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The understanding of the structural origin of relaxor ferroelectrics has been doubtlessly a long-standing
puzzle in the field of ferroelectricity. Thus, motivated by the interest in improving the comprehension of this
important issue, it a framework is proposed for explaining the origin of the relaxor state in ordinary ferroelec-
trics induced via the isovalent-ion substitution. Based on the martensitic transformation concepts, it is proposed
that the continuous addition of isovalent ions in a so-called normal ferroelectric decreases considerably the
elastic strain energy. This results in a gradual transformation of ferroelectric domain patterns from a microme-
ter polydomain structure �twins�, through single domains, to nanometer-polar-“tweed” structures with glasslike
behavior, that are, in turn, strongly driven by point defects and surface effects. The electrical interaction
between these weakly coupled polar-tweed structures leads to a wide spectrum of relaxation times, thus
resulting in a dielectric relaxation process, the signature of relaxor ferroelectrics.
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I. INTRODUCTION

The investigation of the physical origin of relaxor ferro-
electrics �relaxors� is doubtlessly one of the most challenging
tasks of the field of ferroelectricity. In contrast to ordinary
ferroelectrics �also so-called “normal” ferroelectrics�, relax-
ors have the following remarkable features:1–6 �i� an exis-
tence of local lattice disorder, �ii� no necessarily, macro-
scopic structural phase transition; �iii� the absence of
macroscopic spontaneous polarization, �iv� the maximum of
dielectric constant shifts toward higher temperatures with in-
creasing frequency �dielectric relaxation�, and �v� the pres-
ence of nanometric-polar regions immerse in a highly polar-
izable host lattice. With regard to the influence of the
dynamics of such nanometric-polar regions on the dielectric
properties, various phenomenological models have been pro-
posed in the literature. The superparaelectric,7 dipolar glass,8

quenched random-field,9 and spherical random-bond-
random-field models10 are certainly the most known. How-
ever, the nature of the relaxor behavior cannot be completely
understood based only on the kinetics. Thus, insights into the
key structural origin of relaxors are still needed.

From the structural point of view, massive investigations
have been focused on A�B�B��O3 complex perovskites. A
typical example is Pb�Mg1/3Nb2/3�O3 �PMN�, which is con-
sidered the prototype material for a fundamental understand-
ing of relaxor ferroelectrics.11,12 The investigation of such a
relaxor system has been centered on the determination of
how chemical, compositional, and/or orientational disorders
influence the formation of polar nanoregions.5,12,13 Further-
more, starting from the relaxor state, it is observed that ferro-
electric long-range order and structural phase transitions can
be gradually induced in the PMN by the substitution of
Mg2+/Nb5+ for Ti4+.14–16

On the other hand, ordinary ferroelectric materials are hy-
brid ferroics that are characterized by a strong ferroelastic-
ferroelectric coupling.17–20 The remarkable feature of ordi-
nary ferroelectrics is the formation of well-defined domain
and domain wall structures �twins� when they are cooled
from the paraelectric to the ferroelectric phase to minimize
the elastic strain energy.21–24 From the point of view of elas-
tic effects, the situation of ferroelectric twins is analogous to
twins in ferroelastic materials, which is caused by martensi-
tic transformation.25,26 Rather, the paraelectric-ferroelectric
phase transition is usually followed by a displacive structural
transition27,28 accompanied by a relative large lattice strain,
whose elastic long-range interactions play a major role in
determining both domain morphology and domain growth
law in ferroelectric perovskites.20,29,30

Of particular interest is the prototypical ordinary ferro-
electric lead titanate, PbTiO3, and the closely related system
lead zirconate-titanate, Pb�Zr,Ti�O3, which exhibit long-
range ferroelectric order, micrometer domain and/or domain
wall structures and do not show any frequency dispersion
�relaxational effect� in the audio frequency range. Neverthe-
less, it is well known that some chemical substitutions, such
as La3+ at the Pb2+ site to form �Pb,La��Zr,Ti�O3 ceramics,
induce a peculiar diffuse phase transition with frequency
dispersion.31 It is widely believed that both La3+ aliovalent
ions and/or oxygen vacancies �necessary to preserve charge
neutrality� break the translational symmetry of the lattice and
represent a type of disorder responsible for the formation of
polar nanodomains and, consequently, the relaxor fea-
ture.31–34 However, recent experimental results have remark-
ably revealed that the origin of the relaxor behavior is much
beyond the conventional thoughts. Indeed, it has been shown
that the relaxor properties can be induced in ordinary ferro-
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electrics via isovalent-ion substitution or merely via grain-
size reduction,35–37 even in simple perovskite ferroelectrics
�ABO3� in which, in principle, no disorder is expected.35

Therefore, a more general theory that is able to explain the
normal-relaxor transition is still opened.

Motivated by the interest in expanding the comprehen-
sion of the structural origin of relaxor ferroelectrics, it is in-
vestigated in this work the nature of the crossover from
the ordinary ferroelectric to the relaxor state in
�Pb1−xBax��Zr0.65Ti0.35�O3 ceramics through dielectric and
structural characterizations. A reinterpretation of the con-
cepts of the formation of the relaxor state, starting from an
ordinary ferroelectric host lattice, is proposed in terms of the
evolution of ferroelectric-ferroelastic twin patterns by suc-
cessive martensitic transformations.

II. EXPERIMENTAL PROCEDURE

�Pb1−xBax��Zr0.65Ti0.35�O3 ceramics with 0�x�0.40,
hereafter labeled from PBZT00 to PBZT40, were prepared
by a conventional mixed oxide method. It must be stressed
that the substitution of Pb2+ for Ba2+ is an isovalent substi-
tution, in which no formation of point defects �vacancies�
due to charge compensation is expected. The raw materials
were mixed in polyethylene bottle containing zirconium cyl-
inders and distilled water by 1.5 h in a ball mill. After drying
at �373 K the powders were calcined at different tempera-
tures for 3.5 h and then milled for 15 h.

Disks with 20 mm in diameter and 3 mm in thickness
were obtained by uniaxial and isostatic pressing. Several
tests, varying the time and the temperature of sintering, were
realized to determine the optimized sintering conditions,
which minimize the mass losses �due to PbO volatilization�
and enhance the sample densities. The samples were sintered
into closed Al2O3 crucibles, at a saturated PbO atmosphere,
and the highest densified samples were chosen for the physi-
cal characterization.

The room temperature x-ray diffraction �XRD� measure-
ments were done at the Brazilian Synchrotron Light Labora-
tory facility �LNLS� using the D10B-XPD beam line. The
XRD patterns were collected using a Huber diffractometer
with geometry �-2�, �=1.529 59 Å. The data were collected
with step size of 0.02°. The count time was 0.5 seg/step from
20 to 90° 2� and 1.0 sec/step from 90 to 120° 2�. Since the
synchrotron beam decays with time, the measured intensity
was normalized using the monitor counts. A silicon single
crystal analyzer was mounted in the diffraction path between
the sample and the detector in order to improve the instru-
mental resolution and peak-to-background discrimination.
The refinement of the structure was carried out using the
Rietveld method.38 The program used in the refinements was
the general structure analysis system package.39 This proce-
dure was described in detail previously.40 The theoretical
density Dx was calculated using these lattice parameters. The
morphologic aspects of the microstructure were observed by
scanning electron microscopy.

To perform dielectric characterizations, disk-shape ce-
ramic bodies were polished and annealed at 900 K for 1 h to
release mechanical stresses introduced by the polishing pro-

cess. Silver electrodes were deposited onto the surfaces by
sputtering. Computer assisted dielectric characterization, as a
function of frequency �from 100 Hz to 1 MHz�, were made
employing an impedance analyzer HP 4194A at a constant
cooling rate of 2 K/min.

III. RESULTS AND DISCUSSION

Figure 1 shows the SEM for the PBZT20 and PBZT40. It
is verified that the average grain size increases with increas-
ing the Ba2+ content, probably due to the higher sintering
temperature, although maintaining the same order of magni-
tude. Thus, no significant changes in the physical properties
are expected due to the grain-size variation.

FIG. 1. Scanning electron micrographs of the sintered-sample
surfaces of �Pb1−xBax��Zr0.65Ti0.35�O3 samples for �a� x=0.20, and
�b� x=0.40.
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Figure 2 shows the x-ray diffraction patterns of all sin-
tered PBZT compositions. Table I summarizes the sintering
conditions and the density values �theoretical and experimen-
tal� of the sintered samples. The data reveal that all obtained
samples presented high-density values ��96.4% � and only
the single-perovskite phase. It is also verified that the
samples with lower Ba2+ content present the rhombohedral
symmetry �R3c� slightly distorted from the average cubic
one, while the PBZT40 is cubic in average.

Figure 3 presents the cell parameter and the unit-cell dis-
tortion �90°-�R� dependence on the Ba2+ content obtained
from the XRD-Rietveld refinement. It is observed in Fig. 3
that the structural spontaneous strain �unit-cell distortion,
90°�R� decreases with increasing the barium amount and
tends clearly to vanish for the PBZT30 and PBZT40
samples. Therefore, this result reveals clearly that a sponta-
neous structural-like phase transition from rhombohedral to

cubic occurs for 0.30�x�0.40. This behavior has also been
found in many other ferroelectric materials such as
lanthanum-modified lead titanate,31,32,40,41 although the
crossover from the distorted phase �tetragonal� to a cubic one
occurs for a much smaller amount of doping element.

The temperature dependence of the relative electrical per-
mittivity ����, measured at 100 kHz, for all PBZT composi-
tions is shown in Fig. 4�a�. On the other hand, Fig. 4�b�
depicts the temperature and frequency dependence of �� of
�Pb1−xBax��Zr0.65Ti0.35�O3 for x=0 and x=0.40. The results
in Fig. 4�a� reveal a remarkable reduction of the temperature
of the maximum dielectric permittivity �Tm� and an increase
in the diffuseness of the dielectric permittivity peak by in-
creasing the Ba2+ content. Furthermore, in contrast to x=0, it
is verified in Fig. 4�b� that for x=0.40 the maximum of di-
electric permittivity becomes clearly frequency dependent,
thus revealing the relaxor feature. Thus, in accordance with
the structural results �Fig. 3�, it is verified that the appearance
of the normal to relaxor crossover in the dielectric measure-
ments coincides with the induced structural-like phase tran-
sition from rhombohedral to cubic for samples containing the
highest amount of barium. Similar dielectric and structural
behaviors have also been obtained for lanthanum-modified
lead zirconate-titanate ceramics in the La3+-concentration
range of 0.06�x�0.09.31,41,42

As discussed in the Introduction, it is proposed that the
disruption of the translational periodicity of the lattice via
aliovalent-ion substitution is responsible for the crossover
between the normal to the relaxor state.31–34 However, it
must be emphasized that the isovalent substitution of Pb2+

for Ba2+ does not create, in principle, any kind of vacancy.
Therefore, the first conclusion that can be reached is that
the disruption of the translational periodicity of the lattice
via aliovalent-ion substitution, which reflects mainly in the
formation of vacancies, is not exclusively the main cause
of the normal-relaxor crossover. In addition, the anti-
ferroelectric-ferroelectric coexistence as the origin of the re-
laxor behavior43–45 is not considered here, since the
Pb�Zr0.65Ti0.35�O3 composition is not in the vicinity of a mor-
photropic phase boundary �rhombohedral-tetragonal�.46

Thus, it is believed that the key to improve the understanding

TABLE I. Sintering conditions, structural parameters, theoreti-
cal densities, Dx, and experimental relative apparent densities for
�Pb1−xBax��Zr0.65Ti0.35�O3 compositions.

x
Sintering

conditions Dx �g/cm3�
Relative

density �%�

0.00 1473 K/3.5 h 7.79 96.4

0.10 1473 K/3.5 h 7.77 97.4

0.20 1523 K/3.5 h 7.56 98.7

0.35 1548 K/3.5 h 7.41 97.2

0.40 1603 K/1.0 h 7.29 96.5

FIG. 2. X-ray diffraction patterns, at room temperature, of the
PBZT compositions obtained in the optimized conditions of sinter-
ing �see Table I�.

FIG. 3. �a� Cell parameter and unit cell distortion �90°-�R�
dependence on the Ba2+ content.
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of the normal-relaxor transition lies in the comprehension of
the evolution of ferroelectric-ferroelastic twin patterns via
changes in the interatomic interactions. A possible explana-
tion is presented as follows.

One of the remarkable features observed in this work is
that the structural spontaneous strain gradually tends to van-
ish with increasing the Ba2+ content, which reduces consid-
erably the elastic and electric energies.47 In addition, it has
been shown that with increasing the ion-doping content a
transformation from ferroelectric microsized polydomain
structure into nanometer single domains is verified, which
occurs simultaneously with the induction of the relaxor
state.32,45,48 Therefore, in view of the hybrid ferroic character
of ordinary ferroelectrics, it is proposed that the induction of

the dielectric relaxor feature in ordinary ferroelectrics via
doping is always preceded by a martensitic-like-phase tran-
sition �ferroelastic-paraelastic�. However, in contrast to the
classical first-order structural transformations, it is verified
that the normal-relaxor crossover does not present an abrupt
change from the product �rhombohedral, for our case� to the
parent �cubic in average� phase. Rather, our present data, and
the previous one obtained from Pb1−xLaxTiO3 ceramics,40 re-
veal that local lattice distortions around Ti4+ atoms still per-
sists even for high amount of doping, which shows clearly
that the parent phase is not totally reached. These distortions
may be related to the presence of localized nanosized polar
regions �nanodomains�. Therefore, we must consider some
additional effects in this particular martensitic transformation
to explain the formation and stabilization of these no-cubic
local phases and consequent appearances of the dielectric
relaxor behavior.

Let us analyze the normal-relaxor crossover in view of
martensitic transformations, however, taking into account the
relaxor ferroelectric peculiarities. It is well known that mul-
tiple microsized patterns of elastic domains �twins� are
formed during the paraelectric-ferroelectric phase transition
as a mechanism of reducing elastic strain energy,23,49 which
are stabilized by long-range elastic interactions.20,24,50 Nev-
ertheless, our data suggest that the continuous addition of
isovalent ions changes the interaction parameters and lengths
of different bonds �interatomic interactions� producing asym-
metric lattice distortions, thus producing considerable
changes in the unit-cell volume and the lattice param-
eters.51,52 Then, for high concentrations of doping, their dis-
ordering effect tends to both destabilize the ordered phase
�product or rhombohedral� and shift the thermodynamic
equilibrium towards the disordered phase �parent or cubic�.
Thus, the elastic strain energy is significantly reduced and
the domain pattern passes from a microsized polydomain
structure to a single-domain structure. In this situation, al-
though the dielectric permittivity peak becomes diffuse, it
still does not present the dielectric relaxation process. Fi-
nally, on further sufficient increase of the amount of isova-
lent ions, the single-domain structure tends to transform into
a nonpolar �no-strained or cubic� matrix, in which the elastic
energy is drastically reduced. This stage corresponds to the
appearance of the dielectric relaxation, the signature of re-
laxor ferroelectrics. In this case, however, several kinds of
constraints �inhomogeneities� such as interfaces, surface ef-
fects, and lattice defects �vacancies� inherent to the
processing53,54 becomes dominant. In the case of isovalent
ion substitution, the different ionic radii and electronegativi-
ties should be also considered. Indeed, we suppose that these
constraints are directly responsible for the formation and sta-
bilization of the pretransitional phase, which means the no-
cubic local phases �nanodomains�, between the product and
parent phases. Therefore, it is proposed that lattice defects as
well as surface and/or interface effects act as “seeds” to form
and stabilize nanometric-polar-tweed structures with local
electrical polarization �nanodomains�, which are in turn em-
bedded in a non-polar or no-strained matrix, in the
ferroelectric-relaxor crossover. Consequently, the presence of
such polar-tweed textures, with weak-coupled electrical in-
teraction and a wide spectrum of relaxation times, would be

FIG. 4. Temperature dependence of the relative electrical per-
mittivity for �a� all PBZT compositions, measured at 100 kHz and
�b� x=0 and x=0.40, at different frequencies.
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responsible for the well-known dielectric relaxor behavior.
Similar concepts, also based on the conventional martensitic
transformation, have been adopted to explain the origin of
adaptive ferroelectric states, however, near a morphotropic
phase boundary between two ferroelectric phases.24,55 Our
concepts are also consistent with the grain-size-induced re-
laxor crossover.35–37

Finally, it is also believed that these defect-induced polar-
tweed structures are thermally stable at temperatures much
higher than the temperature of the maximum of the dielectric
permittivity �Tm�. Figure 5 shows the plot of 1 /�� vs T for
the PBZT40 ceramic �x=0.40�. The results show that the
PBZT40 present a discernible deviation from the Curie-
Weiss law at �580 K, which is much higher than Tm. It has
been reported that polar nanoregions persists up to the Burns
temperature �TB�, where a deviation from the Curie-Weiss
law is noticed.56,57 Therefore, these results corroborate the
concept that although there is no measurable remanent polar-
ization at high temperatures ��Pr�=0�, the dielectric relax-
ation can be related with the condensation of polar nan-
odomains at TB.

It must be stressed that a pretransitional state, with glass-
like behavior, stabilized by defects in conventional marten-
site materials �NiAl, Fe-Pd, etc.� has been commonly found

in martensitic transformations.29,50,58–60 Rather, theoretical
and experimental results in martensitic transformations have
shown that compositional disorder changes the microstruc-
ture from a thick twin structure to a thin one and finally to a
tweed structure.29,61 For higher concentrations of inhomoge-
neities, the tweed structures disappear and a disordered struc-
ture with short-range order is formed.62,63 Moreover, it has
been observed a remarkable similarity between the sequence
of domain pattern states in ferroelectric and ferroic materials
with increasing the amount of doping.62,64 Similarly, it is also
reported that pretransitional states in conventional martensi-
tic transformations are stable several hundreds of degrees
above the expected transition temperature.50 Thus, all these
results corroborate our assumptions.

IV. CONCLUSION

In summary, a new framework for explaining the induc-
tion of the relaxor state in ordinary ferroelectrics induced by
isovalent-ion substitution is proposed. Based on the marten-
sitic transformation ideas, it is proposed that the addition of
isovalent ions in the normal ferroelectrics decreases consid-
erably the elastic energies, thus transforming the domain pat-
terns from a micrometer polydomain structure �twins� to
nanometer-polar-tweed structures. In addition, it was also
proposed that the polar-tweed structures are formed and
strongly stabilized due to the presence of defects. The elec-
trical response of these weakly coupled polar-tweed struc-
tures results in the dielectric relaxation process.
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