�nH2O, Ca(NO3)2-
4H2O, and Mn(NO3)2�4H2O were used as materials,

and dissolved the required amount of these metal

salts in deionized water in a stoichiometric ratio.

(NH4)2CO3 was also dissolved in deionized water as

a precipitant, and the two cups of solution were

stirred continuously on a magnetic stirrer until

homogeneous clarification. Poured the mixture of

La(NO3)2, Ca(NO3)2 and Mn(NO3)2 into a brown

dropper and the precipitant (NH4)2CO3 into a trans-

parent dropper, and the reaction was carried out by

co-dropping the two solutions slowly and uniformly

until complete, then stirred for 30 min. Afterward,

the reaction solution was left to aging for 14 h in a

dark place. The aging mixture was stirred and the

precipitate was evenly dispersed into the solution

using an ultrasonic disperser and poured into a

funnel for filtration. The filter cake was dried in an

oven at 70 �C for 7 h. Then the dried material was

ground for the first time using an agate mortar, and

the resultant powdered white solids were calcined at

500 �C for 8 h. Finally, the calcined precursor powder

was ground again, pressed into circular disks with a

hydro press at 18–19 MPa. Subsequently, LCMO

polycrystalline samples were sintered under different

temperatures of 1350 �C, 1400 �C, 1450 �C, and

1475 �C, for approximately 12 h in a muffle furnace.

X-ray diffraction analysis of LCMO ceramics

(measurement range 20�–80�, scanning speed 4�/
min) was performed to obtain information on the

crystalline properties and structure of the samples.

The microstructure and surface morphology of the

samples were characterized by scanning electron

microscopy. The temperature dependence of resis-

tance (R-T) of the sample was measured using the

standard four-probe method.

3 Results and discussion

3.1 Structure and surface morphology

The XRD spectra of the samples prepared at different

sintering temperatures are shown in Fig. 1a shows

the full diffraction spectrum of LCMO ceramics. The

diffraction peaks of all samples were sharp and there

are no additional peaks, indicating good crystalliza-

tion performance, and the structure of all samples

was of orthorhombic perovskite. Figure 1b is an

enlarged view of the main diffraction peak (121),

from which it can be seen that the main peak is

shifted to a lower angle and the cell volume should

have been increased. According to the Bragg formula

and the spacing formula: As the main diffraction
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peak shifts to a lower angle, the spacing increases,

indicating an increase in the cell volume V. To further

confirm the altered crystal structure and increased

cell volume, XRD spectra were refined for all target

samples as shown in Fig. 2, and the resulting fitting

parameters are listed in Table 1. From Table 1, it is

observed that the cell volume shows a trend of

decreasing and then increasing, which can be

explained by the absorption and escape of oxygen

[28]. In the same air atmosphere (with the same

oxygen partial pressure), oxygen absorption plays a

key role in the sample when the sintering tempera-

ture is increased from 1300 to 1400 �C. At this time,

due to the increase of driving force of sintering, the

lattice vibration was enhanced, and some oxygen

ions diffuse into the lattice. To maintain the electrical

neutrality of the system, more Mn3? is converted into

Mn4?, resulting in a decrease in cell volume. How-

ever, when the sintering temperature rises more, the

sample shows oxygen desorption, and some oxygen

will escape from the lattice, showing oxygen vacancy

caused by anoxic behavior. Oxygen vacancy is a

positively charged hole in the lattice and it has larger

than negatively charged oxygen ions [29]. Therefore,

desorption of oxygen will increase the unit cell vol-

ume. In Fig. 1d–h, it can be seen that the diffraction

peaks of the experimental samples are in good

agreement with the standard spectra, further con-

firming the pure-phase calcium-titanite structure of

the samples.

The surface morphology of the LCMO at different

temperatures (1350 �C (a), 1400 �C (b), 1450 �C

(c) and 1475 �C (d)) polycrystalline studied by SEM

are given in Fig. 3a–d.

Figure 4a–e shows the grain size of LCMO at dif-

ferent temperatures of 1350 �C (a), 1400 �C (b),

1450 �C (c), and 1475 �C (d). Due to the large grain

size of LSMO, to better count the grain size of the

material using Nona measurer 1.2 software, then

analyze the grain size trends for this series of sam-

ples, the SEM image of LSMO at 2000-times magni-

fication was used. It can be seen from the figure that

with the increase of sintering temperature, the

material becomes denser and the grain size increases.

This is mainly because the increase in sintering tem-

perature provides sufficient energy for cell formation

and growth, which in turn leads to a decrease in

porosity and an increase in crystallinity and density.

Meanwhile, with the increase of sintering tempera-

ture, the amount of oxygen required increases,

resulting‘ in the oxygen deficiency of the samples,

which will lead to the increase of grain size [30]. The

increase in grain size also leads to a decrease in grain

boundaries, which affects the scattering of electrons

at the grain boundaries. The grain boundary is highly

connected and the reduction in quantity ensures that

the material has good electrical properties.

3.2 Temperature dependence of electrical
properties (q-T)

The resistivity-temperature curves for these samples

under different sintering temperatures are shown in

Fig. 5. As can be seen in the figure, all samples show
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Fig. 1 a XRD patterns of LCMO sintered at different temperatures of 1350 �C, 1400 �C, 1450 �C, and 1475 �C. b enlarged view of the

strongest diffraction peak
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Fig. 2 Rietveld refinement plots of LCMO at different temperatures

Table 1 Structure of LCMO

samples and refinement

parameters of their XRD

x (temperature) 1350 �C 1400 �C 1450 �C 1475 �C
Space group Pnma Pnma Pnma Pnma

Lattice constant (Å)

a 5.45270 5.45170 5.45830 5.45430

b 7.70580 7.70410 7.71250 7.70490

c 5.48330 5.48470 5.48460 5.48270

Cell volume (Å3)

V 231.1935 231.6160 231.6958 231.5674

Bond angles (o)

Mn–O–Mn 160.6193 160.6312 160.6323 160.6365

Fit index/%

Re 17.3475 18.0269 17.9225 17.976‘3

Rb 5.1152 3.7299 4.5378 3.8116

Rp 12.4464 13.2167 13.2697 12.6628

v 0.85917 0.88818 0.90503 0.8341
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similar resistivity trends. As the testing temperature

increases, the target is gradually transformed from a

ferromagnetic metallic phase at low temperatures to a

paramagnetic insulating phase at high temperatures.

On the other hand, Tp also showed almost the same

change trend as the cell volume. This may be due to

the gradual formation of more oxygen vacancies in

the sample with the increase of sintering tempera-

ture, resulting in the reduction of Mn4? and the

generation of point defects in the structure. There-

fore, by changing the bond length and bond angle

between manganese ions, the double-exchange effect

is weakened, shifting Tp to the low-temperature side.

As is well-known, the grain size and the connections

between the grains play a important role in electron

conduction [31]. With the gradual increase of the

sintering temperature, the resistivity of the corre-

sponding sample gradually decreases, from

0.03338 X at 1350 �C to 0.01806 X at 1475 �C. The

reason is, raising the sintering temperature promotes

grain growth and amalgamation, reduces porosity,

and improves intergrain contact. Meanwhile, based

on the double-exchange model, Mn3? and Mn4? in

LCMO transfer charge through oxygen ions, and the

local change of oxygen vacancy concentration will

lead to the change of resistivity [32]. Therefore, with

the increase of sintering temperature Ta, some crystal

cells in LCMO may form oxygen vacancies due to the

lack of oxygen, which increases oxygen ion mobility.

Thus, the sample exhibits an increase in electrical

conductivity.

Fig. 3 FESSEM images(magnification at 9 2.00 K) of LCMO composites at different temperatures of 1350 �C (a), 1400 �C (b), 1450 �C
(c) and 1475 �C (d)
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3.3 Temperature coefficient of resistivity
(TCR)

Based on the above discussion, it can be seen that the

steepness of the R-T curve transition varies for these

samples with the temperature reaching Tp. To explain

this phenomenon, the resistive temperature coeffi-

cient TCR has been investigated, which can be

defined by Eq. (1):

TCR ¼ 1

q
� dq
dT

� 100% ð1Þ

where q is the resistivity and T is the temperature.

Figure 6 shows the TCR curve of LCMO samples.

TCRmax tended to increase and then decrease at dif-

ferent sintering temperatures. The TCR reached the

maximum of 32.3%�K-1 for the sintering temperature

Fig. 4 The grain size of LCMO samples prepared at different temperatures of 1350 �C (a), 1400 �C (b), 1450 �C (c), and 1475 �C (d)

Fig. 5 Resistivity versus temperature plots of LCMO samples
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of 1450 �C. Furthermore, it is noteworthy that the

transition broadening temperature (DT) becomes

progressively narrower along with increasing sinter-

ing temperature. (DT) depicts the temperature range

during the metal-insulation transition. Resistivity

changes concerning grain boundaries, yet (DT) is

determined by the degree of synchronization within

the grain boundaries or between different grains.

This can be explained by the homogeneity within the

polycrystal, where the more grain boundaries there

are, the less homogeneous the sample will be. In the

increase of sintering temperature from 1350 �C to

1450 �C, the ratio of Mn4?/Mn3? in the samples

increased, resulting in an enhanced double-exchange

interaction. Meanwhile, the grain size increases and

the grain boundaries decrease, thus improving the

uniformity of the sample and contributing to the

enhancement of TCR. However, when the tempera-

ture is increased to 1475 �C, the increase of oxygen

vacancy, the vacancy states formed by Mn and O in

the cell where the vacancy is located destroy the spin

polarization, which affects the metallicity of LCMO.

In the meantime, the crystallinity of the sintered

sample may decrease, which may manifest itself as a

decrease in TCR. Which was noted (seen in Fig. 5)

that at the sintering temperature of 1500 �C, the

samples exhibited no metallic-insulation transition

and showed insulating properties. It is confirmed that

the sintering temperature of 1500 �C exceeds the

melting point of La0.67Ca0.33MnO3 ceramics, not

suitable as a conventional sintering temperature. By

combining the electrical properties of the sintering

temperature of 1450 �C and 1475 �C, 1450 �C was

selected as the conventional sintering temperature for

La0.67Ca0.33MnO3.

3.4 Conduction mechanism

To better understand the electrical transport mecha-

nism of LCMO, the q-T curve of the sample is divided

into the metallic phase region (T\Tp) and the

insulating phase region (T[Tp). The experimental

data in different temperature regions have been

combined with the corresponding formula model for

the fit analysis.

3.4.1 Low-temperature range

The samples have presented in the metallic phase at

low temperatures. To study the influence of the

scattering mechanism on the resistivity of the sample,

the resistivity data were fitted in the low-temperature

phase by Eq. (2) [33, 34]:

qFM Tð Þ ¼ q0 þ q2T
2 þ q4:5T

4:5 ð2Þ

where q0 is the residual resistivity, mainly due to

grain boundary scattering, q2 T2 is the scattering

effect between electrons and electrons. q4:5 T4.5 rep-

resents the complex scattering interaction to the

combination of electron, phonon and magneton. The

fitting graphs at the region of T\Tp are shown in

Fig. 7a and the relevant parameters obtained are lis-

ted in Table 2. As seen in Table 2, the residual

resistivity q0 and q2 T2 gradually decreases as the

higher the sintering temperature. This is mainly due

to the increased grain size of the sample, which

reduces the scattering process by decreasing the

quantity of grain boundaries, corresponding to the

SEM results. The magnitude(seen in Table 2) could be

observed that q0 [ q2 [ q4:5. Thus, it can be

demonstrated that an increase in grain size can

reduce the grain boundary region, thus decreasing

the net grain boundary scattering term as well as the

electron-magneton scattering term. This explored

that the residual resistivity q0 due to grain boundary

scattering in this low-temperature range (T\Tp) is

the dominant factor in the electrical transport per-

formance of the sample.

Fig. 6 TCR versus temperature plots of LCMO samples
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3.4.2 High-temperature range

To investigate the mechanism of q-T in the param-

agnetic high-temperature region (T[Tp), the q-T
were fitted through the small-polaron hopping model

as Eq. (3):

qPM Tð Þ ¼ q0sTexpðEa=kBTÞ ð3Þ

where q0s is the resistivity coefficient, Ea is the small-

polaron activation energy and kB is Boltzmann con-

stant. The model fitting result is shown in Fig. 7b. The

parameters are presented in Table 3. As seen, with

the sintering temperature increasing, the overall

activation energy Ea tends to decrease. Widely

known, the interconnectivity between the grains

increases with the grain size increasing, which will

increase the likelihood that conductive electrons

jump to neighboring positions. Also, the sintering

drive at high sintering temperatures makes the

conduction electrons more prone to transition. This

increases the number of carriers excited from the

valence band to the conduction band, leading to a

decrease in the activation energy Ea, and thus causing

a change in the electrical transport properties of the

sample.

Fig. 7 Fitting electrical resistivity curve in ranges of T\TP (a), T[TP (b)

Table 2 Low-temperature

fitting parameters obtained

from fitting experimental data

with Eq. (2)

Temperature (�C) q0/(X�cm) 10–3 q2/(X�cm�K-1) 10–10 q4.5/(X�cm�K-1)�10–15 R2

(1) (T\Tp)

1350 1.3 2217.57 32.1491 0.9997

1400 1.42 906.82 27.8364 0.9995

1450 0.95 506.743 37.5235 0.9997

1475 0.59 394.138 29.2903 0.9999

Table 3 SPH model fitting parameters obtained from fitting

experimental data through Eq. (3)

Temperature (�C) Ea/meV R2

(2) (T[Tp)

1350 9.72044 0.9979

1400 7.57056 0.9993

1450 7.73463 0.9946

1475 6.66538 0.9937
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4 Conclusion

In this paper, the effects of sintering temperature on

the electron transport properties of La0.67Ca0.33MnO3

ceramics prepared by co-precipitation were studied.

XRD analysis demonstrated that all polycrystalline

samples belong to the orthorhombic calcite structure

with a space group, with good crystallization prop-

erties. SEM images showed that the samples with

different sintering temperatures have a higher den-

sity and larger grain sizes at higher temperatures,

which is the main reason for the decreased resistivity.

The highest TCR (TCRmax = 32.3%�K-1) is obtained at

a sintering temperature of 1450 �C. The analysis

shows that the combined effect of the oxygen vacancy

and grain size might be responsible for the observed

electrical behavior. The conduction mechanism in the

low-temperature region (T\Tp) can use the grain

boundary scattering effect of the sample to explain,

and the q-t curve in the high-temperature region can

be fitted by the adiabatic small dipole model.
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