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Abstract: The polycrystalline sample of LiSr,NbsO;s (LSN) was prepared by a high-temperature
solid state reaction technique. The impedance parameters were studied using an impedance analyzer
in a wide range of frequencies (10>-10° Hz) at different temperatures (28-500 ‘C). Nyquist plot reveals
the presence of bulk effect only. The bulk resistance of the compound decreases with rise in
temperature which shows the negative temperature coefficient of resistance (NTCR) like a
semiconductor. The ac conductivity spectrum was found to obey Jonscher’s universal power law. DC
conductivity (bulk) with temperature demonstrates that the compound exhibits Arrhenius type of
electrical conductivity and the activation energy found to be 0.97 eV.

Key words: niobates; conductivity; complex impedance; modulus

1 Introduction

Ceramics with filled tungsten bronze (TB) structure [1]
have received much scientific and technological
attention due to their interesting dielectric, ferroelectric,
pyroelectric, piezoelectric and nonlinear optic
properties which have been used for various electronic
devices applications such as capacitors, actuators,
pyroelectric  detectors, transducers, electro-optic,
ferroelectrics random access memory [2-6]. The
general chemical formula for TB type compound is
[(A1)2(A2)4(C)a][(B1)2(B2)s]O30, where A-sites are
occupied by mono or trivalent cations, B-sites are
occupied by penta or hexavalent ions and C-sites are

* Corresponding author.

E-mail: banarjibehera@gmail.com

being small, often remains vacant or may be filled by
mono or divalent cations. The distribution of metal
cations in different atomic sites of TB structure plays a
vital role in tailoring the physical and electrical
properties of the materials for device applications.
Among many ferroelectric oxides, significant work has
been focused on the study of TB type ferroelectric
niobates and tantalates [7-12] due to their high
dielectric constant and low loss. A number of TB type
compounds have been reported by Behera ef al. [13-15]
with interesting properties by the substitution of Ca at
the A-site. Further, the typical relaxor behavior of TB
type ceramics has been observed in Sr,NaNbsO;s,
Pb,KTas0;s and BasLaTi;Nb,;Osy [16-18]. However,
several works have been reported on electrical
(impedance) properties of TB type compounds [19-22].
In addition, the other related tetragonal tungsten type
phases (Ba/Sr/Ca/La)y¢M,Nb;_,O3_s (M=Mg, Ni, Mn,
Cr, Fe, In, Sn) has been reported and used as anode



222

Journal of Advanced Ceramics 2012, 1(3): 221-226

materials for Solid Oxide Fuel Cell [23]. Moreover,
structural, dielectric and ac conductivity study of
LiSr,NbsO,5 has already been reported by our group
elsewhere [24]. Detail literature survey shows that no
work has been reported on the electrical properties of
LiSr,NbsO,5 compound. In the present work, we report
the extensive study to explore the impedance
properties of LSN compound.

2 Experimental

The polycrystalline sample of LiSr,NbsO;5 (LSN) was
prepared by a mixed oxide method at high temperature
using high-purity (99.9%) ingredients (all from M/s.
Loba Chemie Pvt. Ltd., India); Li,COs, Sr,CO;, and
Nb,Os in a suitable stochiometry. The oxides and
carbonates were thoroughly mixed by agate mortar;
first in an air atmosphere for 1 h, and then in alcohol
for 1h. The mixed powders were calcined at an
optimized temperature of 950 ‘C for 7 h. The calcined
powder was cold pressed into cylindrical pellets of
10 mm diameter and 1-2 mm of thickness at a pressure
of 4x10° N/m? using a hydraulic press. PVA (polyvinyl
alcohol) was used as binder to reduce the brittleness of
the pellet, which was burnt out during the sintering.
Then the pellets were sintered at an optimize
temperature of 1100 C for 10 h in an air atmosphere.
To study the electrical/impedance properties of the
compound, the sintered pellets were electroded 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. The impedance
parameters were obtained using an LCR meter (HIOKI
Model 3532) in the frequency range of 10*-10° Hz at
different temperature (28-500 ‘C) in conjunction with a
laboratory-made  sample holder and heating
arrangement with an ac signal. A chromel-alumel
thermocouple and a digital multimeter (M/s. Electronic
of India, DM 6108) were used to measure the
temperature. All the above measurements were
recorded within a small temperature interval (=2 C) in
the heating mode.

3 Results and discussion

3.1 Impedance analysis

Complex Impedance spectroscopy [25] is a powerful

technique for the characterization of electrical behavior
of ceramic materials. The output response, when
plotted in a complex plane, appears in the form of a
succession of semicircle representing electrical
phenomena due to bulk, grain boundary effect and
interfacial phenomena. A polycrystalline material
usually gives the grain and grain boundary properties
with different time constant in two successive
semicircles. The complex impedance parameters are
expressed as complex impedance (Z) and electric
modulus (M), complex dielectric constant (¢) i.e.,
7'=7'—7", M'=M"+iM", ¢=¢'—j¢" and tan o=¢"/e'
where (Z', M") and (Z", M") are the real and imaginary
components of the impedance and modulus,
respectively, j=(—1)"? the imaginary factor and w is
angular frequency, (0=2nf").

Figure 1 shows the variation of real (Z') part of
impedance as the function of frequency at various
(350-450 C). It is found that the
magnitude of Z' decreases with the increase in both
frequency as well as temperature (i.e., NTCR
behavior). The Z' value for the selected temperature
found to be merge above 10 kHz, which may be due to
release of space charge of the compound with rise in
temperature. The coincidence of the Z' value at higher
frequency side at all the temperature confirms the
concept of space charge effect [26].

Argand diagram (Z" vs Z') at selected temperatures

temperatures

(350-450 C) is shown in Fig. 2. A single semicircular
arc has been observed in selected temperature range
which confirms the electrical properties of the
materials arise mainly due to the contribution of bulk
effect only and can be explained by a parallel RC
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Fig. 1 Variation of Z' with frequency at different
temperatures.
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Fig.2  Nyquist plot (Z' and Z") at various
temperatures.

equivalent circuit (inset). On increasing temperature
the point of intersection of semicircle on the real axis
shift towards the origin of the complex impedance
spectrum indicating the decrease in the resistive
properties of the compound. Further, these semicircles
have their center on the line below the real x-axis,
indicating the departure from ideal Debye behavior
(non Debye type) [27]. The calculated values of bulk
resistance (Ryp), relaxation frequency (f;) and bulk
capacitance (Cy) above 350 ‘C were obtained from the
intercept of the semicircular arcs on real axis (shown in
Table 1).

3.2 Modulus studies

In order to confirm the ambiguity arising in connection
with the presence of grain/grain boundary effects at
elevated temperatures, the impedance data have been
re-plotted in the modulus formalism at high
temperatures as shown in Fig. 3. It is clear that the
modulus planes shows a single semicircle and confirm
the contribution of bulk effect only.

The variation of real part of electric modulus (M)

Table 1 Values of bulk resistance (Ry), relaxation
frequency (f}) and bulk capacitance (C,) of
LiSr,)NbsO5 compound at different temperature

() Ry, (k) J: (kHz) G (pF)
350 2452.74 2 32
375 910.7 4 44
400 474.75 7 48
425 296.04 10 54
450 193.36 15 55
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Fig.3  Variation of (M' vs M") at various
temperature.

with frequency at selected temperature is shown in Fig.
4. A very low value of M’ almost zero in the low
frequency region, and a continuous increase in
frequency having a tendency to saturate at a maximum
asymptotic value in the high frequency region for all
temperatures. This is attributed to the presence of
conduction phenomena due to short range mobility of
charge carriers.

Variation of Z” and M" with frequency at various
temperatures is shown in Fig. 5. Both the peaks of the
plots for Z” and M" are shifted towards the higher
frequency on increasing temperature. The change in
the peak broadening (Z” vs. frequency) on the change
of temperature suggests the presence of temperature
dependent relaxation process. This is due to the
presence of some immobile electrons or species
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Fig. 4 Variation of M' with frequency at different
temperature.
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Fig. 5 Variation of Z" and M" with frequency at
different temperatures.

present at low temperature and defects created at high
temperature [28]. Finally, all the curves for Z" merge at
high frequency due to the accumulation of space
charge. The behavior (M" vs. frequency) suggests the
dielectric relaxation is thermally activated in which the
hopping mechanism of charge carriers dominates
intrinsically in the compound. The asymmetry in peak
broadening as observed in M" plot shows the spread of
relaxation times with different time-constant, and
confirms the relaxation is of non-Debye type (also
observed from Nyquist plot).

3.3 Conductivity studies

Figure 6 shows frequency dependence of ac
conductivity (o) at various temperatures. It is
observed that at low frequencies and high temperatures
the plateaus of (o), i.e., frequency independent values
of conductivity, which corresponds to the dc
conductivity. This can be described by a relation
o(w)=04-+Aw" known as Jonscher’s universal power
law [29], where A4 is the temperature dependent

parameter and 7 is the temperature dependent exponent.

The term Aw" comprises the ac dependence and
characterizes all dispersion phenomena. The exponent
n can vary from material to material, but in general it
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Fig. 6 Frequency dependence of ac conductivity at
different temperature.

can have values between 0 to 1 (0<n<l). This is

confirmed by a typical fit of the above equation with
the experimental data. The solid lines (Fig. 6) are the
fitted lines. The values of fitted parameters are shown
in Table 2. The values of # lie in the range of 0.57-0.67
(350-450 C). According to Jonscher, the frequency at
which slope changes, is known as hopping frequency
(wp). This behavior suggests the presence of hopping
mechanism between the allowed sites. The
conductivity between 375 C to 450 ‘C exhibit a step
like decrease on low frequency side may be due to
transition from the bulk to a contact resistance [15].
Moreover, the dc conductivity values obtained from
the fitted parameters are nearly equal to the values
(shown in the Table 2) obtained from Fig.7. An
anomaly observed near 100 kHz may be due to the
onset of the conductivity relaxation, which indicates
the translation from long range hopping to the short
range ion motion [30] similar to M"” with frequency.
Figure 7 shows the wvariation of dc (bulk)
conductivity with inverse of temperature (10°/7). The
dc conductivity was evaluated from the complex
impedance plots at different temperatures. It is
observed that the dc conductivity increases with rise in

Table 2 Fitting parameters obtained from Jonscher’s power law at different temperatures. Comparison between
the dc conductivity obtained from fitted parameters and from Fig. 6 (in parenthesis)

T(C) Oge (Q7'm™) A n Goodness of fit (R?)
350 0.00002 (1.68737E-5) 5.5897E-9 0.5793 0.999
375 0.00004 (3.76853E-5) 3.6306E-8 0.6720 0.997
400 0.00008 (7.19290E-5) 9.4667E-8 0.6288 0.997
425 0.00012 (1.22885E-4) 1.5623E-7 0.5829 0.996
450 0.00020 (1.88141E-4) 2.0148E-7 0.6207 0.994
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temperature showing a typical characteristic of a
semiconductor i.e., NTCR behavior. From this plot a
straight line is observed and follows the Arrhenius law
(since the electrical conductivity is thermally activated
process):  ogq=0oexp(—E/kgT), where o, is the
pre-exponential term and E, is activation energy. The
activation can be calculated from the slope of the
straight line and found to be 0.97 eV. This amount of
energy is required for the conduction process of the
material.

4 Conclusions

The polycrystalline sample of LiSr,NbsO;s (LSN) was
prepared by a high temperature solid state reaction
technique. X-ray analysis exhibits the orthorhombic
crystal structure at room temperature [24]. Complex
impedance spectroscopy was used to study the
electrical properties of the material. The complex
impedance plot reveals the contribution of bulk effects
only and the bulk resistance decreases with rise in
temperature which shows NTCR behavior. The
relaxation process occur in the compound has been
found to be temperature dependent. The ac
conductivity spectrum is found to obey Jonscher’s
universal power law. Variation of dc conductivity (bulk)
with temperature exhibits Arrhenius type of electrical
conductivity and the activation energy for conduction
process is found to be 0. 97 eV.
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