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The stability balance among the ferroelectric, ferrielectric, and antiferroelectric phases in dielectric materials
has been studied by concretely examining the crystallographic features of PbsZr1−xTixdO3 samples with 0.07
øxø0.20 by transmission electron microscopy. It was, as a result, found that in this oxide system the increase
in the degree of antiferroelectricity into the ferroelectric state resulted in the unique sequence of the phase
changes including the appearance of the two-phase state and two ferrielectric phases.
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In the antiferroelectric state, lines of ions in the crystal are
spontaneously polarized, but with neighboring lines polar-
ized in antiparallel directions.1 The discussion of the thermo-
dynamic stability of antiferroelectricity started with Kittel
and Cross in the 1950’s.1,2 Based on the Landau theory for
the pseudocubic perovskite oxides, particularly, Cross ob-
tained ten solutions including the ferrielectric states, in addi-
tion to the ferroelectric and antiferroelectric states. Even
nowadays, the stability balance among the ferroelectric, fer-
rielectric, and antiferroelectric states is still one of the fasci-
nating subjects in dielectric materials.3–10

Among simple perovskite oxides, it was reported that the
ferroelectric and antiferroelectric phases are present in
PbsZr1−xTixdO3 (PZT).11,12 Recently we found the ferroelec-
tric incommensurate phase in 0øxø0.10.13,14 The analysis
of its crystallographic features revealed that the incommen-
surate phase interestingly has the ferrielectric character,
which is characterized by both theG15 ferroelectric displace-
ment along thef001gc direction and theM58 antiferroelectric
displacement in thes001dc plane. Note that the subscriptc
denotes the pseudocubic system. This character exactly cor-
responds to one of the Cross’s ferrielectric solutions men-
tioned above. In addition, the normal phase of the incom-
mensurate phase should also have the ferrielectric character
because the incommensurate phase just appears by introduc-
ing only theM3 rotational displacement of the oxygen octa-
hedra into the normal phase. In order to understand the sta-
bility balance among these normal and incommensurate
phases as well as the ferroelectric and antiferroelectric
phases, we have examined the crystallographic features of
PZT samples with 0.07øxø0.20 by transmission electron
microscopy. It should be noted that because of the above-
mentioned characters the normal and incommensurate phases
are, respectively, referred to as the ferrielectric normal(FN)
and ferrielectric incommensurate(FI) phases in this paper.

In this study, PZT samples with 0øxø0.20 were pre-
pared by a conventional solid-state reaction. A mixture of
PbO, ZrO2, and TiO2 powders was pressed into pellets and
calcinated at 1173 K for 1 h. The sintering was made at
1448 K for 16 h. Dielectric measurements for the prepared
samples were carried out, using a HIOKI LCR meter. Ar-ion
milled samples coated with carbon films were provided for

transmission-electron-microscopy studies. Observation was
actually made, by using a JEM-3010 transmission electron
microscope equipped with a high-temperature holder and im-
aging plates as a recording medium. It should be noted here
that the transmission electron microscope is not an experi-
mental method, which is familiar with the field of dielectric
materials. The advantage of the use of the microscope is,
however, to elucidate both spatial distributions of
ferroelectric- and antiferroelectric-displacement regions and
a direction of a polarization vector in each ferroelectric re-
gion by means of the dark field technique. This advantage
actually made it possible to find new ferroelectric and ferri-
electric states in PZT. Before describing the experimental
data obtained in this study, below we simply explain the
reason why the direction of the polarization vector can be
determined by transmission electron microscopy.

The determination of the polarization-vector direction can
be made with the help of the failure of the Friedel’s law.
When intensities of two reflections with reciprocal lattice
vectors ofg and −g are, respectively, written asIg and I−g,
the Friedel’s law expressed asIg= I−g is valid even in crystals
having no center of symmetry in the kinematical theory of
diffraction. However, Fujimoto pointed out that the law is
failed in the dynamical effect.15 In ferroelectric crystals, dark
field images taken by reflections withg·Ps.0 under the
two-beam condition concretely give rise to bright contrast
for the ferroelectric region with the polarizationPs.16 We
thus determined the direction ofPs in each ferroelectric-
displacement region by taking dark field images under this
imaging condition in this study.

Figure 1(a) shows the Zr-rich portion of the phase dia-
gram of PZT, which was determined on the basis of our
experimental data. According to the diagram, there are both
the FI and FN phases each existing as a ferrielectric phase
between the pure antiferroelectric(AF) and high-temperature
rhombohedral ferroelectric(HTRF) phases just below the
Curie temperatureTc. The two-phase(TP) state exists be-
tween the HTRF and FN phases. Note that the low-
temperature rhombohedral ferroelectric(LTRF) phase is also
present below the stable regions of the HTRF, FN, and FI
phases inx.0.05 of this phase diagram. The characteristic
feature is that, as was mentioned above, the FI phase is pro-
duced by the introduction of theM3 rotational displacement
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into the FN phase involving both theG15 ferroelectric and
M58 antiferroelectric displacements.13,14The polarization vec-
tors in the FN and FI phases are parallel to one of thek001lc

directions, while the HTRF phase as a pure ferroelectric
phase has thek111lc polarization. The atomic displacements

of the Pb ions in the HTRF phase with thef111̄gc polariza-
tion and the FN phase(the FI phase) with the f001gc polar-
ization are depicted in Figs. 1(b) and 1(c), respectively. As
can be seen in the diagrams, the ferroelectric-displacement
component in thes001dc plane of the HTRF phase is

converted to the antiferroelectric-displacement component in
the FN and FI phases. The appearance of the TP state should
thus be associated with the ferroelectric- to antiferroelectric-
displacement conversion.

The inverse curves for the real dielectric permittivity«8
with 100 kHz in thex=0.18 (HTRF), 0.16 (TP), 0.12 (FN),
and 0.07(FI) samples, obtained in the cooling process from
the paraelectric cubic(PC) phase, are shown in Fig. 1(d).
The transition temperature to the LTRF phase in each sample
is marked by the arrow. As seen in the figure, the inverse
curves for these samples exhibit the systematic change below
Tc. For instance, the value of the slope of each curve below
Tc decreases with decreasing Ti content. Thex=0.16 sample
with the TP state has an intermediate slope between thex
=0.18 and 0.12 samples. The highest transition temperature
to the LTRF phase seems to be obtained inx=0.16 near the
HTRF/TP boundary.

The ferroelectric and antiferroelectric domain structures
of the HTRF sx=0.18d, FN sx=0.12d, and FI sx=0.07d
phases are shown in Fig. 2. Figure 2(a) is the dark field
image for the ferroelectric domain structure in the HTRF
phase with thek111lc polarization vectors. The image was
taken from thex=0.18 sample at 497 K by using the 110c
fundamental reflection with thef001gc electron incidence. It
is obvious that an antiferroelectric domain is absent in the
HTRF phase because of the pure ferroelectric phase. In the
image, banded-contrast regions due to ferroelectric domains

FIG. 1. (Color) Phase diagram and the dielectric properties of
PbsZr1−xTixdO3. (a) the Zr-rich portion of the phase diagram in 0
øxø0.20. (b) and (c), the atomic displacements of the Pb ions in
the HTRF phase with thef111gc polarization and the FN and FI
phases with thef001gc polarization. The blue and red arrows repre-
sent the components of the displacements along thef001gc direction
and in thes001dc plane, respectively. The resultant displacement of
each Pb ion is indicated by the black arrow.(d), the inverse curves
of a real dielectric permittivity with 100 kHz as a function of tem-
perature forx=0.18, 0.16, 0.12, and 0.07.

FIG. 2. Dark field images showing the ferroelectric and antifer-
roelectric domain structures in thex=0.18, 0.12, and 0.07 samples,
which have the HTRF, FN, and FI phases, respectively.
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are seen, together with fringes in the boundaries between two
neighboring banded regions. These features were confirmed
to be entirely consistent with the ferroelectric domain struc-
ture with thek111lc polarization vectors. The determined di-
rection of the vector in each domain is depicted by the arrow.
When the Ti contentx is lowered fromx=0.18, then the FN
phase as a ferrielectric phase appears aroundx=0.12 via the
TP state. The ferroelectric and antiferroelectric domain struc-
tures in the FN phase are shown in the dark field images of
the x=0.12 sample at 430 K. The ferroelectric- and
antiferroelectric- domain-structure images in Fig. 2(b) and
2(b8) were, respectively, taken by the 002c reflection with the
f010gc incidence and the 3/2 1/2 0c superlattice reflection
with the f133gc incidence. Note that the superlattice reflec-
tion is due to theM58 antiferroelectric displacement. The fea-
ture of the ferroelectric domain structure in Fig. 2(b) is that
large ferroelectric domains withk001lc polarization vectors
are observed, corresponding to thek001lc polarization in the
FN phase. No domain with thek111lc polarization is detected
in the x=0.12 sample at all. As for the antiferroelectric do-
mains structure in Fig. 2(b8), we see a random array of dark-
contrast lines identified as an antiphase boundary for theM58
antiferroelectric displacement in theh001jc planes. In thex
=0.07 sample of the FI phase, further, there are ferroelectric
and antiferroelectric domain structures in the dark field im-
ages, Figs. 2(c) and 2(c8), respectively. The conditions for
taking these images are the same as those in thex=0.12
sample. The ferroelectric domains in the FI phase, Fig. 2(c),
have thek001lc polarization, just as in the case of the FN
phase. On the other hand, the characteristic feature of the
antiferroelectric domain structure in the FI phase is that the
antiphase boundaries are arranged periodically. As was de-
scribed in our previous paper,13,14 the periodic array of the
antiphase boundaries characterizing the incommensurate
modulation originates from the alternating array of two mi-
crodomains for theM3 rotational displacement of the oxygen
octahedra.

In the present study, the TP state was found to exist in
0.12øxø0.16 between the HTRF and FN phases. In order
to understand the detailed features of the TP state, the spatial
distribution of the antiferroelectric-displacement component
was first examined by taking dark field images using the
3/2 1/2 0c superlattice reflections in thef133gc electron in-
cidence. Figure 3 shows a series of the obtained images as
functions of temperature and Ti contentx. Local bright re-
gions involving the antiferroelectric displacement are seen in
these images. The features of the local regions are that their
average size is estimated to be 5–10 nm, and that both the
lowering of temperature and the decrease in the Ti content
result in the increase in the number of the local regions. In
other words, the local regions characterizing the antiferro-
electric displacement are mainly developed by their coales-
cence; that is, the percolative-type mechanism.

The detailed features of the ferroelectric-displacement
component in the TP state were examined with the help of
the failure of the Friedel’s law.15 It was found that, in
samples composed of crystal grains with sizes more than
2 mm, there are two types of grains with the polarization

vectors parallel to thek102lc andk001lc directions, instead of
the k111lc polarization in the HTRF phase. The point to be
noted here is that, in thex=0.16 sample the number of the
k102lc grains is much larger than that of thek001lc grains,
while thek001lc grains are dominant in the other samples of
the TP state. No grain consisted of two regions with the
k102lc and k001lc polarizations at all. These facts indicate
that each crystal grain in the samples has a slightly different
Ti content. In addition, because the number ofk102lc grains
rapidly decreases with decreasing Ti content, thek102lc po-
larization should be stabilized only aroundx=0.16; that is,
near the HTRF/TP boundary. In the TP state with 0.12
øx,0.16, on the other hand, the ferroelectric displacement
is parallel to one of thek001lc directions, just as in the case
of the FN and FI phases. Thek102lc domain structure inx
=0.16 at 440 K and thek001lc structure inx=0.14 at 440 K
are, respectively, shown in Figs. 4(a), 4(b8), and 4(c8). Under
the two-beam condition, actually, the images with thef211gc

incidence in Figs. 4(a) and 4(a8) were, respectively, taken by

the 102c and 1̄02̄c reflections, and those with thef010gc in-
cidence in 4(b) and 4(b8) by the 002c and reflections. As seen
in the figure, the notable feature of thek102lc ferroelectric

FIG. 3. Development of the antiferroelectric-displacement re-
gions in the TP state with 0.16ùxù0.12. The antiferroelectric do-
main structure of the FN phase in thex=0.12 sample at 430 K, Fig.
2(b8), is understand to result from the increase in the number of the
local antiferroelectric-displacement regions.
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domain structure is the presence of the round-shaped do-
mains, and thek001lc domain structure is basically the same
as in the FN and FI phases. The large number of dot contrasts
with the average size of about 10 nm are also detected in the
whole area of thek001lc domain structure in Figs. 4(b) and
4(b8), reflecting the presence of local antiferroelectric-
displacement regions in the TP state. Because having the
k001lc polarization, the local antiferroelectric-displacement
region can be identified as the local FN phase, as shown in
Fig. 4(c). It is thus understood that in the case of PZT the

introduction of antiferroelectricity into the ferroelectric state
first leads to the instability of the polarization component in
the (001) plane, together with the appearance of the TP state.
In the TP state, this instability results in thek102lc ferroelec-
tric domain structure as the first step near the HTRF/TP
boundary, and then thek001lc domain structure as the second
step, with the increase in the number of the local FN-phase
regions as a ferrielectric phase.

Our experimental findings provide the instability of a cer-
tain component of the polarization when antiferroelectricity
is introduced into the ferroelectric state. In the case of PZT,
as a result of the instability of the(001)-plane polarization
component, both the TP state, and the FN and FI phases as a
ferrielectric phase appear just belowTc between the HTRF
and AF phases. The notable features of the TP state consist-
ing of the ferrielectric and ferroelectric states are that the
ferrielectric state is the local FN phase, and that there are two
ferroelectric states. One is the ferroelectric state with the
k102lc polarization only aroundx=0.16 near the HTRF/TP
boundary, where the degree of antiferroelectricity must be
very weak. The finding of thek102lc ferroelectric state is the
first in ferroelectric materials. The other state has thek001lc

polarization in 0.12øx,0.16, just as in the FN and FI
phases. Thek001lc state should be characterized by large
fluctuation of the polarization in thes001dc plane. In the TP
state with this large fluctuation, then the antiferroelectric-
displacement component in thes001dc plane of the FN phase
is mainly developed by the percolative-type mechanism with
the increasing degree of antiferroelectricity. Based on these
experimental results, the increase in antiferroelectricity in
PZT leads to the fascinating sequence of the phase changes
from the pure ferroelectric phase to the pure antiferroelectric
phase via the TP state and two ferrielectric phases.

Finally, we simply discuss the origin of the appearance of
thef102gc ferroelectric state, which was found in the TP state
near the HTRF/TP boundary. As was mentioned above, the
appearance of the state should be associated with the insta-
bility of the s001dc component of thef111gc polarization in
the HTRF phase; that is, the change in the direction of the
polarization vectorf111gc→ f001gc. This instability is thus
equivalent to the situation that the electric field along the
f001gc direction is applied to the ferroelectric state with the
f111gc polarization. It should be remarked that this situation
is in contrast with that near the morphotropic phase boundary
(MPB) aroundx=0.50. The latter near the MPB corresponds
to the application of the field of thef111gc orientation to the
state with thef001gc polarization. According to the first-
principle calculation made by Bellaicheet al.,17 the change
in the direction of the polarization vector in the former ap-
plication involves the appearance of theA-type monoclinic,
triclinic, and theC-type monoclinic states, while only the
A-type monoclinic state is expected as an intermediates state
in the latter. Because belonging to theC-type monoclinic
group, thef102gc ferroelectric state is understood to be en-
tirely consistent with the theoretical suggestion made by
them.

FIG. 4. (Color) Two ferroelectric states appearing in the TP
state, together with the schematic diagram showing the TP state.
The ferroelectric domain structure in thex=0.16 sample at 440 K,
Figs. 4(a) and 4(a8), has thek102lc polarization, while thek001lc

polarization is obtained in the domain structure in thex=0.14
sample at 440 K,(b) and(b8). In (c), the directions of the polariza-
tion vector and the atomic shifts for theM58 antiferroelectric dis-
placement are, respectively, denoted by the single and double ar-
rows. The TP state in 0.16.xù0.12 consists of the local FN phase
and thef001gc ferroelectric state.
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