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Introduction

Ac-impedance analysis is a very convenient and powerful
technique to study the electrical properties of polycrystal-
line materials and to correlate the electrical properties with
their microstructure. One of the strengths of ac-impedance
analysis is that it helps us to separate the contributions of
grains from other impedance components, such as grain
boundary, interfaces, electrodes, etc. [1-6]. The impedance
measurements of a material give us data including real part
and imaginary part components. Data may be analyzed in
terms of four possible complex formalisms: the impedance
Z*, the electric modulus M*, the admittance Y*, and the
permittivity e¢* These are interrelated in accordance with
the relation:

M* = joCyZ* (1)
£ = ()" @
v =(z)" (3)
Y* = jwCye" (4)

where o is the angular frequency (v = 2xf); and Cj is the
capacitance of vacuum. Results may be presented in vari-
ous ways, e.g., as complex plane plots (real vs imaginary,)
or as spectroscopic plots (real and/or imaginary against
frequency). In addition, recently, it has been suggested that
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combined impedance and modulus spectroscopy plots offer
the possibility of a comprehensive characterization of
electronic microstructure since the combined impedance
and modulus spectroscopy plots give information that is
not immediately apparent from either analysis in isolation
[7-11].

In recent years, the perovskite-like-structured (PLS)
ferroelectrics with a formula of A,B,O3,,, (n =2~7)
have received considerable attention in view of their wide-
ranging properties, such as dielectric, ferroelectric, piezo-
electric, magnetic, electro-optic, microwave properties, and
superconducting properties [12—17]. The diverse properties
of A;B,O3,,, are related to their unique structure com-
posed of corner-shared BOg octahedra with A cations
within the perovskite-like layers, where n is the number of
octahedral layers in the perovskite slab [12, 13, 16].
La3Ti,Ta0Oy; is a member of the family of A;B,03,,, with
n = 3. It was studied with regard to its synthesis through
various methods, and detailed structural characterization
using X-ray diffraction [18, 19] revealed that La;Ti,TaOy,
crystallized in orthorhombic symmetry with space group
Pmc2;. A detailed literature survey revealed that the
electrical properties of La3Ti,TaO;; have not been repor-
ted. In this study, we prepared crystalline La;Ti,TaOq;
ceramics using solid-state ceramic route, and the electrical
properties of La3Ti,TaO,; ceramics were investigated by
ac-impedance analysis.

Experimental procedure

LasTi,TaO,; samples were prepared by high-temperature
solid-state reactions of high-purity raw powders of La,O;
(99.9%), Ta,0s (99.95%), and TiO, (99.9%). Stoichiom-
etric amounts of the raw powders were weighed and ball
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milled using zirconia balls for 4 h in plastic containers with
ethanol as media. The powders were calcined at 1350 °C
for 4 h. They were then remilled well and mixed with
5 wt.% solution of PVA as a binder. The resultant powders
were then uniaxially pressed into cylindrical disks with
11-mm diameter and 1-2-mm height under a pressure of
150 MPa. The samples were fired at 600 °C for 2 h to
remove the organic binder and then sintered in the range of
1480-1560 °C for 4 h. The samples were cooled at a rate
of 2 °C/min to 1100 °C, and then naturally cooled to room
temperature. The as-sintered La3Ti,TaO;, disks were then
annealed at 1200 °C for 10 h.

The densities of the compacts were measured by the
Archimedes method. The phase constitution of the samples
was examined using an X-ray diffractometer (Rigaku
D/MAX-2400, Japan) using CuKa radiation (A = 0.154
06 nm) in a 260 range from 15 to 55°. The microstructures
were studied using a JEOL JSM-6390A scanning electron
microscopy (SEM). Impedance measurements were carried
out using HP 4284 LCR meter equipped in the frequency
range from 100 Hz to 1 MHz with a thermostat from room
temperature (20 °C) to 800 °C. Before the measurements,
electrodes were fabricated on opposite pellet faces from Pt
paste which was dried, decomposed, and hardened by
gradually heating to 900 °C.

Results and discussion

XRD pattern performed on the La3Ti,TaO;; ceramic sin-
tered at 1540 °C is presented in Fig. 1. All the peaks could
be indexed based on JCPDS file number of 54-0632 for
La;Ti,TaO;; with space group Pmc2;. This suggested that
the as-sintered product was definitely single-phase ceramic.
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Fig. 1 Room-temperature XRD patterns of La;Ti,TaO;; sample
sintered at 1540 °C

Dense ceramics with relative densities above 90% were
obtained when sintered above 1510 °C. Fig. 2a—c presents
SEM images obtained for the thermally etched surface of
La;Ti,TaOq; ceramics sintered at different temperatures. A
porous microstructure was observed for the 1480 °C-sin-
tered ceramic (Fig. 2a). With increasing sintering temper-
ature, the grain size of the ceramics was slightly increased,
while the porosity decreased. When sintered at 1540 °C, a
dense microstructure with an average grain size of 2-5 pm
was formed (Fig. 2d).

Figure 3 shows the frequency dependence of real part of
impedance (Z’) at different temperatures from 500 to 800 °C.
It was observed that Z’ values decreased gradually with
increasing frequency, indicating the conductivity increased
with frequency. In low-frequency region (f < 10 kHz), there
was a dispersion in Z’ value for different temperatures. In
contrast, the curves approached each other at high-frequency
irrespective of the temperature. This might be related to the
release of space charges resulted from the reduction of bar-
rier potential in materials with increasing temperature.
Besides, at low frequencies, Z’ value increased with
increasing temperature up to 600 °C, and thereafter it
decreased with further increase in temperature. This result
implied that there might be a positive temperature coefficient
of resistance (PTCR) effect in the present samples.

Figure 4 shows the variation of the imaginary part of
impedance (Z’’) as a function of frequency at different tem-
peratures. Z’’ value reached a maximum at a characteristic
frequency for a fixed temperature. Broad peaks with slight
asymmetry in Z’’—log (f) plots were observed at characteristic
frequencies, where Z’’ reached maximum values. The char-
acteristic frequency exhibited strong temperature depen-
dence: it shifted toward the low-frequency side with
increasing temperature up to 600 °C, and thereafter it shifted
toward the higher frequency. Further, the magnitude of Z”
increased with increasing temperature up to 600 °C, and
subsequent increase in measurement temperature decreased
the Z’’ value. The variation of the magnitude of Z’’ value with
measurement temperature might be related to the fact that
there existed PTCR effect in the present samples.

The complex impedance plane plots measured at various
temperatures in the range of 500-800 °C are shown in Fig. 5.
Only a single, semicircular arc in the impedance complex
plane was observed for a fixed temperature. These results
suggested that the samples might be represented by a simple,
single parallel RC element. It is, however, well known that
the polycrystalline ceramics consist of randomly oriented
grains separated by grain boundaries, resulting in the heter-
ogeneity in electrical properties. This information made us to
query the simple representation of the complex impedance
plane plots of La;Ti,TaO;; samples.

To get a comprehensive characterization of electronic
microstructure, a combination of spectroscopic plots of the
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Fig. 3 The frequency dependence of real part of impedance (Z’) at
different temperatures

imaginary part of the impedance, Z’’, and modulus, M”’,
measured at 600 °C, was shown in Fig. 6. The spectro-
scopic plots showed a similar effect with a single peak in
both Z’’—f and M’ ’—f plots. Nevertheless, the separation of
peak maxima was clear. By comparing the equations for
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Fig. 4 The variation of the imaginary part of impedance (Z’’) as a
function of frequency at different temperatures

the imaginary parts of the impedance (Z’’), and modulus
(M’’) for a simple parallel RC element, [2, 4]:

R
7' =g R (5)
1+ (wCR)
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Fig. 5 The complex impedance plane plots measured at various
temperatures in the range 500-800 °C
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Fig. 6 The combined impedance and modulus spectroscopy plots at
600 °C
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we could see that both Z’’ and M’ approached their
maxima when wCR was equal to 1. Therefore, the peak of
Z’’—f plot should coincide with that of M’’—f plot for a same
parallel RC element. Thus, the separation of their peaks
indicates the existence of additional impedance response in
the present system. Previous report [1] revealed that the
impedance plots gave the most emphasis to the most
resistive components in samples and thus the associated
peak and semicircle of the elements with much smaller
resistance disappeared from the impedance plots. In addi-
tion, it was reported that the grain size was a major factor
influencing the electrical properties. As the grain size
becomes smaller, the number of semicircles in the complex
impedance plots can be reduced [20-22]. Ponpandian et al.
[21] reported that samples of larger grains showed two
semicircles, while the nanocrystalline NiFeO, samples
with smaller grain size showed only one semicircle

ascribed to the grain boundary conduction. It is worthy to
note that the average grain size of the present ceramics are
around 3-5 pm (as shown in Fig. 2). Therefore, we con-
clude that the much smaller resistance of grains and the
small grain size of the La3Ti,TaO;, gave rise to the simple
impedance response.

The overall resistances (Ry) of the sample were extrac-
ted from the intercepts on the real part of Z (Z’) axis
variations of which with temperature are shown in Fig. 7. It
could be observed that the resistance increased with
increasing measurement temperature up to 600 °C when it
reached a maximum value, while subsequent increase in
temperature decreased the resistance. This confirmed the
existence of PTCR effect. Further, researches are in pro-
gress to explain the PTCR effect. The capacitance values
were calculated from the frequency peaks of the semi-cir-
cular arcs using the relation wCR = 1. A. R. West et al. [1]
established a relation between the magnitudes capacitance
values and their possible response, which could be used to
diagnose bulk, grain boundary, surface layer, and electro-
chemical phenomena. The calculated capacitance values
were in the order of 107'° F. This result indicated the
nature of the semicircle to be due to the grain boundary.

A more conventional method of presenting resistance
(or conductivity) data is an Arrhenius plot against reci-
procal temperature. The ac conductivity of the material is
evaluated in accordance with the relation:

Oae = WEGE, tan d = 27mf gy, tan o (7)

The ac conductivity values of LasTi,TaO;; ceramic
observed at different frequencies are shown in Fig. 8 as a
function of temperature. It could be seen that the ac
conductivity showed a progressive rise with increasing
temperature with different slopes at different temperature
regions. In low-temperature region, the variation of ac
conductivity with temperature was smooth, accompanied
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Fig. 7 Temperature dependence of resistances in La;Ti,TaOq;
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Fig. 8 The ac conductivity of La3Ti,TaO;; ceramic observed at
different frequencies as a function of temperature

with strong frequency dispersion in o,. value. As
temperature rises to 900 °C, the slope increased steeply
until it reached a maximum value of 0.04 Q' cm™'
(10 kHz), which was much higher compared with room
temperature value of 6.75 x 1078071 cm71(10 kHz). o,
value merges finally in the high temperature region. In
addition, the higher conductivity was observed at higher
frequencies in the low-temperature region. These results
indicated that the electrical conduction in the present
material was a thermally activated process related to the
release of space charge, which was in very good agreement
with the impedance analysis results. A similar effect [23]
was previously observed in Lal.iMo,Og. o,. value at
1 MHz could not be obtained when measured below
500 °C because the dielectric loss (tand) was of negative
value. This may be attributed to the low loss of the as-
prepared La;Ti,TaO;; ceramics.

Conclusions

Complex impedance analysis was carried out on poly-
crystalline LasTi,TaO;; ceramics synthesized by solid-
state ceramic route. A preliminary structural analysis
indicated the crystal structure to be orthorhombic with
space group Pmc2;. Impedance spectrum results indicated
that the electrical properties of the material were strongly
dependent on frequency and temperature. Only a single
semicircle was observed in complex impedance plane plots
for a fixed temperature. This could be explained by the
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small grain size of La;Ti,TaO;;, which was well agree-
ment with the SEM results. A PTCR effect was observed in
temperature range from 500 to 600 °C. The total resistance
evaluated from complex impedance plan plots was
observed to get a maximum value when measured at
600 °C. Further researches are in progress to explain the
PTCR effect.
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