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The ceramic system PbZr0.6Ti0.4O3 was prepared by a solid state method and impedance measurements were carried out as
a function of frequency (100 Hz-10 MHz) in the temperature range 370 K-869 K. Equivalent circuit models that represent the
data below and above the transition temperature were arrived at by comparing the experimental plots with the computer-
simulated behavior obtained for model circuits. Below the transition temperature the equivalent circuit model comprises a series
LCR combination connected in series with a parallel RC network where as for higher temperatures it contains three parallel
RC circuits connected in series. Variation of the values of the components as a function of temperature was also studied.
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Introduction

Piezoelectric ceramics are used in a number of commercial
appliances such as microphones and telephone receivers,
house hold lighters, accelerometers, pressure sensors, humid-
ity sensors [1] etc. Certain ferroelectric ceramics e.g. perovs-
kites [1, 2] when poled show very strong piezoelectric behav-
ior. Lead zirconate titanate (PZT) is one such material which
has been extensively used in commercial devices [3-7]. Due
to promises shown by materials having grain sizes in the
nanometre range renewed interest is being witnessed for
research work in PZT and materials useful in microelectro-
mechanical systems (MEMS) are being further developed
to be used as nano-electromechanical system (NEMS). Thus
there is enhanced effort in applying PZT in high precision
engineering applications such as pressure regulation in
micro pumps and high precision positioning devices such as
the tip of an electron microscope [8]. This is because PZT
actuators offer high resolution down to sub- nanometer range,
high stiffness, low wear and tear and fast response times.

As a piezoelectric is usually attached to another system
in actual applications, equivalent circuit modeling is found
to be very helpful in designing the overall system for
optimum power transduction. Over the years a number
of equivalent electric circuit models have been developed
for PZT/Piezo-ceramics including the Butterworth −Van
Dyke model [9-11], Mason model [12], Sherrit et al.
complex component model [13], constant capacitor model

[3], single parallel RC model [3]. Among these models
the Butterworth –Van Dyke, Mason’s and Sherrit et al.’s
models have gained high popularity though they represent
PZT only in the vicinity of resonance and at temperatures
below the transition temperature Tc.

PZT (PbZr1−xTixO3) is a material which is both piezoe-
lectric and ferroelectric and has a phase transition temperature
Tc in the range 500 K to 750 K depending upon its com-
position [1, 2]. An extensive literature is available regarding
modeling of PZT at different temperatures [3-7] but, to the
best of our knowledge, there seems to be no model reported
for PZT ceramics at temperatures ranging from below
Tc to above Tc.

In this paper, we present an impedance spectroscopic
study of the most popular and vastly used ceramic system,
PbZr1−xTixO3(PZT) (x = 0.4) in the frequency range 40 Hz-
10 MHz and at temperatures from 370 K to 870 K i.e.
below and above Tc (Tc-650 K for this composition). The
impedance data is analyzed to obtain equivalent circuit
models. In order to facilitate this, the simulated impedance
plots are presented for a few model circuits involving
RC (resistive and capacitive) and RCL (resistive, capacitive
and inductive) elements for quick comparison. In the
next section, experimental details of sample preparation
and impedance measurements are given which is followed
by equivalent circuit modeling, results and discussions.

Models

Equivalent circuit models containing various combinations
of resistive (R), capacitive (C), inductive (L) and constant
phase angle elements (CPE) have been discussed by
different workers [14-28]. Usually use of R’s and C’s
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suffice for an electronic ceramic, however for modeling
of distributed systems inclusion of CPE and for magnetic
and piezoelectric systems inclusion of L’s have been found
useful. The electrical behavior of a system can be expressed
in terms of interrelated functions : impedance (Z* = Z’− jZ”),
admittance (Y* = (Z*)−1 = Y’ + jY”), permittivity (ε* =
(jωC0Z*)−1= ε’− jε”) and modulus (M* = (ε*)−1 = jωC0Z* =
M’ + jM”) where j =  and ω = 2πf with f being the
frequency of the ac excitation and C0 the capacitance of
the empty cell used to house the sample. Due to a specific
relationship between these broadly termed immittance
functions their frequency dependence is utilized to extract
information about the components used in the models
and hence about the behavior of the system. It has been
reported that a study of the ceramic systems based on
the information conveyed by only one of these four functions
does not suffice and two functions viz. impedance (Z*)
and modulus (M*) or admittance (Y*) and permittivity
(ε*) should be looked at [19-21]. In certain cases more
than two immittance functions might need to be looked at.

The selection of the most probable model is facilitated
by comparing the experimentally -observed behavior with
simulated immittance plots corresponding to different models.
Computer programs are used for this purpose using graphics.
In what follows, a brief overview of the modeling is presen-
ted. Also simulated spectra of the models found to be the
most useful for the ceramic system are presented for a ready
reference. Detailed treatment of various models can be
found in reference [27].

 Models containing RC only
Models involving a number of RC combinations are

possible and several of them have been used in the literature
[14-27]. In the present paper, models containing only one,
two and three RC’s are discussed to elaborate the process
of modeling.

One RC circuit

A RC circuit has one time constant and can be conven-
iently used to represent one charge transfer/relaxation
process in the material. This is the simplest realistic model
that can be utilized to represent the electrical behavior of a
material. It has been used to represent piezoelectrics also
[3]. The real and imaginary parts of the complex impedance
Z* = Z’ – jZ” of a parallel RC combination (Fig. 1(a))
are given by:

(1)

(2)

Real and imaginary part of the modulus M* are given as:

(3)

(4)

 
The limiting values at ω→ 0 and ω→  are as given below:

Z′|ω→0 = R11 Z′|ω→ = R11

Z′′|ω→0 = 0 Z′′|ω→ = 0

M′′|ω→0 = 0 M′′|ω→ =

M′′|ω→0 = 0 M′′|ω→ = 0  (5)
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Fig. 1. (a) Model comprising parallel combination of resistor
(R11) and capacitor (C11).
Normalized plots (b) Z''/ R11 vs. Z'/ R11 and (c) M''(C11/C0) vs. M'
(C11/C0), for Model shown in Fig 1(a).
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It is seen that Z′ and Z′′ given in Eq. 1 & 2 satisfy
the relation:

(Z′ − R11/2)2 + Z′′2 = (R11/2)2 (6)

which is the equation of a circle with center at (R11/
2,0) and radius equal to R11/2. As Z′ and Z′′ are
positive quantities this plot is actually a semicircle. The
point (Z′ = R11, Z = 0) corresponds to ω = 0 i.e. dc
resistance. Thus the curve of the Z′′ vs. Z′ plot intercepts
the Z′ axis at R11 at the low frequency end. The
maximum value of Z′′ occurs when ω R11 C11 = 1. By
knowing the frequency at which the maximum value of
Z′′ occurs, the value of C11 can be obtained. The value of
C11 can also be obtained by looking at the M plots. M′ and
M′′ as given in Eq. 3 & 4 satisfy the relation:

(M′ − C0/2C11)
2 + M′′

2 = (C0/2C11)
 2 (7)

As ω→ 0, M′ = 0 and M′′ = 0 and at ω→ , M′ = C0/
C11 and M′′ = 0 indicating that a M′′ vs. M′ plot would
be a semicircular arc with a center at (C0/2C11 ,0) and a
high frequency intercept on the M′ axis at C0/C11. Thus
knowledge of C0 yields the value of C11. Normalized plots
of Z′′ vs. Z′ and M′′ vs. M′ are shown in Figs. 1(b) and 1(c).

It may be mentioned that as series and parallel represen-
tations are equivalent a series RC circuit may also be chosen
as a model. The Z and M plots would be just vertical lines
and would not carry much information. However Y and ε
plots would be circular arcs and hence could be used to
extract information [19]. The choice of series or parallel
combinations can be made by looking at the experimental
immittance plots. Also for ease of mathematical treatment
the RC network can be replaced by a capacitor with a
complex dielectric constant [3].

Two RC circuits

When two charge transfer processes are present in the
material, a series combination of two parallel RC circuits
having time constants R11C11 and R12C12 may be considered
as a representative model, as shown in Fig 2(a), to start
with. Real and imaginary parts of Z* and M* are given
by Eq.8-11 :

(8)

(9)

(10)

(11)

The limiting values at ω→ 0 and ω→  are given below:

Z′|ω→0 = R11 + R12 Z′|ω→ = 0

Z′′|ω→0 = 0 Z′′|ω→ = 0

M′′|ω→0 = 0 M′′|ω→ =

M′′|ω→0 = 0 M′′|ω→ = 0  (12)

Typical plots of this model for Z′′ vs. Z′ and M′′ vs. M′

are shown in Fig. 2(b-c).
As is shown in Fig. 2 the Z′′ vs. Z′ plot may contain

two distinct arcs or may appear slightly depressed depending
upon the ratios R12C12/R11C11 and R12/R11. A slightly
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Fig. 2. (a) Model comprising two parallel RC circuits in series.
Normalized plots (b) Z”/(R11+ R12) vs. Z’/(R11 + R12) and (c) M”
((C11 C12)/C0(C11 + C12)) vs. M’ ((C11 C12)/C0(C11+ C12)) for the
model shown in Fig. 2(a).
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depressed semicircular arc indicates the presence of a
distribution of the time constant or the presence of at least
two processes whose time constants are close to each other
within a factor 3 [see Fig 2(b)]. The simulated plots for
various values of the ratios of time constants and of
resistances are given in reference [19]. Few plots are
reproduced here for a ready reference. For certain ratios
of time constants M plots would have more features than
Z plots and would be more useful. It may be further
mentioned that if C12 is extremely small such that the
parallel combination R12C12 approaches R12 only, then
Z′′ vs. Z′ is still a semicircular arc but the plot gets shifted
by R12 to right on the Z′ axis and the M′′ vs. M′ plot shows
a steeply rising branch at the high frequency side. Similarly
if R12 is extremely large such that the parallel combination
R12C12 approaches C12 only, then the Z′′ vs. Z′ plot shows
a steeply rising branch at the low frequency end and the
M′′ vs. M′ plots gets shifted on the M′ axis. These results
are found to be very useful in choosing the models. If an
experimental Z′′ vs. Z′ plot shows a shift and a M′′ vs. M′

plot a steeply rising branch then the presence of a series
resistance in the model is inferred and if the M′′ vs. M′

plot is shifted and the Z′′ vs. Z′ plot shows a steeply rising
branch then the presence of a series capacitance is inferred.

Three RC circuits
When three charge transfer processes are present as is

usually the case with a ceramic-electrode system (a ceramic-
electrode system can be thought of as a grain -grain
boundary- electrode system), a model comprising three
parallel RC circuits connected in series as shown in Fig. 3(a)
can be chosen to start with. Real and imaginary parts of
Z* and M* are given by Eq. 13-16:

(13)

(14)

(15)

(16)

The limiting values at ω→ 0 and ω→  are given below:

Z′|ω→0 = R11 + R12 + R13 Z′|ω→ = 0

Z′′|ω→0 = 0 Z′′|ω→ = 0

M′|ω→0 = 0 M′|ω→ =

M′′|ω→0 = 0 M′′|ω→ = 0  (17)

Typical plots of Z′′ vs. Z′ and M′′ vs. M′ for this model
are shown in Fig. 3(b-c). It may be noted that skewed
shapes arise due to different ratios of time constants and
resistances. For widely separated values of time constants
and resistances three joined semicircular arcs appear.

Inclusion of inductive component L
The impedance behavior of materials in general can be

modeled by using RC networks connected in ways indicated
by the presence of various polarization processes. However
when the material is magnetic, the energy stored in it will
be magnetic in nature. In an electric circuit, the inductor
stores energy in the form of a magnetic field. Thus an
equivalent circuit model involving an inductance ‘L’ would
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Fig. 3. (a) Model comprising three parallel RC circuits connected
in series.
Normalized plots (b) Z”/(R11 + R12 + R13) vs. Z’/(R11 + R12 + R13)
(c) M”/(1/C11+ 1/C12 +  1/C12) vs. M’/(1/C11 + 1/C12 + 1/C12) for
the model shown in Fig. 3(a).
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be convenient for a magnetic system. Models consisting
of resistance ‘R’ and inductance ‘L’ have been studied in
detail by Katare et al [18, 21]. Since a vibrating damped
spring mass system can be mathematically treated in the
same way as a driven LCR circuit and a piezoelectric
sample executes mechanical vibrations when stressed by
an externally applied ac field, a piezoelectric also can be
modeled by using inductors together with resistances
and capacitances [1, 2, 28, 29]. Here we present few models
relevant to our work and their simulated behavior so that a
suitable model for our PZT could be arrived at by com-
parison. As models containing inductors with capacitors
have not been explored much from the point- of- view of
applications to electronic ceramics, we give here expressions
for all the four immittance functions with some plots.

A series RLC circuit 

A model comprising a series combination of R, L and C
is shown in Fig 4(a). Real and imaginary parts of immittance
functions for this model are given by Eq. 18-25:

Z′ = R11 (18)

(19)

(20)

M′ = ωC0R11 (21)

(22)

(23)

(24)

(25)

Limiting values of these are given below:

Z′|ω→0 = R11 Z′|ω→ = R11

Z′′|ω→0 = − Z′′|ω→ = +

M′|ω→0 = M′|ω→ = −

M′′|ω→0 = 0 M′′|ω→ =

Y′|ω→0 = 0 Y′|ω→ = 0

Y′′|ω→0 = 0 Y′′|ω→ = 0

ε′|ω→0 = ε′|ω→ = 0

ε′′|ω→0 = 0 ε′′|ω→ = 0 (26)

The simulated complex plane plots for Z and M are
shown in Fig. 4(b-c).
The resonance frequency ωr, of the model is obtained by
equating the imaginary part of the impedance to zero and
is given by:

(27)
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Fig. 4. (a) Model having a series combination of R, L and C.
Normalized plot of (b) Z”/R11 vs. Z’/R11; (c) M”/(C0/C11) vs. M’/
(C0/C11) for model shown in Fig. 4(a).
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limiting values of Z′ and M′ at ω→ 0 and using the
relation L11 = 1/(ωr

2C11). Further, it is seen that M′(=ωC0Z′′)
will be equal to zero when Z′′ becomes zero i.e. at the
resonance frequency ωr. The corresponding value of M′′
would be given by M′′ = C0 ωr R11 and this corresponds
to the intercept of the M′′ vs. M′ curve with the M′′
axis. This value of M′′ can further be written as:

(28)

or:
 

(29)

where τC and τL are the time constants for capacitive and
inductive components. A value greater than 1 for this ratio
means that the capacitive part is responding slowly as
compared to the inductive part. The value of L can also
be estimated by Eq. 29 where C0, C11, R11, and M′′ (the
value of the intercept of M′′ vs. M′ plot on the M′′ axis)
are known here. Also it can be shown that the values of
M′ and M′′ satisfy the equation:

(30)

this is the equation of a parabola of the type y2 = 4a (x −
x0) where the terms have usual meaning.

It is to be mentioned that this behavior is clearly seen
in the simulated plots as is shown in Fig. 4(c). It is also
found that Y′ and Y′′ satisfy the following relation:

(31)

which represents a circle of radius  and centre at
.

Eq. 31 can be used to obtain the value of R11. Values of
these components can be obtained from other immittance
functions also. These plots are not being given here. Appli-
cations of admittance plots to obtain values of components
has been discussed by Sheritt et al. and others [13, 30].

A series RLC circuit in parallel to another C
A series combination of R11, L11 and C11 in parallel to C12

is shown in Fig. 5(a). This is the so-called Van Dyke model
[9-11] and is the most widely used model to represent a pie-
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Fig. 5. (a) Model having a series RLC circuit in parallel to another C.
Normalized Plots (b) Z'/R11 *(C11/(C11 + C12))
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Normalized Plots (e) M'/ (C0/C12) vs. Log10 (F); (f) M''/(C0 /C12) vs. Log10 (F) (g) M''/(C0/C12) vs. M'/(C0/C12) for model shown in Fig. 5(a).
Normalized Plots (h) Y'/(1/R11) vs. Log10 (F); (i) Y''/(1/R11) vs. Log10 (F); (j) Y''/(1/R11) vs. Y'/(1/R11) for model shown in Fig. 5(a).
Normalized Plots (k) ε'/((C11 + C12)/C0) vs. Log10 (F) (l) ε''/((C11 + C12)/C0) vs. Log10 (F); (m) ε''/((C11 + C12)/C0) vs. ε'/((C11 + C12)/C0) for
model shown in Fig. 5(a).
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zoelectric. Therefore for this case we give below expressions
and complex plane plots of all the immittance functions:

(32)

(33)

(34)

(35)

(36)

(37)

(38)

(39)

Limiting values of these are given by:

Z′|ω→0 = R11 Z′|ω→ = 0

Z′′|ω→0 = Z′′|ω→ = 0

M′|ω→0 = M′|ω→ =

M′′|ω→0 = 0 M′′|ω→ = 0

Y′|ω→0 = 0 Y′|ω→ =

Y′′|ω→0 = Y′′|ω→ = 0

ε′|ω→0 = ε′|ω→ =

ε′′|ω→0 = 0 ε′′|ω→ = 0 (40)
Simulated plots are shown in Fig. 5(b-m).

Experimental

The sample with a composition PbZr0.6Ti0.4O3 was
prepared by a solid state ceramic method using powdered
PbO, ZrO2 and TiO2 (AR grade, purity better than 99%)
as starting materials. Excess PbO (2 mol%) was taken
to compensate the lead loss during sintering at elevated
temperatures. An appropriate amount of the mixture was
placed in a zirconia pot with 10 zirconia balls of 15 mm
diameter and was subjected to grinding using a planetary
ball mill for two hours. The ground product was calcined
at 800 oC for 4 hours. The powder was ball-milled again
and calcined at 850 oC for 4 hours. The formation of a single
phase was checked by X-ray diffraction (XRD) analysis
using a Phillips diffractometer, 3200 with Cu-Kα radiation.
The synthesized powder were pressed into disks of 10 mm
diameter and then sintered in an air atmosphere for 4 hours
at 1200 oC. For the electrical measurements, sintered
pellets were ground to a thickness of 0.4 mm. Both the
parallel faces of the sample were polished and sputtered
by gold serving as electrodes. Measurements of the real
and imaginary parts of the impedance (Z*) as a function
of the frequency (40 Hz-10 MHz) in the temperature range
370 K-869 K was carried out using an HP-4194A impedance
analyzer interfaced with a computer. A delay of 100 ms
was introduced between two frequencies. Heating was
maintained at 1 K·minute−1 and data were recorded auto-
matically. These data were used to determine the real and
imaginary parts of other complex immittance functions viz.
admittance (Y* = 1/Z* = Y′+ jY′′), dielectric modulus (M* =
jωC0Z* = M′ + jM′′) and permittivity (ε* = (jωC0Z*)−1 =
ε′ − jε′′). It has been reported that a study of ceramics
based on the information carried out by only one of these
four functions does not suffice and two functions viz.
impedance (Z*) and dielectric modulus (M*) or admittance
(Y*) and permittivity (ε*) should be considered [18, 19].
Therefore in the present study, impedance and modulus data
were used to find out the equivalent circuit models that
represent the electrical behavior of the system PbZr0.6Ti0.4O3

(PZT) best. Values of different resistive (R’s), capacitive
(C’s) and inductive (L’s) components of the modeled
equivalent circuits were determined by a complex nonlinear
least squares (CNLS) fitting program using IMPSPEC.BAS
software developed by Pandey [31].

Results, Analysis of Data and Discussion

Typical experimental plots for Z* and M* at different
temperatures (699 K, 793 K and 869 K) above Tc (Tc is near
650 K for this composition) are shown in Figs. 6-8. Plots
for temperature 538 K (i.e. below Tc) are shown in Fig. 9.
Plots for lower temperatures are similar to this and are not
shown. In all these figures the experimental data are shown
by dark points.

With a closer look at the experimental plots (dark points)
shown in Figs. 6-9, it is clear that the behaviors of the
ceramic system PbZr0.6Ti0.4O3 (PZT) at temperatures below
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Fig. 6. Experimental and fitted plots for 699 K (a) Z’ & Z’’ vs. Log10F; (b) Z’’ vs. Z’.
Experimental and fitted plots for 699K  (c) M’ & M’’ vs. Log10F; (d) M’’ vs. M’.

Fig. 7. Experimental and fitted plots for 793 K (a) Z’ & Z’’ vs. Log10F; (b) Z’’ vs. Z’.
Experimental and fitted plots for 793 K (c) M’ & M’’ vs. Log10F; (d) M’’ vs. M’.
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Tc and above Tc are different as expected. Therefore there
should be two different models to represent PZT in these
temperature ranges.

A quick look at Figs. 6-8 reveals that there are no steeply
rising branches or shifts in the Z* and M* plots in the
complex plane. This indicates that the equivalent circuit
model would not contain a series R or series C since the
presence of a series R would give rise to a shift in the
Z′′ vs. Z′ plot and a steeply rising high frequency branch
in the corresponding M′′ vs. M′ plot. Similarly the presence
of a series C would give rise to a shift in the M′′ vs. M′ plot
and a steeply rising low frequency branch in the corres-
ponding Z′′ vs. Z′ plots as discussed in previous sections.

As a ceramic system, in general, would possess grain,
grain-boundary and electrode processes and the material
PbZr0.6Ti0.4O3 (PZT) under consideration would no longer
be a piezoelectric above Tc , it may be modeled by three
parallel RC circuits R1C1, R2C2 and R3C3 representing
these processes and connected in series to start with.
By drawing three tentative semicircular connected arcs
corresponding to these in Fig. 6(b), Fig. 7(b), Fig. 8(b),
and comparing these with simulated plots of model shown
in Fig. 3(a) the values of R1, C1, R2, C2, R3, and C3 were
obtained by the intercepts of the arcs on the Z′ axis and
the frequencies where Z′′ would show peaks. Values thus
estimated are 4.9 × 105

Ω, 1.20 × 10−10 F, 4.9 × 105
Ω,

4.67 × 10−12 F, 10.2 × 105
Ω, 3.98 × 10−9 F for 699 K;

0.7 × 105
Ω, 6.86 × 10−12 F, 0.6 × 105

Ω, 5.44 × 10−9 F,
1.1 × 105

Ω, 1.04 × 10−11 F for 793 K and 8.0 × 105
Ω,

2.11 × 10−10 F, 8.0 × 105
Ω, 7.99 × 10−12 F, 5.5 × 105

Ω,

1.44 × 10−12 F for 869 K.
The exact values of R1, C1, R2, C2, R3 and C3 were

obtained by fitting the experimental data to expressions
of Z′ and Z′′ given by Eq. 13 & 14 for this model by using
complex non-linear least squares (CNLS) fitting and are
given in Table 1. The software “IMPSPEC.BAS” developed
in our laboratory [31] and applied earlier for several systems
[18-27] was used and the estimated values given above
were taken as initial guesses.

Now let us look at the behavior at temperature below
Tc. The Z′′ vs. Z′ plot at 538 K (see Fig. 9(b)) is nearly
a straight line parallel to the Y-axis and does not yield
much information. The M′′ vs. M′ plot is as shown in
Fig. 9(c). Here the plot seems to be a curve that starts
from a point on the M′ axis, turns towards the M′′ axis,
intercepts it and then rises up. This is clearly visible in the
inset of Fig. 9(c) where the scales have been changed so
that this pattern is highlighted. Comparing these plots with
the simulated plots shown in a previous section, it is seen
that the experimental plot shown in Fig. 9(c) is somewhat
similar to the simulated plot of Fig. 4(c) which corresponds
to the series LCR circuit shown in Fig. 4(a). It was thus
inferred that the equivalent circuit model would contain
a series L1, C1, R1 circuit. The value of C1 was estimated
from the low frequency intercept of the M′′ vs. M′ arc
with the M′ axis by using M′|ω → 0 = C0/C1. The value of
L1 was obtained from the frequency where the M′′ vs. M′

arc cuts the M′′ axis (this point corresponds to Z′′ = 0 and
M′ = 0 i.e. resonance) and the value of C1 by using

 (see Eq. 27 where L11 and C11 are replacedω
r

1 L11C11⁄=

Fig. 8. Experimental and fitted plots for 869 K (a) Z’ & Z’’ vs. Log10F; (b) Z’’ vs. Z’.
Experimental and fitted plots for 869 K (c) M’ & M’’ vs. Log10F; (d) M’’ vs. M’.
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by L1 and C1 respectively). The value of R1 is estimated
from the intercept of the Z′′ vs. Z′ plot with the Z′ axis
from Fig. 9(b). These estimated values of L1, C1 and R1

are given in Table 2.
It is to be noted that the equivalent circuit model for

this PZT at temperatures above Tc contains three parallel
RC’s connected in series which could be attributed to
the grain, grain-boundary and electrode interface where
the RC with the smallest time constant (R1C1) represents
the grain whereas the RC with the largest time constant
(R3C3) represents the electrode. This choice of model
to represent the PZT behavior above Tc is acceptable
since the PZT no longer remains piezoelectric above Tc

and behaves as a normal dielectric. Below Tc the PZT
is piezoelectric, indicating that the models representing
grain and grain-boundary may change whereas the model
representing the electrode may not change drastically.
Therefore it might be advisable to consider a model con-
taining a series L1C1R1 circuit connected in series with
a parallel RC circuit in which the values of R and C are
close to R3 and C3 respectively. We denote this RC by
R2pC2p. Since the material behaves differently below Tc the
values of R2p and C2p may be different from the corres-
ponding values of R3 and C3 representing the electrode
in the model above Tc. However the same values of R3

and C3 obtained for the model above Tc may be chosen
as initial guesses for R2p and C2p. The values of the initial
guesses for L1 , C1 , R1 , R2p and C2p obtained in this way
are given in Table 2. The exact values of L1, C1, R1, R2p and
C2p for the model below Tc were determined by a complex
non-linear least squares (CNLS) fitting [31]. These are given

Fig. 9. Experimental and fitted plots for 538 K (a) Z’ & Z’’ vs.
Log10 F; (b) Z’’ vs. Z’.
(c) Experimental M’’ vs. M’ plot for 538 K. The inset shows the
plot with changed scales to high light the pattern.

Table 1. Values of R1C1 (grain), R2C2 (grain boundary), R3C3 (electrode), and L1 corresponding to models shown using complex nonlinear
least squares (CNLS) fitting for PZT

Model T (K) R1 (kW) C1 (nF) R2 (kW) C2 (nF) R3 (kW) C3 (nF) L1(mH)

370 (0.028671 ± 0.00003) (46.42 ± 0.001) (2.712 ± 0.001) (569.17 ± 0.01) - - (0.3981 ± 0.0301)

510 (0.027474 ± 0.00003) (95.19 ± 0.001) (1.469 ± 0.001) (11.94 ± 0.01) - - (0.4906 ± 0.015)

538 (0.080273 ± 0.000139) (20.24 ± 0.001) (100.655 ± 0.186) (385.46 ± 0.02) - - (0.1806 ± 0.093)

648 (0.089724 ± 0.000400) (30.74 ± 0.001) (0.848 ± 0.012) (26.20 ± 0.01) - - (0.3147 ± 0.05)

699 (757.143 ± 0.005) (0.01783 ± 0.001) (197.473 ± 0.005) (0.2027 ± 0.001) (758.60 ± 0.081) (11.43 ± 0.001) -

748 (353.753 ± 0.003) (0.01795 ± 0.001) (51.321 ± 0.003) (0.8542 ± 0.001) (360.662 ± 0.008) (5.262 ± 0.001) -

793 (113.862 ± 0.085) (0.01906 ± 0.002) (105.466 ± 0.185) (1.054 ± 0.003) (18.208 ± 0.171) (0.576 ± 0.012) -

848 (229.175 ± 0.009) (0.07200 ± 0.001) (3634.91 ± 0.012) (0.0258 ± 0.001) (410.251 ± 0.010) (4.112 ± 0.001) -

869 (190.388 ± 0.167) (0.05.851 ± 0.001) (1692. 99 ± 0.201) (0.0294 ± 0.001) (187.476 ± 0.136) (6.041 ± 0.011) -
 

Table 2. Values of initial guesses for R1,C1, L1 and R2p, C2p.

538 K 648 K

R1 80 W 53 W

L1 1.867 × 10−7 H 3.117 × 10−8 H

C1 1.356 × 10−7 F 3.235 × 10−7 F

R2p 5.5 × 105 W 5.5 × 105 W

C2p 3.979 × 10−9 F 3.979 × 10−9 F
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in Table 1 together with the corresponding models.
It is to be noted that the model for the PZT for temperatures

below Tc contains a series LCR circuit only (the R2p and C2p

discussed in the preceding paragraph correspond to the
sample -electrode interface). Thus it is similar to the widely
used Butterworth- Van Dyke model where the parallel
capacitance (C12 of Fig. 5(a) is negligibly small. The system
below Tc can still be treated as a grain- grain boundary
-electrode system. Here we have a ceramic sample where
grains are piezoelectric and the grain boundaries need not
be so. We can estimate the resonance frequency of a PZT
sample from its density, elastic constant and thickness. For
a PZT grain of density, say, ρ~6 × 103 Kgm−3, elastic stiffness
constant C33D~1010 and thickness t~5 micrometres [13]
the resonance frequency f~(C33/4 ρ t2)1/2 [13] comes out to
be ~600 MHz which is much beyond the highest frequency
used in the measurements. Therefore at frequencies used
for impedance measurements reported in this paper, it is
very unlikely that the piezoelectric response of the tiny
grains is being probed. It means that below Tc the whole
sample behaves as a single resonator that is responding to the
applied ac excitations. Also below Tc the sample resistance
is found to be much smaller than the corresponding values
above Tc. This is reasonable as flow of current is possible due
to piezoelectric vibrations. The variation of R1 obtained for
the models above and below Tc with temperature is shown
in Fig. 10. Similarly the variation of grain boundary resistance
(R2 from the model above Tc) as a function of temperature is
also shown in this figure. The figure clearly reveals that the
resistance vs. temperature slope for R1 is positive above Tc.

This is the so called PTCR behavior observed in ferro-
electrics. The value of the grain boundary resistance above
Tc increases above 575 K.The reason for rise in the values
of grain-boundary resistances at a higher temperature than
Tc is not known.

Conclusions

Impedance spectroscopic studies of a piezoelectric

ceramic lead zicronate titanate (PZT) with a composition
PbZr1−xTixO3 (x = 0.4) has been carried out. Equivalent
circuit models representing the experimental impedance
data below and above the ferroelectric- to- paraelectric
transition temperature Tc were obtained. It was found that
a model comprising three parallel RC circuits connected
in series represents the data best at temperatures above
Tc. At temperatures below Tc a model consisting of a series
LCR circuit connected in series with a parallel RC
combination is found to represent the data best. This is
consistent with the fact that above Tc the material behaves
as an ordinary dielectric and the RC’s appearing in the
model may be taken to representing grain, grain-boundary
and electrode processes. Also at temperatures below Tc,
the PZT is piezoelectric (ferroelectric) and the series LCR
may be taken to represent the sample and the further
connected parallel RC may be taken to represent the
electrode. Values of the components have been obtained.
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