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0.6Pb(Mg1/3Nb2/3)O3−0.4PbTiO3 ceramics are prepared by a mixed-oxide method and detail analysis
of structural and electrical properties is carried out. The Rietveld refinement of X-ray diffraction data
suggests that the compound has both a tetragonal and a cubic phase. From the complex impedance
plots, the major effects of impedance are found, i.e., grain, grain boundary resistance and the presence
of non-Debye type of relaxation. From the conductivity study, the ac conductivity is found to rise with
temperature and the activation energy is found to be 0.71 eV.
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1. Introduction

The ferroelectric Pb(Mg1/3Nb2/3)O3−PbTiO3

(PMN–PT) combines the properties of relaxor fer-
roelectric (RFE) of Pb(Mg1/3Nb2/3)O3 and fer-
roelectric (FE) PbTiO3 [1]. This single crystal
near the morphotropic phase boundary (MPB)
exhibits ultra high piezoelectric (PE) constant
(d33 ≈ 2500 pC/N and large electromechanical cou-
pling coefficient (k33) of about 0.9. Also, PMN–PT
has large dielectric constant εr ≈ 3100 and very less
dielectric loss factor tan(δ) ≈ 0.014 [2, 3]. Owing to
these interesting properties of PMN–PT, perovskite
single crystals have been widely used in the piezo-
electric (PE) devices such as medical ultrasonic
transducers and underwater acoustic transducer.
Wang et al. [4] revealed that PMN–PT can be used
for cost effective manufacturing; high-frequency ul-
trasonic devices can replace high-cost PE single
crystals. Also, Tian et al. [5] reported the appli-
cation of PMN–PT in an acoustic transducer. Zhou
et al. [6] have synthesised a PMN–PT single crystal
for ultrasonic transducer in biomedical application.

Recently, PE devices based on PMN–PT single
crystals have attracted larger interest and made
an outbreak in the field of electromechanical trans-
ducer. However, the applications associated with
their excellent FE and pyroelectric properties of
these multifunctional materials are highly desir-
able. PMN–PT is an ABO3 pervoskite where A-site
is occupied by Pb2+ ion with large radius while

B-site is occupied by Mg2+, Nb2+ and Ti4+ ion
with a smaller radius. Thus, a complex PMN–PT
solid system shows different properties, when the
composition of PMN and PT is changed. When the
PT concentration is increased in PMN–PT system,
a phase transition from rhombohedral (R) to tetrag-
onal (T) phase occurs. In certain composition, the
regions of both R and T phase coexist. Also, the
increase in concentration of PT leads to reduction
in the relaxor effect of PMN and tends to vanish.
It is believed that MPB of (1 − x)PMN-xPT sys-
tem at room temperature (RT) is between x = 0.30
and 0.35 [7–9]. In the past decades, enormous re-
search has been carried out to understand the MPB
nature of ferroelectrics [10]. For higher concentra-
tions, the PMN–PT system, shows FE T, R, mon-
oclinic (M), and orthorhombic (O) phases at low
temperature while a paraelectric cubic (C) phase is
observed at high temperatures [2, 11]. Thus, PMN–
PT materials with large PE, FE and pyroelectric
properties and specific structure can be altered by
the adjustment of composition. Out of various MPB
systems like PZT and PZN–PT, the PMN–PT are
extensively studied as it can be readily synthesized
in a single crystal as well as ceramics forms. Dif-
ferent compositions are regularly used for various
applications because of their high d33 and k33 coef-
ficient. Wang et al. [12] showed the presence of C+T
phases in MPB composition 0.6PMN–0.4PT. There
are enormous works reported for PMN–PT with
different motivations [13–15], however, dielectric,
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impedance and modulus spectroscopy properties
of 0.6Pb(Mg1/3Nb2/3)O3−0.4PbTiO3 (0.6PMN–
0.4PT) ferroelectric ceramics over a wide fre-
quency range have not been reported. Thus, in this
study, the relaxation and conduction processes in
0.6PMN–0.4PT have been reported.

2. Experimental techniques

The precursor materials PbO, MgO, Nb2O3

and TiO2 of M/s. CDH Pvt. Ltd. were carefully
weighed. A homogeneous mixture was made by mix-
ing in dry and methanol medium in mortar and pes-
tle for 2 h followed by calcination at 950◦C for 4 h.
The lump obtained was re-grounded for 1 h and
then pellets (12 mm diameter) were made by adding
polyvinyl acetate (PVA) as binder and by pressing
under a uniaxial pressure of 4 ton using hydraulic
press. The pellets were then sintered at 1200◦C
for 4 h. For taking electrical measurement, either
side of the pellet was painted with silver paint which
was followed by heating at 150◦C for 1 h. The struc-
tural measurement was carried out at room temper-
ature (RT) using Rigaku Ultima IV diffractometer
with CuKα radiation (λ = 1.5405 Å). Electrical pa-
rameters were measured by using a computer con-
trolled impedance analyzer (HIOKI, IM 3570) in
a wide frequency (1 Hz–4 MHz) and temperature
(25–500◦C) range.

3. Results and discussion

3.1. Structural analysis

The X-ray diffraction (XRD) profile of 0.6PMN–
0.4PT is taken after the Rietveld refinement
(see Fig. 1). The coexistence of both C as well as
T phases with space groups of Pm-3m and P4mm,
respectively, are observed. The fitting is judged on
the basis of peak to peak matching of observed
and fitted data. However, the R-factors, i.e., Rwp

(weighted profile),Rexp (statistically expected), and
χ2 = Rwp/Rexp are generally used to certify the
quality of a fit [16]. A quality fit is found by

Fig. 1. XRD pattern of 0.6PMN–0.4PT.

Fig. 2. (a, b) Structure scheme of 0.6PMN–0.4PT
in different axis using VESTA crystallography soft-
ware.

Fig. 3. Variation of σac vs 103/T at 10, 50, and
100 kHz.

using the C+T phase model, where the smallest
χ2 = 5.43, Rwp = 14.1 and Rexp = 6.04 value is
obtained. The lattice parameters and unit cell vol-
ume obtained for C phase are found to be a = b =
c = 4.020 Å and V = 64.99 Å3 while for that of T
phase is found to be a = b = 3.977 Å, c = 4.061 Å
and V = 64.22 Å3. Further, it is observed that the
percentage of tetragonal phase in 0.6PMN–0.4PT is
88.35% while that of cubic phase is 11.65%.

Further, the schematic model (represented
in Fig. 2a and b) is drawn using VESTA software by
compiling the CIF file of refined data. It is observed
that Pb3+ occupies the corner while Mg2+, Nd5+
and Ti4+ occupied the body centre position of the
unit cell. The obtained structure clearly matches
with the previously reported results [3, 17, 18].

3.2. AC conductivity

Figure 3 shows the variation of ac conductiv-
ity (σac) with 103/T of 0.6PMN–0.4PT at 10, 50,
and 100 kHz. The σac of the sample is calculated
using the relation: σac = ωεrε0 tan(δ), where sym-
bols have their usual meaning. The plot σac vs
103/T is fitted in the Arrhenius equation: σac =
σ0 exp(−Ea/(kBT )) and activation energy (Ea) was
calculated. Two distinct regions are linearly fitted;
one at high temperatures where the curves ap-
pears to merge and other at low temperature. The
values of Ea determined from the above relations
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Fig. 4. Variation of σac with frequency at the tem-
perature range of 425–500◦C.

TABLE I

Parameters obtained from the fitting of Jonscher’s
power law (shown in Fig. 4.

σac [Ω−1 m−1] A n χ2

225◦C 9.69 × 10−5 4.38 × 10−6 0.99066 0.99986
250◦C 2.18 × 10−4 3.81 × 10−6 0.99072 0.99989
275◦C 4.7 × 10−4 3.38 × 10−6 0.99772 0.99978
300◦C 4.35 × 10−4 2.55 × 10−6 0.99787 0.99977

at 10, 50, and 100 kHz are found to be 0.708, 0.397
and 0.39 eV respectively in the high-temperature
region and 0.11, 0.02, and 0.02 eV in the low-
temperature region. Since the value of Ea obtained
is so small, it signifies that small amount of en-
ergy is sufficient to activate the charges for con-
duction. Further, Ea and σac are found to decrease
as frequency rises. This shows that the conduction
of charges is due to hopping mechanism [19]. At
lower frequencies, Ea is larger than that of high fre-
quencies which is attributed to the effect of space
charge polarization in the conduction mechanism.
Different values of Ea in different regions are due to
presence of ionic–polaronic and space charge in the
conduction mechanism [19, 20].

The plot of σac versus frequency is shown in
Fig. 4. The frequency dependent electrical ac con-
ductivity is explained by Jonscher’s power law
which is related to the dynamics of ionic hopping
transport between localized sites and is given as
σac(ω) = σdc + Aωn , where σdc is the frequency
independent conductivity in the material, A is the
pre-exponential factor. The values obtained from
the fitting are listed in Table I. The value n gives in-
formation about the degree of interaction of charge
carries with its environment. Generally, the value
of n is in the range 0 ≤ n ≤ 1 [21]. However, it
is not a limited value below 1 as reported by Pap-
athanassiou et al. [22]. For n < 1, it indicates that
hopping of charge carriers are translational motion
and n > 1, the motion is localised one. The ac con-
ductivity is fitted with the power law through non-
linear curve fit. It has been observed that for the

Fig. 5. Nyquist (Z′−Z′′) plot at the temperature
range of 425–500◦C.

whole range of temperatures the value of n is less
than 1, thereby indicating the hopping of charge
carrier is a translational motion. Further, variation
of n with temperature gives information related to
various theoretical models which plays an important
role in understanding the conduction mechanism ex-
isting in the materials. In the studied sample it is
observed that n increases with increase in tempera-
ture thus a non-overlapping small polaron tunneling
(NSPT) model can be used [23].

3.3. Electrical study

Complex impedance spectroscopy (CIS) is dis-
tinctive, robust and non-destructive method for
identifying some electrical responses in a broad
series of frequency and temperature. The contri-
bution of grain, grain boundary, interfacial re-
sistance in modulus and other interconnected
electrical parameters can be differentiated using
this analysis. Various electrical properties such
as impedance (Z) [24–28] and electric modu-
lus (M) [29–31] are usually studied and can be
expressed as

Z∗ = Z ′ − jZ ′′ = Rs −
i

ωCs
, (1)

M∗ =M ′ + iM ′′ = iωCoZ
∗, (2)

where ω = 2πf represents angular frequency, Co,
Rs and Cs respectively signifies geometrical capac-
itance, resistance, and capacitance in series.

The Nyquist plot (Z ′ vs Z ′′) at 425–500◦C is
shown in Fig. 5. In the inset of Fig. 5, the equiv-
alent circuit is fitted with ZSimWin software [32]
at 500◦C. The depressed semicircular arcs are
found to decrease in diameter with rise in tem-
perature thereby indicating the negative tempera-
ture coefficient of resistance (NTCR) behavior in
the studied sample. The equivalent circuit used is
(R1(CR2(QR3))) (inset) and fitting parameters are
represented in Table II. In the equivalent circuit, R1

(bulk resistance) existing in series with capacitance
C and Q (capacitance due to grain) which in turn
is parallel with R2 (residual resistance) formed at
interface. The constant phase element (CPE) [Q] is
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Fig. 6. Variation of Z′ with frequency at the tem-
perature range of 425–500◦C.

TABLE II

Fitting parameters corresponding to the equivalent
circuit at 500◦C (inset of Fig. 5).

Parameter Value
R1 [Ω] 2.79 × 107

C1 [F] 3.38 × 10−6

R2 [Ω] 23.56
CPE [Q] 2.33 × 10−9

Frequency power [n] 0.86
R3 [Ω] 1.97 × 104

χ2 2.12 × 10−4

in series with R3 (grain resistance). The admittance
of CPE is defined as Y (CPE) = A0(iω)

n where A0

and n are temperature-dependent parameters and
value of n ranges from 0 to 1.

The frequency dependence of Z ′ for a set of tem-
perature is represented in Fig. 6 where Z ′ drops
with increment in frequency and temperature. For
selected temperatures, Z ′ values overlap at a higher
frequency. Such behaviour is due to the liberation
of space charge [31]. Further, at low frequency re-
gion, fall in the value of Z ′ with temperature reveals
NTCR semiconducting behaviour [33, 34]. All the
curves appear to coincide in high-frequency region,
and then become independent of frequency.

Figure 7 represents the change in Z ′′ with fre-
quency at 425–500◦C where Z ′′ rises to reach the ut-
most value and then falls rapidly with a rise in tem-
perature, there by suggesting the presence of relax-
ation phenomenon [34] which is further established
by a rise in the width of the curve with temper-
ature. At higher temperatures, the relaxation phe-
nomenon originates owing to the occurrence of voids
and imperfection. Further, at a low temperature, it
is attributed to immobile species [28, 35].

For differentiating electrode polarization from
grain boundary, phenomenon modulus analysis is
done. Additionally, this analysis is convenient for in-
vestigating the bulk properties such as predictable
conductivity relaxation time [36]. The influence of

Fig. 7. Variation of Z′′ with frequency at the tem-
perature range of 425–500◦C.

Fig. 8. Variation ofM ′′ with frequency at the tem-
perature range of 425–500◦C.

frequency on M ′′ over a set of temperatures is rep-
resented in Fig. 8. With an increase in tempera-
ture, M ′′ value shifts towards higher frequency re-
gions. Such behaviour gives an idea that dielectric
relaxation is activated thermally and also proves
inherent domination of charge carrier in hopping
mechanism [37]. Asymmetric increase in the mod-
ulus peaks suggests the growth of relaxation with
distinct time constants, and thus a non-Debye type
of relaxation is exhibited [26].

Influence of frequency on M ′ at 425–500◦C is de-
picted in Fig. 9. In high frequency region, M ′ rises
with frequency and reaches the highest asymptot-
ical value for all temperatures which is attributed
to absence of restoring force due mobile charge car-
riers [33]. Also M ′ attains a stable value at higher
frequency for every temperature. This confirms the
lack of sustainable electrode polarization in temper-
ature domain [31].

Figure 10 represents the modulus spectrum at
a set of temperatures. Irregular semicircular curve
obtained before is now established by this method
and seems to coincide for every temperature. This is
possibly caused by the occurrence of electric relax-
ation phenomena. Semicircular arcs as necessary for
the ideal Debye model are not formed. Instead they
possess a distorted arc with centre appearing below
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Fig. 9. Variation ofM ′ with frequency at the tem-
perature range of 425–500◦C.

Fig. 10. Variation of M ′ with M ′′ at the temper-
ature range of 425–500◦C.

x-axis is observed which specifies the distribution
of relaxation with distinct time constants. A single
arc with its intercept on real axis in modulus plan
shows the effect of bulk and grain boundaries to the
overall capacitance. Additionally, M ′ vs frequency
graph shows that effect of grain boundary is approx-
imately 0 and has minor influence in the relaxation
process.

4. Conclusion

0.6PMN–0.4PT is synthesized by the mixed ox-
ide method. XRD analysis confirmed the bipha-
sic structure of C+T phase with the space group
of Pm-3m and P4mm respectively. Complex
impedance plots show the effect of grains well as
grain boundary in the sample. The grain and grain
boundary resistance decreases with rise in tempera-
ture suggesting NTCR behavior in the studied sam-
ple. The sifting of modulus (M ′′) to higher fre-
quency region indicated that the conduction pro-
cess was possibly due to the hopping of charge car-
riers in the studied sample. The value of Ea of
0.6PMN–0.4PT is 0.71 eV at 10 kHz in the high-
temperature region, which suggests the presence of
ionic-polaronic and space charge in the conduction
mechanism.
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