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Complex impedance studies on tungsten-bronze
electroceramic: Pb,Bi3LaTisO13
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Complex impedance analysis of polycrystalline Pb,BizLaTisO4g, prepared by a
high-temperature solid-state reaction technique has been carried out. XRD analysis indicated
the formation of a single-phase orthorhombic structure. Impedance plots were used as a tool to
analyse the behaviour of the sample as a function of frequency and temperature. The bulk
resistance has been observed to decrease with rise in temperature showing a typical negative
temperature coefficient of resistance (NTCR) type behaviour like that of semiconductors. The ac
impedance studies revealed the presence of grain boundary effect at 450°C and showed
polydispersive non Debye-type dielectric relaxation. The frequency dependent ac conductivity
at different temperatures indicated that the conduction process is thermally activated process.
The activation energy for bulk (0.67 eV) and grain boundary (0.73 eV) was estimated from the
temperature variation of respective conductivities.

© 2006 Springer Science + Business Media, Inc.

1. Introduction
Among ferroelectric materials of different structural fami-
lies (e.g. perovskite, tungsten-bronze, layered, etc.) avail-
able now a days, some rare-earth based compounds of
tungsten-bronze (TB) family such as (Sr,Ba)Nb,O¢ [1-6],
(Pb,Ba)Nb206 [3, 7], szBi4Ti50]8 [8], (Pb,K)LiTa1oo30
[9], BazNaNb_sO]s [10], BagNa3RNb10030 (R = rare-
earth ions) [11], BasRTizNb;O3 (R = Dy, Sm) [12],
(R = Nd, Eu, Gd) [13], Ba4R;Ti4sNbsO3p (R = Y, Sm,
Dy) [14], BaSNd(Ti,ZI‘)Nb7O30 [15], Ba6_XLaXNb10030+3
[16], Pb2B13DyTlsolg [17], (Bal_X-er)zNaNb5015 [18],
etc. have been found attractive because of their promising
physical properties suitable for the fabrication of various
electronic devices for industrial applications. The crys-
tal structure of this family is based on the framework of
corner sharing of distorted BOg-octahedra in such a way
that three different types of interstitial sites (A, B, C) are
available for cation substitutions [19, 20]. Substitution of
proper cations at these sites led to the enhancement of
various physical properties required for the device appli-
cations such as electro-optic modulator, nonlinear optical
devices, pyroelectric sensors, acousto-optic devices, etc.
[9, 18, 21-25].

Continuous attempts have been made to investigate
Pb,B3RTi;013 (B = Sb or Bi; R = rare-earth ions)
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compounds with desired characteristics both from the-
oretical as well as application points of view. Recent
studies on the electrical properties of Pb,Bi;DyTisO;g,
szBi}NdTi50lg, PbgBi3GdTi50lg’ szSb3DyTi5olg,
and Pb,Sb;LaTisO;g ceramics showed the presence of
diffuse phase transition with low dielectric constant [17,
25-28]. The electrical properties in electroceramics are
generally due to the contribution of various compo-
nents and process such as intragrain, intergrain and elec-
trode/interface processes. The charge transport can be due
to the charge displacement, dipole reorientation and space
charge formation. These charge transport process causes
a number of different polarization mechanism that results
frequency dispersion or dielectric relaxation in the ma-
terials under an ac field. The present work is an attempt
to study the role of grain and grain boundaries on the
electrical behaviour of Pb,Bi3LaTisO;g (PBLT) and their
dependence on temperature and frequency.

2. Theoretical background

Complex impedance spectroscopy is a promising nonde-
structive testing method for analyzing the electrical pro-
cesses occurring in a compound on the application of
small ac signal as input perturbation. The output response
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of polycrystalline compound, when plotted in a complex
plane plot represents grain, grain boundary and inter-
face properties with different time constants leading to
three successive semicircles. The frequency dependence
of electrical data is interrelated to each other as

complex impedance, Z*(w) =Z' — jZ”
=R, — j/oC,
complex admittance, Y *(w) =Y’ + jY” 0
=1/R, + joC,
complex permittivity, e*(w) =¢' — j&” and
complex modulus, M*(w) =M'+ jM".

These formalisms are interrelated as M* = 1/¢* = jwC,Z*
= jwC,(1/Y*) and the loss tangent, tand = Z'/Z" =
e"/e’ = M"/M’, where Ry, C; are the series resistance
and capacitance; R,,, C,, are the parallel resistance and ca-
pacitance. The grain effect is shown by the appearance of
a high frequency semicircle and second and third semi-
circles respectively represent grain boundary and elec-
trode/interface contributions in the complex impedance
plot. Therefore, the electrical conductivity due to these
components (bulk, grain boundary and/or interface ef-
fects) can be represented as

I
o, =
R, A

@)

where [ and A are the thickness and area respectively
and the suffix x = b, gb or el indicate respectively the
bulk, grain boundary or interface. The end point of each
semicircle cuts real (Z')-axis in the complex impedance
plot, giving rise to the respective value of resistance (e.g.
Ry, R,y or R,;). The semicircles in the impedance spectrum
have a characteristic peak occurring at a unique relaxation
frequency (wmax = 1/2 7 finax) that indicates the electrical
phenomena due to different components in the sample. It
is expressed as WnaxRC = @wmaxT = 1. Therefore,

Jmax = 1/Q2nt) = 1/27RC) 3)

The parameters such as relaxation frequency, relaxation
time depends only on intrinsic properties of the material.
These intrinsic properties gives rise to the distribution of
resisitive and capacitive components in the materials on
which relaxation time depends.

3. Experimental

A mixed high temperature solid-state reaction oxide
method was used for the preparation of Pb,BizLaTisOqg
(PBLT) ceramic:

3 1
2PbO + 5B1203 + 5L3203
+ 5T102A>Pb2B13LaT15018
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The initial AR-grade powders of PbO, Bi,03, La;O3 and
TiO, were taken in stoichiometric ratio. They were ground
and heated at 1050°C for 10 h in air atmosphere. Two per-
cent extra PbO was added to compensate lead loss. The
calcined powder was then grounded and put in form of
disks (10 mm diameter and 2 mm thickness). The opti-
mized sintering conditions were 1090°C for 6 hin a closed
medium. Completion of the reaction and the formation of
the desired compound were checked by X-ray diffraction
technique. The XRD spectra were taken on calcined pow-
ders of PBLT at room temperature using Cu K,, radiation
(A =0.15418 nm) over a wide range of Bragg angles (20°
< 26 < 80°) with a scanning speed 2° min~!. The surface
morphology/microstructural study of the specimen has
been carried out using a computer-controlled scanning
electron microscope (SEM) (JEOL-JSM, Model: 5800F).
The pellet was gold coated prior to being scanned under a
high-resolution field emission gun scanning electron mi-
croscope. The electrical measurements were carried out
on a symmetrical cell of type Ag|PBLT|Ag, where Ag
is a conductive paint coated on either side of the pel-
let. Electrical impedance (Z), phase angle (0), loss tan-
gent and capacitance (C) were measured as a function
of frequency (0.1 kHz—1 MHz) at different temperatures
(20-500°C) using a computer-controlled LCR Hi-Tester
(HIOKI 3532-50, Japan).

4. Results and discussion

4.1. Structure and microstructure analysis

A standard computer program (PowdMult) has been
utilized for the XRD-profile (Fig. 1) fitting. Good
agreement between the observed and calculated inter-
planer spacing (d-values) and no trace of any extra
peaks due to constituent oxides, were found, suggest-
ing that the compound is having a single-phase or-
thorhombic structure. The lattice parameters were esti-
mated to be: a = 8.332(1) A, b = 8.340(7) Aand ¢ =
9.778(2) Awith an estimated error of £10~3 A. The crite-
rion adopted for evaluating the rightness, reliability of
the indexing and the structure of PBLT was the sum
of differences in observed and calculated d-values [i.e.
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Figure 1 X-ray diffraction pattern of Pb,BizLaTisOjg at room
temperature.
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Figure 2 SEM micrograph of Pb,BizLaTisO;g at 5 um.

> Ad = (dobs — dcarc)] found to be minimum. The unit
cell volume (a x b x ¢) was calculated to be 679.54 A3,

The SEM micrograph of sintered pellet is shown in
Fig. 2. Grain shapes (almost spherical) are clearly visible
indicating the existence of polycrystalline microstructure.
The grain of unequal sizes (~2-3 um) appears to be
distributed homogeneously through out the sample. The
presence of few voids of irregular dimension indicates
that the sample has certain degree of porosity.

4.2. Impedance analysis

Fig. 3 shows the variation of the real part of impedance (Z')
with frequency at different temperature (425 to 500°C).
Also, inset figure shows the same between 25 to 400°C.
It is observed that the magnitude of Z' decreases with the
increase in both frequency as well as temperature. The Z'
values for all temperatures merge above 100 kHz. This
may be due to the release of space charges. It has been
observed that in low temperature region the magnitude of
7' decreases with the rise in temperature i.e. showing neg-
ative temperature coefficient of resistance (NTCR) type
behaviour as that of semiconductors. The curves also dis-
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Figure 3 Variation of real part of impedance of PbyBi3LaTisO3 with
frequency at different temperature. Inset figure: Variation of real part of
impedance up to 400°C.
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Figure 4 Variation of imaginary part of impedance of PbyBizLaTisO;g
with frequency at different temperature. Inset figure: Variation of imaginary
part of impedance up to 400°C.

play single relaxation process and indicate increase in
ac conductivity with the increase in temperature and fre-
quency.

Fig. 4 shows the variation of the imaginary part of
impedance (Z”) with frequency at different temperature
(425 to 500°C). The plots show that the Z” values reach
a maxima peak (Z/ . ) for temperatures >400°C. For the
temperature below 425°C, the peak was beyond the range
of frequency measurement (Inset Fig. 4) and the value of
Z1 . shifts to higher frequencies with increasing temper-
ature indicating the increase in loss in the sample. The
broadening in the peaks indicates a temperature depen-
dent electrical relaxation phenomenon in the material.
The peak heights are proportional to bulk resistance (R},)
according to equation [29]: Z” = R,[wt/(1 + w?T?)] in
Z" versus frequency plots.

Fig. 5 shows the normalized imaginary parts of the
impedance (Z”/Z;,.) as a function of frequency for
PBLT at several temperatures. It seems that high temper-

ature triggers another relaxation process. The Z”/Z]
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Figure5 Normalized imaginary part of impedance (Z”/Z!! .. ) as a function

of frequency for Pb,Bi3LaTisO1g at several temperatures.
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Figure 6 Nyquist diagram for PbyBi3LaTisO,g at different temperature.

parameter exhibits a peak with a slightly asymmetric
degree at each temperature especially at higher temper-
atures. The asymmetric broadening of the peaks suggests
the presence of electrical processes in the material with
a spread of relaxation time. The relaxation species in
the material may possibly be immobile species/electrons
at low temperatures and defects/vacancies at higher
temperatures. The value of fi,.x shifts to higher side with
increasing temperature indicating the increasing loss in
the sample.

Fig. 6 shows a set of impedance data taken over a wide
frequency range (100 Hz—1 MHz) at several temperatures
as a Nyquist diagram. It is observed that with the increase
in temperature the slope of the lines decreases and they
bent towards real (Z') axis above 350°C and a semicircle
could be traced, indicating the increase in conductivity
of the sample. Above 425°C two semicircles could be
obtained with different values of resistance for grain and
grain boundary. Hence grain and grain boundary effects
could be separated at these temperatures. This result
successfully explains the presence of grain boundaries
in PBLT, which is in consistent with the SEM (Fig. 2)
where grains are well separated by the grain bound-
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(a)

aries. Assuming series association of resistance and
capacitance contribution for grain, grain boundary and
electrode/interface behaviour, the solution for real and
imaginary part of impedance can be formulated as

Z' = Rp/[1 + (@/wp)*] + Rgp/[1 + (0/wgp)*]
+Ro/[1 + (@/we)’] “4)

Z" = Ry(w/wp)/[1 + (0/@p)*] + Rep(@/wgp)/
X[1 4 (@/wep)*1+ Re(@/we)/
x[1 4+ (@/we)*] )

These compounds are expected to loose traces of oxygen
during sintering at high temperature as per the reaction
(Kroger and Vink [30]):

1
0, —» 502 PV 4 2e” 6)

These defects affect impedance and capacitance in the
formation of barrier layers at the grain-grain boundary
interface [31]. During cooling of the samples after sinter-
ing reoxidation takes place. This oxidation is limited to
surface and grain boundaries only due to insufficient time.
The difference between resistance of grain boundary and
grain, gives rise to barrier [31]. A third semicircle could
also be seen above 475°C (Fig. 7), which could be due to
the electrode effect. This type of electrical phenomenon
is successfully explained by a brick layer model [32]
considering an equivalent electrical circuit of a series
of parallel combination of resistance and capacitance. It
can also be observed that the peak maxima of the plots
decrease with increasing temperature and the frequency
for the maximum shifts to higher values with the increase
in temperature. The appropriate equivalent circuit repre-
sentation for PBLT at these temperatures, are shown in the
inset of Fig. 7. The resistance of bulk (R}), grain boundary
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Figure 7 Complex impedance plots of Pb,BizLaTisO;g at 475 and 500°C. Inset figure: Appropriate equivalent electrical circuit.
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Figure 8 Variation of Rp, Rg, Cp and Cg, with temperature for
Pb;,Bi3LaTisOg.

(Rgp) and due to electrode effect (R,;) could directly be
obtained from the intercept on the Z'-axis. The capac-
itances (Cp, Cq, and C,;) due to these effects can be
calculated using the relation (3). The value of w, the
angular frequency can be estimated at the maxima of
the semicircle for the component. The value of R}, R,
R, Cp, Cqp and C,; at different temperature obtained
from Cole-Cole plots at different temperatures is shown
in Fig. 8. It can be seen that the values of R;, R, and
Cp, decrease while the value of C,, increases with the
increment in temperature and at 500°C it decreases.
The decrease in C,4;, may be due to the introduction of
material/interface effect (Fig. 8). The decrease in R, with
the rise of temperature indicates the NTCR behaviour
of PBLT, which was also observed in Z'-frequency plot
(Fig. 3). The relaxation times (r) were estimated from
the maxima of the semicircle due to bulk as well as grain
boundary effects in the complex impedance plots (Fig. 7).
The temperature variation of relaxation times due to bulk
and grain boundary effects (Fig. 9) follows the Arrhenius
relationship:

T=T7 exp(_Er/kBT) (N

— linear fit

T Tgp (ms)

0.01

1.30 1.35 1.40 1.45 1.50
1000/T (K")

Figure 9 Temperature dependence of bulk and grain boundary relaxation
times for PbyBizLaTisOg.

where 7, is the pre-exponential factor. The activation
energy, E, calculated from linear least squares fit to
log 7,—1/T data is 0.91 and 0.69 eV respectively for bulk
and grain boundary.

Complex impedance formalism also provides informa-
tion about the nature of dielectric relaxation. For pure
monodispersive Debye process, one expects semicircu-
lar plots with the center located on the Z'-axis whereas,
for polydispersive relaxation, these argand plane plots are
close to circular arcs with end-points on the axis of reals
and the center below this axis. The complex impedance
in such situations is known to be described by Cole-Cole
formalism [33]:

ZXw)=Z'+iZ" =R/[1 + (iw/w,)'™*]  (8)

where o represents the magnitude of the departure of the
electrical response from an ideal condition and this can
be determined from the location of the center of the Cole-
Cole circles. When o goes to zero (1-a— 1) the Equa-
tion 3 gives rise to classical Debye’s formalism. Fig. 7
depicts two representative plots for T = 475 and 500°C.
It can be seen from these plots that the data is not repre-
sented by full semicircle (i.e. semicircle not centered on
the abscissa axis, o > 0), suggests that the dielectric relax-
ation to be of polydispersive non-Debye type. This may
happen due to the presence of distributed elements in the
material-electrode system [6] that results in the deviation
from the pure semicircle in complex impedance plots.

4.3. Conductivity analysis

Fig. 10 shows the electrical conductivity o(w) of PBLT
as a function of frequency at different temperature. The
conductivity depends on frequency according to the ‘uni-
versal dynamic response’ for ionic conductors [34] given
by the phenomenological law:

o(w)=00)+K - o" 9)
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Figure 10 Variation of ac conductivity with frequency at different temper-
ature for PbyBizLaTisOg.
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Figure 11 Variation of bulk and grain boundary conductivity with temper-
ature for PbyBizLaTisOg.

where K is a thermally activated quantity and » is the
frequency exponent and can takes the value less than
1. This indicates that the conduction process is a ther-
mally activated process. It is observed that variation of
o(w) with frequency show flattening with increment in
temperature (>450°C). The switch from the frequency-
independent o (0) to the dependent o (w) regions shows
the onset of the conductivity relaxation phenomenon and
the translation from long range hopping to the short
range ion motion [34]. The dispersion in conductivity
at low frequencies may be due to the electrode po-
larization. Also, it is observed that the electrical con-
ductivity increases with the increase in temperature.
A similar behaviour was observed in Pb,Sbs;LaTisO;g
[28].

Fig. 11 shows the variation of bulk and grain boundary
conductivities, obtained from the impedance data (Equa-
tion 2) against 10°/T. The nature of variation is almost
linear over a wide temperature region obeys the Arrhe-
nius relationship:

o = 0pexp(—Eq/kpT) 10)

where E, is the activation energy of conduction and 7 is
the absolute temperature. The linear least squares fitting
to the data at higher temperature region gives the values
of E, = 0.67 and 0.73 eV respectively for bulk and grain
boundary. The low value of activation energy obtained
could be attributed to the influence of electronic contribu-
tion to the conductivity. This value is comparable to other
TB-type ferroelectric oxides [17, 25-28]. The increase in
conductivity with temperature may be considered on the
basis that within the bulk, the oxygen vacancies due to
the loss of oxygen are usually created during sintering
and the charge compensation follows Equation 6, which
may leave behind free electrons making them n-type. The
value of R? (regression coefficient indicating goodness of
fit) for all the fittings, quoted in this paper, is excess of
0.995.
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5. Conclusion

It is concluded that PBLT has orthorhombic structure at
room temperature, the morphological features have been
found to be in agreement with the XRD observation.
Impedance analyses indicated the NTCR behaviour
of PBLT and the presence of grain, grain boundary
(400°C) and electrode (475°C) effects. Therefore, the
electrical transport governed by grain boundary and/or
electrode effect at these temperatures. The relaxation
frequency shifted to higher frequencies with the increase
of temperature. Complex impedance analysis suggested
dielectric relaxation to be of polydispersive non-Debye
type. The ac conductivity obeys the universal power law
and the dispersion in conductivity was observed in the
lower frequency region. Also, the frequency dependent
ac conductivity at different temperatures indicated that
the conduction process is thermally activated process.
The activation energy for bulk and grain boundary was
found respectively to be 0.67 and 0.73 eV.
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