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In the simple perovskite oxide PbZr;_,Ti,O3 (PZT), an excellent piezoelectric response was obtained in the
vicinity of a morphotropic phase boundary (MPB) between the ferroelectric monoclinic (F,;) and rhombohe-
dral (Fg) phases. In order to understand the origin of this exceptional response, we have used transmission
electron microscopy to investigate the detailed features of the ferroelectric domain structures near the MPB in
PZT. Two types of domain structures, domains I and II, existed at room temperature in the F; side of the MPB,
while the room-temperature structure in the Fp side was confirmed to be a usual structure consisting of the
109° and 180° domain boundaries. The notable feature of these domain structures is that each domain in both
the domain II and the F domain structure near the MPB can be identified as an aggregation of nanometer
domains with an average size of about 10 nm. In order to clarify the formation of these domain structures, we
conducted in situ observations from room temperature to about 800 K. The results revealed that the usual Fj
domain structure at room temperature was produced by a conversion from a nanometer-sized domain structure
consisting of nanometer ferroelectric domains, which formed just below the Curie temperature. The character-
istic feature of the nanometer-sized structure is that nanometer regions with the [001] or [001] polarization
component were uniformly distributed in a large [110]-component area. Because spatial average of (001)
components must be zero in a large [110]-component area, the nanometer-sized domain structure may have an
average [110] polarization with average orthorhombic symmetry. In the F, side, on the other hand, a new
banded domain structure appeared in the interior of each domain of domain II on heating at a temperature 77,
but basically disappeared at 77 on subsequent cooling. This reversible change in the banded structure indicates
that a phase transition occurs at 7. Because the banded domain structure appeared in the heating process, the
higher- and lower-temperature phases may have triclinic and monoclinic symmetries, respectively. In addition,
a similar banded domain structure was observed in a poled sample. On the basis of the existence of this feature,
we believe that the presence of the triclinic phase near the MPB may be the crucial factor responsible for the

excellent piezoelectric response in PZT.

DOI: 10.1103/PhysRevB.75.214111

I. INTRODUCTION

Piezoelectric materials acting as converters between me-
chanical and electrical energies have gained importance
through recent applications in fields such as medical
imaging.!=3 The simple perovskite oxide PbZr,_,Ti,O5 (PZT)
is known to exhibit an excellent piezoelectric response near
the morphotropic phase boundary (MPB) between the ferro-
electric tetragonal (F;) and rhombohedral (Fj) phases
around x=0.50.4

Many efforts have been undertaken to understand the ori-
gin of the excellent response in PZT.>"8 Recent synchrotron
x-ray powder diffraction experiments done by Noheda et al.
showed the existence of a ferroelectric monoclinic (F),)
phase in the Fy side of the MPB.%~!3 Figure 1 provides their
reported phase diagram of PZT in the vicinity of the MPB.
According to the diagram, the F'), phase appears via the Fp
phase in the cooling process from the paraelectric cubic (P)
phase, and the F,/ F phase boundary is almost independent
of temperature. On the basis of the latter finding, the F),/Fp
boundary, rather than the F;/F,, one, can be identified as the
MPB. In addition, Bellaiche et al. used an ab initio approach
to calculate the polarization rotation and the d3 piezoelectric
coefficient by applying an electric field of [111] orientation
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to the F; phase with [001] polarization.'* They found a sharp
peak of the ds3 coefficient at the F;/ Fy phase boundary, that
is, at the MPB. Thus the large piezoelectric response in PZT
seems to be directly associated with the polarization rotation
in the Fj,; phase.

The excellent piezoelectric response near the MPB in PZT
was obtained in poled samples, to which an external electric
field was applied. It is known that the poling treatment usu-
ally results in a preferred arrangement of ferroelectric do-
mains in response to an applied electric field. Furthermore, in
the case of the F), phase, the treatment should rotate the
direction of a polarization vector in the {110} planes. In fact,
as mentioned earlier, the polarization rotation in the F,
phase has been discussed theoretically. However, the detailed
features of both the ferroelectric domain structures near the
MPB and their changes as a function of temperature remain
unknown. Because any direction in the {110} planes is basi-
cally allowed as a polarization direction in the F), phase,
local fluctuations of a polarization vector may result in a
unique domain structure, such as a structure consisting of
nanometer ferroelectric domains. With this motivation, we
have used transmission electron microscopy to investigate
the crystallographic features of the ferroelectric domain
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FIG. 1. (Color) Reported phase diagram of PZT near the MPB
(Ref. 12). In the diagram, the red circles denote the temperatures, at
which the domain-structures changes occurred in the present PZT
samples with x=0.47 (B), 0.46 (C), and 0.42 (D).

structures near the MPB in PZT and their changes with re-
spect to temperature and external electric field.

II. EXPERIMENTAL PROCEDURE

In this study, PbZr,_,Ti,O; (PZT) samples with 0.38 <x
=0.52 were prepared by a conventional solid-state reaction.
Initial powders of PbO, ZrO,, and TiO, were first mixed by
ball milling for 16 h and pressed into pellets. After calcining
at 1173 K for 1 h, the pellets were crushed, mixed for 16 h,
and pressed into pellets again. Then they were sintered at
1448 K for 16 h. These sintered samples were provided for
dielectric  measurements and  transmission-electron-
microscopy observation.

The characterization of the dielectric properties of the
samples obtained in this study was accomplished by the mea-
surement of their real dielectric permittivities. We carried out
the measurement with a HIOKI 3532 LCR meter between
room temperature and about 730 K for frequencies of
1 kHz—1 MHz. In order to examine the features of the ferro-
electric domain structures in these samples, we used a JEM-
3010 transmission electron microscope with an accelerating
voltage of 300 kV to take their electron diffraction patterns,
and bright- and dark-field images between room temperature
and about 800 K. Ar-ion milled samples coated with carbon
films were provided for our observation. Note that the carbon
coating was applied to avoid charging. The average thickness
of samples for observation was estimated to be about
100 nm. Imaging plates were also used as a recording me-
dium to prevent specimen drift during observation.

An important feature of this experiment was our determi-
nation of the direction of a polarization vector in each ferro-
electric domain through the failure of Friedel’s law under a
two-beam condition.'>!® The details of the method have been
provided in our previous papers.!” Furthermore, in order to
understand the correlation between the excellent piezoelec-
tric response and the domain structure, we examined the
characteristic features of a ferroelectric domain structure in
poled samples with x=0.46. To obtain the poled samples, we
first heated them from room temperature to about 450 K, and
then cooled them down under an electric field of about
30 kV/cm.
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FIG. 2. Temperature dependence of the real dielectric permittiv-
ity &’ with 100 kHz in the cooling process for the x=0.50, 0.47,
0.46, and 0.42 samples.

III. EXPERIMENTAL RESULTS
A. Dielectric properties

In this study, we first confirmed the dielectric properties
of the prepared PZT samples. Before describing the features
of the ferroelectric domain structures found in the Fy, Fy,
and F' phases, we here report the temperature dependence of
the real dielectric permittivity &’ for the samples with 0.42
<x=0.52. Measured values of &' at 100 kHz for the x
=0.50, 0.47, 0.46, and 0.42 samples in the cooling process
are plotted in Fig. 2. Note that the x=0.50, 0.47, 0.46, and
0.42 samples, respectively, have the Fp, Fy, F), and Fjp
phases at room temperature. As the figure shows, each
sample exhibits a dielectric peak at the Curie temperature 7,
which is identical to that shown in the phase diagram of Fig.
1. The interesting features are that the temperature of the
peak maxiumum decreases as the Ti content x falls, and that
a relatively lower and broader peak is observed in the x
=0.42 and 0.46 samples. On the basis of this feature, it is
suggested that the behavior of the ferroelectric transition
should be unique for the x=0.42 and 0.46 samples near the
MPB.

B. Ferroelectric domain structures at room temperature

To clarify these dielectric features, we investigated the
detailed crystallographic characteristics of the ferroelectric
domain structures in the Fr, F,;, and Fy phases by transmis-
sion electron microscopy. The dark field images for the x
=0.50, 0.47, 0.46, and 0.42 samples, indicated by letters A,
B, C, and D in Fig. 1, are shown in Fig. 3. We first see the
tetragonal domain structure in image (A) of the x=0.50
sample, taken at room temperature using the 002 reflection in
the [100] electron incidence. Note that, in this paper, both
reflections and electron incidences in electron diffraction pat-
terns are indexed in terms of the pseudocubic notation. In
addition, to determine the direction of the polarization vector
indicated by the arrow in each ferroelectric domain, we used
the fact that, in the two-beam condition, a domain with a
polarization vector P gives rise to bright contrast for g-P
>0, where g is a scattering vector.'>~!7 In image (A) of the
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FIG. 3. Four types of ferroelectric domain structures observed at
room temperature. Dark field images show the domain structures of
the Fp, Fy;, and Fg phases in the PZT samples indicated by letters
A, B, C, and D in Fig. 1.

Fr phase, as a result of the domain-structure analysis, the
usual 90° and 180° domain boundaries are clearly visible in
the F7 domain structure.

Two types of domain structures, domains I and II, appear
in the the F);-phase images of the x=0.47 and 0.46 samples
at room temperature. These images of the x=0.47 and 0.46
samples were, respectively, taken by using the 110 reflection

in the [111] incidence direction and the 002 reflection in the

[110] direction. As is seen in image (B), the domain I ob-
served in 0.47<x=<0.50 exhibits a herringbone-type mor-
phology consisting of both the banded and striation contrasts.
It is worth noticing that the banded contrast is quite similar
to that in the 90° domain structure in the F; phase. In other
words, the striation contrast indicated by the arrow seems to
be produced by the introduction of one of the (110) compo-
nents to the [001] polarization in the F; phase. On the other
hand, domain II with curved domain boundaries mainly ap-
pears around x=0.46 near the MPB, and is not obviously a
usual ferroelectric domain structure. The characteristic fea-
tures of domain II are that many bright-contrast spotty areas
with an average size of about 10 nm exist in the interior of
each domain, and that the spotty areas tend to align along the
[111] direction. On the basis of these features, thus, it seems
that each domain in domain II can be identified as an aggre-
gation of nanometer spotty areas.

The Fyr domain structure at room temperature near the
MPB is seen in image (D), taken from the x=0.42 sample,

using the 002 reflection in the [110] electron incidence. A
usual F domain structure with straight domain boundaries is
clearly observed in the image. An interesting feature is, how-
ever, that many nanometer spotty areas are detected in each
F domain, just as in the case of domain II in the F, phase.
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FIG. 4. G-vector dependence of contrast in the dark field images
for domain I in the F); phase, together with a model of domain I.
These images were taken from the x=0.47 sample at room tempera-
ture, using the (a) 0024, (b) 002, (c) 110 and (d) 1104 reflections,
where the subscripts, A and B, indicate two original tetragonal vari-
ants. In (e), the resultant polarization-vector directions produced by
a sum of [001] and (110) components are denoted by the heavy
arrows.

Although the details of the domain-structure analysis for the
Fr phase will be described later, these features seem to indi-
cate that the difference between the domain structures in the
F); and Fp phases near the MPB is simply in the straightness
of the domain boundary. In other words, if each spotty area
corresponds to a nanometer ferroelectric domain, each do-
main in the F; and F domain structures appearing near the
MPB can be identified as an aggregation of nanometer ferro-
electric domains. In any case, the characteristic features of
the domain structures at room temperature appear to be quite
compatible with those of the dielectric properties mentioned
before.

C. Crystallographic features of domain I in F,; phase

Of the two monoclinic domain structures at room tem-
perature, we here describe the results of a domain-structure
analysis for domain I. The analysis was conducted by taking
dark field images with various g vectors. Figure 4 shows four
dark field images obtained from the same area in the x
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=0.47 sample, together with the schematic diagram for the
determined domain-structure model. The images in (a)—(d)
were, respectively, taken with g=002,, 0023, 110z, and 1104
in the [ 110] electron incidence direction. Note that subscripts
A and B denote two original tetragonal variants. In the (a)
and (b) images with g=002, and 002, the banded contrast is
clearly seen, and the bright- and dark-band contrasts are per-
fectly reversed. Because these banded contrasts are due to
diffraction contrast, the bright bands in the (a) and (b) im-
ages correspond to the original A and B tetragonal variants,
respectively. The striking feature of these images is that the
striation contrast is missing in the B variant of the (b) image
with g=0025. This absence suggests that the transition from
the F; phase with the (001) polarizations results in the intro-

duction of the [110] or [110] polarization component, which
is perpendicular to g=0025. We thus checked the contrasts in
the (c) and (d) images with g=110 and —g=110 on the basis
of the failure of Friedel’s law. As suggested above, actually,
the striation contrast is seen in the B variant. The striation
contrast in these images exhibits two features: first, that one
striation consists of a pair of fine, bright and dark stripes
with an average width of about 20 nm, and second, that a
gray region separates two neighboring pairs. Because the
contrasts of the fine bright and dark stripes are reversed in
these images, thus, the bright stripe is confirmed to have the

[110] component for (c) and the [110] one for (d), both of
which are parallel to the stripe direction. In addition, the
polarization in the original tetragonal B variant should be
parallel to the [001] direction.

Based on these results, we propose the following domain-
structure model for domain I. The polarization direction de-
termined for each domain in the area marked by the dotted
square in (d) is shown in Fig. 4(e). As is indicated by the
arrows, the bright and dark stripes, and the gray region, re-
spectively, have their polarizations along the [110]+[001],

[110]+[001], and [001] directions. In other words, the Fj
phase with the [001] polarization still exists in the gray re-
gion. Thus we identify domain I as a two-phase state con-
sisting of the F), and F; phases. It was also found that a
further cooling below room temperature was needed to ob-
tain the single F; phase, although the experimental data con-
cerning this is not shown here.

To confirm that the striation contrast originates from the
introduction of the (110) components into the F; phase, we
have examined the crystallographic features of the reverse
F);— Fy transition by in situ observation using the transmis-
sion electron microscope. The dark field images in Figs.
5(a)-5(c) were, respectively, taken from the x=0.47 sample
at 293, 371, and 478 K in the heating process from room
temperature. The electron beam incidence in these images is
parallel to the [110] direction, and the 002 reflection for one
original tetragonal variant was used to obtain these images.
Both the banded and striation contrasts characterizing do-
main I in the F,, phase are clearly seen in (a) at 293 K.
When the temperature is raised from 293 K, the striation
contrast becomes faint and disappears around 430 K, which
is the transition temperature of the reverse transition. Figure
5(c) at 478 K actually exhibits only the banded contrast due
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FIG. 5. Reverse phase transition from the F; phase to the Fr
phase on heating. The images were taken using the 002 reflection
from the x=0.47 sample at (a) 293 K (room temperature), (b)
371 K, and (c) 478 K. Domain I at room temperature in the Fy,
phase is converted into the tetragonal banded domain structure
around 370 K by an annihilation of striation-contrast regions.

to the 90° domain structure in the F phase. In other words,
no change occurs in the banded contrast in the reverse tran-
sition. This fact is clearly direct evidence that the Fy— F),
transition on cooling is characterized only by the introduc-
tion of the (110) polarization components, which gives rise
to the striation contrast in the dark field images.

D. Crystallographic features of ferroelectric domain structures
in Fy phase

The Fp domain structure at room temperature near the
MPB was found to be a usual type of structure with straight
domain boundaries, as is shown in the image (D) of Fig. 3.
Before discussing the experimental data concerning domain
II in the Fj;-phase side of the MPB, we describe the results
for both the domain-structure analysis of the Fp domain
structures, including the usual room-temperature structure,
and the change in domain structures with respect to tempera-
ture in the Fy side. Figure 6 shows four dark field images of
the domain structure in the x=0.42 sample at room tempera-
ture. The images in (a)-(d) were taken using, respectively,
the g=002, 002, 110, and 110 reflections. Note that the im-
age in Fig. 6(a) is the same as that in image (D) in Fig. 3.
Figures 6(a) and 6(b) clearly exhibit the F domain structure,
detected as bright- and dark-contrast regions. The important
feature in them is that the identity of the bright- and dark-
contrast regions are reversed in the two images. This result
provides evidence that the bright-contrast regions in Figs.
6(a) and 6(b) have polarization components parallel, respec-
tively, to the [001] and [001] directions. On the other hand,
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FIG. 6. (Color) Dark field images of the domain structure at
room temperature in the F phase, together with the result of the
domain-structure analysis. The images were taken from the same
area of the x=0.42 sample at room temperature, with g=(a), 002,
(b) 002, (c) 110, and (d) 110 in the [110] electron beam incidence.
In result (e), the solid arrow indicates the resultant polarization-
vector direction in each domain, which is a sum of the (001) and
(110) components.

the bright- and dark-contrast regions in Figures 6(c) and 6(d)
are different from those in Figs. 6(a) and 6(b), but each is the
reverse of the other. In this case, the [110] and [110] com-
ponents are involved in the respective bright-contrast regions
of Figs. 6(c) and 6(b). On the basis of these results, we
determined the domain structure at room temperature, which
is schematically depicted in Fig. 6(e). The schematic diagram
shows that the determined F domain structure at room tem-
perature consists of the usual 180° and 109° boundaries with
the rhombohedral (111) polarization directions. In spite of
these common features, we have to keep in our mind that
many nanometer spotty areas are present in the interior of
each domain, as seen in Figs. 6(a) and 6(b) with g=002 and
002.

To examine the detailed features of the changes in the
[001]- and [110]-component areas as a function of tempera-
ture, the x=0.42 sample exhibiting the usual Fp domain
structure was heated from room temperature to 660 K, a
value above the 7. Note that the temperature dependence of
&' in Fig. 2 indicates the T of 653 K. Figure 7 shows three
pairs of dark field images of the same area, taken at 300, 620,
and 660 K, using g=002 and 110. At 300 K, Fig. 7(a’) with
g=002 exhibits the 109° and 180° domain boundaries, as
was seen in Fig. 6(a), while only the 180° boundary is de-
tected in Fig. 7(a) with g=110.

When the temperature is raised to 620 K, a value below
T¢, the same [110]-component area still exists in Fig. 7(b)
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FIG. 7. Change in the [001]- and [110]-component areas in the
heating process for the x=0.42 sample exhibiting the usual F do-
main structure at room temperature. The dark field images indicat-
ing the change in these component areas were taken at 300 K, (a)
and (a’), 620 K, (b) and (b"), and 660 K, (c) and (c'), using the 110
and 002 reflections in the (110) electron incidence. The heavy ar-
rows in the (b") image indicate the anomaly in the contour regions,
which is due to the presence of the boundary between the [110]- and

[110]-component areas.

with g=110, in spite of its relatively weak contrast. On the
other hand, Fig. 7(b’) with g=002 clearly indicates that the
domain structure consisting of the 109° and 180° boundaries
is collapsed into a domain structure of nanometer-sized,
spotty areas. It should be remarked that the boundary be-
tween the [110]- and [110]-component areas can be detected
as an anomaly in the contour regions, as indicated by the
thick arrows. As a result of the collapse of the [001]-
component area, then, the ferroelectric domain structure be-
tween about 600 K and T can be identified as a nanometer-
sized domain structure. When the temperature was further
raised above Ty, the large [110]-component area was annihi-
lated at T, and the sample transformed into the P, phase, as
seen in Fig. 7(c) at 660 K. In the F} side of the MPB, it was
thus found that there existed a continuous change, as a func-
tion of temperature, between the usual and the nanometer-
sized domain structures.

The above-mentioned data revealed that the change be-
tween the usual and nanometer-sized domain structures oc-
curred in the Fy side of the MPB. To clarify the crystallo-
graphic featrures of the change, and in particular, the
collapse of the usual domain structure, we took a series of
dark field images during the domain-structure change. The
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FIG. 8. Series of dark field images indicating the continuous and
reversible change between the usual and nanometer-sized domain
structures in the F side of the MPB. These images were taken from

the same area of the x=0.42 sample, with g=002 in the [110] elec-
tron incidence. To clearly show the arrangement of nanometer do-
mains produced by a local conversion of the (001) components, we
also provide the enlarged image of the region surrounded by the
white lines in the image at 550 K in the top-left figure.

images shown in Fig. 8 were obtained from the same area of
the x=0.42 sample with 7-=653 K in the heating and sub-
sequent cooling processes between 300 and 700 K. Note that
our observation was carried out for a single [110]-component
area to avoid the complexity resulting from the presence of
many areas with different polarization components. The
starting state at 300 K is characterized by the banded con-
trast, a result indicating the 109° domain structure seen in the
left-bottom image. When the sample is heated from 300 K,
the banded contrast becomes faint, and collapses around
600 K, as in the left-side images at 550 and 611 K. In order
to understand the detailed change in the collapse, we care-
fully examined the enlarged image of the area surrounded by
the white lines in the image at 550 K. In the enlarged image,
there exist bright spotty areas aligned along the [111] direc-
tion in the dark pll[111] domain, and dark spotty areas along
the [111] direction in the bright plI[111] domain. Apparently,
the usual domain structure is collapsed when the number of
these spotty areas increases beyond a certain value. As a
result of the collapse, many nanometer spotty areas are then
distributed uniformly in the nanometer-sized domain struc-
ture, as seen in the image at 638 K.

To further examine the domain-structure change in the
cooling process, the same sample was cooled down from
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FIG. 9. (Color) Dark field images used in the analysis of the
nanometer-sized domain structure, together with its domain-
structure model. These images were taken from the nanometer-sized
domain structure of the x=0.42 sample at 638 K, with g=(a) 110,
(b) 002, and (c) 002 in the [110] electron incidence. The image in
(d) shows the calculated reverse image contrast of the (b) image.
Friedel’s law fails only in the contour region indicated by the white
thick arrows. In the domain model (e), two types of nanometer
domains with the [110]+[001] and [110]+[001] polarization vec-
tors are assumed to have a circular shape with a diameter of 10 nm.

638 K to room temperature, as is shown in the right-side
images of Fig. 8. When the temperature is lowered from
638 K, the nanometer spotty areas in the nanometer-sized
domain structure tend to align along the [111] or [111] di-
rection in the image at 575 K. A notable feature in this image
is that larger, bright-contrast areas appear locally, generated
by a coalesence of spotty areas, as marked by the arrows in
the image. On the basis of the images at 545 and 300 K, we
find that after these larger, bright-contrast areas develop, the
usual 109° domain structure forms. That is, the change be-
tween the nanometer-sized and usual domain structures is
continuous and reversible. Because the usual Fp domain
structure is formed by a coalesence of nanometer spotty ar-
eas, each domain in it can be regarded as an aggregation of
nanometer ferroelectric domains.

We here describe the result of the analysis of the
nanometer-sized domain structure appearing just below the
T¢ of 653 K. Figure 9 shows three dark field images of a
single [110]-component area in the x=0.42 sample at 638 K.
The images in Figs. 9(a)-9(c) were taken with g=110, 002,
and 002, and the calculated image in Fig. 9(d) was obtained
by a contrast reversal of Fig. 9(b). Looking first at the image
with g=110, we detect no notable contrast in it because of
the single [110]-component area. On the other hand, spotty-
contrast areas, estimated to be about 10 nm in average size,
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appear in the images with g=002 and 002. In order to check
the positional relationship between the bright and dark spotty
areas, we compared the contrasts between the experimental
(c) and calculated (d) images, selecting the contour region
indicated by the thick arrows. We did so because Friedel’ law
fails only in a region where the Bragg condition is satisfied
under the two-beam condition. As the thin arrows indicate,
the bright and dark spotty areas present along the contour
region are basically identical to each other in size and shape.
The polarization components of the bright areas in Figs. 9(b)
and 9(c) are then parallel to the [001] and [001] directions,
respectively. A model of the nanometer-sized domain struc-
ture determined on the basis of these features is depicted in
Fig. 9(e). In the model, two types of domains with [110]

+[001] and [110]+[001] polarization vectors are uniformly
distributed in space. Because the ratio between the magni-
tudes of the [110] and (001) components is not restricted to
2:1, the direction of the polarization vector in each nanom-
eter domain does not need to be parallel to one of the rhom-
bohedral (111) directions. In this study, however, we could
not determine whether a crystal symmetry of a nanometer
domain is thombohedral or monoclinic.
As was mentioned just above, two types of nanometer
domains in the nanometer-sized domain structure have the

[110]+[001] and [110]+[001] polarization vectors. Thus the
appearance of nanometer domains before the collapse in the
heating process, as in the image at 550 K of Fig. 8, must be
directly associated with a local conversion between the [001]

and [001] polarization components. That is, when the [001]
component in a rhombohedral [111] domain is, for instance,

converted locally into the [001] component, a nanometer do-

main with the [110]+[001] vector appears in the original
[111] domain. In addition to these features, we should note
the following fact: an average (001) component must be zero
in a large [110]-component area. With the spatial cancella-
tion of the (001) components, the nanometer-sized domain
structure consisting of nanometer ferroelectric domains can
be regarded as an aggregation-type domain structure with
average orthorhombic symmetry. Note that each large [110]-
component area should correspond to one orthorhombic do-
main in the aggregation-type domain structure.

E. Crystallograpic features of domain II appearing in the F,;
phase near the MPB

The usual room-temperature domain structure in the Fp
side of the MPB was understood to be an aggregation-type
with rhombohedral symmetry. With this result in mind, we
examined the characteristic features of the domain II appear-
ing in the F), side of the MPB by taking dark field images
with various g vectors. For this domain, we wished to clarify
the identity of a nanometer spotty area observed within it.
Five dark field images of the same area in the interior of one
of the domains are shown in Fig. 10. The images in Figs.
10(a)-10(e), respectively, were taken from the x=0.46
sample at room temperature, with g=002, 111, 112, 121, and

111. The (110) pole figure indicating the directions of these g
vectors is also provided. Of these images, the 002 image
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FIG. 10. G-vector dependence of contrast in the dark field im-
ages for domain II in the F), phase, together with the (110) pole
figure. The images were taken from the x=0.46 sample at room
temperature, using the (a) 002, (b) 111, (c) 112, and (e) 111 reflec-
tions in the [110] electron incidence, while the 121 reflection in the
[111] incidence was used for the image in (d). The electron diffrac-
tion patterns corresponding to the images in (c), (d), and (e) are also
shown in the insets. In (f), the (110) pole figure shows the orienta-
tion relationship between (a), (b), (c), (d), and (e).

exhibits the bright-contrast spotty areas, as is seen in the x
=0.46 image in Fig. 3(c). In order to understand the origin of
these areas, we turned to the image in which g=111. The fine
striation contrast, usually called a tweed pattern, along the
[111] direction appears in the 111 image. According to sev-
eral studies on ferroelastic phase transitions, a strain field
produced by the presence of nanometer regions generates
this tweed pattern.!®2! Thus these areas should reflect na-
nometer ferroelectric regions arranged along the [111] direc-
tion; such regions may be F; domains with polarization vec-
tors P, nearly parallel to the (112) directions.??

We then focused on the images in which g=112 and 121,

together with the corresponding [110] and [111] electron
diffraction patterns in the insets. Note that, because the [112]
direction is normal to [111], the contrast due to the strain
field is completely missing in the [112] image. That is, we
can get only contrast due to ferroelectric domains them-
selves. In these images and patterns, the striking features are

214111-7



TOSHIHIRO ASADA AND YASUMASA KOYAMA

a4

FIG. 11. (Color) Proposed domain-structure model of domain IT
in the F), phase near the MPB. In the model, the size and shape of
the nanometer F'); domains are assumed to be about 10 nm and
circular on the basis of the bright-contrast areas in the 002 image of
Fig. 10(a).

that, surprisingly, the intensities of the 112 and 121 reflec-
tions in the patterns are slightly stronger than that of the
direct 000 reflection, and that, correspondingly, the 112 and
121 images produce the brightest contrast in the whole area,
a situation allowing the detection of dark-contrast spotty ar-
eas. These observations indicate that, as an individual do-
main cannot be separately detected, nanometer domains with
polarizations nearly parallel to the [112] and [121] directions
are uniformly distributed throughout this whole area. In ad-
dition, there is no notable contrast in the image in which g
=111 near g=112 and 121. This absence is indicative of the
fact that, because the polarization vectors Py lI[112], [121],
and [211] have the same value of g-Py; for g=111, nanom-
eter domains with the [211] polarization should also be
present in this area. It should further be remarked that images
with g=110, not shown here, were found to exhibit a nanom-
eter spotty contrast. In other words, there is no large
polarization-component areas in domain II, unlike the [110]-
component area in the nanometer-sized domain structure of
the F side.

Based on the above experimental data, we propose the
model of domain II shown in Fig. 11. In the model, each
domain in domain II is an aggregation of three types of na-
nometer monoclinic domains, which tend to align along the
[111] direction. The polarization vectors of the three nanom-
eter domains are nearly parallel to the [112], [121], and [211]
directions around the [111] direction. Note that the [111] di-
rection is obviously one of the polarization directions of the
Fr phase. Because the intensities differ among the 112, 121,
and 211 reflections in the diffraction patterns, the number of
these types of nanometer domains should not be equal to one
another. This inequality results in the deviation of the aver-
age polarization direction from the rhombohedral [111] di-
rection. It is thus understood that, as a total, each of the
domains in domain II have a certain polarization direction,
presumably a triclinic direction.

According to the literature-reported phase diagram in Fig.
1, the x=0.46 sample should undergo the phase transition to
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FIG. 12. Series of dark field images indicating the domain-
structure change in the F, side of the MPB. These images were
taken at (a) 293 K before heating, and at (b) 603 K, (c) 490 K, and
(d) 293 K on subsequent cooling, using the 102 reflection in the
[211] electron incidence. When the temperature was raised above
about 490 K, the new banded domain structure appeared in the
interior of each domain in domain IIL.

the F; phase on heating, just as in the case of the x=0.47
sample. However, the monoclinic domain structure, domain
II, in x=0.46 is quite different from that of domain I in x
=0.47. In order to understand the origin of the difference, we
conducted in situ observations of the phase transition be-
tween the F); and F; phases. Figure 12 shows four dark field
images of the same area in the x=0.46 sample in the heating
and subsequent cooling processes between room temperature
and 603 K. These images were actually taken at (a) 293 K
before heating, at (b) 603 K, (¢) 490 K, and (d) 293 K on

cooling, using the 102 reflection in the [211] electron beam

incidence. The reason for the adoption of the [211] inci-
dence, instead of the [110] incidence in Fig. 10, is that the
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overall features of a domain-structure change in the x=0.46
sample could easily be detected in this incidence. In other
words, the contrast that the nanometer domains create, which
is clearly present in the [110] incidence, is not apparent in

the [211] incidence.

In Fig. 12(a), taken at 293 K before heating, domain II
with curved boundaries is observed as the initial state. When
we heated the sample from 293 K, we could detect the ap-
pearance of a new banded domain structure with a width of
about 20 nm, as seen in Fig. 12(b). The characteristic fea-
tures of this new structure are that a domain boundary is not
parallel to a crystallographic plane with a lower index, and
that the original domain boundaries in domain II still exist,
though they are slightly changed. When the temperature was
then lowered from 603 K, the new banded structure was an-
nihilated at a T of about 490 K, as seen in Figs. 12(c) and
12(d). Interestingly, the temperature Ty is almost identical to
the transition temperature of the teteragonal-to-monoclinic
transition in the phase diagram of Fig. 1. The reversible
change in the domain structures at 7y obviously indicates the
presence of a new phase transition between two ferroelectric
phases. In other words, the appearance of the banded struc-
ture on heating reflects a lowering of crystal symmetry. Thus
the new transition appears not to be the transition between
the F), and F phases. In addition, some of the bands in the
banded structure were not sometimes annihilated in the cool-
ing process. At a later point, we will discuss the details of the
phase transition in the F,, side, including the survival of
some of the bands.

Finally, in order to understand the correlation between the
domain structure and the large piezoelectric response near
the MPB, we examined the characteristic features of a do-
main structure at room temperature in poled samples with
x=0.46. To obtain the poled samples, we heated the x
=0.46 sample from room temperature to about 450 K and
then cooled it down under an electric field of about
30 kV/cm. Figure 13 shows two dark field images indicating
a domain structure in a poled sample. These images were
taken from the same area at room temperature, using the 102

reflection in the [211] incidence direction, but Fig. 13(b) was
obtained by a very slight rotation of the sample from the
incidence direction for Fig. 13(a). The reason for the rotation
was that, owing to severe sample distortion, the Bragg con-
dition was difficult to fulfill in a wider area. On the basis of
both images, we found that the banded domain structure had
formed in the interior of almost every domain of domain II.
This banded structure is very similar to that obtained by the
sample heating above T7. In particular, the domain boundary
is not parallel to one of the crystallographic planes with low
indexes. Evidently, then, an application of an electric field to
a sample exhibiting domain II is equivalent to heating the
sample. The appearance of the high-temperature phase in the
F), side of the MPB is likely to play an essential role in the
large piezoelectric response in PZT.

IV. DISCUSSION

The experimental data in this study revealed that at room
temperature near the MPB there existed two types of ferro-
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FIG. 13. Two dark field images of domain structure in a poled
sample with x=0.46. Both images were taken from the same area at
room temperature, using the 102 reflection, basically in the [211]
electron incidence. However, the incidence in (b) is slightly rotated
from that in (c), owing to severe distortion of the sample. In the
images, the banded domain structure is clearly observed in the in-
terior of each domain in domain II with curved boundaries.

electric domain structures, referred to as domains I and II in
the F,; phase, in addition to the usual structure consisting of
109° and 180° boundaries in the F phase. Of the two mono-
clinic domain structures, domain I in 0.47<x=<0.50 was
produced as a result of the F'r— F; phase transition accom-
panying the introduction of the (110) polarization compo-
nents. In contrast, domain II in x=0.46 near the MPB is
characterized by curved domain boundaries, and each do-
main in it is identified as an aggregation of three types of
nanometer ferroelectric domains. The interesting feature is
that, in the usual room-temperature structure in the F side of
the MPB, each domain also appears to be an aggregation of
two types of nanometer domains. In other words, the room-
temperature domain structures in both sides of the MPB can
be referred to as an aggregation-type domain structure.

Our in situ observations showed that, when the tempera-
ture was lowered from the P, phase, a coalescence of na-
nometer domains in the nanometer-sized domain structure,
formed just below the T, produced the usual Fp domain
structure. Although the crystal symmetry of a nanometer do-
main is monoclinic or rhombohedral, the nanometer-sized
domain structure was also suggested to be an aggregation-
type with average orthorhombic symmetry. In the F, side of
the MPB, on the other hand, heating from room temperature
resulted in the formation of the new banded domain structure
at T;. Because the banded domain structure was basically
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annihilated at 77 on subsequent cooling, the new phase tran-
sition most likely occurs in the F,, side. In addition, we
noted a similar banded domain structure in the interior of
each domain of domain II in poled samples with x=0.46.
Because an excellent piezoelectric response was obtained
near the MPB in the poled samples, the new phase transition
producing the banded domain structure is likely to be crucial
for an understanding of the excellent response in PZT.

A continuous and reversible change between the usual and
nanometer-sized domain structures existed in the Fp side of
the MPB. In our opinion, the nanometer-sized domain struc-
ture is an aggregation-type domain structure with average
orthorhombic symmetry; our reasoning is that an average
(001) polarization component must be zero in a large [110]-
component area coresponding to an orthorhombic domain.
Based on this feature, the origin of the domain-structure
change in the Fy side is connected with the result that the
collapse of the usual domain structure on heating is directly
associated with a local conversion between the [001] and

[001] polarization components. In fact, it seems that the col-
lapse originates in the increase in the number of nanometer
domains, which are produced by a local conversion, beyond
a certain value. Although we could not determine whether a
symmetry of a nanometer domain in the nanometer-sized
doamin structure is monoclinic or rhombohedral, it seems to
us that the occurance of a local conversion is associated with
the rhombohedral-to-monoclinic symmetry change in a na-
nometer domain. If so, this symmetry change must be re-
sponsible for the collapse of the usual domain structure. In
the senario based on the symmetry change in a nanometer
domain, further, the formation of the usual domain structure
from the nanometer-sized structure can be explained in the
following way. That is, the nanometer domains in the
nanometer-sized domain structure are first rearranged along
the (111) directions; when they coalesce, larger areas, indi-
cated by the arrows in Fig. 8, appear. The usual domain
structure was then formed by the growth of these larger ar-
eas. Based on this senario, thus, a monoclinic-to-
rhombohedral symmetry change in the cooling process may
occur in a nanometer domain with the appearance of such
areas.

Domain II, as an aggregation-type domain structure, was
found to be present in the Fj, side of the MPB. When the
x=0.46 sample exhibiting domain II was heated from room
temperature, the new, banded domain structure was formed
in the interior of each domain of domain II at 77, which
corresponds to the transiton temperature between the F and
F), phases in the phase diagram of Fig. 1. This domain struc-
ture is basically annihilated at 7y on subsequent cooling, a
result which indicates that the phase transition exists. How-
ever, the appearance of the banded structure suggests that the
transition is different from that between the F,, and F;,
phases.

In order to understand the features of the new phase tran-
sition, we focus on two points: first, that the appearance of
the banded domain structure on heating reflects a lowering of
the crystal symmetry, and second, that the banded structure is
one of the aggregation-type domain structures. It is obvious
that a crystal symmetry lower than monoclinic can only be
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triclinic. In that case, the higher- and lower-temperature
phases in the F), side of the MPB possess triclinic and
monoclinic symmetries, respectively. Furthermore, because
the domain structures in these phases are of an aggregation
type, the symmetry change may occur in a nanometer do-
main. Thus the reversible change in the banded domain
structure should be attributed to the phase transition between
the triclinic and F,, phases, which is associated with the
symmetry change in a nanometer domain. In this scenario
also, the polarization vector for each nanometer domain in
the triclinic phase does not necessarily return to an original
monoclinic vector in the symmetry change on cooling. In the
Fp side, in fact, such a large vector change, produced by a
local (001) conversion, actually occurs in the domain-
structure change. This polarization vector irreversiblity in the
transition could thus account for the survival of some bands
in the cooling process.

The excellent piezoelectric response was obtained in
poled samples having the Zr content near the MPB.!~* In this
study, we subjected samples exhibiting domain II to the pol-
ing process. In the dark field images of Fig. 12, the banded
domain structure with an average width of about 20 nm ex-
ists in the interior of each domain of domain II. An interest-
ing feature of the banded structure is that the domain bound-
ary is not parallel to one of the crystallographic planes with
lower indexes. Hence this feature is entirely consistent with
that of the banded structure obtained by the sample heating
above Ty. This implies that the application of an electric field
induces the phase transition to the triclinic phase. Based on
this result, it is suggested that the triclinic phase should play
a crucial role in the appearance of the excellent piezoelectric
response in PZT.

Finally, we turn to the origin of the appearance of the
aggregation-type domain structures near the MPB in PZT. In
this paper, the aggregation-type domain structure is defined
as a ferroelectric domain structure, each domain of which
comprises an aggregation of nanometer domains with an av-
erage size of about 10 nm. The important feature for the
understanding of the origin of this appearance is that the
crystal symmetries of the nanometer domains found in this
strudy are triclinic for the banded domain structure, mono-
clinic for domain II, monoclinic or rhombohedral for the
nanometer-sized domain structure, and rhombohedral for the
usual room-temperature Fp domain structure. Because na-
nometer domains are formed at the 7, in particular, it seems
that the triclinic and monoclinic symmetries are crucial for
their appearance. That is, the weak crystallographic con-
straint resulting from such reduced symmetries should allow
remarkable local fluctuations of a polarization vector. In ad-
dition, due to the B-site disordering in the PZT, local fluc-
tuations would be enhanced by a random electric field. These
fluctuations then bring about the formation of a nanometer
domain. This hypothesis leads us to conclude that these two
factors, a lower symmetry and a random field, must be re-
sponsible for the appearance of the aggregation-type domain
structures.

V. CONCLUSIONS

The present room-temperature and in situ transmission
electron microscope observations reveal that four types of
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aggregation-type ferroelectric domain structures exist near
the MPB in PZT. The striking feature of these structures is
that each domain is an aggregation of nanometer domains
with an average size of about 10 nm. Among them, the do-
main II and the banded domain structure in the F, side of
the MPB can, respectively, be identified as aggregation-type
structures in the low-temperature F), and high-temperature
triclinic phases. In the F side, the usual Fz domain structure
consisting of the 109° and 180° boundaries at room tempera-
ture are also of an aggregation type, and its nanometer do-
main has rhombohedral symmetry. When the temperature is
raised from room temperaure, the usual domain structure is
converted into the nanometer-sized domain structure consist-
ing of nanometer ferroelectric domains. Because an average
{001) polarization component must be zero in a large [110]-
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component area, the nanometer-sized domain structure can
be regarded as an aggregation-type structure with average
orthorhombic symmetry. In addition, the application of an
electric field to samples exhibiting domain II resulted in the
appearance of the banded domain structure, the same as that
which was obtained by heating the sample. This result indi-
cates that the presence of the triclinic phase is crucial for the
appearance of the excellent piezoelectric response in PZT.
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