Pramana – J. Phys.
(2021) 95:70
https://doi.org/10.1007/s12043-021-02111-2

© Indian Academy of Sciences

Electrical properties of Gd-modified PZT (MPB) ceramics
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Abstract. The polycrystalline samples of gadolinium (Gd)-modified lead-zirconate-titanate (Pb1−x Gdx
(Zr0.52 Ti0.48 )1−x/4 O3 ) (x = 0, 0.07, 0.10 and 0.12) (PGZT) ceramics near morphotropic phase boundary (MPB)
were prepared by high-temperature solid-state reaction route. Electrical properties such as impedance (Z ), modulus
(M) and conductivity (σ) of the materials have been investigated within a wide range of temperature and frequency.
Complex impedance spectroscopy (CIS) studies show that materials exhibit bulk (grain) resistive contributions, negative temperature coefficient of resistance (NTCR) and non-Debye-type dielectric relaxation. The nature of temperature and frequency dependence of conductivity follows Jonscher’s universal power law. J –E characteristics reveal
that the materials exhibit semiconducting behaviour and allow a very small leakage current to pass through them.
Keywords. Ceramics; solid-state reaction; morphotropic phase boundary; negative temperature coefficient of
resistance; conductivity; complex impedance spectroscopy.
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1. Introduction
Lead zirconate titanate (commonly known as PZT)
ceramics, a binary solid solution of ferroelectric PbTiO3
(PT with Tc (Curie temperature) = 490◦ C) and antiferroelectric PbZrO3 (PZ with Tc = 230◦ C) with different
Zr/Ti ratios belong to the perovskite family of a general formula ABO3 in which site A is occupied by
Pb2+ ions and site B by Zr4+ and/or Ti4+ ions [1].
As the properties of PZT ceramics are very much sensitive near the morphotropic phase boundary (MPB)
separating the ferroelectric tetragonal (FT) and ferroelectric rhombohedral (FR) phases due to spontaneous
polarisation in different directions over a wide range
of temperature in the phase diagram [2,3], PZT materials can be used in various device applications such as
FRAM, MEMS, charge storage, transducer, oscillators,
pyroelectric devices, actuators and sensors [4–8].
To enhance the electrical and electromechanical properties of the materials greatly, various kinds of modifications can be made by suitable substitutions at A(Pb) or
B(Zr/Ti) sites of PZT ceramics [9–13]. Out of them, the
higher valence cations like La3+ , Gd3+ , Sm3+ , Dy3+ ,
0123456789().: V,-vol

Th4+ , Nb5+ etc. as donor (soft) dopant produce Pbvacancies to maintain electrical neutrality and domain
wall mobility that results high relative permittivity with
high electromechanical properties [14–16].
Detailed literature survey of pure and modified PZT
ceramics indicates that most of the reported works in this
field are confined to La-modified PZT [17–20] ceramics. However, the rare-earth element gadolinium (Gd3+ )
also satisfies the basic requirements for its substitution
in PZT to avail the required ferroelectric properties for
suitable device applications [21–24]. It is found that Gdmodified PZT (named PGZT) ceramics with Zr/Ti ratio
52/48 exhibits high relative permittivity and piezoelectric coefficients with low tangent loss [25]. Again, no
work on PGZT very close to MPB (Zr/Ti ratio such as
52:48) has been done on its impedance and modulus
analysis.
Complex impedance spectroscopy (CIS) is a nondestructive method [26] to study the microstructural and
electrical properties of polycrystalline oxides. This can
correlate the structural and electrical characteristics of
polycrystalline oxides in a wide range of frequencies
and temperature. Therefore, in this paper we have
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synthesised PGZT materials by high-temperature solidstate reaction method and report the effect of Gd on
electrical properties such as impedance and modulus
properties of MPB-PZT (52:48: x) using CIS technique
with conductivity as a function of temperature and/or
frequency.
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small vertical pit furnace. A chromel-alumel thermocouple and digital milli-voltmeter (KUSUM MECO108)
were used to record the temperature.
The temperature dependence of the I –V characteristics of the sintered pellet samples were obtained in
a wide range of voltage (0–100 V) and temperature
(25−500◦ C) using programmable electrometer (model
6517B; Keithley), sample holder and pit furnace.

2. Experimental
The polycrystalline samples of Gd-modified lead zirconate titanate with a general formula Pb1−x Gdx
(Zr0.52 Ti0.48 )1−x/4 O3 (PGZT) (x = 0, 0.07, 0.10, 0.12)
were prepared by a high-temperature solid-state reaction
technique [27] using high-purity (≥99.9%) ingredients:
PbO, TiO2 and Gd2 O3 (M/s LOBA Chemie Pvt. Ltd.,
India), ZrO2 (M/s Himedia Chemie Pvt. Ltd., India).
Two mole% of excess PbO was taken to compensate for
Pb loss during high-temperature calcinations and sintering. The stoichiometric amounts of the ingredient oxide
powders were mixed thoroughly; first in an air atmosphere for 1 h and in wet medium (i.e. methanol) for
1 h in agate mortar. The calcination temperature for
the homogeneous mixture was decided and optimised
(1100◦ C) on the basis of repeated firing/mixing for 4 h
in high-purity (99.9%) alumina crucible.
A preliminary X-ray diffraction (XRD) pattern (on
final calcinated powders) was obtained at room temperature using X-ray powder diffractometer (XPERT-PRO).
The calcinated powders were then cold pressed into
cylindrical pellets of 10 mm diameter and 1–2 mm of
thickness under a uniaxial pressure of 4 × 106 N/m2
using a hydraulic press. A small amount polyvinyl alcohol (PVA) was used as a binder to prepare the pellet
which was burnt out due to high-temperature sintering.
The pellets were sintered at an optimised temperature
of 1150◦ C for 4 h in air atmosphere. In order to prevent PbO loss during high-temperature sintering and to
maintain the desired stochiometry, an equilibrium PbO
vapour pressure was developed with PbZrO3 as the setter by placing pellets in a covered alumina crucible.
The microstructure and texture of the gold-coated pellets were recorded using a JEOL JSM-5800 scanning
electron microscope (SEM) at different magnifications.
The sintered pellets were coated with high-quality
silver paste and dried at 160◦ C for 6 h before taking electrical measurements. The dielectric (capacitance
and dissipative factor) and electrical (impedance, phase
angle, inductance, modulus, conductivity etc.) parameters of the sintered pellet samples were measured as a
function of frequency (from 1 kHz to 1 MHz) at different
temperatures (25−500◦ C) using a computer-controlled
phase-sensitive meter (PSM LCR 4NL: 1735, UK) with
a laboratory-designed and fabricated sample holder and

3. Results and discussions
We have already reported the formation of single-phase
PGZT compounds with rhombohedral unit cell using
XRD and distribution of grains in scanning electron
micrographs [25]. From the structural analysis, it is
suggested that there is no change in basic rhombohedral crystal structure of PGZT x/52/48 ceramics on
Gd substitution within the studied composition range
(x = 0, 0.07, 0.10, 0.12). The volume of the unit cell and
cell parameter were found to be decreasing for x ≤ 0.10
and increasing for x > 0.10 on substituting Gd at Pb
site of PGZT x/52/48 ceramics. The variation of volume of the unit cell and cell parameter of PGZT x/52/48
ceramics suggests that Gd3+ ion enters at A sites up to
10% and then enters B-sites for the higher concentration of Gd to compensate the excess positive charge by
the creation of vacancies at favourable respective sites
of A/B [25]. The average crystallite size of the PGZT
x/52/48 samples is found to be in the range of 22–11 nm
[25]. In SEM it was found that the grains of different
sizes are uniformly distributed over the entire surface of
the samples. Most of the grains were found to be more
or less spherical in nature and in some cases rectangular in shape with the average grain size in the range of
1−5 μm [25].
In the studied PGZT materials, the composition of
Zr/Ti ratio is chosen as 52:48 near MPB to support
the change in intrinsic properties of PZT ceramics for
a wide range of temperature as MPB line is nearly vertical in the phase diagram. Again, Gd3+ substitution at
Pb2+ site act as higher valent dopants and render the
PZT ‘soft’ which is characterised by higher permittivity,
higher piezoelectric coefficients, higher order resistivity and low tangent loss. Dielectric and piezoelectric
properties of the studied materials are reported in [25].
The increase of Gd3+ substitution disrupts the ferroelectric long-range ordering, leading to an increase in
compositional disorder, and as a result, dielectric and
ferroelectric characteristics of the samples change significantly. The substitution of Gd3+ on Pb2+ site creates
some oxygen vacancies and/or lattice distortion in the
studied materials. Due to the high-temperature sintering process and volatile nature of Pb, space charges and
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oxygen vacancies are created and as a result, the impact
of ferroelectric domain wall pinning on the modification of physical properties of the materials may likely
to be noticed. Again, on addition of Gd3+ , Pb vacancies
make the transfer of atoms easier than in a perfect lattice,
and thus domain wall motions can be caused by smaller
electric field/mechanical stress. Hence, with increasing
concentration of Gd (x) in PGZT x/52/48 ceramics,
polarisation increases.
3.1 Impedance and modulus spectroscopy
Microstructural and electrical properties of the polycrystalline PGZT ceramics in a wide range of frequency and temperature were analysed using complex
impedance spectroscopy (CIS) technique [26]. It is a
simple non-destructive technique and is used to separate
the contributions of grain, grain boundary and interface
properties of ceramics in complex impedance plane and
other related electrical parameters with different equivalent circuits. It analyses the AC response of the system to
a sinusoidal perturbation in the measurement of real and
imaginary components of the complex electric parameters. For this analysis, the standard basic equations of
impedance and electric modulus are as follows:
Complex impedance: Z ∗ (ω) = Z  − jZ = Rs −

j
ωCs

Complex permittivity: ε ∗ (ω) = ε  − jε 
1
= M  + jM
Complex modulus: M ∗ (ω) = ∗
ε (ω)
= jωC0 Z ∗
Complex admittance: Y ∗ (ω) = Y  + jY = jωC0 ε ∗
1
=
+ jωC p
Rp
ε 
Loss tangent: tan δ =  ,
ε
√
where j = −1 , ω = 2π f is the angular frequency,
C0 is the geometrical capacitance, (Z  , M  , ε  ) and
(Z  , M  , ε  ) are the real and imaginary components
of impedance, modulus and permittivity respectively.
The subscripts p and s refer to parallel and series circuit
components respectively. In this technique, the interpretation of experimental data is done by an equivalent
circuit model representing the realistic material properties and it is obtained by a series combination of grain
and grain boundary, each represented by a parallel RC
element.
The impedance data of the materials are generally
plotted in complex plane plots (i.e., Z  vs. Z  ) called
Nyquist plot (named after Harry Nyquist, a former
Engineer at Bell Laboratories, USA) with each point
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corresponding to a different frequency. In Cartesian
coordinates, the real part (Z  ) of impedance (system
function) is plotted on the abscissa and imaginary
part (Z  ) is plotted on the ordinate. It is a parametric plot of a frequency response used in impedance
analysis for assessing the stability of materials. This
spectrum is characterised by (i) the appearance of
semicircular arcs with a tendency to form a second semicircle which corresponds to bulk (grain) along with the
grain boundary property of materials and (ii) depressed
semicircle representing non-Debye-type of relaxation.
Figures 1a–1d show the temperature dependence of
complex impedance spectra (Nyquist plot) of PGZT
x/52/48 (x = 0, 0.07, 0.10, 0.12) over a wide range of
frequency (from 1 kHz to 1 MHz). This spectrum is characterised by the appearance of semicircular arc which
is temperature dependent. In the studied materials, the
nature of the plots suggests that (i) depressed semicircles
indicate the presence of non-Debye-type of relaxation
and (ii) the presence of single semicircle is due to the
bulk property of materials [28]. Figures 1a–1d (inset)
compare the experimental and model-fitted impedance
(calculated using the software ZSIMPWIN version 2.0)
values. An excellent agreement between the experimental and calculated values of both real and imaginary
parts of impedance was found. Calculated values of bulk
resistance (Rb ) and bulk capacitance (Cb ) at different
temperatures from fitted curves are compared in table 1.
The value of Rb initially increases up to x ≤ 0.10 and
then decreases for PGZT x/52/48 ceramics. This result
can be correlated with the crystallite size and shape of
the grain of the studied samples, which was reported in
the previous paper [25]. In the studied samples, it was
observed that (i) the average particle size first decreases
up to x ≤ 0.10 and then increases, (ii) the shapes of the
grains are more or less spherical for x ≤ 0.10 and rectangular for x > 0.10. Hence, the resistance/resistivity
of the studied samples increases with decreasing crystallite size and also depends upon the shape of grains in its
microstructure of the studied samples. The decreasing
trend in the value of Rb and Cb with rise in temperature
clearly indicates the existence of negative temperature
coefficient of resistance (NTCR) in the materials as in
semiconductors [29]. On substitution of Gd, radius of
the semicircle increases largely up to x = 0.07 and then
decreases slowly up to x = 0.12 which gives an indication of increasing resistance of the PGZTs with respect
to PZT material. The above observed result is consistent
with the reported soft-PZT compounds [9,30].
Figures 2a–2d show the variation of real part of
impedance (Z  ) as a function of frequency at selected
temperatures for the samples of PGZT x/48/52 (x =
0, 0.07, 0.10 and 0.12). There is a decrease in the values
of Z  with rising temperature and frequency contributes
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Figure 1. Variation of Z  with Z  of Pb1−x Gdx (Zr0.52 Ti0.48 )1−x/4 O3 (PGZT) ceramics when (a) x = 0, (b) x = 0.07, (c)
x = 0.10, (d) x = 0.12 at different temperatures.

Table 1. Comparison of bulk resistance and capacitance
at different temperatures of PGZT ceramics (x = 0, 0.07,
0.10, 0.12).
Composition
PGZT x/52/48
x = 0.00

x = 0.07

x = 0.10

x = 0.12

Temp. (◦ C)

Rb ()

Cb (F)

425
450
475
500
425
450
475
500
425
450
475
500
425
450
475
500

2.1 × 103
1.2 × 103
6.7 × 102
3.6 × 102
7.8 × 106
3.7 × 106
1.9 × 106
6.5 × 105
6.4 × 106
3.9 × 106
4.8 × 105
2.4 × 105
1.3 × 106
4.1 × 105
2.4 × 105
1.3 × 105

2.4 × 10−10
2.1 × 10−10
1.3 × 10−10
7.4 × 10−11
1.0 × 10−9
7.7 × 10−10
5.1 × 10−10
4.6 × 10−10
2.3 × 10−10
1.1 × 10−10
8.2 × 10−11
6.1 × 10−11
1.4 × 10−9
4.3 × 10−10
2.5 × 10−10
2.2 × 10−10

to increase in AC electrical conductivity in the materials
[31]. At all the temperatures, the value of Z  decreases
with increasing frequency indicating the possibility of

increase in the AC conductivity. At lower frequencies,
the decrease in the magnitude of Z  with rise in the temperature reveals their NTCR behaviour. The behaviour
of Z  -plots changes drastically at high frequencies and
shows a complete merger beyond a certain frequency.
The merger Z  at high frequencies, may occur due to
the release of space charge and a consequent lowering
of the barrier properties in the materials [23].
Figures 3a–3d show the variation of imaginary part of
impedance (Z  ) as a function of frequency (loss spectrum) at selected temperatures for the samples of PGZT
x/52/48 (x = 0, 0.07, 0.10 and 0.12). These plots
provide an insight into the electrical processes having
the largest resistances and suitable for evaluation of the
relaxation frequency of the most resistive component.
This loss spectrum is characterised by low-frequency
dispersion and merger at higher frequencies which is due
to the presence of space charge polarisation at lower frequency and its elimination at higher frequency. At low
temperatures, the relaxation process may be attributed to
the presence of mobile species (electrons) and/or immobile species, while at higher temperatures the same may
occur due to vacancies and/or defects [31,32]. At high
temperatures, the appearance of peak is an indication
of the electrical relaxation in the materials. Asymmetry
peak pattern broadening indicates the deviation from
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Figure 2. Variation of Z  with frequency of PGZT ceramics when (a) x = 0, (b) x = 0.07, (c) x = 0.10, (d) x = 0.12 at
different temperatures.

the ideal Debye behaviour. The frequency at which the

value of Z  attains a maxima Z max
is called relaxation frequency (ωmax ) of the materials. ωmax shifts
towards higher frequency region with increasing temperature. The broadening of peaks and decreasing value
 with rise in temperature suggests the occurrence
of Z max
of temperature dependence of relaxation phenomenon.
On substituting Gd, (i) the relaxation process is shifted
to low-frequency range (below 1 kHz) which was not
observed due to our experimental limitations and (ii)
at higher temperatures, absence of peaks suggests the
significant decrease of loss tangent in PGZT samples.
Hence, relaxation property is the function of not only
temperature but also the concentration of Gd.
The electrical response of the materials can be
analysed through complex electric modulus (M ∗ =
1/ε∗ (ω) = M  + jM = jωC0 Z ∗ ), where M  and M 
are usually known as real and imaginary parts of the
modulus. This formalism corresponds to the relaxation
of the electric field in the material by keeping electric
displacement constant and gives insight into the bulk

response using its capacitive nature. Figures 4a–4d show
the variation of the imaginary part of the modulus (M  )
with respect to frequency at selected temperatures for
the samples of PGZT x/52/48 (x = 0, 0.07, 0.10 and
0.12). It exhibits asymmetry peak (or its tendency) in
the low- as well as high-frequency region in the studied
frequency range. The existence of low-frequency peak
suggests that ion can move over long distances, whereas
high-frequency peak suggests the restriction of ions in
their potential well. These two peaks (double relaxation) indicate the transition from long-range mobility to
short-range mobility on increasing the frequency [33].
The temperature dependence of asymmetric broadening
of the peak is observed which confirms the spread of
relaxation with different time constants, and hence the
relaxation in the material is considered to be non-Debyetype [34]. The plot also shows that peak shifts towards
higher frequency side with rise in temperature and this
behaviour confirms that dielectric relaxation in the material is due to a thermally activated process in which
hopping of charge carriers with small polarons are dom-
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Figure 3. Variation of Z  with frequency of PGZT ceramics when (a) x = 0, (b) x = 0.07, (c) x = 0.10, (d) x = 0.12 at
different temperatures.

inated intrinsically for all the compounds. The nature
of peaks and the value of M  corresponding to peaks
 ) depends upon Gd concentration in PGZTs. It is
(Mmax
observed that there is double relaxation for x = 0.07 and
 decreases upto 7% and
0.10 of PGZT and value of Mmax
then increases up to 12% of Gd in PGZT compounds.
Figures 5a–5d show the variation of M  of PGZT
x/52/48 (x = 0, 0.07, 0.10 and 0.12) compounds as
a function of frequency at selected temperatures. It
shows a very low value (approximately zero) of M 
in the low-frequency region. A continuous dispersion
on increasing frequency with a tendency to saturate
at maximum value signifies short-range mobility of
charge carriers in conduction mechanism of the studied
materials. This may be contributed to a lack of restoring force governing the mobility of the charge carriers
under the action of induced electric field [35]. There
is a temperature-dependent relaxation process as the
value of M  increases with the increase in temperature. The plateau region or its tendency observed at high
frequency region signifies the frequency invariant (DC
conductivity) electrical properties of the materials. It is
also observed that the value of M  increases with the
increase in Gd concentration of PGZT ceramics.

3.2 AC Conductivity
It is difficult to describe the motion of charge carriers
in ceramic materials because various complex dynamic
processes are involved. However, conductivity can be
described as an acceptable way for the electrical properties of the studied materials. It is well known that
PZT ceramics possesses p-type conductivity (hole-type
conduction), caused by Pb loss due to high volatility of PbO during the sintering process [36,37]. Here,
in soft-doped ceramics (PGZT), Pb2+ is replaced by
substitution of Gd3+ and this substituted ion acts as a
centre of positive electric charge similar to donor impurities in semiconductors. Figures 6a–6d show the plot
of σAC of PGZT x/52/48 for different concentrations
of Gd (x = 0, 0.07, 0.10 and 0.12) against the inverse
absolute temperature (103 /T ) at different frequencies.
The nature of variation of curves over a wide temperature range supports the temperature dependence of
transport properties of the materials obeying Arrhenius
equation: σ = σ0 e E a /K B T [30], where σ0 , E a and K B
are pre-exponential factor, activation energy and Boltzmann constant respectively. An increase in conductivity
around Tc signifies the increase of polarisability of the
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Figure 4. Variation of M  with frequency of PGZT ceramics when (a) x = 0, (b) x = 0.07, (c) x = 0.10, (d) x = 0.12 at
different temperatures.

material. Above Tc the conductivity data tend to fall and
then increase, which is a typical behaviour of the DC
component of conductivity [15], and significant increase
of tan δ. The estimated values of E a (from the slope of
Arrhenius plots) are 0.29 eV, 0.34 eV, 0.36 eV, 0.38 eV
at 100 kHz in the ferroelectric (FE) phase (245−340◦ C)
and 0.31 eV, 0.39 eV, 0.40 eV, 0.42 eV in paraelectric
(PE) phase (440−482◦ C) for x = 0, 0.07, 0.10 and
0.12 respectively. The values of activation energy in
the PE phase are comparatively greater than that in the
FE phase. Again, with increasing concentration of Gd,
the activation energy increases leading to a decrease of
p-type conductivity in the studied PGZT x/52/48
samples.
The frequency dependence of AC conductivity was
analysed to study the electrical properties of the materials. The conduction mechanism of these materials
is in accordance with Jonscher’s Universal power law
[24,38], σAC = σDC +Aωn , where A is a thermally
activated constant which determines the strength of
polarisability and n determines the degree of interac-

tion between the mobile ions and lattices. The value of
n < 1 signifies the translational motion with sudden
hopping whereas n > 1 involves the localised hopping without the species leaving the local surroundings
[39]. The frequency at which change of slope of curve
occurs is known as hopping frequency (ωp ). According
to Jonscher [38], the origin of the frequency dependence
of conductivity lies in the relaxation phenomena arising
due to mobile charge carriers. When a mobile charge
carrier hops to a new site from its original position, it
remains in a state of displacement between two potential energy minima. Figure 7 shows the variation of
σAC with frequency (with non-linear fitting) at 300◦ C
of PGZT x/52/48 for x = 0, 0.07, 0.10 and 0.12.
The high-frequency dispersion has been attributed to
the AC conductivity whereas the frequency-independent
plateau region corresponds to the DC conductivity. The
pattern of conductivity spectrum shows some typical
features such as (i) dispersion throughout the frequency
range of investigation and (ii) low-frequency plateau and
high-frequency dispersion. The characteristics of low-
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Figure 5. Variation of M  with frequency of PGZT ceramics when (a) x = 0, (b) x = 0.07, (c) x = 0.10, (d) x = 0.12 at
different temperatures.

frequency plateau in the materials is more pronounced at
lower concentration of Gd in PGZT x/52/48 ceramics.
The studied materials obey universal power law which
is confirmed by fit of the above equation to the experimental data (figure 7), where solid line corresponds
to fitted curve and symbols represent the experimental
data. These phenomena are consistent with other related
PZT compounds [40].
To study the frequency dependence of the AC conductivity, we have followed Jonscher’s universal power
law [16,38] to provide the nature of charge carriers in
conduction mechanism of the studied materials such as
σtotal (T, ω) = σDC (T ) + σAC (T, ω) ;
σAC (T, ω) = A (T ) ωn ,
where σDC (T ) is the frequency independent term which
gives DC conductivity and σAC (T, ω) is the dispersive
component of AC conductivity. The exponent (n) represents degree of interaction of mobile ions with lattices
and the thermally activated constant (A) determines

the strength of polarisability. These fitting parameters
(A and n) are obtained from the non-linear fitting of
AC conductivity spectrum of the studied materials. For
all the studied materials, the smaller value of n (< 1)
suggests that the motion of hopping charge carriers is
translational. Figure 8 shows the variation of fitting
parameters A and n as a function of temperature of
Pb1−x Gdx (Zr52 Ti48 )1−x/4 O3 (x = 0, 0.07, 0.10, 0.12)
ceramics. For all the samples, it is observed that the
value of n initially decreases with rise in temperature
and then increases after Tc . The minimum value of n
at Tc suggests a strong interaction between mobile ions
with the lattice around them, which is due to diminishing restoring force for weakening the transverse optical
mode (soft mode). Hence, the enhancement of conductivity near Tc is accounted for the coupling of charge
carriers with this soft mode [16,38]. The variation of A
with temperature is in reverse manner as n varies with
temperature and the maximum value of A at Tc suggests
high polarisability.
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Figure 6. Variation of σAC with 103 /T of PGZT ceramics when (a) x = 0, (b) x = 0.07, (c) x = 0.10, (d) x = 0.12 at
different frequencies.

Figure 7. Variation of σAC with frequency of PGZT ceramics
(x = 0, .07, 0.10, 0.12) at 300◦ C.

3.3 J–E characteristics
PGZT ceramics are widely used in electronic circuits
because of their high value of resistivity and small temperature coefficient of resistance. It is useful to have a
resistor that offers low resistance at high voltage and

high resistance at low voltage as the case in current–
voltage (I −V ) characteristics/current density–electric
field (J −E) study. J −E characteristics study of ferroelectric ceramics is a useful technique to understand
the conduction mechanism in a sample. Figures 9a–9d
show the variation of current density (J ) with applied
DC electric field (E) of PGZT x/52/48 for x = 0, 0.07,
0.10 and 0.12 at some selected temperatures. For all
the samples, it is observed that (i) the current density
increases with rise in the temperature, thus indicating
their NTCR behaviour and (ii) the value of current density increases rapidly on increasing the electric field,
thus indicating their semiconducting nature [41,42]. The
curves also reveal that the materials allow a very small
leakage current to pass through them. The slope of
these characteristic curves gives DC conductivity of
the corresponding samples. The increase in slope of
the characteristic curves with rise in the temperature
suggests an increase in DC conductivity of the materials, thus confirming their NTCR behaviour. The curves
also predict that, the studied materials follow Ohmic
behaviour (J α E β ; β ∼ 1) in the low electric field
region and obey Child’s law (J α E β ; β > 1) in the
high electric field region. Hence in high-electric field
and high-temperature region, the conduction mecha-
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Figure 8. Variation of fitting parameters A and n as a function of temperature of PGZT ceramics (x = 0, 0.07, 0.10, 0.12).

Figure 9. Temperature variation of J −E characterstics of PGZT ceramics (x = 0, 0.07, 0.10, 0.12).
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nism may be considered as a combination of space
charge limited, Schottky effect and Frenkel–Poole conduction. It was also found that, with increasing Gd
content in PGZT x/52/48 ceramics, the current or loss
tangent reduces significantly compared to PZT ceramics
in such a way that the current first decreases for x ≤ 0.10
and then increases for x > 0.10 in accordance with the
variation of cell parameters in the studied ceramics [25].

4. Conclusion
The polycrystalline PGZT samples with Zr/Ti ratio =
52/48 (near MPB) and Gd content x = 0, 0.07, 0.10 and
0.12 were prepared by a high-temperature solid-state
reaction technique which is cost-effective and less complex. In the present paper, we have reported the detailed
analysis of electrical property such as conductivity and
complex impedance-modulus analysis as a function of
temperature and/or frequency and/or concentration of
gadolinium. Complex impedance spectroscopy (CIS)
analysis shows that the studied materials exhibit (i) the
presence of bulk (grain) contributions which is found
to decrease with the increase in temperature (NTCR
behaviour), (ii) non-Debye-type conductivity relaxation, (iii) temperature and Gd-dependent relaxation
and (iv) resistive property as a function of microstructure. Modulus spectrum analysis also suggests the
non-Debye relaxation with gadolinium-dependant type
relaxation in PGZT ceramics and the plateau region or its
tendency observed at high frequencies indicates the frequency invariant-dependent electrical properties of the
materials. The AC conductivity spectrum of PGZT electroceramics is found to obey Jonscher’s universal power
law and provides evidence of space charge accumulation in the material that vanishes at high frequencies and
shows the possibility of hopping mechanism for electrical transport process. The nature of the J −E curves
shows that the conduction mechanism of PGZT ceramics is nonlinear, confirming the existence of non-Ohmic
and space-charge limited conduction in the material.
Hence, high resistivity and non-Ohmic behaviour of the
studied materials are suitable for manufacturing high
dielectric and non-linear ferroelectric ceramics.
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