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A B S T R A C T

Synthesis of single phase (1-x)Pb(Mg1/3Nb2/3)O3-xPbTiO3 ceramics with enhanced electrical response was
achieved by excluding excess PbO from the precursor, making them suitable for device applications. This report
is an inquiry into the effect of high temperature stabilization used for the realization of single phase PMN-PT
ceramics on the electrical properties exhibited by the compositions in the morphotropic phase boundary.
Functional response exhibited by the high temperature stabilized ceramics is correlated with the structural
fluctuations in the morphotropic phase boundary and the grain pattern observed in the microstructure. Gradual
transition from diffuse relaxor ferroelectric system to normal ferroelectric system was also studied. Enhanced
ferroelectric response of the composition x=0.35 (Psat=32.03 μC/cm2, Pr=25.11 μC/cm2, EC=6.04 kV/cm,
Rsq=1.28, Absolute area=3768, range of electric field=−37 to +37 kV/cm and recoverable energy density=
59.86 mJ/cm3), the improved dielectric behavior of the composition x=0.325 (εr(max)=15,703, Tanδmax=0.02
and γ=1.79 (at 1 kHz)) and the high piezoelectric coefficient d33 (390 pC/N and 365 pC/N for x=0.325 and
x=0.35 respectively), obtained in the study have confirmed the device worthiness of the synthesized ceramic
compositions. This study was carried out to establish that, modulated high temperature synthesis will not
deteriorate the electrical properties of the lead based system like PMN-PT, rather will assist the completion of
perovskite phase formation, and thus enhance the functional response of the ceramic.

1. Introduction

The characteristic phenomenological definition of the relaxor ferro-
electric derives from its temperature dependent diffuse phase transi-
tion behavior and relaxors exhibit anomaly in the proximity of ferro-
electric/paraelectric phase transition with improved electrical response
[1,2]. Pure PMN (x=0) is a cubic relaxor material with transition
temperature (TC) ~-10 °C, whereas PT (PbTiO3) is a normal ferro-
electric with tetragonal symmetry and TC ~490 °C [3]. The addition of
lead titanate (PT) causes shift in the B-site group of cations and O2-

ions relative to Pb2+ ions, which in turn induces non-centrosymmetry
in PMN-PT system, resulting in excellent relaxor and ferroelectric
properties [4,5]. While pure PMN and (1-x)PMN-xPT with ׳x׳ below
13% exhibit incipient ferroelectric nature with cubic symmetry, the
remaining compositions display appreciable ferroelectric response. If
the PT content in the solid solution of (1-x)PMN-(x)PT is greater than
40%, it behaves like normal ferroelectric [6]. Among the different

compositions, a narrow window with ׳x׳ in the range of 0.31–0.37,
called morphotropic phase boundary (MPB), has excellent electrical,
optical and electromechanical characteristics making PMN-PT a smart
material. Although the response of an ensemble of polar nano regions
(PNR) to external stimuli partially explains the behavior of mesoscopic
ordered PMN-PT like relaxor material, a unique theory comprehen-
sively illustrating the properties of relaxor material is lacking, despite
extensive studies [7,8]. The super-paraelectric model, with the rotation
of the resultant electric polarization, or the dipolar glass model with
random field, was proposed to describe the behavior of PMN-PT
ceramic with a greater degree of accuracy [8]. PMN-PT system is
expected to show gradual increase in hysteresis and decrease in strain
along the MPB due to the structural change from pseudocubic to
tetragonal crystal symmetry [9]. Further, addition of lead titanate (PT)
causes substitution of Ti4+ ion for complex B-site (Mg1/3Nb2/3)

4+ ion,
which reduces the ferroelectric ordering in PMN, and in turn impairs
the relaxor character with temperature and dielectric dispersion with
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frequency [2,10,11]. Transition from a short range ordered (nano-
domain) relaxor to a long range ordered (micro-domain) ferroelectric
with increase in PT and the degeneracy of phases at the morphotropic
phase boundary (MPB) are seen as vindication for the smartness of
PMN-PT [12,13]. Rotation of polarization vector between adjacent
rhombohedral and tetragonal phases through one (or more) tempera-
ture dependent intermediate phase(s) of lower symmetry, i.e., mono-
clinic or orthorhombic or triclinic phase [14,15], and the resulting
complexity in domain structure influence the macroscopic property of
the ceramic significantly [16]. The axis of polarization, which is along
the body diagonal in rhombohedral (3m) symmetry, is shifted to face
diagonal in orthorhombic (mm2) or monoclinic (Pm) phases and unit
cell edge in tetragonal (4mm) symmetry [15]. In the composition range
of 32.5≤x≤35, the coexistence, of tetragonal (P4mm) and monoclinic
(Pm) phases, is expected due to nucleation barrier to the first order
phase transition between high-temperature tetragonal and low-tem-
perature monoclinic phases [17]; and hence expected to exhibit the
highest dielectric and piezoelectric response [18]. Also, as the MPB
crystal structures are quite mobile and are energetically very close to
one another [13,14,19,20] with minor differences in entropy, the
structural fluctuations under external stimuli like electric field, stress,
temperature etc. are favorable for the exhibition of enhanced functional
response by PMN-PT system [20].

Inspite of elaborate studies on the PMN-PT system, its utilization in
the piezoelectric applications/industry is not extensive owing to two
major challenges in the synthesis of PMN-PT, viz: i) loss of Pb during
synthesis due to vaporization and ii) formation of secondary and
paraelectric pyrochlore phase during the synthesis. Formation of
covalently bonded parasitic pyrochlore phase must be averted during
synthesis to retain the ferroelectric property of the parent phase.
Although the widely adopted Columbite B-site precursor method,
which uses excess PbO in the precursor, helps in eliminating the
pyrochlore phase [21], even a small variation in the local stoichiometry
can affect the properties of the prepared ceramics [22]. However, high
temperature synthesis will deteriorate the electrical response of PMN-
PT system [23]. Device quality 0.65PMN-0.35PT ceramics could be
realized using stoichiometric proportion of PbO in the initial precursor
by a partial covering method combined with modulated heating regime
and a high temperature stabilization [23]. Deciphering the effect of
high temperature stabilization on the functional response exhibited by
the compositions, along the MPB will ascertain suitability of the
method for ceramic synthesis. Piezoelectric, dielectric and ferroelectric
properties exhibited by the high temperature stabilized ceramics with
compositions x=0.325 and 0.35 are investigated and presented in this
report.

2. Material and methods

2.1. Synthesis of PMN-PT ceramic – high temperature stabilization

Solid state reaction route [20] was used for the synthesis of (1-x)
PMN-xPT ceramics powders (x=0.3,0.325,0.35 and 0.375). Modulated
heating combined with partial covering, which we reported earlier [23],
has been used for the realization of stoichiometric and phase pure
PMN-PT with compositions spreading over morphotropic phase
boundary (MPB). Precursors MgO (Aldrich 99+%) and Nb2O5 (Alfa
Aesar 99.9+%) were used for the synthesis of single phase columbite-
like MgNb2O6. Stoichiometric proportion of synthesized columbite-like
precursor MgNb2O6 was thoroughly mixed with PbO (Alfa Aesar 99.9+
%) and TiO2 (Titanium (IV) oxide – Aldrich 99.8%). All the PMN-PT
compositions analyzed in this report were prepared without using
excess PbO in the initial precursor. Thorough grinding of the stoichio-
metric amount of precursors was done to achieve small particle size
which would enhance the phase formation of the perovskite PMN-PT
and thereby the functional response exhibited by it. Conventional
furnace was used for calcinations and sintering during ceramic

preparation. A higher ramp of 10 °C/min in the temperature range of
400 °C to 600 °C and lower ramp of 2 °C/min above 600 °C (modulated
heating), were found to be effective in realizing monophasic PMN-PT
ceramic. Calcination and stabilization temperatures were fixed at
850 °C for 6 h and 1050 °C for 4 h respectively. After the phase
confirmation of the synthesized ceramics using X-ray diffraction and
Raman spectroscopy [XRD – PANalytical X′Pert Pro – Cu Kα radiation
having wavelength=1.5418 Å and Raman spectroscopy - Olympus
BX41 HoribaJobin- Yvon LabRAM HR800 UV–vis Raman set up Ar
ion laser (488 nm) as excitation source], powder samples were
compacted for sintering. Samples were mixed thoroughly with 5%
PVA (two drops for 5 g sample) and cold compaction was done in
tungsten carbide die set (top punch- tungsten carbide brazed with
steel) giving uniaxial pressure of 350 MPa for 5 min; and an optimized
sintering temperature of 1150 °C for 4 h was administered to the
samples during densification. Synthesis chemistry and the special
crucible assembly used were thoroughly discussed elsewhere [23].
Ferroelectricity being a phonon originated /generated phenomenon;
a temperature varying Raman spectroscopy of the compacted pellets
was carried out to characterize the phonon modes, if any. Raman
spectrometer was calibrated with the standard silicon sample (Si) at
band position, 520.5 cm−1 and room temperature Raman spectra were
recorded at various points on the surface of the pellets to ensure
homogeneity of the sample, before starting the temperature varying
measurements. A flag sketch showing the heating conditions and phase
formations is depicted in Fig. 1.

2.2. Characterization and functional property measurements

Apparent densities of the as sintered pellets were determined using
Archimedes’ water displacement method. After polishing both sides of
the sintered pellets using fine silicon carbide abrasive sheet (P1200)
and measurement of dimensions, silver paint was applied on either side
and fired to form electrodes for the electrical measurements. Firing of
the silvered pellets were carried out in a box furnace under ambient
atmosphere at 625 °C for 30 min, which ensured the depoling of the
material and relieving of the internal stress, if any, induced during the
preparation of the sample. Also, firing ensures that pure silver
electrodes are left on the sample, as the polymer part of the silver
paint will be burnt out. Electrical properties of the two PMN-PT
compositions (x=0.325 and x=0.35) were then carried out and corre-
lated with the structure and microstructure exhibited by the samples.
Dielectric studies were carried out [Alpha High Resolution Dielectric/
Impedance Analyzer (Novocontrol)] over a wide range of frequencies
1 Hz to 100 kHz (data for only 100 Hz to 100 kHz are shown) and
ferroelectric responses were determined at a fixed frequency (12 Hz).
Ferroelectric measurements were done using the ferroelectric loop
tracer [Radiant PE loop tracer (Radiant Technologies, USA)] after
calibration. Voltage applied across the specimen was gradually in-
creased in steps of 20 V to 50 V. Measurements were taken for a varied
frequency ranges, after a rise of every 400 V to 500 V, to stabilize the
dipolar response to the applied electric field. The squareness in the P-E

Fig. 1. Flag diagram showing the heating conditions and phase formation.
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loops traced for the samples were calculated using the empirical
expression Rsq=Pr/Pmax+P1.1Ec/Pr, where Pmax is the maximum polar-
ization obtained at a finite field strength below dielectric breakdown, Pr

is the remnant polarization and P1.1Ec is the polarization at an electric
field equal to 1.1 times the coercive electric field [10]. Recoverable
energy densities of the compositions are obtained by subtracting the
calculated area from the total area, and it represents the available
energy per unit volume of dielectric on discharge. Dielectric measure-
ments were carried out during cooling from 300 °C to the room
temperature thus avoiding error due to degassing. The temperature
decrease during measurements was fixed at steps of 5 °C in the range
from 190 °C to 140 °C to ensure better response around TC, whereas
the remaining steps were set at 10 °C variations. Analyses of the
variation in the real part of dielectric permittivity (ε׳) and dissipation
factor (tanδ) with temperature and frequency, as the samples were
cooled through the transition at a rate of 3 °C/min, were carried out.
Analyses of relaxor exponents were also done to establish the relaxor
behavior of the MPB compositions. Before taking the piezoelectric
measurements, samples were poled in the ambient atmosphere (no
silicone oil or grease was used) in a conventional furnace, at 160 °C
(near the dielectric maximum temperature Tm). Poling was carried out
by applying a gradually increasing voltage, in steps of 25 V for 30 s
each, until the electric field becomes nearly equal to the coercive
electric field (~6 kV/cm). The sample under test was then retained at
this temperature and field for 20 min and then allowed to cool while
holding the electric field. Piezoelectric responses (d33) of the poled
targets were then measured using a ‘quasi-static’ or ‘Berlincourt’ type
Piezo d33 meter (Sinocera-YE2730A) at 110 Hz. To correlate the
functional response with microstructure, SEM images were taken on
the fractured pellets using Quanta 400FEG scanning electron micro-
scope.

3. Results and discussion

3.1. Synthesis and stabilization

A crucial pre-requisite in solid state reaction is fine and well mixed
precursor, achieved by thorough grinding, to facilitate the proximity of
the chemicals during thermal treatments and chemical homogeneity of
B-site cations. Sintering kinetics greatly depends on the particle size;
reduced particle size reduces the path length for atomic diffusion which
accelerates the densification process and enables attainment of chemi-
cal equilibrium at a lower temperature. Rapid heating up to 600 °C
during sintering prevents the formation of cubic and non-ferroelectric
pyrochlore phase, which slows down the possible conversion of PbO to
Pb3O4 (PbO1.1/3) [24], whereas the slow heating above 600 °C ensured
the conversion of Pb3O4 back to PbO (if at all formed) and formation
PMN-PT perovskite phase. After calcination at 850 °C for 6 h, gradual
heating of samples, at the rate of 2 °C/min up to 1050 °C, ensured the
completion of perovskite formation. If the mixed precursor is directly
heated to 1050 °C, enhanced Pb evaporation and resulting PbO deficit
would lead to the formation of secondary pyrochlore phase in the
composition. Perovskite PMN-PT formed was retained at 1050 °C for
4 h, and is referred to as ‘stabilization heating’. Since the melting
temperature of perovskite PMN-PT is above 1280 °C, stabilization
heating would not affect the perovskite PMN-PT phase and would
rather maximize the formation of single phase perovskite PMN-PT
ceramics.

3.2. X-ray diffraction and Raman spectroscopy

Fig. 2 shows the X-ray diffractogram of the synthesized (1-x)PMN-
xPT samples (x=0.30, 0.325, 0.35 and 0.375) in the morphotropic
phase boundary. Samples exhibit pure perovskite phase without trace
of any secondary phase. Strongest diffraction peak of pyrochlore phase
at 2θ≈29° was not detected in any of the compositions (samples)

studied. Analysis of the diffractogram at 2θ=44°–46° vindicates the
presence of a mixed crystal symmetry, particularly in the compositions
x=0.325 and x=0.35, which is expected in the case of PMN-PT
compositions in the MPB region. Rietveld analyses of the selected
compositions (x=0.325 and 0.35) were carried out using Fullprof suite
software (not shown). While the composition x=0.325 exhibited best fit
with monoclinic (Pm) symmetry, x=0.35 exhibited best fit when mixed
phases - monoclinic (Pm) and tetragonal (P4mm) - were tried.
Thompson-cox-Hastings-pseudo-Voigt profile shape function was used
for fitting the XRD pattern of both the compositions.

Raman spectroscopy analyses of the synthesized ceramics (x=0.325
and x=0.35), at room temperature (Figs. 3(a) and (b)) and in the
temperature range where dielectric study exhibits considerable varia-
tions with temperature (Figs. 4(a) and (b)), were done to confirm the
phase purity. The peaks observed in Raman spectrum corresponding to
various modes, are similar to earlier reports and were attributed to
different vibrations viz., 270 cm−1 to O-B-O, 450 cm−1 to Mg-O,
580 cm−1 to B-O-B and 790 cm−1 to B-O-B′ (B and B′ stand for Nb
or Ti). The sharp and intense peak at around 270 cm−1 corresponds to
the perovskite peak and validates enhanced perovskite formation due
to stabilization heating applied during ceramic synthesis. The peak at
740 cm−1 is of special interest in this study as it indicates the
coexistence of mixed phase, which arises due to the change in local
symmetry associated with MPB region. Also, the broad peaks with low
resolution observed at room temperature and in the temperature
varying Raman spectra, confirm the relaxor-ferroelectric behavior of
the material [25–27]. No significant difference in modes of vibration
was observed between the Raman spectra (Fig. 3 and 4) at room
temperature and in temperature variation studies of both compositions
(x=0.325 and x=0.35). Hence, the ferroelectric and dielectric properties
exhibited by the synthesized ceramics in response to applied electric
field and temperature can be attributed to the structural fluctuations
from pseudocubic to tetragonal symmetry through intermediate low
symmetry monoclinic and/or orthorhombic structures and the asso-
ciated free energy variations [28], rather than the variation in modes of
vibration.

3.3. Electrical properties in the morphotropic phase boundary

3.3.1. Analysis of ferroelectric response
Polarization (P) vs Electric field (E) study is the single most

powerful characterization tool and the fingerprint of any ferroelectric
system. Fig. 5 shows symmetrical hysteresis loop traced by the samples
prepared in the present study. Since, the coercive field (EC) is a

Fig. 2. X-ray diffractograms of (1-x) PMN-x PT ceramic pellets (x=0.30, 0.325, 0.35 and
0.375) prepared without excess PbO in the initial precursor. Magnified region (2θ =44°–
46°), which is shown at the right side indicates the coexistence of phases which is
expected in the case of PMN-PT compositions in the MPB. (No pyrochlore phase is
observed).
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measure of the energy barrier to the B-site cations; increase in the
value of coercivity EC of the PMN-PT solid solution compared to pure
relaxor is an indication that B-site cations encounter higher jump
barrier or need large external field to switch the occupying sites [29].
Lack of square hysteresis as evident from Rsq values indicates the
absence of long range cooperation among dipoles required for normal
ferroelectrics. Higher remnant polarization which is seen in phase-pure
samples may be due to the reversion of 180° and non 180° domains
under high electric field applied [19].

Higher values of saturation and remnant polarizations, large
absolute area, wide range of electric field which the sample could
withstand and the large grain microstructure with clean grain bound-
aries exhibited by the composition x=0.35 (Table 1), confirm the
suitability of the composition for ferroelectric applications. Larger
value of saturation polarization (Psat=32.03 μC/cm2) exhibited by the
composition x=0.35, may be attributed to the deformation of the lattice
[23]. Value of the polarization (P=29.68 μC/cm2) exhibited by the
composition x=0.35 at E =15.92 kV/cm (maximum electric field
obtained in the composition x=0.325), is also shown for better
comparison (Fig. 5). Higher value of polarization obtained in the
composition x=0.35 (P=29.68 μC/cm2) compared to that in the com-
position x=0.325 (P=23.93 μC/cm2), at the same maximum electric
field could be attributed to the degeneracy of phases in the composition
x=0.35, with an increased percentage of the tetragonal symmetry due
to the increase in PbTiO3. Also, an increase in tetragonal symmetry in
the composition will facilitate a long range ordered microdomain in the
composition x=0.35 [12,13],which is favorable for improved ferro-
electric response. Available literature on the quantitative study on the
energy storage and energy harvesting ability of the ceramics is sparse,
mainly due to the reduced dielectric strength of the material prepared

through conventional techniques. Fig. 6 shows the increased recover-
able energy density of the composition x=0.35, which attest the
enhanced energy harvesting ability of the same compared to x=0.325
composition [28]. Recoverable energy density calculated for the
composition x=0.35, for the value of maximum electric field
(E=15.92 kV/cm) exhibited by the composition (x=0.325) is also given
for better comparison (Fig. 6c). The response could be attributed to the
mixed crystal symmetry seen in the composition x=0.35. Change of
shape of PE hysteresis loop from slim to square with increase in PT is
evident from the absolute area calculated (2715 for x=0.325 and 3768
for x=0.35); and it may be attributed to the increase in tetragonality of
the composition.

3.3.2. Dielectric response
The analyses of the dielectric response in the frequency range

(100 Hz to 100 kHz) of the two compositions (x=0.325 and 0.35) are
shown in Figs. 7–9 and Table 2. Enhanced dielectric constant exhibited
by the samples may be attributed to the increase in the grain size
(Fig. 10) [30], which enables easy switching of domains [18]; and the
higher density [31] exhibited by the ceramic pellets (Table 3). The
reduction in the non polar grain boundary, with increase in grain size,
favors dielectric response exhibited by the ceramics.

Since, a pronounced shift in Tm towards higher temperature with
frequency was not evident in the dielectric response of the selected
compositions (x=0.325 and x=0.35), dielectric analyses was done using
Lorentz type relaxation behavior [13]. With the increase in tetragon-
ality, a decrease in dielectric constant and an increase in dielectric loss
were observed as expected due to restricted mobility of the domains
[19]. Significant reduction in the dielectric dispersion observed in our
study, corroborates the earlier reports, for the compositions in the MPB

Fig. 3. Raman spectra of a) 0.675PMN-0.325PT and b)0.65 PMN-0.35 PT pellets at room temperature, (pellets were made without using excess PbO in the initial precursors.) (Various
modes responsible for the peaks are shown. Ar laser having wavelength 488 nm was used for excitation.).

Fig. 4. Raman spectra of a) 0.675 PMN-0.325 PT and b) 0.65 PMN-0.35 PT pellets at various temperatures in the range where it show abrupt change in dielectric response.
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region [11,13]. Although both samples exhibited dielectric dispersion,
composition x=0.325 exhibited better dielectric behavior compared to
x=0.35, which can be attributed to the higher proportion of rhombo-
hedral symmetry in x=0.325. Variation of real part of dielectric
permittivity (ε׳) and loss tangent (tanδ) with temperature (T) and
frequency (f) exhibited by the samples were analyzed (Figs. 6 and 7).
The characteristics of the temperature dependent dielectric permittivity
of a relaxor ferroelectric material can be described using modified
Curie-Weiss law, which is given below.

T T C(1/ε)−(1/ε ) = [( − ) ]/ −m m
γ (1)

where εm is the maximum value of dielectric permittivity at the
transition temperature (Tm), C is the Curie-like constant and γ is the
value of relaxor factor or Curie-Weiss exponent (1≤γ≤2). The degree of
dielectric relaxation can be determined from the slope of log10[(εm/
ε)−1] vs log10(T-Tm) plot (Fig. 8). If γ=1, Eq. (1) describes Curie-Weiss
behavior of normal ferroelectrics, while it corresponds to perfect
relaxor ferroelectrics with a clean diffuse phase-transition behavior if
γ=2 [13,32]. A comparison of dielectric response of the two samples is
shown in Table 2. The relaxor exponent value (γ > 1.7) confirms a
diffuse type first order ferroelectric-paraelectric phase transition [33].
The maximum temperature (Tm), which corresponds to the ferro-
electric-paraelectric phase transition, is found to be approximately
177 °C and 165 °C respectively for the compositions x =0.35 and
x=0.325.

At the tested frequencies, the full width at half height of the
dielectric peaks of the samples, was found to be around 50 °C, as
expected for bulk PMN-PT ceramics at the morphotropic phase
boundary, due to the co-existence of multiple phases [34]. No
prominent response or dielectric peak was observed at temperatures
below 100 °C, in either of the compositions. Dispersion of permittivity
above Tm, observed in this study against PMN-PT single crystal data,
may be attributed to the presence of low permittivity passive dielectric
layer at the electrode ceramic interface [7]. The observed merging of
dielectric absorption graphs at considerably lower and higher tempera-
tures than Tm indicates the relaxor properties of the samples. Merging
in the absorption graphs was found to be more prominent in x=0.325,
and the same may be ascribed to the increased relaxor characteristics

due to the shift in the crystal symmetry towards rhombohedral side of
MPB. However, no appreciable difference in the behavior of tanδ with
temperature was observed in either of the compositions, as the crystal
symmetry of the sample changes from rhombohedral to tetragonal
phase along the MPB region. Identical grain size distribution in both
compositions possibly resulted in similar tanδ as well as equality in
coercivity (EC). Heat transfer occurs in quantum jumps, and the
associated loss of electric energy becomes crucial at high frequencies.
Therefore, the low energy loss at high frequencies observed in our
study (Fig. 8), also establishes the outstanding quality of the synthe-
sized ceramics.

3.3.3. Effect of poling and piezoelectric response
Prior to testing for piezoelectric response, the samples were

subjected to poling and no arcing was observed during the procedure.
The poled samples were kept in polythene case under ambient
conditions free from any electrical or thermal interference. Charge
per unit force in the direction of polarization [piezoelectric coefficient
(d33)] is an important material property, which decides the suitability
of the ceramic for actuator applications. High piezoelectric response
(d33) was observed in the samples even at three months after poling
(Table 3). Enhanced piezoelectric properties may be attributed to the
change in crystal symmetry of the material, which takes place under the
application of an electric field above the characteristic critical field of
the material. New symmetry will be retained as long as the ceramic is
not subjected to extreme temperature conditions (annealing above
critical temperature) or mechanical treatments (powdering/ crushing)
[15]. Enhanced piezoelectric response exhibited by the x=0.325
composition may be attributed to the presence of mixed phases of
rhombohedral and monoclinic symmetry in the sample [9]. Also,
piezoelectric coefficient (d33) being an anisotropic quantity, the varia-
tions in the response may be ascribed to the difference in the
percentage of the unit cell orientations inside the specimen. Low Ec

was found to be favorable for poling and in combination with higher Pr

ensured increased piezo-response after poling. Enhanced piezoelectric
response exhibited by the specimen after field cooling could be
attributed to the easy mobility of the crystal structure at the MPB
[19]. Promising d33 value exhibited by the ceramic establishes the

Fig. 5. Ferroelectric response (Polarization vs Electric field) graphs of a) 0.675 PMN-0.325 PT and b) 0.65 PMN-0.35 PT. (Value of the polarization (P=29.68 μC/cm2) exhibited by the
composition x=0.35 at E=15.92 kV/cm, is also shown for better comparison).

Table 1
Comparison of ferroelectric data of 0.675PMN-0.325PT and 0.65PMN-0.35PT samples. (Polarization and energy density for composition x=0.35, at/for E=15.92 kV/cm is also given for
comparison of the data with composition x=0.325).

Psat Pr Ec P1.1Ec Rsq Absolute Range of E Recoverable energy density (mJ/cm3)
μC/cm2 μC/cm2 kV/cm μC/cm2 area kV/cm

PMN-PT x=0.325 23.93 19.96 5.99 9.25 1.27 2715 −16 to +16 19.877
PMN-PT x=0.35 32.03 25.11 6.04 12.54 1.28 3768 −37 to +37 59.86

(29.68 at E=15.92 kV/cm) (31.41
for Emax=15.92 kV/cm)
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absence of pyrochlore phase and the effectiveness of the high tem-
perature stabilization synthesis adopted for its preparation.
Ferroelectric and piezoelectric responses exhibited by the compositions
were found to be comparable or superior to the values reported earlier
on the similar compositions (Table 4).

3.4. Density and microstructure analysis

Densities of the samples were determined by hydrostatic weighing
in de-ionised water (Archimedes’ method) under ambient atmosphere
(Table 3). Higher density (95% or above) obtained for the samples can
be attributed to the absence of pyrochlore phase in the ceramics and
fine particle size achieved by thorough grinding [35]. High density
obtained in our study is an indication of the absence of pores in the
sample, and explains the enhanced electrical response exhibited by the

ceramics. Water or other liquids occupying the pores, if present, would
increase the dielectric loss, which in turn would make the ceramic hard
to pole, and result in inferior piezoelectric behavior. Though an
increase in density of the ceramic is expected with PT addition to
PMN, nearly equal density of the compositions observed in our study
must be due to the narrow range, x=0.325 to 0.35 of PMN-PT, selected.
Although a higher PT content warrants high sintering temperature,
higher density obtained at comparatively lower sintering temperature
in our synthesis could be attributed to the thorough grinding given to
the sample before and after calcinations. Low sintering temperature
and high dielectric constant of the synthesized material indicates the
suitability of the ceramic for multilayer capacitor (MLC) applications.

In addition to the processing and poling procedures, the functional
properties of the PMN-PT ceramic samples have a strong dependence
on the grain size of the material system. Grain size was determined

Fig. 6. Energy density calculation using Origin software. Recoverable energy densities from the compositions (a) x=0.325 (19.87 mJ/cm3), (b) x=0.35 (59.86 mJ/cm3) and (c) x=0.35
(31.411 mJ/cm3, at Emax=15.92 kV/cm. Energy density is determined by subtracting the shaded area calculated from the software from the total area. (x=0.35 is showing higher
recoverable energy density).

Fig. 7. shows temperature variation of real part of dielectric permittivity (ε') at various frequencies. a) 0.675PMN-0.325PT and b) 0.65PMN-0.35PT. Shift in Tc (~165 °C for 0.675
PMN-0.325 PT, ~177 °C for 0.65 PMN-0.35 PT) seen may be due to the transit of the composition from diffuse relaxor to normal ferroelectric along the MPB.

Fig. 8. Temperature dependence of loss tangent exhibited by a) 0.675 PMN-0.325 PT and b) 0.65 PMN-0.35 PT, at various frequencies. (Tanδ values are shown only for higher
frequencies). Loss tangent values at high frequency are found to be very low, which attest the quality of the ceramic samples prepared. Increase in loss tangent observed for 0.65 PMN-
0.35 PT compared to 0.675 PMN-0.325 PT may be due to the decrease in the mobility of domains in the tetragonal structure.
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from the SEMmicrograph on the fracture surface of the pellet (Fig. 10).
Nearly identical microstructures with bimodal grains pattern, in both
the compositions could be the reason for the enhanced electrical
response of the samples prepared. Bimodal grains observed are an
attestation of the mixed structure in the morphotropic phase boundary
[29]. Reduced coercive field observed in the hysteresis loops traced
may be attributed to the increased grain growth and reduced grain
boundaries in the synthesized ceramics. Presence of bimodal pattern
and absence of pyrochlore as observed from the microstructures ensure
easy switching of domains, which contributes to the improved electrical
response exhibited by the samples.

4. Conclusions

High temperature stabilization was found to be effective in realizing
single phase PMN-PT perovskite, through solid state reaction. We could
realize monophasic and device worthy PMN-PT compositions at the MPB
(x=0.30, 0.325, 0.35 and 0.375) without using excess PbO in the starting

precursors. Absence of non-ferroelectric pyrochlore phase in the synthe-
sized ceramics was established through XRD, Raman spectroscopy,
density analysis and microstructure studies. Piezoelectric, dielectric, and
ferroelectric properties of the middle compositions x=0.325 and x=0.35

Fig. 9. Variation of log10[(εm/ε)−1] vs log10(T-Tm) for various frequencies (a) 0.675 PMN-0.325 PT and b) 0.65 PMN-0.35 PT. Slope of the linear fit gives the value of relaxor factor γ
which is shown in the Table 1. Values of γ attest the relaxor nature of the ceramics samples prepared. Irregular trend in the γ value noticed in the 0.65 PMN-0.35 PT composition may be
due to the space charge polarization arise due to the poor adhesion of the silver paste on the ceramic sample.

Table 2
Dielectric analysis of high temperature stabilized samples 0.675PMN-0.325PT and
0.65PMN-0.35PT with frequency in the range 100 Hz to 100 kHz.

Frequency εmax Tanδmax γ

32.5 35 32.5 35 32.5 35

100 Hz 16,470 14,039 0.052 0.063 1.77 1.88
1 kHz 15,703 11,057 0.028 0.062 1.79 1.96
10 kHz 15,295 10,387 0.016 0.023 1.81 1.79
100 kHz 15,033 10,057 0.011 0.028 1.83 1.79

Fig. 10. SEM micrographs of the fractured pellet of samples a) x=0.325 and b) x=0.35 (Machine: Quanta 400 FESEM) (Magnification of 3000× was given for acquiring the images).

Table 3
Density and piezoelectric coefficient (d33) exhibited by high temperature stabilized
samples 0.675PMN-0.325PT and 0.65PMN-0.35PT. Density measurement was carried
out using Archimedes’ water displacement method and d33 was measured on the poled
samples.

0.675PMN-0.325PT 0.65PMN-0.35PT

Density 7.719 g/cc 7.7696 g/cc
(~95.2%) (~95.9%)

d33 (3 months after poling) 390 pC/N 365 pC/N

Table 4
Comparison of ferroelectric and piezoelectric responses exhibited by the compositions
studied with identical compositions earlier reported in the literature.

Reference Composition Psat Pr EC d33
(pC/N)(μC/cm2) (μC/cm2) (kV/cm)

Kumar et al. [36] x=0.32 29 21 8.7 325
This study x=0.325 23.93 19.96 5.99 390a

This study x=0.35 32.03 25.11 6.04 365a

Kong et al. [37] x=0.35 29 19 6.2 –

Algueró et al. [38] x=0.35 25.6 24 6.2 137
Guerra et al. [39] x=0.35 32 19.1 12 –

Hussain et al. [40] x=0.36 19.74 13.27 7.55 490

a Data shown were recorded three months after poling.
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were found to be promising. Excellent ferroelectric response x=0.35
composition [Psat=32.03 μC/cm2, Pr=25.11 μC/cm2, EC=6.04 kV/cm,
Rsq=1.28, Absolute area=3768, range of electric field=−37 to +37 kV/
cm and recoverable energy density=59.86 mJ/cm3], and the outstanding
dielectric response of x=0.325 composition [(εr(max)=15,703,
Tanδmax=0.02 and γ=1.79 (at 1 kHz)] could be attributed to the structural
and micro structural qualities of the ceramics. Excellent piezoelectric
response of the ceramics, even at three months after poling (d33 −390 pC/
N and 365 pC/N for compositions x=0.325 and x=0.35 respectively),
ensures the suitability of the method of synthesis as well as the ceramic for
device applications. Improved relaxor response of the samples could be
established through the analysis of the squareness factor (Rsq) of the
hysteresis loops traced by the compositions and by studying the relaxor
exponents (γ). Energy conversion ability of the ceramics was confirmed by
studying the absolute area traced by the hysteresis loops, and recoverable
energy calculated for the compositions. The enhanced functional proper-
ties of the synthesized single phase perovskite was achieved by the
administration of ‘stabilization heating’ during synthesis and suggests
the utility of the method for realization of lead based ceramics.
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