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xPb(Zr1/2Ti1/2)O3-(1−x)Pb(Ni1/3Nb2/3)O3 perovskite solid
solution
Abstract

The solid solution between the normal ferroelectricPb(Zr1/2Ti1/2)O3(PZT) and relaxor
ferroelectricPb(Ni1/3Nb2/3)O3 (PNN) was synthesized by the columbite method. The phase structure and
dielectric properties of xPZT-(1−x)PNN where x=0.4–0.9and the Zr/Ti composition was fixed close to the
morphotropic phase boundary (MPB) were investigated. With these data, the ferroelectric phase diagram
between PZT and PNN has been established. The relaxor ferroelectric nature of PNN gradually transformed
towards a normal ferroelectric state towards the composition 0.7PZT-0.3PNN, in which the permittivity was
characterized by a sharp peak and the disappearance of dispersive behavior. X-ray diffraction analysis
demonstrated the coexistence of both the rhombohedral and tetragonal phases at the composition
0.8PZT-0.2PNN, a new morphotropic phase boundary within this system. Examination of the dielectric
spectra indicates that PZT-PNN exhibits an extremely high relative permittivity near the MPB composition.
The permittivity shows a shoulder at the rhombohedral to tetragonal phase transition temperature
TRT=195°C, and then a maximum permittivity (36 000 at 10kHz) at the transition temperature
Tmax=277°C at the MPB composition. The maximum transition temperature of this system was 326°C at the
composition x=0.9 with the relative permittivity of 32 000 at 10kHz.
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The solid solution between the normal ferroelectric Pb共Zr1/2Ti1/2兲O3 (PZT) and relaxor ferroelectric
Pb共Ni1/3Nb2/3兲O3 (PNN) was synthesized by the columbite method. The phase structure and
dielectric properties of xPZT-共1 − x兲PNN where x = 0.4– 0.9 and the Zr/ Ti composition was fixed
close to the morphotropic phase boundary (MPB) were investigated. With these data, the
ferroelectric phase diagram between PZT and PNN has been established. The relaxor ferroelectric
nature of PNN gradually transformed towards a normal ferroelectric state towards the composition
0.7PZT-0.3PNN, in which the permittivity was characterized by a sharp peak and the disappearance
of dispersive behavior. X-ray diffraction analysis demonstrated the coexistence of both the
rhombohedral and tetragonal phases at the composition 0.8PZT-0.2PNN, a new morphotropic phase
boundary within this system. Examination of the dielectric spectra indicates that PZT-PNN exhibits
an extremely high relative permittivity near the MPB composition. The permittivity shows a
shoulder at the rhombohedral to tetragonal phase transition temperature TRT = 195 ° C, and then a
maximum permittivity (36 000 at 10 kHz) at the transition temperature Tmax = 277 ° C at the MPB
composition. The maximum transition temperature of this system was 326 ° C at the composition
x = 0.9 with the relative permittivity of 32 000 at 10 kHz. © 2004 American Institute of Physics.
[DOI: 10.1063/1.1796511]
I. INTRODUCTION

PZN-PZT binary system in which the Zr/ Ti composition was
close to the MPB. This study indicated that the composition
0.5PZN-0.5PZT showed the optimal piezoelectric properties.
Moreover, these properties could be improved by thermal
treatments. In 1974 Luff et al.16 investigated solid solution in
the Pb共Ni1/3Nb2/3兲O3-PbZrO3-PbTiO3 ternary system and
observed excellent piezoelectric properties at the composition 0.5Pb共Ni1/3Nb2/3兲O3-0.35PbTiO3-0.15PbZrO3. There
have been numerous papers published dealing with piezoelectric and processing issues within this compositional
family.16–19 These compositions have found wide applications and are now commercially available. However, there is
limited information in the literature on the PNN-PZT system
with Zr/ Ti close to the MPB. Detailed reaction kinetics using conventional solid state processing of Pb共Ni1/3Nb2/3兲O3
-Pb共Zr0.48Ti0.52兲O3 was recently investigated by Babushkin
et al..20 A sequence of pyrochlore phases were detected at
different temperatures, but there is no information pertaining
to the dielectric and ferroelectric properties.
Since PNN is a relaxor ferroelectrics with a broad dielectric peak near Tc ⬇ −120 ° C and PZT 共Zr/ Ti= 50/ 50兲 is
a normal ferroelectric with a sharp maximum permittivity at
Tc ⬃ 390 ° C, the curie temperature in PNN-PZT system can
be engineered over a wide range of temperature by controlling the amount of PZT in the system. The aim of this work
was to investigate the quasibinary solid solution xPZT
共Zr/ Ti= 50/ 50兲-共1 − x兲PNN, with x = 0.4– 0.9. Figure 1 schematically shows the pseudoternary composition range which

The relaxor ferroelectric lead nickel niobate
[Pb共Ni1/3Nb2/3兲O3, PNN] has been studied by numerous researchers since its discovery by Smolenskii and Agranovskaya in 1958.1 At room temperature, single crystal PNN
has the cubic prototype symmetry Pm3m with a lattice parameter 共a兲 = 4.03 Å.2 Nanometer-level chemical heterogeneity in the form of short range ordering of Ni2+ and Nb5+ on
the B site was proposed to account for the diffuse phase
transition.3 The complex perovskite shows a broad maximum
of the dielectric permittivity near −120 ° C with relative permittivity near 4000 at 1 kHz.4
In the last decade, normal ferroelectric lead zirconate
titanate [Pb共Zr1−xTix兲O3, PZT] has become one of the most
important commercially produced piezoelectric materials.5,6
Excellent piezoelectric properties have been observed in
compositions close to the morphotropic phase boundary
(MPB Zr:Ti ⬃52: 48).5–7 Recently, many piezoelectric ceramic materials have been developed from binary systems
containing a combination of relaxor and normal ferroelectric
materials8 which yield high dielectric permittivities (e.g.,
Pb共Mg1/3Nb2/3兲O3-PbTiO3,9 Pb共Zn1/3Nb2/3兲O3-PbTiO3,10,11
Pb共Mg1/3Nb2/3兲O3-Pb共Zr, Ti兲O3,12 excellent piezoelectric
coefficients
(e.g.,
Pb共Zn1/3Nb2/3兲O3-PbTiO3,10,11
Pb共Zn1/3Nb2/3兲O3-Pb共Zr, Ti兲O3,13
Pb共Sc1/2Nb1/2兲O3-PbTiO314,15 and high pyroelectric coefficients (e.g., Pb共Ni1/3Nb2/3兲O3-PbTiO3-PbZrO3).16
Fan and Kim13 investigated the solid solution within the
0021-8979/2004/96(9)/5103/7/$22.00
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FIG. 1. Compositions studied in the Pb共Ni1/3Nb2/3兲O3-PbZrO3-PbTiO3 ternary system.

was studied in this work compared with other studies.16,19–23
Although pure Pb共Ni1/3Nb2/3兲O3-PbZrO3-PbTiO3 ternary ceramics can be fabricated by conventional methods,16 the
B-site precursor method is a better method for enhancing the
dielectric properties and ferroelectric properties. This process
involves prereacting the B-site cations to form the columbite
phase NiNb2O6 and the wolframite phase ZrTiO4. With this
method it is possible to obtain a homogeneous perovskite
solid solution without the other constituent perovskite phases
such as PbZrO3, PbTiO3, PZT, PNN, and the formation of
the parasitic pyrochlore phases is prevented. Finally, the nature of the relaxor-normal ferroelectric phase transition was
studied through a combination of dielectric measurements
and x-ray diffraction.
II. EXPERIMENT

The powders of xPZT-共1 − x兲PNN were synthesized using the columbite precursor method. Reagent-grade oxide
powders of PbO, ZrO2, TiO2, NiO, and Nb2O5 were used as
raw materials. The columbite structure 共NiNb2O6兲 and wolframite structure 共ZrTiO4兲 were synthesized first. Stoichiometric amounts of the precursors (NiO, Nb2O5) and
共ZrO2 , TiO2兲 were mixed and milled in ethyl alcohol for 6 h
using a vibratory mill. The mixture was dried at 60 ° C for
12 h. The precursors NiNb2O6 and ZrTiO4 were calcined at
975 ° C and 1400 ° C, respectively, for 4 h in a closed alumina crucible. The calcined NiNb2O6 and ZrTiO4 powders
were mixed with PbO in a stoichiometric ratio to form the
composition xPZT-共1 − x兲PNN, where x = 0.4– 0.9 (shown in
Fig. 1). In all compositions, 2 mol % excess PbO was added
to compensate for lead volatilization during calcination and
sintering. After remilling and drying, the mixtures were calcined at 950 ° C for 4 h in a double alumina crucible configuration with a heating rate of 10 ° C / min.
The calcined powders were milled for 3 h for reduced
particle size. After grinding and sieving, the calcined powder
was mixed with 5 wt % poly(vinyl alcohol) binder and
uniaxially pressed into a pellet. Binder burnout occurred by

FIG. 2. XRD patterns at room temperature for xPZT-共1 − x兲PNN ceramics.

slowly heating to 500 ° C and holding for 2 h. Sintering occurred between 1100– 1250 ° C with a dwell time of 4 h. To
mitigate the effects of lead loss during sintering, the pellets
were sintered in a closed alumina crucible containing
PbZrO3 powder.
The perovskite phase was examined by x-ray diffraction
(XRD). Data collection was performed in the 2  range of
20°–70° using step scanning with a step size of 0.02° and
counting time of 2 s / step.
After surface grinding, the samples were electroded using sputtered gold and air-dried silver paint. The relative permittivity 共r兲 and dissipation factor 共tan ␦兲 were measured
using an automated measurement system. This system consisted of an LCR meter (HP-4284A, Hewlett-Packard Inc.) in
connection with a Delta Design 9023 temperature chamber
and a sample holder (Norwegian Electroceramics) capable of
high temperature measurement. The capacitance and dissipation factors of sample were measured at 100 Hz, 1 kHz,
10 kHz, and 100 kHz and temperature varied between
25– 450 ° C. A heating rate of 3 ° C / min was used during
measurements.
Samples were prepared for optical analysis by polishing
with SiC paper through 1200 grit. Raman spectra were measured using a Renishaw inVia Reflex Raman microscope and
488 nm radiation from a laser excitation source. The laser
had an output power of 25 mW and a focused spot size of
200– 300 m through a 5x microscope objective. Raman
spectra were measured using a static acquisition centered at
520 cm−1 and 15 accumulations with 2 sec exposure times.
III. RESULTS AND DISCUSSION
A. Crystal structure and phase transition studies

Perovskite phase formation, crystal structure, and lattice
parameter were determined by XRD at room temperature as
a function of x. Figure 2 shows XRD patterns of ceramics in
the xPZT-共1 − x兲PNN system with a well crystallized perovskite structure for all compositions. The pyrochlore phase
was not observed for any composition in this system. The
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FIG. 3. XRD patterns of the (200) and (220) peaks of xPZT-共1 − x兲PNN
ceramics, x = 0.4– 0.6.

crystal symmetry for pure PNN at room temperature is cubic
Pm3m with a lattice parameter a = 4.031 Å. Below
Tmax ⬇ −120 ° C, the symmetry changes to rhombohedral.
The crystal structure of Pb共Zr1/2Ti1/2兲O3 at room temperature
is tetragonal. Therefore, with increasing x the crystal symmetry should change due to the effects of the increased PZT
fraction and the increase in TC. Figure 3 shows XRD peak
profiles of the (200) and (220) peaks at x = 0.4, 0.5, and 0.6.
The XRD data shows that the splitting of (200) peak is not
observed. At the x = 0.4 composition, only a single (220)
peak is seen, indicating that the major phase in this composition had cubic symmetry. However, splitting was very
clearly observed for the (220) peak in compositions x = 0.5
and 0.6, indicating that the crystal transformed into rhombohedral symmetry (pseudocubic). With a further increase in
PZT content to x ⬎ 0.6, the (111) and (200) diffraction peaks
begin to split as shown in Fig. 4. Splitting of the (200) peak
becomes more pronounced as x approaches 0.9 indicating a
stabilization of the tetragonal phase at high PZT concentrations.

FIG. 4. XRD patterns of the (111) and (200) peaks of xPZT-共1 − x兲PNN
ceramics, x = 0.7– 0.9.
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FIG. 5. Temperature dependence of the relative permittivity r for
xPZT-共1 − x兲PNN ceramics, x = 0.4– 0.9. Measurement frequencies include
100 Hz, 1 kHz, 10 kHz, and 100 kHz.

At the x = 0.8 composition, the unambiguous splitting of
(111) peak indicates the coexistence of the rhombohedral and
tetragonal phase. Thus there is a transformation from the
rhombohedral phase to the tetragonal phase across the compositional range x = 0.7– 0.9. The x = 0.7 composition is
within the rhombohedral-rich side of the MPB and the composition x = 0.9 is on the tetragonal-rich side of the MPB. It is
important to note that recent results have uncovered the existence of a low-symmetry (monoclinic) phase within the
MPB region of PZT,24 Pb共Mg1/3Nb2/3兲O3-PbTiO325 and the
orthorhombic phase of Pb共Zn1/3Nb2/3兲O3-PbTiO3.26 Given
the similarities of PNN-PZT to the Pb共Mg1/3Nb2/3兲O3
-PbTiO3 system, it is possible that a low symmetry monoclinic or orthorhombic phase may be stabilized within the
MPB regions of xPZT-共1 − x兲PNN; x = 0.7– 0.9.
B. Dielectric properties

The characteristic temperature and frequency dependence of the relative permittivity for xPZT-共1 − x兲PNN, x
= 0.4– 0.9, is shown in Fig. 5. A clear transition in Tmax (defined as the temperature at which r is maximum at 10 kHz)
is observed with Tmax increasing with x. At compositions x
= 0.4, 0.5, and 0.6, the sample displays a pronounced relaxor
ferroelectric behavior, characterized by diffuse permittivity
peaks and a shift of the maximum permittivity to higher
temperatures with increasing frequency. An increase in the
magnitude of the maximum permittivity is also observed
over this region. The nature of the homogeneously polarized
states is believed to be controlled by the concentration of
PZT.
A smooth transition from relaxor to normal ferroelectric
behavior is observed with increasing mole percent of PZT
from x = 0.7 to 0.9. This transition is characterized by the
enhancement of the first-order nature of the phase transformation and the diminishment of the relaxor behavior (i.e.,
the permittivity dispersion) over the broad temperature range
in the vicinity of Tmax. From these data, the relaxor-normal
transformation is very clearly observed with increased PZT
concentration above x = 0.7. Furthermore, the relative permittivity and Tmax increased with increased mole percent of PZT
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FIG. 6. Temperature dependence of the relative permittivity r for
xPZT-共1 − x兲PNN ceramics, A : x = 0.5, B : x = 0.7, and C : x = 0.8.

considerably up to a maximum permittivity at x = 0.8. The
sharp permittivity peak exhibits a maximum value of 36 000
at 10 kHz for this composition. Figure 6 shows a comparison
of the permittivity as a function of temperature for the compositions x = 0.5, 0.7, and 0.8 taken over the measurement
frequencies of 100 Hz– 100 kHz.
For x = 0.5, Tmax increases from 125.6 ° C at
100 Hz to 130.8 ° C at 100 kHz 共⌬T = 5.2 ° C兲. The relative
permittivity at room temperature was 2830 at 100 Hz and
increased to 24 200 at 1 kHz at Tmax and the maximum value
of the relative permittivity decreased with increasing frequency. The dielectric dispersion below Tmax indicates typical relaxor ferroelectric behavior arising from the responses
of polar microdomains within the spectrum of the relaxation

time. For x = 0.7 and 0.8 compositions, it is evident that two
phase transitions are observed. Over the temperature range
190 to 200 ° C, a rhombohedral to tetragonal phase transition is observed for both compositions (indicated in the figure by TRho-Tetra). Another transition between the ferroelectric
tetragonal to paraelectric cubic phase occurs in the temperature ranges 225 ° C and 277 ° C for x = 0.7 and x = 0.8, respectively. Although the transition from ferroelectric rhombohedral to tetragonal phase is obscured in the composition x
= 0.7 it is more clearly evident in the composition
x = 0.8. Similar phenomena has been observed in single
Pb共In1/2Nb1/2兲O3
crystal
Pb共Zn1/3Nb2/3兲O3-PbTiO3,11
27
-PbTiO3, and Pb共Mg1/3Nb2/3兲O3-PbTiO3.9
In addition, the transformation from the relaxor ferroelectric state to the normal ferroelectric state can be observed
in the composition x = 0.7– 0.9 as shown in Figs. 5, 6(b), and
6(c). The permittivity sharply increased near the temperature
indicated as Tstart NR in Figs. 6(b) and 6(c). The subscript
“start NR” denotes the initial transition from a normal ferroelectric state to a pure relaxor ferroelectric state. Relaxor
behavior was observed at temperatures above Tfinish NR. The
subscript “finish NR” denotes the completion of the transformation. For x = 0.7 at temperatures below 212 ° C, the relative permittivity did not show any significant dispersion until
218 ° C. Above this temperature, the relative permittivity
shows a strong frequency dependence. This indicates that at
212 ° C 0.7PZT-0.3PNN started to transform a normal ferroelectric state to relaxor ferroelectric state; finishing the transformation at 218 ° C. The differential between Tstart NR and
Tfinish NR was approximately 6 ° C, 5 ° C, and 4 ° C for x
= 0.7, 0.8, and 0.9 respectively. This behavior can be explained by decreasing relaxor stability with increasing x.
At the composition x = 0.9, a broad permittivity was observed with a slight frequency dispersion close to Tmax. A
first-order transition response was observed at temperatures
slightly below Tmax. This phenomenon indicates that the polar moments are static, since the polar moments are relatively
large. The crystal structure and dielectric properties for all
compositions are listed in Table I.
The maximum permittivity r,max and Tmax as a function
of the mole fraction of PZT共x兲 are represented in Fig. 7.
There is a good linear relationship between Tmax and x, indicating that this system is a well behaved complete solid solution. The Tmax of the constituent compounds PNN and PZT
are −120 ° C and 390 ° C, respectively, which can be used to
calculate an empirical estimate of Tmax via the equation,
Tmax = x共390 ° C兲 + 共1 − x兲共− 120 ° C兲

共1兲

The variation of the measured Tmax, the calculated Tmax,
and the measured r,max as a function of composition x is
shown in Fig. 7. The highest r,max of 36 000 at 277 ° C at
10 kHz was observed for the composition at the MPB
0.8PZT-0.2PNN. It is evident from the data that Eq. (1) gives
a reasonable approximation of the transition temperature
Tmax. This result suggests that the transition temperature of
xPZT-共1 − x兲PNN system can be varied over a wide range
from −120 to 390 ° C by controlling the amount of PZT in
the system.
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TABLE I. Ferroelectric properties of xPZT-共1 − x兲PNN ceramics (C, cubic; R, rhombohedral; T, tetragonal).

Composition
x

Crystal
structure

Tm共°C兲
at 10 kHz

Relative
permittivity
at 25 ° C

Relative
permittivity
at Tmax

tan ␦ at
25 ° C

tan ␦ at
Tm

␦␥

x = 0.4
x = 0.5
x = 0.6
x = 0.7
x = 0.8
x = 0.9

C
R
R
R-rich
R+T
T-rich

75.4
128.9
169.7
225.5
277.4
326.7

7500
2500
1600
1060
835
950

17 500
22 000
27 000
31 200
36 000
32 000

0.062
0.042
0.042
0.029
0.011
0.005

0.036
0.024
0.018
0.025
0.047
0.182

29.5
24.4
22.4
14.0
10.2
8.6

It is well known that the permittivity of a first-order
normal ferroelectric can be described by the Curie-Weiss
law:
1 T−
,
=
r
C

共2兲

where  is the Curie-Weiss temperature and C is Curie constant. A second-order relaxor ferroelectric can be described
by a simple quadratic law. This arises from the fact that the
total number of relaxors contributing to the permittivity response in the vicinity of the permittivity peak is temperature
dependent, and the temperature distribution of this number is
given by a Gaussian function about a mean value To with a
standard deviation ␦. The relative permittivity can be derived
via the following expression:28,29

⬘
m
关T − Tm共f兲兴␥
=1+
共1 艋 ␥ 艋 2兲,
⬘共f,T兲
2␦␥2

共3兲

where m
⬘ is the maximum value of the permittivity at T
= Tm共f兲. The value of ␥ is the expression of the degree of
dielectric relaxation in the relaxor ferroelectric material.
When ␥ = 1 Eq. (3) expresses Curie-Weiss behavior, while
for ␥ = 2 this equation is identical to the quadratic relationship. Many relaxor ferroelectric materials can be fit to Eq. (3)
with ␥ = 2 at temperatures above Tmax. The parameter ␦␥ can
be used to measure the degree of diffuseness of the phase
transition in mixed relaxor-normal ferroelectric materials.
The values ␥ and ␦␥ are both material constants depending
on the composition and structure of the material. The ␦␥

FIG. 7. Tmax, calculated Tmax, and maximum r as a function of composition
x at 10 kHz.

value can be determined from the slope of m
⬘ / ⬘ versus 共T
-Tm兲2, which should be linear.
The ␦␥ values of compositions in the xPZT-共1 − x兲PNN
system are represented in Fig. 8. Both the diffuseness parameter ␦␥ and ␥ decreased with an increase in the mole fraction
of PZT. As illustrated in Fig. 9, a near linear relationship was
observed over the wide compositional range, which is consistent with a perfect solid solution. The diffuseness of the
phase transition in the x = 0.4 composition can be attributed
to the relaxor nature of PNN. As the PZT content increased,
the relaxor characteristic of xPZT-共1 − x兲PNN was observed
to decrease. This is because the substitution of 共Zr1/2Ti1/2兲4+
for the B-site complex ions 共Ni1/3Nb2/3兲4+ increases the size
of the local polar domains by strengthening the off-center
displacement and enhancing the interactions between micropolar domains. As was observed in Pb共Mg1/3Nb2/3兲O3
-PbTiO3 crystals,30 this leads to the formation of macropolar
domains which break the symmetry of the pseudocubic state.

FIG. 8. Log10关共m / 兲 − 1兴 vs Log10共T − Tmax兲 for xPZT-共1 − x兲PNN ceramics,
x = 0.4– 0.9.
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FIG. 9. Parameter ␥ and degree of diffuseness 共␦␥兲 vs x for
xPZT-共1 − x兲PNN ceramics, x = 0.4– 0.9.

C. Raman spectroscopy
of Pb„Zr1/2Ti1/2…O3-Pb„Ni1/3Nb2/3…O3

Figure 10 shows the Raman spectra of ceramic xPZT
-共1 − x兲PNN with x = 0.4 to 0.9. The individual spectral data
was analyzed using Bruker Optics OPUS software. A multipeak pattern was fit to the data using Lorentz-Gauss peak
shape parameters and Levenberg-Marquardt refinement techniques. The resulting peak locations for each xPZT-共1
− x兲PNN sample is shown in Fig. 11. Each peak represents a
Raman active vibration mode frequency for the given composition. Peak location and intensity will vary depending on
the type of bonds present in the material. There is a distinct
difference in pattern when going from x = 0.4– 0.5. The disappearance of modes at 440 and 560 cm−1 and the appear-

FIG. 11. Wave number as a function of composition x for ceramic
xPZT-共1 − x兲PNN with x = 0.4 to 0.9.

ance of modes at 675 and 890 cm−1 are indicative of a
change in phase. The same is indicated for x = 0.7– 0.8, where
a weak mode at 350 cm−1 first appears at x = 0.7 and gains
intensity for x = 0.8– 0.9. There is yet another change in mode
pattern when going from x = 0.8– 0.9, where modes appear at
250, 670, and 834 cm−1. These modes represent the splitting
of a single mode for x = 0.8.
D. Phase diagram of Pb„Zr1/2Ti1/2…O3-Pb„Ni1/3Nb2/3…O3

FIG. 10. Raman spectra of ceramic xPZT-共1 − x兲PNN with x = 0.4 to 0.9.

Based on the results of x-ray diffraction, dielectric spectroscopy, and Raman spectroscopy, the phase diagram for the
xPZT-共1 − x兲PNN binary system have been established as
shown in Fig. 12. The transition temperature increases approximately linearly with x, from Tmax = 75 ° C for x
= 0.4 to 340 ° C for x = 0.9. The phase diagram consists of
four distinct crystallographic phases in this system; high
temperature paraelectric cubic 共Pm3m兲, pseudocubic relaxor,
rhombohedral relaxor 共R3m兲, and normal ferroelectric tetragonal 共P4mm兲. At low concentrations of PZT x 艋 0.4 the symmetry can be defined as pseudocubic. The pseudocubic symmetry transforms into rhombohedral at the composition near
x = 0.5. The ferroelectric rhombohedral and tetragonal phases
are separated by an MPB region which is located near the
composition x = 0.8 below 277 ° C. Within this region, both
the rhombohedral and tetragonal phases coexist. In most perovskite systems, the width of the MPB is limited though
there may be low symmetry phases present.24–26 In this work,
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tween relaxor to normal ferroelectricity was typified by a
quasilinear relationship between the diffuseness parameter ␦␥
and PZT mole fraction x.
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FIG. 12. Phase diagram of xPZT-共1 − x兲PNN, x = 0.4– 0.9 quasibinary
system.

Fig. 12 shows the MPB region as broad because of the limited number of compositions in this study. Also, due to the
nature of the ceramic preparation technique, mixed phases
may be present within the MPB due to local compositional
variations. Future work will be focused on identifying the
width of the MPB and establishing the phase equilibria in the
vicinity of the MPB.
IV. CONCLUSIONS

In this work the ferroelectric properties of the solid solution between relaxor ferroelectric PNN and normal ferroelectric PZT共50/ 50兲 have been investigated. The crystal
structure data obtained from XRD indicates that the solid
solution xPZT-共1 − x兲PNN, where x = 0.4– 0.9, successively
transforms from pseudocubic to rhombohedral to tetragonal
symmetry with an increase in PZT concentration. The XRD
results were reinforced by Raman spectral analysis. The new
MPB in this binary system is located near x = 0.8, separating
the rhombohedral and tetragonal phases. At the MPB composition, the permittivity exhibited a shoulder at TRT
= 195 ° C indicating a rhombohedral to tetragonal phase
transformation with a maximum permittivity of 36 000 at
10 kHz at Tmax = 277 ° C. Moreover a transition from relaxor
to normal ferroelectric behavior is clearly observed above a
PZT concentration x = 0.7. Furthermore, this transition be-
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