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Polycrystalline samples of manganese and iron substituted lead zirconium titanate (PZT) with general formula
Pb(Zr

0.65−xAxTi0.35)O3 (A = Mn3+ and Fe3+) ceramics have been synthesized by high temperature solid state reaction technique.
X-ray diffraction (XRD) patterns were recorded at room temperature to study the crystal structure. All the patterns could be refined
by employing the Rietveld method to R3c space group with rhombohedral symmetry. Microstructural properties of the materials
were analyzed by scanning electron microscope (SEM), and compositional analysis was carried out by energy dispersive spectrum
(EDS) measurements. All the materials exhibit ferroelectric to paraelectric transition. The variation of dielectric constant and loss
tangent with temperature and frequency is investigated. The decrease of activation energy and increases of AC conductivity with
the Fe3+ or Mn3+ ion concentration have been observed. The AC conductivity has been analyzed by the power law. The frequency
exponent with the function of temperature has been analyzed by assuming that the AC conduction mechanism is the correlated
barrier hopping (CBH) model. The conduction in the present sample is found to be of bipolaron type for Mn3+ ion-doped sample.
However, the conduction mechanism could not be explained by CBH model for Fe3+ ion-doped sample.

1. Introduction

Pb-based ceramic oxides have been widely studied due
to their excellent ferroelectric, dielectric, and piezoelectric
properties [1–3]. In particular, PbTiO

3
-based solid solutions

have dominated for decades the technological field responsi-
ble for the development of piezoelectric materials [4]. Lead
zirconium titanate (PZT) belongs to the perovskite structural
family of a general formula ABO

3
in which A site is occupied

by Pb2+ ions and B site by Zr4+ or/and Ti4+ ions [1–3].
Fluctuation of the oxidation state of Mn3+/Fe3+ ions results
in the formation of oxygen ion vacancies to reserve the local
electrical neutrality and causes thermally activated conduc-
tion. PZT is a solid solution of ferroelectric PbTiO

3
(PT with

𝑇
𝑐

= 490
∘C) and antiferroelectric PbZrO

3
(PZ with 𝑇

𝑐
=

230
∘C) with different Zr/Ti ratios and has two ferroelectric

phases: a tetragonal phase in the titanium rich side of the
binary system and a rhombohedral phase in the zirconium
rich side [5, 6]. The boundary line between these two phases

is called morphotropic phase boundary (MPB) at which
dielectric and conductive properties rise to a great extent [7].
A wide variety of complex compounds (other than the above)
can be prepared by substituting suitable elements at the A and
B sites of PZT useful for different industrial applications such
as dynamic and versatile memory components, capacitors,
transducers, sensors, and light liquid crystal display backlight
inverters for camcorder [8–10]. The selection of substituents
to tailor the physical properties of the material is based on
many factors including charge neutrality, tolerance factor,
the ionic radius, and solubility. Magnetic materials (Mn and
Fe) have been widely used as a doping element for the
manufacturing of multilayer ceramic capacitor. Mn and Fe
doping in PZT causes the lowering of the Curie temperature
and grain size [11].

Recently, Tiwari and Choudhary [12] showed that the
substitution ofMn andCe on Zr site leads to an improvement
of dielectric constant and shift in 𝑇

𝑐
. Sahu et al. [13] observed

that substitution of Mn (in small amounts) at the Zr site of
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PZT does not provide any change in its structure. Mn doping
changes the particle density on the surface.The detailed
literature survey reveals that not much work has been done
on low doping of both Mn and Fe modified PZT ceramics
[14–16]. However, dielectric and AC conductivity studies of
both the ion modified PZT and related materials have hardly
been reported in the literature [17–20]. The ratio of Zr/Ti
(65/35) forms a part of our study, which includes ratios in
and around MPB [21, 22]. Keeping in view these facts, we
have carried out detailed studies of the Rietveld structural
and microparameter analysis and microstructure, dielectric,
and AC conductivity studies of Mn3+ and Fe3+ ions modified
from PZT (Zr/Ti = 65/35) prepared by conventional solid
state reaction route. In this paper, the Rietveld analysis is
used to refine structure and microparameter of Mn and Fe
substitution on B site of PZT material.

Structural studies of this materials are very important
for a better understanding of transport mechanisms. AC
conductivity measurements have been widely used to inves-
tigate the nature of defect centers in disordered systems
since it is assumed that they are responsible for this type of
conduction. The general frequency behavior in this type of
materials is of A𝜔

𝑛 type over a wide frequency range where
exponent s is found to be temperature dependent and has a
value ≤ 1. The correlated barrier-hopping (CBH) model [23]
has been extensively applied to semiconducting materials.
According to thismodel, the conduction occurs via bipolaron
hopping process wherein two electrons simultaneously hop
over the potential barrier between two charged defect states
(𝐷+ and 𝐷

−) and the barrier height is correlated with the
inter site separation via a Coulombic interaction. Shimakawa
and Itoh [24] suggested further that, at higher temperatures,
𝐷o states are produced by thermal excitation of 𝐷

+ and
𝐷
− states and single polaron hopping (i.e., one electron

hopping between 𝐷
o and 𝐷

+ and a hole between 𝐷
o and

𝐷
−) becomes a dominant process. The concept of the CBH

model, incorporating the suggestions of Shimakawa and Itoh,
is applied to the present data. Here the main goal of this
paper is to strongly discuss the structural analysis of the
Rietveld refinement technique has strongly discussed with
few dielectric analysis. The novelty of this paper is what the
conduction mechanism explains about the type of bipolaron
materials.

2. Experimental

Perovskite Pb(Zr
0.65−𝑥

A
𝑥
Ti
0.35

)O
3
(A = Mn and Fe, 𝑥 =

0.0, 0.05) ceramic has been prepared by solid state method.
Stoichiometric ratio of PbO (Loba Chemie, Mumbai, India),
ZrO
2
(Loba Chemie, Mumbai, India), MnO

2
(E. Merck India

Ltd.), Fe
2
O
3
(E. Merck India Ltd.), and TiO

2
(E. Merck India

Ltd.) with 99.9% purity was weighed by using a high precision
electronic balance (Avon, Gr 202). The above materials were
mixed thoroughly with the help of Agate mortar and pestle.
The grinding was carried out under acetone till the acetone
evaporates from the mortar. The mixture was ball milled for
8 hrs and presintered at different temperatures with interme-
diate grindings. The final presintered temperature was 900∘C
for 4 hrs.The calcined powders of the above compounds were

pressed into cylindrical pellets of 6mm diameter and 1mm
thickness under a uniaxial pressure of 6 tons using a hydraulic
press. Polyvinyl alcohol (PVA) was used as the binder to
prepare the pellets. Finally, the pellets were sintered at 1100∘C
for over 4 hrs in an alumina crucible. The density of the
electronic ceramic is a very sensitive parameter that directly
affects its properties.Therefore, proper sintering of the pellets
is essential for electrical measurement. All the pellets were
taken on an alumina plate and sintered at different temper-
atures in a programmable furnace. A lead rich atmosphere
was maintained to minimize lead loss during sintering. All
the above sintering processes were carried out in air. XRD
pattern at room temperature for the sample was recorded by
using Philips PANalytical X’Pert-MPD X-ray diffractometer
(XRD) (model: PW3020). The CuK𝛼 radiation was used as
an X-Ray source. The machine was operated at 35 KV and
30mA in awide range of Bragg angles 2𝜃 (20∘≤ 2𝜃 ≤ 80∘).The
data were collected with step size of 0.020 and time constant
of 1 second. The scanning electron micrograph was recorded
using JEOL SEM (JEOL T-330) at room temperature. The
compositional analysis was carried out by SEM-EDS. The
pellets are made with high-purity silver paint electrodes on
the flat polished surfaces and heated at 150∘C for 2 hrs to
take dielectric and electrical measurements. The dielectric
(capacitance and dissipation) and impedance parameters
(phase angle) were obtained at an Ac input signal level
of 1.5 V in a wide temperature (40–500∘C) and frequency
(100Hz–625 kHz) ranges using a computer-controlled LCR
HiTESTER/Impedance analyzer (HIOKI 3522-50) which is
also attached with high temperature microwave furnace
(model: DPI-1200).

3. Results and Discussion

3.1. Structural Analysis by Employing the Rietveld Method.
Figure 1 shows the X-ray diffraction pattern of pow-
ders calcined at temperature 900∘C for 4 hrs of Pb
(Zr
0.65−𝑥

A
𝑥
Ti
0.35

)O
3
(A = Mn, Fe) (𝑥 = 0.0, 0.05). All the

samples are in single-phase form. Figure 2 shows the XRD
pattern of the samples sintered at 1100∘C for 4 hrs. XRD
peaks for 1100∘C annealed samples are sharper compared
to those of 900∘C annealed samples which reveals that the
crystallite size increases with the temperature (discussed in
the next section). The patterns clearly indicate that there is
no structural change of Pb(Zr

0.65−𝑥
A
𝑥
Ti
0.35

)O
3
(A = Mn,

Fe) (𝑥 = 0.00, 0.05) on substitution of small amount of
Mn3+/Fe3+ ion at the Zr site. It is observed that the structure
has perovskite phase without any secondary phase, indicating
the complete diffusion of Mn3+/Fe3+ ion into PZT lattice to
form a single-phase compound. The unit cell parameters of
rhombohedral system (space group R3c) were refined using
the Rietveld refinement technique with the help of FullProf
program, and bond lengths and bond angles were calculated
with the help of powder cell program. We have obtained
the average crystallite size by using the Rietveld method. A
complete expression is used in the Rietveld method which is
defined as [25]

FWHM2 = (𝑈 + 𝐷
2

ST) (tan2𝜃) + 𝑉 (tan 𝜃) + 𝑊 +
𝐼𝐺

cos2𝜃
,

(1)
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Figure 1: XRD patterns of the samples Pb(Zr
0.65

Ti
0.35

)O
3
,

Pb(Zr
0.60

Mn
0.05

Ti
0.35

)O
3
, and Pb(Zr

0.60
Fe
0.05

Ti
0.35

)O
3

annealed
at 900∘C for over 4 hrs.
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Figure 2: XRD Patterns of the samples Pb(Zr
0.65

Ti
0.35

)O
3
,

Pb(Zr
0.60

Mn
0.05

Ti
0.35

)O
3
, and Pb(Zr

0.60
Fe
0.05

Ti
0.35

)O
3
annealed at

1100∘C for over 4 hrs.

where 𝑈, 𝑉, and 𝑊 are the usual peak shape parameters.The
width of the diffraction peaks is found to broaden at higher
Bragg angles, where 𝑈, 𝑉, and 𝑊 are the half width parame-
ters and may be refined during the fit.

The estimation of crystallite size of powder samples in
view of the ability of the former approach tomeasure the pure
breadth of the diffraction peaks that is, solely due to smaller
crystallite size.

IG is a measure of the isotropic size effect, and 𝐷ST =
coefficient related to strain. IG and 𝐷ST can be refined by
Rietveld method. Finally, the FWHM is used in the Scherrer’s
formulae to calculate the crystallite size. Scherrer’s formulae
are defined as [26]

𝑆
𝐶

=
𝜅𝜆

𝛽 cos 𝜃
, (2)

where, constant “𝜅” depends on the shape of the crystallite
size (=0.89, assuming the circular grain), 𝛽 = full width at
half maximum (FWHM) of intensity versus 2𝜃 profile, 𝜆 is
the wavelength of the CuK

𝛼
radiation (=0.15418 nm), and 𝜃
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Figure 3: XRD pattern along with the Rietveld refined data for the
sample Pb(Zr

0.60
Fe
0.05

Ti
0.35

)O
3
annealed at 1100∘C for over 4 h. The

data have been refined using R3c space group with rhombohedral
symmetry.

is Bragg’s diffraction angle. The average crystallite values are
listed in Table 1 for both 900∘C and 1100∘C annealed samples.
One can notice that average crystallite size increases with
annealing temperature. It is due to the formation of larger
crystals at high temperature, smaller ionic size, fractional
atomic positions and isothermal parameters, lattice param-
eters, cell volume, the goodness of the fitting parameter, and
so forth.

Typical refined XRD pattern Pb(Zr
0.60

Fe
0.05

Ti
0.35

)O
3

annealed at 1100∘C for 4 hrs is shown in Figure 3. The
experimental points are given as dot (∙) and theoretical data
are shown as solid line. Difference between theoretical and
experimental data is shown as bottom line. The vertical line
represents Bragg’s allowed peak. One can notice that all the
observed peaks could be well refined to R3c space group in
rhombohedral symmetry. The lattice parameters and good-
ness of the fitting are listed in Table 2. Lattice parameters,
occupancy, fractional atomic positions, and so forth were
taken as the free parameter during the fitting. The thermal
effect and profile functions refinement are fitted better than
the other refinement.The pseudo-Voigt description of profile
shape was determined as a profile setup for Rietveld refine-
ment. Refinement profile function value is used for modern
commercial Bragg-Brentano diffractometer and the value of
the sample broadening. The lattice parameters and unit cell
volumes are decreasedwith the doping ofMn/Fe, and it could
be due to the smaller ionic size ofMn3+ (0.66 Å)/Fe3+(0.64 Å)
compared to that of Zr4+ (0.79 Å). Bond lengths and bond
angles were calculated from the refined parameters and those
values are listed in Table 2 for all the samples at 1100∘C
temperatures.

3.2. Microstructural and Elemental Analysis. The scanning
electron microscopy (SEM) of pure PZT and 5% Mn and
5% Fe substitution at Zr site of the compounds are shown
in Figures 4(a)–4(c), respectively. From these micrographs, it
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Table 1: Crystallite size and grain size of the samples PbZr0.65Ti0.35O3,
Pb(Zr0.60Fe0.05Ti0.35)O3, and Pb(Zr0.60Mn0.05Ti0.35)O3 annealed at
different temperatures.

Sample composition Crystallite size
(nm)

Grain size (𝜇m),
SEM

Pb(Zr0.65Ti0.35)O3
(900∘C) 13.5(8) 0.114(5)

Pb(Zr0.65Ti0.35)O3
(1100∘C) 33.0(1) 3.513(6)

Pb(Zr0.60Fe0.05Ti0.35)O3
(900∘C) 13.0(3) 0.111(7)

Pb(Zr0.60Fe0.05Ti0.35)O3
(1100∘C) 32.1(9) 3.423(5)

Pb(Zr0.60Mn0.05Ti0.35)O3
(900∘C) 12.5(4) 0.110(9)

Pb(Zr0.60Mn0.05Ti0.35)O3
(1100∘C) 30.1(1) 3.323(5)

was confirmed that the grains of different sizes are uniformly
and densely distributed over the entire surface of the samples.
The 5% Mn and 5% Fe doping grain size shows a decreasing
trend with an increase in Mn and Fe concentration. Similar
results have been observed by other groups [27].

Figures 5(a)–5(c) shows the energy dispersive X-ray spec-
troscopy (EDS) for all the samples.The compositions present
in the sample are as prepared.Generally, Pb evaporates during
the high temperature annealing. However, we have added
5% extra PbO during sintering which is already reported
in this type of materials. Atomic percentage of the sample
Pb(Zr

0.65−xAxTi0.35)O3 (A = Mn/Fe, 𝑥 = 0.0, 0.05) (annealed
at 1100∘C) obtained from SEM-EDS is given in Table 3.

3.3. Dielectric Analysis. Figure 6(a) shows the variation of
dielectric constant versus temperature of pure and Mn(5%)/
Fe(5%) substitutions in Zr site of the compound at the fre-
quency 10 kHz. It indicates that dielectric constant increases
gradually with an increase in temperature for pure and
doped samples to its maximum value and then decreases,
which confirms that a phase transition (from ferroelectric
to paraelectric phase) occurs at a particular temperature,
called as transition or the Curie temperature (𝑇

𝑐
) [27].

On further increase in temperature, the relative dielectric
constant decreases for pure and substituted samples of the
compound. The comparative dielectric data of pure and
substituted samples at frequency 10 kHz are recapitulated in
Table 4. The 𝑇

𝑐
is maximum at pure sample and minimum

for Mn substitution at Zr site of the compound. But one can
observe that for pure PZT, the value of dielectric constant
is less and 𝑇

𝑐
is more. For Mn doping, dielectric constant is

more but 𝑇
𝑐
is less in comparison with Fe substitutions.

Plots of frequency versus dielectric constants are shown
in Figure 6(b). Dielectric constant decreases with an increase
of frequency for pure and substituted samples at higher
temperature (500∘C). It is due to the presence of all types
of polarizations (i.e., interfacial, ionic, dipolar, electronic,
and space charge) [28, 29]. At higher frequencies, the main
contribution to dielectric constant comes from electronic

polarization, as some of the polarizations become ineffective
and, thus, the value of dielectric constant decreases.

3.4. Spectral Dependence of AC Conductivity. The AC con-
ductivity (𝜎ac) of the above ceramic materials can be calcu-
lated by using the relation [30]

𝜎ac = 𝜔𝜀o𝜀𝑟 tan 𝛿, (3)

where 2𝜋f = 𝜔, 𝜀
𝑜
is the permittivity of free space, 𝜀

𝑟
is the

relative dielectric constant, and tan 𝛿 is the dissipation factor.
The AC conductivity pattern indicates a progressive rise in
conductivity with a rise in temperature at frequency 10 kHz.

Ac conductivity (𝜎ac(𝜔)) can be written as [31]

𝜎ac (𝜔) = 𝜎
𝑡
(𝜔) − 𝜎dc, (4)

where 𝜎
𝑡
(𝜔) is the total conductivity and 𝜎dc is the DC

conductivity. However, the 𝜎dc is negligible compared to that
of 𝜎
𝑡
(𝜔). The AC conductivity 𝜎ac(𝜔) is given by the relation

𝜎ac (𝜔) = 𝐴𝜔
𝑛
, (5)

where 𝐴 is a constant, 𝜔 is the angular frequency (𝜔 = 2𝜋f),
and 𝑛 is the frequency exponent. We have obtained the value
of 𝑛which is less than 1. Typical plot of ln(𝜔) versus ln (𝜎ac(𝜔))
is shown in Figure 7 for the sample Pb(Zr

0.60
Mn
0.05

Ti
0.35

)O
3

at selected temperatures.Thefitting has been carried out from
9 kHz to 625 kHz. Temperature versus 𝑛 is shown in Figure 7
for the sample Pb(Zr

0.60
Mn
0.05

Ti
0.35

)O
3
.Theobserved behav-

ior of 𝑛(𝑇) can be analyzed by assuming that the AC con-
duction mechanism is the correlated barrier hopping (CBH)
model [32]. According to this model, the conduction occurs
via bipolaron hopping process. Bipolaron theory suggests that
two polarons simultaneously hop over the potential barrier
between two charged defect states 𝐷

+ and 𝐷
− and that the

barrier height is correlated with the intersite separation via
coulombic interaction. At higher temperature, 𝐷

0 state is
produced by thermal excitation of 𝐷

+ and 𝐷
− states and

a single-polaron hopping becomes the dominant process in
which there is one electron hopping between 𝐷

0 and 𝐷
+ and

hole between 𝐷
0 and 𝐷

−. The frequency exponent 𝑛(𝑇) can
be written as

𝑛 (𝑇) =
𝑑 (ln𝜎ac)

𝑑 (ln𝜔)
= 1 −

6𝑘
𝐵
𝑇

𝑊
𝑚

. (6)

Or, one can write,

𝛽 = 1 − 𝑛 (𝑡) =
6𝑘
𝐵
𝑇

𝑊
𝑚

, (7)

where 𝑘
𝐵
is the Boltzmann constant, and𝑊

𝑚
is themaximum

barrier height which is the energy required to take two
electrons from the 𝐷

− state to the conduction band in the
absence of𝐷+ centers. Plot of 𝛽 versus𝑇 is shown in Figure 8.
One can see that it is a straight line. From linear fit, we have
obtained 𝑊

𝑚
and, it is found to be 3.34 eV. The variation

of AC conductivity with frequency at different temperatures
is shown in Figure 9 of the sample Pb(Zr

0.65−xFexTi0.35)O3.
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Table 2: Parameters obtained from XRD analysis by employing the Rietveld method of Pb(Zr0.65Ti0.35)O3, Pb(Zr0.60Mn0.05Ti0.35)O3, and
Pb(Zr0.60Fe0.05Ti0.35)O3 samples annealed at 1100∘C for 4 hrs.

Parameters Sample
Pb(Zr0.65Ti0.35)O3 Mn = 0.05 Fe = 0.05

Space group R3c R3c R3c
Pb (occupancy) 0.9823(24) 0.9873(8) 0.97365(5)

Zr (occupancy) 0.6451(15) 0.6012(9) 0.60135(7)

Ti (occupancy) 0.3451(15) 0.3476(9) 0.3500(5)

𝑎 = 𝑏 (Å) 5.8169(7) 5.7863(12) 5.8089(5)

𝑐 (Å) 14.18(21) 14.17(32) 14.15(7)

Volume (Å3) 415.65(10) 413.89(15) 413.55(9)

𝜒
2 (chi2) 1.91 2.99 1.15

𝑅
𝑝

6.9 6.1 8.2
𝑅wp 10.5 12.1 13.3
𝑅Bragg 6.8 5.7 5.7
𝑅
𝑓

10.4 10.9 9.3
Pb-Ti/Zr (Å) 3.4901(2) 3.3463(11) 3.2731(6)

Ti/Zr-O1 (Å) 2.1111(2)/1.9996(11) 2.2213(24) 1.9983(7)/1.7382(9)

Ti/Zr-O2 (Å) 2.8888(10) 3.2784(4) 3.2731(5)/1.5891(7)

∠Pb-Ti/Zr-Pb 112.88(13) 38.5(2) 110.32(2)

∠Pb-Ti/Zr-O1 124.51(21) 126.10(9) 120.87(7)

∠Pb-Ti/Zr-O2 137.92(6) 114.32(5) 106.54(5)

∠Mn-Pb-Mn — 32.25(5) —
∠Fe-Pb-Fe — — 38.39(9)

∠Zr-O2-Zr 95.32(5) 92.36(6) 101.35(2)

Table 3: Atomic percentage of the sample Pb(Zr
0.65−𝑥

A
𝑥
Ti0.35)O3 (A = Mn/Fe, 𝑥 = 0.0, 0.05) (annealed at 1100∘C) obtained from SEM-EDS.

Composition O wt%
(atomic%)

Zr wt%
(atomic%)

Mn/Fe wt%
(atomic%)

Ti wt%
(atomic%)

Pb
(atomic%)

𝑥 = 0.0
14.94 18.71 0.00 5.44 60.91
(60.38) (13.26) (0.00) (7.35) (19.01)

Mn = 0.05 15.56 17.18 0.21 5.33 61.72
(61.79) (11.97) (0.24) (7.07) (18.93)

Fe = 0.05 15.85 18.32 0.21 5.32 61.65
(61.83) (12.23) (0.24) (7.21) (18.35)

Table 4: Dielectric behaviors of pure and substituted samples (Mn
and Fe) at 10 kHz.

Sample 𝜀max 𝑇
𝑐
(∘C)

Pb(Zr0.65Ti0.35)O3 3549 363
Pb(Zr0.60Mn0.05Ti0.35)O3 14245 292
Pb(Zr0.60Fe0.05Ti0.35)O3 5432 346

We have not observed linearity in the curve. So the above
analysis is not able to be applied for Fe-doped sample.
Hence it is concluded that the AC conduction for Mn-doped
sample can be explained by CBH model; however, it is not
applicable for Fe-doped sample. However, we have observed
that, conductivity in both Mn- and Fe-doped samples is
more than that in the PZT (PbZr

0.65
Ti
0.35

O
3
) sample. The

conductivity of Mn doped PZT is more than that of Fe-
doped PZT sample. For example, AC conductivity of samples
is 1.55 × 10

−8, 0.09 × 10
−9, and 2.15 × 10

−10 S/cm for
the samples PbZr

0.60
Mn
0.05

Ti
0.35

O
3
, PbZr

0.60
Fe
0.05

Ti
0.35

O
3
,

and PbZr
0.65

Ti
0.35

O
3
, respectively, at room temperature at

1000Hz.
A relation between AC conductivity and temperature is

defined as [33]

𝜎 = 𝜎
0
exp(

−𝐸
𝑎

𝐾
𝐵
𝑇

) , (8)

where 𝜎
𝑜
is a constant, 𝐾

𝐵
is the Boltzmann constant, and

𝐸
𝑎
is the activation energy for conduction. The activation

energy decreases from Mn to Fe substitution in the low
temperature region (ferroelectric region). All the activation
energies are recapitulated in Table 5 with different temper-
ature ranges. We have observed that activation energy in
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(c)

Figure 4: (a–c) SEM micrographs of the sample PbZr
0.65

Ti
0.35

O
3
, Pb(Zr

0.60
Mn
0.05

Ti
0.35

)O
3
and Pb(Zr

0.60
Fe
0.05

Ti
0.35

)O
3
annealed at 1100∘C

for 4 hrs.

both Mn- and Fe-doped samples is less than that of the
PZT (PbZr

0.65
Ti
0.35

O
3
) sample.The activation energy ofMn-

doped PZT is less than that of Fe-doped PZT sample. The
activation energy is found to be maximum at ferroelectric
region and minimum at paraelectric region for both the
samples (Mn- and Fe-doped PZT).This is due to the ionic size
and tolerance factor of the materials.The type of temperature
dependent of AC conductivity indicates that the electrical
conduction in the material is a thermally activated process.
It is well known that the motion of oxygen vacancies gives
rise to activation energy of 1 eV in ceramic samples; usually
oxygen vacancies are considered as one of the mobile charge
carriers in perovskites ferroelectric [34]. The ionization of
oxygen vacancies creates conducting electrons, which are
easily thermally activated. From the results of conduction

and the value of the activation energy for conduction, clearly
suggests a possibility that the conduction in the higher
temperature range for charge carriers may be due to oxygen
vacancies and some other several factors like ions, electrons,
electron-phonon modes, thermal local expansions, and so
forth [35]. The variation of AC conductivity of the sample
Pb(Zr

0.65−xFexTi0.35)O3 (𝑥 = 0.05) with frequency at different
temperatures is shown in Figures 10(a)–10(c).

4. Conclusions

The Mn/Fe modified PZT (PbZr
0.65

Ti
0.35

O
3
) has been pre-

pared in a single-phase form. The XRD patterns could be
refined by employing the Rietveld refinement technique to
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Figure 5: (a–c) EDS of Pb(Zr
0.65−xAxTi0.35)O3 (A = Mn/Fe) for (a) 𝑥 = 0.0, (b) Mn = 0.05 and (c) Fe = 0.05 samples sintered at 1100∘C for

4 hrs.
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Figure 6: (a) shows the variation of dielectric constant with temperature at frequency 10 kHz and (b) shows the variation of dielectric constant
with log f at 500∘C temperature for the samples PbZr

0.65
Ti
0.35

O
3
, Pb(Zr

0.60
Mn
0.05

Ti
0.35

)O
3
, and Pb(Zr

0.60
Fe
0.05

Ti
0.35

)O
3
, respectively.



8 Journal of Materials

1 10 100 1000

 

Pb(Zr0.6Mn0.05Ti0.35)O3

lo
g
𝜎

ac

1𝐸 − 9

1𝐸 − 10

1𝐸 − 11

370∘C
390∘C
410∘C

430∘C
450∘C
470∘C

log 𝜔
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. Solid line shows the linear fit.

R3c space group with rhombohedral symmetry. Microstruc-
tural analysis of the surface of the compounds by scanning
electron microscopy (SEM) exhibits that there is a significant
change in grain size. All the samples exhibit ferroelectric to
paraelectric transition.The decrease of activation energy and
the increase of AC conductivity have been observed for the
Mn/Fe-doped sample which may be due to the decrease of
lattice parameters, cell volume, and bond lengths with the
increase in Mn/Fe concentration. The activation energy is
found to be maximum at ferroelectric region and minimum
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Pb(Zr0.6Fe0.05Ti0.35)O3−12
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Figure 9: Variation of AC conductivity of the sample
Pb(Zr

0.65−xFexTi0.35)O3 (𝑥 = 0.05) with frequency at different
temperatures with error bar being plus or minus 1.5%.

Table 5: Activation energies of the Pb(Zr
0.65−𝑥

A
𝑥
Ti0.35)O3 (A =Mn

and Fe) at 𝑥 = 0.05 sample in below and above transition temper-
ature range at frequency 10 kHz in relation with AC conductivity
plots, Figures 7(a)–7(c).

Temperature range
(∘C)

Frequency
(kHz)

Activation energy
(eV)

180–280 (Mn = 0.05) 10 0.589
290–390 (Mn = 0.05) 10 0.443
400–500 (Mn = 0.05) 10 0.204
180–280 (Fe = 0.05) 10 0.424
290–390 (Fe = 0.05) 10 0.393
400–500 (Fe = 0.05) 10 0.168

at paraelectric region for both the samples (Mn and Fe). It
is observed that the activation energy is less for Mn-doped
sample compared to that of Fe-doped sample which leads
to higher conductivity for Mn-doped sample. The maximum
barrier height (𝑊

𝑚
) is found to be 3.34 eV, and it is confirmed

that the conduction mechanism is bipolaron type for Mn
(5%) doped sample.
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