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Abstract The piezoelectric properties of Pb[(Ni1/3Sb2/3)x
TiyZrz]O3 solid solution, where x+y+z=1, x=0.08 and y=
0.44–0.49 have been investigated in a wide temperature
region using a resonance technique. The physical properties
of PZT near the morphotropic phase boundary modified
with the relaxor Pb(Ni1/3Sb2/3)O3 have been studied. The
coefficients s11, k31 and d31 have been calculated basing on
the damped harmonic oscillator model of piezoelectricly
vibrating sample. Several anomalies in the temperature
dependence of piezoelectric coefficients within the temper-
ature range from 300 to 600 K have been found. For y>
0.46 the coexistence of rhombohedral and tetragonal phases
occurs. The observed low piezoelectric activity confirms
the existence of polar regions above Tm in Pb[(Ni1/3Sb2/3)x
TiyZrz]O3.

Keywords PNS-PZT ceramics . Piezoelectric effect . Phase
transitions

1 Introduction

It is obvious that the aim of investigations of ferroelectric
materials is the possibility to use these materials in wide
range of applications. They possess very good piezoelec-
tric, pyroelectric and dielectric properties and their use as
actuators and sensors is well known [1–11]. On the other
hand elastic constants calculated from piezoelectric experi-
ments allow describing the low-frequency crystal lattice
dynamics near the structural phase transition.

Piezoelectric ceramics based on PbZr1-xTixO3 perov-
skites (PZT) show excellent piezoelectric properties
especially near so called Morphotropic Phase Boundary
(MPB), a boundary between the rhombohedral and
tetragonal phases [2]. High strains near the MPB in this
compound seem to result from a coupling between two
equivalent energy states i.e. the tetragonal (P4mm) and
rhombohedral (R3m) phases [12, 13]. Noheda et al have
discovered a monoclinic phase near the MPB what have
thrown a new light on the phase diagram in PZT and on
the origin of strong piezoelectricity. The discovery of this
phase provides an explanation for the high piezoelectric
response [14–17], although this problem has not been
resolved yet.

Recently it has been found that solid PZT solutions with
complex perovskite relaxors such as PMN, PZN, PNN and
PFS [18–26] exhibit excellent both electromechanical and
pyroelectric properties.

Pb[(Ni1/3Sb2/3)xTiyZrz]O3 where x+y+z=1, x=0.08 and
y=0.44–0.49 is an interesting solid solution obtained basing
on PZT. It was described for the first time by Helke and
Röder from the structural and piezoelectric properties point
of view [27–29]. According to the phase diagram obtained
from structural investigations the MPB exists in this
material near the composition of y=0.46. Similar conclu-
sion was obtained from the pyroelectric measurements [30].
However there are no new works about this promising
system in literature. Hence, it is important to study the
piezoelectric activity of Pb[(Ni1/3Sb2/3)xTiyZrz]O3 solid
solution in details, especially by passage the phase
transition points. The observation of the piezo-effect was
carried out using a well known dynamic method based on
piezoelectric resonance detection. This technique allows the
simultaneous determination of the complex elastic coef-
ficients, piezoelectric tensor and electromechanical cou-
pling factor.
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2 Experimental conditions

The measurements were performed on Pb[(Ni1/3Sb2/3)x
TiyZrz]O3 ceramics (abbreviated to PNS-PZ-yPT) where
x+y+z=1, x=0.08 and y=0.44–0.49. The density of
ceramics was determined by the Archimedes method. The
mean density of the samples was about 7500 kg/m3. The
samples with the shape of thin bars with dimensions
3*1*0.5 mm3 were polished and the largest surfaces were
covered with silver electrodes. The electric contact was
made by means of thin silver wires glued in the centre of
electrodes. The dielectric characterization of the samples
was made with an HP 4263 LCR meter at frequencies
100 Hz, 1 kHz, 10 kHz, and 100 kHz. The temperature was
controlled to within ±0.1 K using a programmable
temperature controller. The dielectric measurements were
made in the temperature range 300–650 K. For piezoelec-
tric measurements the specimens were poled in a d.c.
electric field. The most effective poling was obtained under
the field of 5 kV/cm. The poling processes were made from
600 K down to room temperature maintaining the field
strength. From the geometrical configuration adapted in the
experiment, the d31, k31–piezoelectric and s11—elastic
coefficients could have been measured [2].

By using a circuit presented in [2] the absolute
admittance |Y| frequency spectrum was obtained and used
to determine the transverse piezoelectric strain constants.
Total admittance of any dielectric material and thus also of
a vibrating bar may be represented by a complex quantity
Y=G+iB consisting of conductance G (real part) and
susceptance B (imaginary part) [31].

One can show that:
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where M is mass of the bar, ωo (2πfo)—free running
frequency, Γ (2πγ)—damping coefficient and β is a
constant, C

0
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part of the sample capacity at frequencies outside the
piezoelectric resonance. These relations are the main
functions to which the absolute admittance can be fitted:
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By fitting the experimental data to the Eq. 3 and having
ωo and Γ it is possible to calculate the real s’ and imaginary
s” part of the complex elastic coefficient. The complex
elastic coefficient fulfils the following relation [31, 32]:
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where ρ is the density of sample, l is the length of bar and fo
is the resonance frequency.

The piezoelectric coupling coefficient k31 can be got
from the resonance (fo) and antiresonance (fa) frequencies
[2, 33]:
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The piezoelectric coefficient d31 can be calculated from
the following expression:

d31 ¼ k31

ffiffiffiffiffiffiffiffiffiffiffiffi
"33sE11

q
ð6Þ

3 Experimental result

3.1 Dielectric properties

The compositional dependence of dielectric response and
corresponding loss tangent characteristics for PNS-PZ-yPT
ceramics are shown in Fig. 1 for the compositions with y
from 0.44 to 0.49. The increase in y gradually shifts Tm and
ε’max appears at higher temperatures, although the maxi-
mum of ε' is shifted by about 60 K down to lower
temperatures in comparison with pure PZT composition.
The dielectric peak of ε’and tan δ were also found to be
broadened which can be attributed to substantial fluctua-
tions and a structural disorder usually linked to the presence
of ferroelectric relaxor. Nevertheless the temperature de-
pendence of dielectric permittivity does not resemble that
one found for classical relaxor, in particular the broad
maxima of ε’ and tanδ are not frequency dependent
(Fig. 2). For this reason the observed dispersion can not
be caused by the relaxational dynamics of polar nano-
clusters. The most probable mechanism responsible for the
observed dielectric dispersion can be related to the
electronic conductivity.

3.2 Piezoelectric properties

The temperature evolutions of piezoelectric signals are
presented in Fig. 3(a-f ). The figures show typical piezo-
electric characteristics with resonance and antiresonance
frequencies. Local small signals below and above the main
resonance signals follows probably from the incomplete
polarization process in the sample. With increasing tem-
perature the piezoelectric signal changes its strength and
frequency position. Even above Tm very weak signals were
recorded.
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An example of the fit to the Eq. 3 is shown in Fig. 4.
Using the Eqs. 4–6 the values of piezoelectric coefficients
and real and imaginary parts of elastic constants were
calculated. The calculated form fits the values of the
piezoelectric and elastic coefficients at room temperature
are collected in Table 1 in function of composition.

The thermal behaviour of these coefficients for two
chosen ceramics of concentration below (y=0.45) and
above (y=0.48) of the value for MPB is presented in Figs. 5

and 6. Two different behaviours for these samples can be
observed. In the case of PNS-PZ-0.45PT sample the
characteristics show clear anomalies (Fig. 5). The d31 and
s
0
11 coefficients show a broad maximum near Tm

corresponding to the phase transition point. The similar
behaviour was previously observed in the measurements of
the pyroelectric effect [30]. First, the coefficient k31 is
constant (up to about 440 K) and than continuously lowers
down. Close to 440 K the imaginary part of elastic
coefficient s

0 0
11also possesses a broad maximum. The

distinct increase of the imaginary part of s
0 0
11 can be

accounted for the increasing damping of acoustic wave in
this temperature range. According to the phase diagram
[28], the symmetry of the PNS-PZ-0.45PT at room
temperature is rhombohedral.

With increasing temperature, it transforms into the
tetragonal symmetry. It has been established that in PZT
from MPB region the rhombohedral and tetragonal phases
coexist [34]. This coexistence is equivalent to the structural
disorder with a complicated domain and domain walls
structure. Thus, this disorder may be responsible for the
distinct damping of the piezoelectric vibrations.
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Fig. 2 Variation of ε’ and tan δ (in the inset) with frequency and
temperature for PNS-PZ-0.48PT sample
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Fig. 1 Variations of ε’, 1/ε’ (a) and tan δ (b) with temperature for
PNS-PZ-yPT samples

PNS-PZ-yPT Tm (K) Piezoelectric properties at room temperature

d31 (C/N) k31 s11’ (m
2/N) s11” (m2/N) Qm

y=0.44 540 92·10-12 0.23 6·10-12 0.1·10-12 60

y=0.45 541 100·10-12 0.32 12·10-12 0.17·10-12 70.5

y=0.46 544 121·10-12 0.34 14.2·10-12 0.18·10-12 78

y=0.47 545 127·10-12 0.36 16.8·10-12 0,19·10-12 84

y=0.48 552 110·10-12 0.32 12.3·10-12 0.2·10-12 61.5

y=0.49 554 90·10-12 0.28 11.5·10-12 0.25·10-12 46

Table 1 Dielectric and piezo-
electric properties of PNS-PZ-
yPT ceramics at room
temperature
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Above the range of MPB temperature dependences of
the piezoelectric coefficients are quite different (Fig. 6). All
characteristics show sharp anomalies at 550 K. At the same
temperature a single sharp peak in the pyroelectric measure-
ments was also observed [30]. The anomalies were found
which correspond directly to the phase transition from the
tetragonal to cubic phase. In the inset of Fig. 6a the
temperature dependence of 1=s

0
11 is presented. It is worth

noting that in the temperature range below Tm this
dependence resembles the soft mode behaviour. This
softening comes from the coupling of the acoustic phonon
with the soft phonon optic mode in the tetragonal phase
[35].

Above 550 K the piezoelectric coefficients rapidly
decrease but do not disappear. The stable piezoelectric
signal can be observed even several degrees above Tm. The
source of piezoelectric activity is, in our opinion, connected
with the polar clusters existence. Until their size and
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Fig. 4 The sample fit of the experimental data to the function (3) (the
absolute admittance is expressed here in arbitrary units)
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correlation radius are large enough the interaction between
polar clusters through the non-polar matrix influences the
macroscopic piezoelectric response.

4 Conclusions

The influence of relaxor Pb(Ni1/3Sb2/3)O3 on piezoelectric
properties of PZT ceramics from the range of morphotropic
phase boundary has been studied. This kind of modification
provides the following features. In comparison with pure
PZT the maximum of ε’ is shifted by about 60 K to lower
temperatures. It was established that for the PNS-PZ-yPT
solid solution the MPB exists for y=0.46. For all measured
samples the piezoelectric activity reveals the weak temper-
ature dependence in the low temperature range.

Below the value of y corresponding with MPB the
changes of piezoelectric d31 and elastic s

0
11, s

0 0
11 coefficients

are continuous and show broad local maxima. The
piezoelectric coupling factor k31 is constant up to 440 K
and than continuously decreases. It is known that the

imaginary part of material constant is usually more
sensitive to the abnormal behaviour of physical properties
than the real part. That is why the temperature dependence
of the imaginary part of elastic coefficient is represented by
a broad maximum near 440 K. The coexistence of the
rhombohedral and tetragonal phases in this temperature
region reflects the structural disorder that influences the
damping of acoustic modes.

For compositions with value of y near to that for the
MPB the piezoelectric coefficients show sharp anomalies at
temperatures corresponding to transition to the cubic phase.
This indicates that in these samples the tetragonal phase
plays dominant role below Tm. Moreover the temperature
dependence of 1

�
s
0
11 resembles the soft mode behaviour of

the acoustic phonon near the phase transition point. This is
an evidence that in PNS-PZ-yPT with y>0.46 the polariza-
tion is coupled with the elastic properties.

Above Tm the piezoelectric signal although very small, is
still observed. The presence of the pyroelectric signals
above Tm [30] points to the existence of polar regions.
Thought the clear relaxor properties were not found in these
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materials (see Fig. 2); the polar regions which are present
above Tm can interact between themselves in non-trivial
way and constitute a polar subsystem in the paraelectric
matrix. These regions after ordering in d.c. electric field
lead to the weak piezoelectric signal appearance. Such a
subsystem has already been proved to exist even in normal
ferroelectric—barium titanate on the basis of electrostrictive
measurements [36]. Measurements of electrostrictive prop-
erties for the presented compositions will be additional
evidence for the existence of the polar regions in para-
electric phase.
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