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ABSTRACT

The polycrystalline ceramic samples of Pby_,Smy(Zro.s5Tio.45)1-x403 (x=0.00, 0.03, 0.06 and 0.09) were
prepared by solid-state reaction technique at high temperature. Electric impedance (Z) and modulus (M)
properties of the materials have been investigated within a wide range of temperature and frequency
using complex impedance spectroscopy (CIS) technique. The complex impedance analysis has suggested
the presence of mostly bulk resistive (grain) contributions in the materials. This bulk resistance is found
to decrease with the increase in temperature. It indicates that the PSZT compounds exhibit a typical
negative temperature coefficient of resistance (NTCR) behavior. The bulk contribution also exhibits an
increasing trend with the increase in Sm3* substitution to PZT. The complex modulus plots have confirmed
the presence of grain (bulk) as well as grain boundary contributions in the materials. Both the complex
impedance and modulus studies have suggested the presence of non-Debye type of relaxation in the

materials.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

The discovery of ferroelectric property in the single crystal
Rochelle salt (in 1921) and in the polycrystalline BaTiO3 (in 1940)
has created a great revolution in the field of ferroelectricity. It
resulted in the development of a wide range of new complex
ferroelectric compounds useful for commercial applications and
research. Among these compositions, materials based on barium
titanate (BaTiO3) and lead zirconate titanate [Pb(Zr,Ti)O3] have
been dominated.

Lead zirconate titanate (popularly known as PZT) ceramics [1,2]
is the solid-solution of non-centrosymmetric complex system of
ferroelectric PbTiO3 (PT; T, =490°C) and antiferroelectric PbZrO3
(PZ; Tc=230°C).It has perovskite ABO3 structure (A=mono or diva-
lent, B = tri-hexavalentions) in which A-site is occupied by Pb2* ions
and B-site by Zr** or/and Ti** ions [3-5]. It is the material of great
technological importance exhibiting a wide range of piezoelectric,
pyroelectric and ferroelectric device applications in the form of
actuators and sensors such as pyroelectric detectors, ultrasonic
transducers, hydrophones, IR sensors, electro-optic modulators,
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computer memory and display, microphone, strain sensor for soil
applications, etc. [6-12].

The PZT ceramics exhibit three ferroelectric phases; tetrago-
nal in Ti-rich, rhombohedral in Zr-rich and orthorhombic in small
titanium compositions. Above Curie temperature, it exhibits para-
electric phase [13-15]. The boundary line between tetragonal
and rhombohedral phases is called morphotropic phase bound-
ary (MPB) at which electrical and electromechanical properties of
the materials enhance to a great extent [16]. The physical prop-
erties and device parameters of PZT based materials appreciably
depend on their compositional fluctuations, particle size, nature
of substitution/doping at A or/and B site(s), calcination and sin-
tering temperatures, etc. [17-21]. The higher valence cations like
La3*, Sm3*, Nb>* as donor (soft) dopant produces Pb-vacancies to
maintain electroneutrality that results in high dielectric constant,
high electromechanical properties, etc. Whereas the lower valence
cations like K*, Fe3*, Mg2* as acceptor (hard) dopant produces
O-vacancies that results in low dielectric constant, low electrome-
chanical properties, etc. [22,23].

An extensive literature survey of pure and modified PZT ceram-
ics [24-31] reveals that most of the reported works in this field are
confined to La-modified PZT. It has shown tremendous applications
in the solid-state electronic devices. The rare earth element samar-
ium (Sm3*) also satisfies the basic requirements for its substitution
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Fig. 1. Frequency-temperature dependence of Z” of Pby_xSmy(Zro55Tio.45)1-x403 with x=0.00, 0.03, 0.06 and 0.09.

Fig. 2. Variation of Z' with Z” of Pby_Smy(Zros5Tio 45 )1_x403 at selected temperatures with x=0.00, 0.03, 0.06 and 0.09.
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Fig. 3. Comparative fitting of complex impedance plots of Pb_xSmy(Zro.s5Tio.45 )1-x403 with x=0.00, 0.03, 0.06 and 0.09 at 500 °C with equivalent circuit.

to PZT [32,33] such as stability of perovskite phase, suitable ionic
size (~0.96A) to substitute Pb2* (~1.19A) at A-site, high Curie-
Weiss temperature (~150 °C) usually required by the ferroelectric
memory devices, etc. But, only few works have been reported on
Sm-modified PZT (called PSZT) ceramics [34-38]. Interestingly, it
is found that the PSZT ceramics with Zr/Ti ratio 55/45 exhibits a
very high dielectric constant and low tangent loss [39]. But its
impedance analysis has not been reported until now though it is
close to MPB. In this paper, we report the detailed study of elec-
tric impedance and modulus properties of pure and Sm-modified
lead zirconate titanate ceramics with Zr/Ti ratio 55/45 using the
CIS-technique.

Table 1

Fitting parameters with equivalent circuit [(CR) (CQR)] of PSZT.
Parameters x=0.00 x=0.03 x=0.06 x=0.09
C[F] 2345x107° 2.444x107'° 2.032x10° 6.259x10°1°
R[] 1.363 x 1073 1.854x10%  1238x 10"  3.702 x 10"
C[F] 1.205x 10719 1268 x 101 3.073x 101 3.011x 10-'°
Ao 1907 x1077  2512x10° 6.811x10° 1.834x10°8
n 4612x10°"7  75x 10! 6.551x 107"  5.641x 107"
R[] 4.804x 107  4936x 10"  3.412x 10"  3.046 x 10"

2. Experimental details

The PSZT ceramics with chemical composition Pb;_ySmy(Zros5Tio5)1-x403
(x=0.00, 0.03, 0.06 and 0.09) were prepared by a simple and inexpensive solid-
state reaction technique using the high purity (>99.9%) ingredients PbO, Sm,03,
ZrO, and TiO;, in suitable proportions. 3% of extra lead oxide was added to the mix-

Table 2
The value of bulk resistance (R;,) and grain boundary resistance (Rg,) of PSZT.
PSZT with Sm (x) Temp. (°C) Ry (£2) Rgp (£2)
0.00 425 1.375 x 10* 9.678 x 10*3
450 1.062 x 10* 9.354 x 10*3
475 5.523 x 10*3 1.612 x 10*3
500 4.804 x 10" 1.363 x 10*3
0.03 425 3.917 x 10*¢ 2.827 x 10*
450 1.835 x 10*6 2.296 x 10™
475 1.013 x 10*¢ 2.123 x 10*
500 4.936 x 10" 1.854 x 10**
0.06 425 3.211 x 10" 5.478 x 10*4
450 2.155 x 10*6 4.863 x 10*
475 5.596 x 10*3 2.361 x 10*
500 3.952 x 10*> 2.195 x 10™
0.09 425 4.769 x 10*¢ 8.179 x 10**
450 2.561 x 10*¢ 7.197 x 10™
475 7316 x 10 *> 4.872 x 10"
500 3.046 x 10" 3.057 x 10**
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Fig. 4. Frequency-temperature dependence of M’ of Pb;_xSmy(Zros5Tio.45)1-x/403 with x=0.00, 0.03, 0.06 and 0.09.

ture to compensate lead loss during the high temperature calcination and sintering.
The oxides were mixed thoroughly in an alcohol medium and then calcined at an
optimized temperature of 1100 °C for 10 h. Using polyvinyl alcohol (PVA), the cal-
cined powders were cold pressed into cylindrical pellets of 10 mm diameter and
2.2mm thickness at a pressure of 4 x 108 N/m? using a hydraulic press. PVA was
used as binder to reduce the brittleness of the pellet, which burnt out during high
temperature sintering. The pellets were, then, sintered at an optimized temperature
of 1200°C for 10 h so as to get nearly 97% of theoretical density.

For electrical measurements, flat surfaces of the pellets were polished and
electroded with high purity air-drying silver paint. After electroding, the pellets
were dried at 150°C for 4h to remove moisture. Using phase sensitive multime-
ter (PSM N4L; Model 1735), a number of electrical data were recorded at different
temperatures and frequencies through which various electrical parameters were
calculated.

3. Results and discussion

Microstructural and electrical properties of the polycrystalline
PSZT ceramics were analyzed using complex impedance spec-
troscopy (CIS) technique [40]. It is a non-destructive experimental
technique that helps in the measurement of real and imaginary
components of the complex electric parameters. It provides nearly
true picture of material properties. It analyzes the ac response of a
system to a sinusoidal perturbation and helps in the calculation of
impedance in terms of frequency. The frequency dependent electric
parameters such as, complex impedance (Z'), complex modu-
lus (M), complex dielectric constant (¢') and tangent loss (tan§)
arerelated as; Z' =7 —jZ', M*=(1/e*(w))=M +jM", &' =&’ —j&" and
tan §=¢"/¢’. Where (Z', M, ¢’) and (Z", M", €") are the real and
imaginary components of impedance, modulus and permittivity
respectively, and j = v/—1 the imaginary factor.

In CIS-technique, the experimental data are usually analyzed
and interpreted with the help of equivalent circuit model rep-
resenting the realistic material properties. These properties are
determined by a series combination of grain and grain boundary,
each represented by a parallel RC element. Its simplest appro-
priate equivalent circuit is a series array of two parallel RC
elements.

To get maximum possible information about the electrical
properties of materials, CIS-technique involves four fundamental
formalisms: impedance formalism, admittance formalism, permit-
tivity formalism and modulus formalism. Each of them provides
a wide scope of graphical analysis concerning to these electrical
properties. Though, Hodge et al. [41] has stressed that the combined
analysis of complex impedance and complex modulus formalisms
is advantageous in the study of solid electrolytes. Here, a parallel
RC element gives rise a semicircle in the complex plane (Z' vs. Z”
and M’ vs. M) or a Debye peak in the spectroscopic plots of the
imaginary component (Z”, M" vs. logf).

3.1. Complex impedance analysis of PSZT

The real part of impedance (Z’) of the PSZT compounds under
consideration exhibits a low frequency dispersion (not shown) due
to polarization. At higher frequencies, it becomes almost indepen-
dent of both the frequency and the temperature. The same variation
has been found in case of imaginary part of impedance (Z”) of the
PSZT compounds with frequency at lower temperatures. These sup-
port the increase in ac conductivity with temperature. The initial
decrease in Z' with frequency may be due to a slow dynamic relax-
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Fig. 5. Frequency-temperature dependence of M" of Pby_xSmy(Zro.s5Tio.45)1-x403 with x=0.00, 0.03, 0.06 and 0.09.

ation process in the materials probably due to space charges that
releases at higher frequencies [42-46].

Fig. 1 shows the variation of imaginary part of impedance (Z”)
of the PSZT compounds with frequency at higher temperatures
that exhibit some peaks. These peaks shift towards higher frequen-
cies on increasing temperature in a broadening manner with the
decrease in peak height. It indicates a thermally activated dielec-
tric relaxation process in the materials and shows the reduction
in the bulk resistance with temperature. But these peaks have
not been found at low temperatures (not shown) which may be
due to the weak current dissipation in the material or may be
beyond the frequency of measurement. A significant broadening
of the peaks with increase in temperature suggests the presence
of temperature dependent relaxation process in the materials. The
asymmetric broadening of peaks has also been observed which sug-
gests the presence of some electrical processes in the materials
with spread of relaxation time. These dispersion curves appear to
merge at high frequency. This behavior is again due to the presence
of space charge polarization at lower frequencies and its elimina-
tion at higher frequencies [47,48]. Z” is also found to depend on
samarium substitution to PZT. At higher temperatures, the peak
height representing the relaxation shows an increasing trend with
the increase in Sm-content from 0% to 9%.

The complex impedance spectrum (Z’ vs. Z” called Nyquist plot)
of Pby_xSmy(Zro 55Tig.45)1-x403 compounds at selected tempera-
tures is shown in Fig. 2, which exhibits single semicircular arc (or
its tendency) at a particular temperature. The appearance of full,
partial or no semicircle depends upon the strength of relaxation
and the available frequency range [49-51]. Though, these semicir-
cles are depressed semicircles with centers lying below the real
7' axis (not shown). It confirms the presence of non-Debye type
of relaxation in the materials. The absence of second semicircle in
the complex impedance plots suggests the dominance of bulk con-
tributions in the PSZT compounds. Using the computer program
‘ZSimpWin’, the fitted complex impedance plots of the samples at
500 °C along with the equivalent circuit model are shown in Fig. 3.
In order to represent the non-ideal Debye type behavior, a constant
phase element (CPE)is introduced with the resistors and capacitors.
It has an impedance given by Abram et al. [52], Zcpg = [Ao(jw)"] 71,
where Ag =A/cos(nm/2) and j = v/—1. ‘A’ and ‘n’ are frequency inde-
pendent parameters of Jonscher’s power law [47,53]. The value of n
lies between 0 and 1 (n=1 for an ideal capacitor and n=0 for ideal
resistor). Fitting parameters with equivalent circuit [(CR)(CQR)]
of PSZT are given in Table 1. The values of bulk resistance (R},)
and grain boundary resistance (R, ) obtained from the intercept of
semicircular arcs on the real axis (Z') at different temperatures are
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givenin Table 2. Here, it is observed that the grain and grain bound-
ary resistances of each of the PSZT composition exhibit decreasing
trends with the increase in temperature. It indicates that the con-
ductivity increases with increase in temperature supporting the
typical negative temperature coefficient of resistance (i.e., NTCR)
behavior of the materials usually shown by semiconductors.

3.2. Complex modulus analysis of PSZT

Frequency-temperature dependence of the real part of electric
modulus (M’) of PSZT compounds is shown in Fig. 4. The value of
M’ is found to be very low (nearly zero) at low frequencies and it
increases with the increase in frequency. This continuous disper-
sion on increasing frequency may be contributed to the conduction
phenomena due to short range mobility of charge carriers. It is pos-
sibly related to the lack of restoring force governing the mobility of
the charge carriers under the action of an induced electric field [ 54].
M’ is also found to increase with the increase in temperature which
attributes a temperature dependent relaxation process in the mate-
rials. It is also found that the dispersion region shifts towards higher
frequency side which suggests the long-range mobility of charge
carriers. The plateau region or its tendency observed at higher fre-
quencies suggests about the frequency invariant (dc conductivity)
electrical properties of the materials. The value of M’ is found to be
dependent on the samarium substitution to PZT. It exhibits a small
value in case of unmodified PZT. With the increase in Sm3* content
of PSZT, it exhibits a rise when x=0.03, a fall when x = 0.06 and again
a small rise when x=0.09.

The variation of imaginary part of electric modulus (M”) of
Pbl,XSmx(Zro_ssTio_%)1,,(/403 (X=0.00, 0.03, 0.06 and 0.09) with
frequency at selected temperatures is shown in Fig. 5. It exhibits
peak (or its tendency) in the low as well as high frequency side. The
low frequency side peak indicates that the ions can move over long
distances whereas high frequency side peak suggests the confine-
ment of ions in their potential well. These two peaks indicate the
transition from long-range to short-range mobility on increasing
frequency [55]. The observed asymmetry in peak broadening indi-
cates the spread of relaxation time with different time constant
which supports the non-Debye type of relaxation in the materi-
als. It is also observed that the peaks are shifting towards higher
frequency side with the increase in temperature. It indicates ther-
mally activated behavior of relaxation time. This type of effect has
also been observed in the modulus spectra of real ionic conduc-
tors [56,57]. The low value of M” observed at lower frequencies
may occur due to the absence of electrode polarization phenom-
ena. The value of M” corresponding to the peaks depends upon Sm3*
concentration in PSZT. It exhibits a small value in case of unmod-
ified PZT. With the increase in Sm-content, it shows a small rise
when x=0.03, a considerable fall when x=0.06 and again a small
rise when x=0.09.

The temperature dependence of the complex modulus spectrum
(M’ vs. M") of PSZT ceramics is shown in Fig. 6. The appearance of an
arc in the spectrum at a particular temperature confirms the single
phase character of the materials. At higher temperatures, these arcs
are not exact semicircle(s). They are in the form of two deformed
semi-circles (or their tendency) with their centers lying below the
real axis. This indicates spread of relaxation with different (mean)
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time constant and hence again supports the non-Debye type of
relaxation in the materials. The two semicircular arcs or their ten-
dency in the complex modulus plots suggest the presence of both
the grain and grain boundary contributions in the PSZT compounds.
It is also observed that with the increase in temperature, intercept
of the arcs onreal M’ axis shift towards the higher values of M’ which
indicates about the increase in capacitance. It supports the nega-
tive temperature coefficient of resistance (NTCR) type behavior of
the materials since bulk capacitance (C,) is inversely proportional
to the bulk resistance (Rp,). At higher temperatures and lower fre-
quencies, tails are not fully evolved to its true shape which may be
due to frequency and temperature limitations. The single semicir-
cular arcs in Fig. 2 exhibit the dominant bulk (grain) contribution
whereas the double semicircular arcs in Fig. 6 suggest the pres-
ence of both the bulk (grain) and grain boundary contributions. It
is based on the fact that the impedance plot highlights the phe-
nomenon with the largest resistance whereas modulus plot picks
out those of the smallest capacitance. With the huge difference
(orders of magnitude) between the resistive values of grains and
grain boundaries, it is difficult to obtain two full semicircles for
grains and grain boundary on the same scale in the impedance plot.
Complex modulus analysis is suitable when materials have nearly
similar resistance but different capacitance [58].

4. Conclusions

The PSZT ceramic samples with Zr/Ti ratio 55/45 and samarium
content x=0.00, 0.03, 0.06 and 0.09 were prepared by solid-state
reaction technique at high temperature. The impedance and elec-
tric modulus properties of the materials have been investigated
with the help of complex impedance spectroscopy (CIS) technique.
Single arc with single/double semicircle(s) (or tendency) obtained
at a particular temperature corresponding to a certain PSZT compo-
sition in both the complex impedance and modulus plots suggests
the single phase character of the materials. It has been already
reported elsewhere [39]. The impedance analysis has indicated
the presence of mainly bulk (grain) contributions in the materi-
als which is found to decrease with the increase in temperature.
It shows that the PSZT compounds exhibit negative temperature
coefficient of resistance (NTCR) type behavior usually found in
semiconductors. The complex modulus plots have indicated the
presence of grain boundary along with the bulk contributions in
the materials. This complex modulus analysis has also supported
the NTCR behavior of PSZT compounds as the capacitance of the
materials increases with the increase in temperature. Also, the
impedance as well as modulus analysis has confirmed the presence
of non-Debye type of relaxation in the PSZT compounds.
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