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Abstract

Solid solution (SS) ceramics of the PZT (PbTixZr1�xO3, 0rxr1.0) system were studied in broad temperature (10rTr1000 K) and

electric field frequency (10�2rfr107 Hz) ranges. Several groups of SS were distinguished, which differ by nonmonotonic behavior of

dielectric parameters in the cryogenic temperature range and at T4300 K, which results both from the defective state and from the

polymorphism of SS. A conclusion is made on the expediency of use of the obtained data during the application of materials based on

the PZT system in the broad range of external actions.

& 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Among the prominent classes of electrically active media
particular interest present solid solutions (SS) of the binary
system (1�x)PbZrO3�xPbTiO3 (PZT), which became the
basis of almost all industrially produced functional materi-
als. The study of physicotechnical properties of these SS,
which continues for decades already, revealed a broad
spectrum of experimental potential, which is in many
respects determined by a special phase diagram of this
system. It was shown recently [1] that some of its
fragments are formed at ultra low temperatures. The
results of the dielectric properties studies of SS in this
temperature range are presented in very few papers and
were performed in a restricted frequency range and for
selected compositions only [2,3].
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Thus, of current importance is a detailed study of dielectric
response of SS of this system in broad temperature and
frequency ranges, which is the aim of the present study.
2. Objects under study, synthesis and measurement methods

The objects under study are SS of PbTixZr1�xO3 with
0.0rxr1.0. Their synthesis methods are described in
detail in [4].
Low-temperature dielectric measurements were performed

in the temperature interval 10–300 K at frequencies 20–5�
106 Hz using sensitive impedance analyzer Wayne Kerr
6500B. The samples were cooled using closed cycle
helium refrigerator cryostat CCS-150 (Cryogenics). The
temperature control was performed using the temperature
controller LakeShore 331, which allows maintaining the
given temperature with the accuracy of 70.01 K. During
measurement the samples were located in the vacuum
chamber of the cryostat, the vacuum was created by turbo-
molecular pump Boc Edwadrs. The dielectric spectra were
studied in the temperature range 160–300 K at 16 frequen-
cies from the interval 10�2� 107 Hz using multipurpose
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measuring bridge Novocontrol ALPHA high-resolution di-
electric analyzer, equipped with the Novocontrol QUATRO
cryosystem for low-temperature measurements.

High-temperature dielectric spectra were studied by the
home-made measuring bench using the immittance mea-
suring device E7-20. The measurements were performed in
the temperature interval 300–1000 K and the frequency
range 25–106 Hz.

Low-temperature x-ray measurements were conducted
in the helium cryostat developed by the Institute of solid
sated physics of RAS (Chernogolovka, Russia), which
allows thermostating the sample in the range 4.2–300 K with
precision of 0.05–0.1 K. The measurements were performed
using D500 (Siemens) x-ray diffractometer utilizing mono-
chrome Cu-Ka radiation.
3. Experimental results and discussion

Fig. 1 shows the most characteristic temperature (T)
dependencies of the real (e0/e0) and imaginary (e00/e0) parts
of the relative dielectric permittivity at different frequencies
Fig. 1. Temperature dependencies of the real and imaginary parts of dielectric

and cooling runs).
(f) of the measuring electric field. The behavior patterns of
e0/e0 (T) allows distinguishing 11 concentration ranges,
represented by 11 groups:
1.
const
(0.00oxr0.13)—upon increasing temperature e0/e0
increases with rate changing at 155–160 K; the values
of e0/e0 are relatively small (150–400 in the interval 10–
300 K); no maximum of e0/e0(T) is formed; e00/e0 possesses
diffuse maximum at the inflection point of e0/e0 (T);
2.
 (0.13oxr0.16)—for To270 K the e0/e0(T) depen-
dencies are similar to those of SS of group 1; in the
vicinity of 270–300 K a small maximum begins to form
in the e0/e0(T) dependencies; e00/e0 is non-monotone
with a diffuse maximum occupying almost the whole
temperature range, which is apparently a result of
merging of two maxima: one at �130 K and another
one in the vicinity of the high-temperature e0/e0 max-
imum at 270–300 K;
3.
 (0.16oxr0.26)—the e0/e0 (T) dependencies are similar
to those of SS of the groups 1 and 2 for To250 K, but
at T¼250–300 K a small ‘‘plateau-like’’ region is formed,
where e0/e0 is almost constant; e00/e0 is characterized
by a pronounced maximum at T�230–240 K, i.e.,
ant (in the interval 10–300 K) of SS of the PZT system (in the heating
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approximately where the ‘‘plateau’’ begins to form in
the e0/e0(T) dependencies;
4.
 (0.26oxr0.31)—upon increasing temperature the e0/
e0 dependencies in this group change increasing rate
already at 130–140 K; this group is characterized by a
maximum forming in the e0/e0(T) dependencies at
�260–270 K; the e00/e0 (T) dependencies are analogous
to those of SS from group 2;
5.
 (0.31oxr0.35)—in this concentration interval at
temperatures 25–55 K distinct low-temperature
anomalies (maxima) of e0/e0 are observed; upon
increasing temperature e0/e0 rises and forms a max-
imum at 270–300 K; the e00/e0 (T) dependencies are
characterized by anomalous behavior at the tempera-
tures of anomalies of e0/e0;
6.
 (0.35oxr0.42)—the SS of this group possess no low-
temperature maximum of e0/e0; in the vicinity of 300 K
a plateau-like region is formed as for SS of group 3,
which upon PbTiO3 content increase broadens and
begins to form already at 250 K; the e00/e0 (T) depen-
dencies are similar to those of SS from group 3;
7.
 (0.42oxr0.47)—in this group the rate of increase of
e0/e0 changes at 50 K and a first inflection point
appears; at �100–110 K a second inflection point
forms in the e0/e0(T) dependencies; at 225–250 K a
‘‘step-like’’ anomaly is observed with subsequent
rise of e0/e0; the e00/e0 (T) dependencies in the interval
10–150 K are almost linear; subsequent temperature
increase to 200 K is accompanied by e00/e0 slope change;
8.
 (0.47oxr0.52)—it has to be noted that in this group
increased values of e0/e0 are observed (especially at
x¼0.485) compared to all SS of this system; all SS of
this group are characterized by a change of the rate of
increase of e0/e0 in the low-temperature range at 30–40 K;
further temperature increase results in e0/e0 increase and
in formation of a diffuse maximum, the lower bound of
which shifts towards lower temperature depending on
composition (for example, in the SS with x¼0.485 the
lower bound of the diffuse maximum is formed at 200 K;
in the SS with x¼0.495 the lower bound shifts and forms
already at 100 K; upon increase of concentration up to
x¼0.515 the lower bound is formed already at 75 K);
thus, the width of the maximum of the first SS is 50 K, of
the second—150 K, and of the third—175 K; the e00/e0(T)
dependencies are almost linear in the intervals: 10–150 K
for SS with x¼0.485, 10–100 K for SS with x¼0.495,
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and 10–75 K for SS with x¼0.515; upon further tem-
perature increase e00/e0 decreases with different rates (first
rapidly and slowly afterwards), forming inflection points
in the e00/e0 (T) dependencies at 225 K for SS with
x¼0.485 and x¼0.495 and at 200 K for SS with
x¼0.515;
9.
 (0.52oxr0.57)—the SS of this group are character-
ized by changing rate of e0/e0 (T) in the low-
temperature region at 20 K; upon temperature increase
a distinct maximum is formed at 250 K; the e00/e0 (T)
dependencies are similar to those of SS of group 8, but
the change of slope of e00/e0 appears at 160 K;
10.
 (0.57oxr0.70)—the SS of this group are character-
ized by almost linear dependencies of e0/e0, however in
the low-temperature range in the vicinity of 30 K an
inflection point of e0/e0 is observed; upon temperature
increase up to 160 K a second inflection point of e0/e0
appears; the e00/e0 (T) dependencies experience a max-
imum close to 150 K, approximately at the place of the
second inflection point;
11.
 (0.70oxr1.00)—the e0/e0 (T) dependencies of this
group are almost linear up to 250 K; upon further
temperature increase a rapid rise of e0/e0 occurs, which
is induced by defects due to degradation of PbTiO3.
Of special importance are the results obtained for SS
with x¼0.495–0.510, which are located close to the

morphotropic region, where the maxima of e0/e0 recur in
the direct and backward runs and are frequency depen-
dent. These SS were studied by us in a broader frequency
range with a bigger number of measuring frequencies.
Fig. 2 shows temperature dependencies of e0/e0 in the

interval 100–300 K at different measuring frequencies f. The
compositions with x¼0.495 and x¼0.505 show diffuse
maxima at T¼230–260 K, which slightly change their posi-
tion depending on x. For x¼0.51 an analogous maximum is
formed at 150–160 K, whereas the higher-temperature
(�230 K) process gradually decays. The main peculiarity
of these maxima is their shift towards higher temperatures,
the decrease and smearing of the peak value e0/e0m
with increasing f. The dispersion depth of e0/e0m of SS
with x¼0.495 and 0.505 is De0/e0mE(�13.5)%, whereas of
SS with x¼0.51—De0/e0mE(�44.8)%, where De0/e0m¼
[(e0/e0m0.01 Hz� e0/e0m5MHz)/e0/e0m0.01 Hz]�d100%. The studies
have shown, that the dependences of temperature of maxima
(Tm) of e0/e0 on frequency in the Arrhenius coordinates are not
linear, i.e., are not described by the Arrhenius law, which
evidences of non-Debye character of dielectric relaxation in
these materials. At the same time the frequency dependence of
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Fig. 2. Temperature dependencies of the dielectric constant of the PZT

system SS with x¼0.495–0.510 at different frequencies.
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the temperatures of maxima of e0/e0(T) is well described by the
Vogel–Fulcher law f¼ f0exp� [�Ea/k(Tm�T0), where f0 is
the frequency of attempts of potential barrier crossing, Ea is
the activation energy of the process, k is the Boltzmann
constant, Tm is the temperature of maximum, and T0 is the
Vogel–Fulcher temperature, which is interpreted as the tem-
perature of ‘‘static freezing’’ of electric dipoles or as the
transition temperature to the dipole glass state. For all the
studied SS f0�1� 1011 Hz, which is close to the values of
f0 for classic relaxor ferroelectrics. The value Ea for x¼0.495
and 0.505 is E0.008 eV, whereas for SS with x¼0.51—EaE
0.01 eV.
For the description of the dielectric permittivity spectra

in the complex plane a generalized Debye model suggested
by Cole–Cole [5] is used, with frequency dependent com-
plex dielectric permittivity en represented by

en ¼ e1þ
De

1þðiotÞ1�a
; ð1Þ

where eN is the dielectric permittivity in the high-frequency
limit, which shifts the arc along the real axis, De¼es�eN is
the chord length of the semicircular arc, es is the static
dielectric permittivity, and t is the middle point of the
distribution of relaxation times denoted by Cole–Cole
(model) when the a parameter is related to its width.
Fig. 3 shows Cole–Cole diagrams for x¼0.495 and 0.505

according to experimental data. Upon approximation of
experimental data the main parameters shown in Table 1
for x¼0.495 and 0.505 were obtained. Two semi-circles
appear in the Cole–Cole diagram with centers on the e00/e0
axis evidencing of two relaxation processes with different
times t1 and t2, which may be related to formation of new
phases as well as to the defective structure of samples and
will be studied in detail later.
In order to clarify the relaxation mechanism in these SS

low-temperature x-ray studies were conducted.
Fig. 4 shows the temperature dependencies of e0/e0 (at

various frequencies from the interval 100 to 105 Hz),
interplanar spacings (d(2 0 0), d(0 0 2)), and half-widths
B(2 0 0) of x-ray (tetragonal) diffraction lines. The arrows
show the regions of anomalous behavior of parameters.
The interval 10–40 K is characterized by a change in the
rate of increase of e0/e0. In the ascending part of e0/e0
special points (130, 155, and 210 K) are discerned, at which



Fig. 3. Cole–Cole diagrams obtained for x¼0.495 and 0.505 at T¼200

K. Notation: –J– – experimental data, –— – approximation curves.

Table 1

Calculated static (es) and high-frequency (eN) dielectric constants, the

depth of the relaxation spectrum (es�eN), parameters of the relaxation

time distribution (a, b) and the most probable relaxation time (t) for

various concentrations (x) in the relaxor region.

x es eN es�eN a b t

0.495 1 663 236 427 0.2 1 1� 10�8

2 1539 698 841 0.38 1 4.2� 10�4

0.505 1 708 10 698 0.06 1 1� 10�7

2 824 744 80 0.72 1 1.2� 10�4

Fig. 4. Temperature dependencies of the dielectric constant e0/e0 at

different frequencies f of the measuring field, interplanar spacings

(d(2 0 0), d(0 0 2)), and half-widths B of the diffraction lines at x¼0.495

(arrows indicate regions of anomalous behavior of parameters).
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the slope of the curve changes. In the vicinity of �235 K a
relaxation maximum is formed. In the descending part of
e0/e0 at 255 K a local minimum is observed, whereas at
270 K the slope of e0/e0 changes and the subsequent
temperature increase leads to formation of a minimum at
300 K, after which increase of e0/e0 occurs. It should be
noted that the structural characteristics also experience
anomalies at these temperatures. Thus, a strong correla-
tion is observed between the changes in e0/e0 and the
structural parameters of the sample.
Due to the fact that no additional phases are observed in
the low-temperature region by x-ray studies, it is probable,
that the dielectric behavior is influenced by changes in the
valence states of Pb, Ti, and Zr [6], which strengthen upon
interaction with water and hydroxyl groups present in the
samples. Another factors are polymorphic transformations of

oxygen (a-phase (monoclinic cell with a¼5.403 Å, b¼3.429

Å, c¼5.086 Å, b¼132.531) �!
23:65K

b-phase (rhombohedral cell

with a¼4.21 Å, a¼46.251) �!
43:65K

g-phase (cubic cell with

a¼6.83 Å) [7–9]) and ZrO2, with the latter determined by
adsorption of water molecules onto the surface of the particles
of synthesized powders and ceramics [10]. As it was established
in [10], high-temperature transformations of ZrO2 may also
occur close to room temperature due to nonstoichiometric
oxygen vacancies and local strains related to them, which
stabilize high-temperature phases.
According to the dielectric behavior in the high-

temperature region the solid solutions can be divided into 5
groups (their representatives are shown in Fig. 5), differing in
the dispersion character: the first group (0.00oxr0.12) is
characterized by absence of dispersion before and at the
phase transition (PT) (Fig. 5a), in the second group
(0.12oxr0.37) weak dispersion before and appreciable at
and after the PT is observed (Fig. 5b), the third group
(0.37oxr0.43) is characterized by strong dispersion in the
whole temperature range (Fig. 5c), and in the fourth
(0.43oxr0.505) (Fig. 5d) and the fifth (0.505oxo1.00)
(Fig. 5e) groups strong low-frequency dispersion is observed,
which prevents formation of the maximum of e0/e0 at TC. The
observed behavior is related to the following factors: to the
specific character of PbZrO3—an antiferroelectric, in which
restructuring of antiparallel domains is practically impossible,
to the movement of various interphase boundaries, to the
increased imperfection of heterophase SS in the vicinity of
MR, and to the peculiarities of PbTiO3, which is inclined to
self-destruction due to large internal mechanical stresses. The
dispersion of e0/e0 above the PT is determined by the three
main causes: due to the movement of defects forming at the
PT from the cubic to the low-symmetry phase (at high T),
due to the clusters of the latter forming in the praphase, and
due to the vacancies forming upon reduction of ions with
variable valence (mainly of Ti). A series of anomalies of
e0/e0(T) at Tr573 K is in good correlation with PT’s taking
place at these temperatures (R(Pba2)-Rh(R3c)-Rh(R3m),
where R is the rhombic phase; Rh are the low and high
temperature rhombohedral phases, respectively).
4. Conclusions
1.
 Several groups of SS were distinguished differing by
non-monotone behavior of dielectric parameters in the
cryogenic temperature region, which is determined by
defects. The relaxation processes are well described
by the Vogel-Fulcher law, whereas the dielectric spectra



Fig. 5. e0/e0 (T) of the PZT system SS at different frequencies f of the measuring electric field. The insets give e0/e0 (T)9f and tg d(T)9f in the vicinity of PT

to the paraelectric phase.
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by the Cole–Cole formula. A correlation between the
relaxation process and the changes in structural character-
istics of the PbTi0.495Zr0.505O3 SS in the temperature
interval 100–300 K is revealed.
2.
 A series of peculiarities of dispersion properties of SS of
the PZT system at T¼300–1000 K is discovered, which
allowed isolating five concentration groups of SS
(0.00oxr0.12, 0.12oxr0.37, 0.37oxr0.43, 0.43o
xr0.505, and 0.505oxo1.00), differing in temperature-
frequency behavior. The behavior of each group was
given an interpretation. It is established that the
dispersion of e0 in the vicinity of PT is determined by
three main causes, each of which dominates in its own
temperature and concentration interval and is related to
the movement of defects forming at the PT from the
cubic to low-symmetry phase (at high T), to the clusters
of the latter, forming in the prophase, and to the
vacancies forming due to reduction of ions with variable
valence (mainly of Ti).
The obtained results are expedient to use during devel-
opment of materials based on the PZT system intended to

function in different temperature and frequency intervals.
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