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ABSTRACT

A polycrystalline ceramic, a new type of complex tungsten bronze type structure, having a general formula
Li,Pb,Y,W,Ti4V40;0 has been prepared relatively at low temperature using a mixed-oxide technique after optimizing
the calcination conditions on the basis of thermal analysis. The material has been characterized by different experimen-
tal techniques. The formation of the material under the reported conditions has been confirmed by an X-ray diffraction
technique. A preliminary structural analysis of the material showed the formation of single phase compound in an or-
thorhombic crystal structure at room temperature. Studies of dielectric properties (&,, tand ) of the above compound as a
function of temperature at different frequencies exhibit a ferroelectric phase transition of diffuse type. The electrical
properties of the material have been studied using ac impedance spectroscopy technique. Detailed studies of impedance
and related parameters exhibit that the electrical properties of the material are strongly dependent on temperature, and
bear a good correlation with its microstructure. The temperature dependence of electrical relaxation phenomenon in the
material has been observed. The bulk resistance, evaluated from complex impedance spectra, is found to decrease with
rise in temperature, exhibiting a typical negative temperature co-efficient of resistance (NTCR)—type behavior similar
to that of semiconductors. A small contribution of grain boundary effect was also observed. The complex electric
modulus analysis indicates the possibility of hopping conduction mechanism in the system with non-exponential type of
conductivity relaxation. The ac conductivity spectra exhibit a typical signature of an ionic conducting system, and are
found to obey Jonscher’s universal power law.

Keywords: Electroceramics; Impedance Analysis; Bulk Resistance; Electric Modulus Analysis

1. Introduction TB-type materials, with improved properties for different
applications such as capacitors actuators, pyroelectric
detectors, transducers, electro-optic, ferroelectric random
access memory and display etc. [6-17]. Further, some
members of TB structural family, such as barium sodium
niobates (BNN), potassium lanthanum niobates (KLN),

strontium barium niobates (SBN) etc. have widely been

Since the discovery of ferroelectric properties in BaTiO;
of perovskite structural family of ABO; type (A = mono-
divalent and B = tri-hexavalent ions), a large number of
oxides of different structural family have been investi-
gated in the past in search of new and promising materi-

als for industrial applications. It was found that some of
the oxides with distorted perovskite structure have com-
plex but stable structure at room temperature with many
interesting properties useful for devices [1,2]. Out of
them some ferroelectric oxides with tungsten bronze (TB)
structure play major role in fabricating ferroelectric de-
vices. Since the discovery of first TB type of ferroelectric
compounds, lead metaniobate [3,4] and lead metatanta-
late [5], there has been rapid progress in search of new
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studied by different research groups [18-20] The TB
structure (derived from perovskite ABO; type) consists
of a complex array of distorted BOs octahedral sharing
corners in such a way that three different types of inter-
stices (A, B and C) are available for cation substitutions
in a general formula (A)); (Az)s (Cq) (B1)2(By)s Osp. In
this structure mono or divalent cations can be accommo-
dated at the A-sites (A; and A,), tri or pentavalent cations
at octahedral sites (B, and B,) [21] and C-site are gener-
ally have small ions or empty. It is expected that the sub-
stitutions of varieties of cations at the A and B sites
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change the crystal structure and physical properties of
materials significantly due to their different atomic/ionic
size and charge distribution [22]. Most of the TB struc-
ture belongs to tetragonal or orthorhombic structure with
small distortion of multiple perovskites. Some tungsten
bronze ferroelectric ceramics are found to be stable at
room temperature with diffuse phase transition and re-
laxor behavior. Also, structural flexibility and chemical
versatility of these materials make them more suitable for
device applications. Detailed literature survey on the
compounds of the TB ferroelectrics reveals that lots of
works have been carried out on simple and/or complex
niobates and tantalates [23-31] in the form of single
crystal, ceramics or thin film. In view of the importance
of the materials for understanding and applications we
have already carried out extensive studies on variety of
compounds of this TB structural family. Structural and
electrical properties of some complex vanadates such as
Naszszszi4V4O30 (R = Gd, Eu) in the form of ce-
ramics have already been reported by us [32,33]. Re-
cently structural and electrical properties of Ca modified
BasNdTi;Nb;0;¢ have been reported by Ganguly et al.
[34]. Dielectric and pyroelectric properties of
BasSmTi;Nb;O3¢ have also been reported by them later
[35]. More recently ferroelectric and related properties of
nanocrystalline BasSmTi;Nb;Oj3y have been reported by
them [36]. More recently structural and electrical proper-
ties of K,Ba,Nd,W,TiyNb,O3, have been reported by
Pradhan et al. [37].

Though a lot of work has been done on TB compounds
[38-41], not much work on dielectric and impedance prop-
erties have been reported so far on Li,Pb, Y, W,Ti4V,403.
In view of the above we have synthesized a new complex
TB-structure compound Li,Pb,Y,W,Ti;V40; having all
the valence elements (I-VI), and studied its structural,
dielectric and electrical properties as a function of tem-
perature at different frequency.

2. Experimental
2.1. Materials Preparation

The polycrystalline sample of a new complex TB struc-
ture compound, Li,Pb,Y,W,Ti,;V40;, was prepared by a
standard solid-state reaction (mixed-oxide) method at a
relatively low temperature using appropriate amounts
(stoichiometric ratio) of high-purity (AR grade) precur-
sors; Li,CO3; (99%, M/s s.d. fine chem. Ltd.), PbO
(99.9%, E. Merck India Ltd.), Y,0;3 (99.9%, M/s Indian
Rare Earth Ltd.), TiO; (99%, M/s LOBA Chemie Pvt.
Ltd., India), WO3, V,05 (99.9%, M/s LOBA Chemie Pvt.
Ltd., India) was mixed first mechanically in an agate-
mortar and pestle for an hour followed by wet grinding
(in methanol) for another hour to achieve homogeneous
mixture of the constituents. The mixture so obtained was
first fired at a temperature of 425°C for 10 h in air at-
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mosphere on the basis of thermogravimetric analysis.
The firing/calcination was repeated (twice) under similar
conditions in order to get the reaction of precursor mate-
rials completed. The formation of the compounds was
checked by preliminary X-ray structural analysis. The
calcined powder of the compounds was cold pressed into
cylindrical pellets (10 mm diameter and 1 - 2 mm thick-
ness) with the help of polyvinyl alcohol (PVA) as the
binder. An isostatic pressure of 4 x 10° N/m* was applied
for pelletization. The pellets were then sintered at an op-
timized temperature (450°C) and time (10 h). The sin-
tered pellets were then polished by fine emery paper to
make their faces smooth and parallel. To study the elec-
trical properties of the compound, both the flat surfaces
of the pellets were electrode with air-drying conducting
silver paste. After electroding, the pellets were dried at
150°C for 4 h to remove moisture (if any) and then cooled
to room temperature before taking any measurement.

2.2. Material Characteristics

Thermal analysis (TGA) studies were carried out in order
to optimize the synthesis conditions and to check the
thermal stability of the material. About 5 mg of the
physical mixture of the material sample was fired in an
alumina crucible using a PERKIN ELMER simultaneous
thermal analyser (STA) (air flow @ 100 ml/min). The
experiment was carried out over a wide temperature range
(50°C - 1000°C) at a constant heating rate of 20°C/min.
The formation and quality of the compound were checked
using an X-ray diffraction (XRD) technique. The XRD
pattern of the material was recorded at room temperature
using a X-ray powder diffractometer (Rigaku Miniflex,
Japan) with CuK_ radiation (4 = 1.5405 A) in a wide
range of Bragg angle 0(20° <20< 80°) at a scanning
rate of 3°/min for the purpose. The microstructure of the
sintered pellet was recorded at room temperature using
scanning electron microscope (SEM) (Model: JEOL
JSM-5800). The impedance and related parameters were
measured using a computer-controlled impedance ana-
lyser/LCR meter (HIOKI LCR Hi Tester, Model: 3532)
as a function temperature over a wide range of frequen-
cies (100 Hz - 1 MHz) and temperatures (30°C - 500°C).
A chromel-alumel thermo-couple and a digital milli-
voltmeter (AGRONIC-161) were used to measure tem-
peratures. An input ac signal of small voltage amplitude
(~10 mV) was applied across the sample cell followed
by thermal stabilization for 2 h prior to the measure-
ments.

3. Results and Discussion
3.1. Thermal and Structural Properties

The thermogravimetric analysis (TGA) pattern of the
mixture recorded from room temperature to 1000°C (Fig-
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ure 1) shows differential change in the sample mass on
increasing temperature. It appears from the pattern that
there is a progressive loss in mass of the physical mixture
on heating from 50°C onwards. The mass loss mainly
occur in two steps in the temperature range 1) 75°C -
200°C and 2) 250°C - 400°C. The mass loss in the tem-
perature range 1) may be attributed to the dehydration of
surface absorbed water present in the materials and ini-
tiation of intermediate reaction stages among the precur-
sors. Subsequent heating is accompanied by a progres-
sive mass loss with a drastic drop beginning at 300°C
onwards that attains saturation at ~400°C. The maximum
mass loss in the temperature range 2) may be attributed
to the evolution of residual gases (i.e., CO,, CO etc.) and
the reaction for the formation of the compound. Above
400°C there is no appreciable mass loss with rise in tem-
perature (even upto 1000°C) indicating thermal stability
of the residual material and completion of reaction lead-
ing to the formation of the desired compound on and
above 1000°C.

Figure 1 shows the XRD pattern of Li,Pb,Y,W,Ti,V403
at room temperature. The diffraction pattern shows sharp
peaks, which are different from those of the ingredients,
suggest the formation of a new polycrystalline single
phase compound. The diffraction peaks of the compound
were indexed in different crystal systems and unit cell
configurations using a standard computer program pack-
age “POWD” [42]. An orthorhombic unit cell was se-
lected on the basis of good agreement between observed
and calculated interplanar spacing d (i.e., > Ad = d,p —
d.y = minimum). The lattice parameters of the selected
unit cell were refined using the least-square sub-routine
of the standard computer program package and the re-
fined lattice parameters are: a = 19.2535 A, b = 18.8143
A and ¢ = 3.8237 A. Using refined lattice parameters,
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Figure 1. X-ray diffraction pattern and TGA (inset) of
LiszzYszTi4V403o.
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each peak was indexed and interplanar spacing (d) of
reflection planes of the compound was calculated, and
compared with its observed value (Table 1).The calcu-
lated values of crystallite size (average) P of the com-
pound using Scherrer equation: P = kA/(f;,cosd), where
k = 0.89, 2 = 1.5405 A and P, = broadening of peak,
were found to be 12nm respectively. As the powder sam-
ples were used to get XRD pattern, contributions of
strain and other effects in the broadening and crystallite
size calculation have been ignored.

Table 1. Comparison of d,,, and d,,, values of the compound
LiszzYszTi4V4030.

Sl d-Spacing jun Miller Indices
No. obs. calc. obs. h k 1
1 3.5420 3.5422 20 0 2 1
2 3.2349  3.2359 100 3 1 1
3 2.9965 2.9940 26 4 0 1
4 27128 2.7132 30 5 0 1
5 2.6565  2.6563 18 1 5 1
6 24793 24791 12 3 7 0
7 23522 23518 9 0 8 0
8 22083 2.2082 10 3 8 0
9 2.1836 2.1847 10 1 7 1
10 2.0153  2.0171 42 7 4 1
11 1.9224  1.9223 23 7 7 0
12 1.8765 1.8752 10 2 0 2
13 1.8260  1.8260 23 1 9 1
14 1.7762  1.7768 35 4 0 2
15 1.6822  1.6820 17 8 8 0
16 1.6529  1.6527 47 3 11 0
17 1.6195 1.6193 28 7 8 1
18 1.5873  1.5870 12 11 5 0
19 1.5025 1.5029 12 5 6 2
20 1.4765 1.4765 15 13 1 0
21 1.4345 1.4344 12 2 12 1
22 1.3583 1.3578 17 7 11 1
23 1.3313  1.3310 14 2 14 0
24 1.3126  1.3126 21 3 10 2
25 1.3057  1.3057 29 7 8 2
26 1.2730  1.2728 14 12 9 0
27 1.2545 1.2543 20 0 15 0
28 1.2398  1.2396 18 6 14 0
29 1.2171  1.2171 18 8 9 2
JMP
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Figure 2 shows the SEM micrograph of the sintered
pellets recorded at room temperature. The figure shows a
group of loosely bound particles with prism type mor-
phology. The loosely bound particles with prism-type
size were found to be in the range of ~2 - 6 pm.

3.2. Dielectric Properties

Figure 3 shows the variation of relative dielectric con-
stant (¢,) and loss tangent (tand) of Li,Pb,Y,W,Ti,V40;
with temperature at different frequencies. It is observed
that both ¢, and tand decrease on increasing frequency,
which is a general feature of polar dielectric materials
[43]. It is observed that ¢, increases gradually on increas-
ing temperature to its maximum value (gy.x) and then
decreases. This dielectric anomaly is observed around
215 K (142°C) representing the ferroelectric-paraelectric
phase transition (7,.). Above T,, the increase of ¢, (at
lower frequencies) may be due to space charge polariza-
tion which arises from mobility of ions and imperfections
in the material. These combined effects produce a sharp
increase in the relative dielectric constant on increasing
temperature. The maximum values of dielectric constant
at T, (i.e., emy) for frequencies 1, 10, 100 kHz and 1
MHz are 209, 141, 115 and 104 respectively. Similar
trend of variation is observed in tand as in ¢, as a function
of temperature (Figure 3). An anomaly in tand (of dif-
fuse type) may be attributed due to dielectric relaxation
in the material. The higher value of tand at high tem-
perature may be due to space charge polarization and
ferroelectric domain wall contribution.

In the plot of &, vs. temperature, dielectric peaks were
found to be broadened or diffused (in the region of phase
transition). In order to determine the degree of diffuse-
ness of the dielectric peaks of the compound, a general
expression:

1 1 V4
— o(T-T
gr gmax a( C)
1 1
or ln[———J =yIn(T —T,)+ constant
gr gmax

[44] is used, where &, is relative dielectric constant at a
temperature T and &, is its maximum value at 7. The
value of diffusivity (), calculated from the slope of log
(1/e, — Vemax) vs. log (T — T.) plots using the linear por-
tion of the graph (Figure 4), was found to be between 1
(obeying Curie-Weiss law) and 2 (for completely disor-
dered system) which confirms the presence of diffuse
phase transition in the prepared material. The calculated
value of diffusivity was found to be y = 1.36 in this ma-
terial which confirms the presence of diffuse phase tran-
sition in the material. The diffuse phase transition is usu-
ally observed in TB structure ferroelectrics, which can be
explained by the presence of certain non-equivalent posi-
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tion in the unit cell [45].
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Figure 2. SEM micrographs of Li,Pb,Y,W,Ti;V4O0x.
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Figure 3. Variation of relative dielectric constant (¢) and
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3.3. Impedance Spectrum Analysis

Impedance spectroscopy (IS) is the most reliable tech-
nique to study the electrical properties and process of the
materials. The IS technique is based on analyzing the ac
response of a system to a sinusoidal perturbation, and
subsequent calculation of impedance and related pa-
rameters as a function of frequency of the perturbation.
Each parameter can be used to highlight a particular as-
pect of the materials. A parallel resistance and capaci-
tance circuit corresponding to equivalent to the individ-
ual component of the materials (i.e., bulk and grain
boundary) represents a semicircle. Impedance data of
materials (i.e., capacitive and resistive components),
represented in the Nyquist plot, lead to a succession of
semicircle. The electrical properties are often presented
in terms of impedance (Z) [46-50], permittivity (&) [49]
and electrical modulus (M) [53-55]. The frequency de-
pendence of dielectric properties of the materials is nor-
mally described in terms of complex dielectric constant
(&"), complex impedance (Z"), electric modulus (M) and
dielectric loss (tan ¢ ) and are related to each other as

Z*:Zv_jZIl:RS_L’ g*:gl_ng’

wc,
M =M+ jM"=jwCoZ w,
gl Z" MV

where o is the angular frequency, &, is the permittivity
in free space, Rs and Cs are resistance and capacitance in
series respectively. As the above expressions offer a wide
scope for graphical representation, they can be used to
calculate complex impedance of the electrode/ceramic/
electrode capacitor (demonstrated as the sum of the sin-
gle RC circuit with parallel combination) as per the rela-

tion:
Y(z', T)d(r)
1+ jor

z'(1)=2,(7)[

Separating the real and imaginary part of the above
equation, they can be written as

Z'(o, T):ZO(T)J'%{;(T)
20, 7)= 7, ()DL

Here, 7=RC represents the relaxation time, 7 =
time period and Y (7, T) = distribution function of re-
laxation time. The variation of imaginary part of complex
impedance Z"(w, T) provides information about the
distribution function Y (7 , 7).

Figure 5 shows the variation of real part of impedance
(Z', i.e., bulk resistance) with frequency at different
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temperatures. The values of Z' decrease with rise in
frequency and temperature. The magnitude of Z' de-
creases on increasing temperature in the low-frequency
range which merges in the high-frequency region irre-
spective of temperature. This nature may be due to the
release of space charge [56]. The reduction in barrier
properties of the materials with rise in temperature may
be a responsible factor for enhancement of a.c. conduc-
tivity of the materials at higher frequencies [53,54]. Fur-
ther, in the low frequency region, there is a decrease in
magnitude of Z' with rise in temperature showing nega-
tive temperature coefficient of resistance (NTCR) be-
havior. This behaviour is changed drastically in the high
frequency region showing complete merger of Z' plot
above a certain fixed frequency. At high frequency Z'
value of each temperature coincides implying the possi-
ble release of space charge [50]. A particular frequency
at which Z' becomes independent of frequency was
observed to shift towards the higher frequency side (with
rise in temperature). The shift in Z' plateau indicates
the existence of frequency relaxation process in the ma-
terial. The curves display single relaxation process and
indicate the increase in a.c. conductivity with increase in
temperature and frequency [51].

Figure 5 shows the variation of imaginary part of im-
pedance (Z") with frequency (i.e., loss spectrum) at dif-
ferent temperatures. The loss spectrum of the materials
can be characterized by few important features such as, 1)
a monotonous decrease in Z" in the low temperature
region, 2) appearance of peaks in the loss spectrum at
high temperatures, 3) significant peak broadening with
increase in temperature, and 4) existence of symmetric
peak broadening. The absence of peaks upto a tempera-
ture of 325°C in the loss spectrum suggests the absence
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Figure 5. Variation of real (Z') and imaginary part (Z')
[inset] of impedance as a function of frequency at different
temperatures.
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of current dissipation in this low temperature region. The
pattern shows peaks at a particular frequency which de-
scribes the type and strength of electrical relaxation phe-
nomenon in the materials [51]. The value of Z" reaches
a maximum peak (Z" . ) above 350°C. It is expected
that low temperature peaks (<350°C), was beyond the
range of frequency used. The Z"  _ shifts to higher fre-
quency side on increasing temperature indicating in-
crease of tangent loss in the samples. A significant in-
crease in the broadening of the peaks with increase in
temperature suggests the existence of a temperature de-
pendence of electrical relaxation phenomenon in the ma-
terials. The relaxation process may be due to the pres-
ence of electrons/immobile species at low temperatures
and defects/vacancies at higher temperatures. The asym-
metric broadening of the peaks suggests a spread of re-
laxation time with two equilibrium positions. The peak
heights are proportional to bulk resistance (R;), and can
be estimated and explained by the equation,

Z"[: R, {a)r/(lJra)zrz)}]

in Z" versus frequency plots. Further, the magnitude of
Z" decreases gradually with a shift in peak frequency
towards high frequency side, and it finally merges in the
high frequency region. This is an indication of the accu-
mulation of space charge in the material.

Figure 6 shows complex impedance spectrum (Ny-
quist plot) of the compound measured at different tem-
peratures over a wide range of frequency range (100 Hz -
1 MHz). The effect of temperature on impedance char-
acteristics of the material becomes clearly visible in the
figure. The impedance property of the material is char-
acterized by the appearance of semicircular arcs whose
pattern of evolution changes with change in temperature.
The extent of intercept on the real axis and its number in
the spectrum provide very important information on
electrical behaviour of the material under investigation.
Such pattern provides information on the kind of electri-
cal processes occurring within the material and their cor-
relation with microstructure when modeled in terms of an
equivalent electrical circuit. The semicircular arcs of the
impedance pattern can mainly be attributed to a parallel
combination of resistance and capacitance. As tempera-
ture increases, the arc progressively becomes semicircu-
lar with a shift of the centre towards origin of the com-
plex plane plot. With further increase in temperature, the
slope of the line decreases, and bend towards Z'-axis
(above 300°C), and thus a semicircle could be traced
indicating the increase in conductivity of the sample
[53,54]. The presence of semicircular arcs for tempera-
tures upto 450°C suggests that the electrical processes in
the material arise basically due to the contribution from
bulk material (grain interior), and can be modeled as an
equivalent electrical circuit comprising of a parallel
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combination of bulk resistance (R;) and bulk capacitance
(Cp) [55]. The electrical process at these temperatures
may be considered due to intra-grain phenomenon. How-
ever, a tendency to form a small semicircle is seen in the
Z'-Z" plots at high temperatures indicating very small
contributions of grain boundary in the material. Thus
detailed analysis of second semicircles has been ignored
here. The value of R, and C, at different temperatures
can be obtained from impedance spectrum. It can be seen
that the values of R, and C, decrease with rise in tem-
perature. The decrease in R, with the rise in temperature
indicates the NTCR behaviour of the compound, which
was also observed in Z' versus frequency plot. The
relaxation time (7 ) was estimated from the maxima of
the semicircle (due to bulk effect) of the complex im-
pedance plots.

In order to examine the effect of space charge polari-
zation in low frequency range and at high temperatures,
we have plotted the real and imaginary part of dielectric
constant (i.e., ¢, &") with frequency at different tem-
peratures. Figure 7 shows the variation of &' and &”
with frequency above 350°C. There is a sharp decrease in
value of &' and &" in the lower frequency region and
showing a frequency independent value of these parame-
ters in high frequency region. The strong decrease of real
and imaginary part of dielectric constant towards low
frequency range may be due space charge polarization
and inter face effect.

Figure 8 shows the variation of Inz, with inverse of
absolute temperature (10°/T). The value of 7 decreases
with rise in temperature, and thus temperature dependent
relaxation time for bulk follows the Arrhenius relation: 7
= 7,exp(-E,/K,T) where 7, is the pre-exponential
factor, Kg is Boltzmann constant and 7T is the absolute
temperature. The calculated value of activation energy
(E,) is 8.05 eV which is consistent with the reported ones
[57].
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Figure 6. Nyquist (Z'-Z"") plot of the compound
Li,Pb,Y,W,Ti,V,403 at different temperatures.
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3.4. Complex Electric Modulus Analysis

The complex modulus formalism is very convenient tool
to interpret the dynamical aspects of electrical transport
phenomena. This technique also provides an insight into
the electrical processes using the following relations of
electrical modulus.

RC2 2 2
w4 @RE) . =A{—1‘”2 2};
1+(wRC +0°T
( ) where A:&.
M= 4 ®RC : :A{ a)z; 2}
1+(wRC) I+o'r

Using the above modulus formalism the inhomogene-
ous nature of polycrystalline ceramics with bulk and
grain boundary effects can easily be probed, which can-
not be distinguished from complex impedance plots. The
other major advantage of the electric modulus formalism
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is to suppress the electrode effect.
The complex electric modulus is usually calculated
from the impedance data using the following relations:

1
M*:M'+jM":—*:ja)goZ*
&£

where, M'=wCyZ" and M"=wC,Z"',
o =2nf = angular frequency, Cy = geometrical capaci-

&g, A .
tance =—"—, ¢, = permittivity of free space, 4 = area
t

of electrode surface, ¢ = thickness.

Figure 9 shows the variation of M ' as a function of
frequency for Li,Pb,Y,W,Ti,V,0; at selected tempera-
tures. These figures exhibit that M ' approaches to zero
in the low frequency region, and a continuous dispersion
on increasing frequency, with a tendency to saturate at a
maximum asymptotic value (i.e., M) in the high fre-
quency region at all the temperatures. Such observation
may possibly be related to a lack of a restoring force
governing the mobility of the charge carriers under the
action of an induced electric field. This behaviour sup-
ports the short range mobility of charge carrier.

Figure 9 (inset) shows the variation of M" with fre-
quency for Li,Pb,Y,W,Ti; V403 at selected temperatures.
It is clear from the figures that the modulus spectrum is
broader and the peaks are asymmetric. The peaks shift
towards higher frequency side on increasing temperature
of the sample. This behaviour suggests that the spectral
intensity of the dielectric relaxation is activated thermally
in which hopping process of charge carriers and small
polarons dominate intrinsically. Both the electric modulus
and the impedance formalism plots produce peaks, which
are broader as compared to that predicted by Debye for
relaxation phenomenon, and are significantly asymmetric.
The relaxation time (7 ) associated with each peak is

determined from the frequency at which M occurs.
0.016
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Figure 9. Variation of real part (M") and imaginary part
(M) [inset] with frequency at different temperatures.
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At the maxima of M" the equation 7 = holds

2z
good. The magnitude of the peak increases on increasing
temperature. The broad envelope of electrical relaxation
can be assigned to relaxation occurring within the bulk of
the material [50,51].

Figure 10 shows the complex modulus spectrum i.e.,
(M'vs M") of Li,Pb,Y,W,Ti;V403, at selected tem-
peratures. The asymmetric semicircular arc observed
earlier is now confirmed from this method and appears to
overlap at all the temperatures. This may be due to the
presence of electrical relaxation phenomena in the mate-
rial. The curves don’t form semicircles as required for
the ideal Debye model. Rather they possess the shape of
deformed arcs with their centres positioned below the
x-axis. This indicates the spread of relaxation with dif-
ferent mean time constants, and hence non-Debye type of
relaxation in the material is confirmed. However the sin-
gle semicircular arc confirms the formation of single-
phase compound, which is also evident from XRD stud-
ies. The modulus plane shows a single semicircle and its
intercept on the real axis is the total capacitance contrib-
uted by the grain and grain boundaries. Further, it is con-
firmed from our M" vs frequency plot that the grain
boundary effect is negligibly small or zero, and does not
affect the relaxation process much. However, there is a
marked change in the shape and size of modulus spec-
trum with rise in temperature suggesting a change in the
capacitance value of the material with temperature.

3.5. a.c. Conductivity Analysis

The temperature dependence of ac conductivity at dif-
ferent frequencies (Figure 11) can be calculated from the
dielectric data using the relation: o,. = weggtand, where g
= dielectric permittivity of free space. The activation
energy E, (which is dependent on a thermally activated
process) can be calculated using an empirical relation: o,
= o, exp(—Ea / kT ) , Where & = Boltzmann constant, ¢, =
pre-exponential factor. For each frequency in the plot,
occurrences of different slopes of the different tempera-
ture regions suggest the presence of multiple conduction
processes in the sample with different activation energy
[58].

The frequency dependence of ac conductivity (a(w))
at various temperatures is shown in Figure 12. In the low
temperature region the conductivity increases with in-
crease in frequency which is a characteristic of @" (n=
exponential). At higher temperatures and low frequencies,
conductivity shows a flat response while it has @" de-
pendence at high frequencies. The phenomenon of the
conductivity dispersion in solids is generally analysed
using Jonscher’s power law; o () =0, +A®", where
o, 1s the dc conductivity at a particular temperature, A

e

Copyright © 2012 SciRes.

is temperature dependent constant and n is temperature
dependent exponent in the range of 0 < n < 1. The n
represents the degree of interaction between mobile ions
with the lattices around them, and A determines the
strength of polarisability. The materials obey universal
power law, and are confined by a typical fit of the above
equation to the experimental data (Figure 13). The esti-
mated value of 7 is 0.4725 and 0.6723 for

Li,Pb,Y,W,Ti4V40; at temperatures 350°C and 375°C
respectively. According to Jonscher [59], the origin of
frequency dependence of conductivity lies in the relaxa-
tion phenomenon arising due to mobile charge carriers.
The low frequency dispersion attributes to the ac conduc-
tivity whereas the frequency independent plateau region
of the conductivity pattern corresponds to dc conductiv-
ity of the material. The temperature at which grain resis-
tance dominates over grain boundary resistance is
marked by a change in slope of ac conductivity with fre-
quency. The frequency at which the change of slope
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M
Figure 10. Complex modulus spectrum of Li,Pb,Y,W,Ti;V,039
at different temperatures.
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Figure 11. Variation of ac conductivity ¢ (w) with tempera-
ture at different frequencies.
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takes place is known as the hoping frequency. It corre-
sponds to polaron hopping of charged species. The hop-
ping frequency shifts to higher frequency side on in-
creasing temperature. The charged species that have been
accumulated at the grain boundaries have sufficient en-
ergy to jump over the barrier on increasing temperature.
It is clear from Figure 12 that at high temperatures and
low frequencies, the curves tend to merge with a constant
slope. This frequency independent behaviour is attributed
to the contribution from dc conduction.

3.6. Hysteresis Study

The hysteresis loop is one of the important criteria for the
confirmation of the existence of ferroelectric property in
a compound. Figure 14 shows the hysteresis loop of
Li,Pb,Y,W,Ti4, V403 at room temperature with an ap-
plied field of 700 V/cm. the nature of loops suggest that
the material is lossy and polycrystalline.
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Figure 12. Variation of ac conductivity e(w) with frequency
at different temperatures.
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Figure 13. AC fitting curve for Li,Pb,Y,W,Ti;V403 at dif-
ferent temperatures (inset).
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Figure 14. Hysteresis loop of Li,Pb,Y,W,TizV4Os.

4. Conclusions

The polycrystalline sample of Li,Pb,Y,W,Ti,V405 was
prepared by a mixed-oxide technique. X-ray analysis
exhibits the orthorhombic crystal structure of the com-
pound at room temperature. The surface morphology of
the compound, studied by SEM, gives the loosely bound
particles with prism-type size of the order of ~2 - 6 pm.
This compound shows diffuse-type ferroelectric phase
transition with transition temperature well above room
temperature (~415 K). The complex impedance plots re-
veal that the material exhibits 1) electrical transport
(conduction) due to bulk material, 2) negative tempera-
ture coefficient (NTCR)—type behavior, and 3) tem-
perature dependent relaxation phenomenon.

Complex impedance analysis suggests the dielectric
relaxation in the material is of polydispersive non-Debye
type. The complex electric modulus analysis has con-
firmed the single-phase behaviour of the material in
agreement with the information obtained from XRD pat-
tern. Electrical modulus analysis indicated non-expo-
nential type conductivity relaxation in the material. The
frequency dependence of ac conductivity obeys Jon-
scher’s universal power law.
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