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Most antiferroelectric ceramics are modified from the prototype PbZrO3 by adding Sn and Ti in conjunction
with small amount of Nb or La to optimize their properties. These modifiers introduce unique nanoscale
structural feature to the ceramics in the form of incommensurate modulations. It was shown previously that the
modulation is strongly responsive to a change in chemical composition or temperature. However, its response
to an electric field, the driving force in real applications, has not been explored before. In the present work the
dynamic evolution of the incommensurate modulation during the electric field-induced antiferroelectric-toferroelectric transformation was observed with an in situ transmission electron microscopy 共TEM兲 technique.
The results indicate that the incommensurate modulation exists as a transverse Pb-cation displacement wave.
The wavelength was found to be quite stable against external electrical stimuli, in sharp contrast to the
dramatic change under thermal stimuli reported previously. It is suggested that the appeared incommensurate
modulation is an average effect of a mixture of two commensurate modulations. The electric field-induced
antiferroelectric-to-ferroelectric transformation proceeds with aligning the Pb-cation displacements, which resembles the process of 90° reorientation and 180° reversal in normal ferroelectrics.
DOI: 10.1103/PhysRevB.72.024102

PACS number共s兲: 77.80.Bh, 61.44.Fw, 61.14.Lj, 77.80.Dj

I. INTRODUCTION

In many solids a local property, such as electric polarization, magnetization, charge density, mass density, and atomic
position, is modulated with a periodicity qI which is incommensurate to the periodicity q p of the underlying lattice.1,2
Such incommensurate modulations have been observed in
PbZrO3- and PbZrO3-based ferroelectric and antiferroelectric
perovskite, using the selected area electron diffraction
共SAED兲 technique in transmission electron microscopy
共TEM兲.3–17 Based on the prominent effects of chemical composition and temperature on the modulation wavelength, it
has been suggested that frustration from the competing ferroelectric ordering and antiferroelectric ordering is responsible
for the presence of the incommensurate structure.9 However,
the exact cause of the incommensurate phase in these oxides
is still under debate. Several mechanisms have been offered
so far for the structural mechanism, including Pb-cation displacement, O-octahedron tilting, lattice strain, and vacancy
ordering.3–17 One well accepted phenomenon in these polar
oxides is that the incommensurate phase would not be observed to develop until the solid is cooled below the Curie
temperature, strongly suggesting that the incommensurate
structure resides in the polar order. The presence of incommensurate modulations in ferroelectric perovskite is highly
unique because cation displacement is coupled with electric
polarization in these ceramics.
The PbZrO3-based antiferroelectrics are also of technological importance due to their wide applications in microelectromechanical systems and energy storage devices.18–21
The electric field-induced antiferroelectric-to-ferroelectric
phase transformation forms the physics basis for these applications. However, the transformation requires a so strong
electric field in the prototype antiferroelectric PbZrO3 that
1098-0121/2005/72共2兲/024102共10兲/$23.00

dielectric breakdown occurs instead.22,23 Therefore, most antiferroelectric ceramics are chemically modified by adding
Sn, Ti, and Nb or La to reduce the critical field and optimize
the properties.3–21 It is widely believed that the reduction in
the critical field traces its origins to the hierarchical microstructures: the subgrain level antiferroelectric 90° domains
共the checkerboard pattern兲 and the nanoscale incommensurate modulations within the domains.4 Presumably the modulation transforms into a commensurate one during the fieldinduced antiferroelectric-to-ferroelectric phase transformation. However, this has yet to be confirmed experimentally.
Furthermore, a structure model for the incommensurate
modulation in these oxides is still lacking and the details of
the structure of the 90° domain wall in modulated antiferroelectrics have not been revealed so far.24
The transformation of the incommensurate modulation in
PbZrO3-based antiferroelectrics has been investigated by
changing in chemical compositions and temperatures. It is
still reasonable to argue that electric field is a much
“cleaner,” more unidirectional driving force for the incommensurate phase transformation in these electrically active
solids. Electric fields are known to enhance ferroelectric ordering and transform antiferroelectric phases into ferroelectric ones.18–21 On the other hand, electron diffraction, to the
authors’ best knowledge, is the only technique employed so
far to reveal the incommensurate modulation in these ceramics. Therefore, an in situ TEM technique capable of delivering high electric fields to TEM specimens while imaging
would be ideal for the study of such transformation.25–27 In
the present work, we report detailed information obtained
from such in situ TEM experiments on the evolution of incommensurate modulations. We then propose a structure
model for the incommensurate modulation and the associated
antiferroelectric 90° domain walls.
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FIG. 1. Schematic diagram of specimens for the electric field in
situ TEM study. The two dark areas at the edge of the central
perforation indicate the area examined in the TEM.
II. EXPERIMENTAL PROCEDURE

Hot pressing after calcination was used to prepare the
antiferroelectric ceramic. Raw powders with purity better than 99.9% of PbO, Nb2O5, ZrO2, SnO2, and TiO2
were batched according to the chemical formula
Pb0.99Nb0.02关共Zr0.58Sn0.42兲0.955Ti0.045兴0.98O3 共abbreviated as
PZST 42/ 4.5/ 2兲. Isopropyl alcohol was added to the mixed
powders and the slurry was then milled in a plastic bottle
with zirconia media on a vibratory mill for 6 h. The slurry
was dried in an oven at 150 °C for 24 h. After drying, the
powders were calcined at 860 °C for 4 h in a covered alumina crucible. The calcined powder was then milled again
for 6 h. After drying, pressed cylinders, 15 mm in diameter
by 20 mm high, were formed by cold-isostatic pressing at
350 MPa. The preformed pellets were then hot pressed in an
Al2O3 die at 1100 °C for 2 h in air. Thin slices from the hot
pressed piece were annealed at 1300 °C for 6 h in an atmosphere containing excess PbO. After removal of surface layers by grinding, the annealed slices were polished and electroded. Dielectric characterization was performed with an
LCR meter 共HP-4284A, Hewlett-Packard兲 at frequency of 1
kHz in conjunction with an environmental chamber. A heating rate of 3 ° C / min was used during measurement. Electric
field-induced polarization was recorded with a standardized
ferroelectric test system 共RT-66A, Radiant Technologies兲.
After electrical measurements, disks of 3 mm in diameter
were ultrasonically cut from the specimens. The thickness of
the disks was reduced to about 150 m by mechanical grinding and polishing. The center portion was further thinned to
around 10 m by mechanical dimpling. Then the specimens
were annealed at 250 °C for 30 min to minimize residual
stresses. An argon ion mill was used for the final thinning
until perforation occurred in the center. Gold electrodes with
spacing of 250 m were evaporated to the TEM specimens
and platinum wires were used to connect the electrodes to
the electrical contacts on a special double-tilt TEM holder
共Gatan, Inc.兲. Figure 1 shows the schematic diagram of the
TEM specimen geometry. Details of the electric field in situ
TEM technique can be found elsewhere.25–27 TEM studies
were carried out on a Phillips CM-30 microscope operating
at 300 kV.
It should be noted that the presence of the central perforation disturbs the electric field between the two half-circleshaped electrodes. In this study, observations were made on

FIG. 2. X-ray diffraction spectrum of the antiferroelectric PZST
42/ 4.5/ 2.

grains located within the two dark areas shown in Fig. 1. For
an ideal circular perforation, it was shown that the actual
field at these two sites preserves the direction of the nominal
field and its magnitude is intensified by a factor of 2.28 The
nominal field equals to the applied voltage divided by the
gap spacing. In this article, the value of the electric field
strength refers to the actual field at these two sites.

III. EXPERIMENTAL RESULTS
A. Average structure and electrical properties

X-ray diffraction was used to determine the average crystal structure of the annealed slices and the spectrum is shown
in Fig. 2. The ceramic takes a pseudotetragonal structure
with lattice parameters of a = b = 4.116 Å and c = 4.090 Å. In
this study, we adopt this pseudotetragonal structure for our
discussion, even though there is dispute about the fine structure of these ceramics.13–15,23,24
Temperature dependence of the dielectric permittivity of
PZST 42/ 4.5/ 2 is shown in Fig. 3. One distinct feature in the

FIG. 3. Temperature dependence of the relative dielectric permittivity at 1 kHz in the PZST 42/ 4.5/ 2.
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line labeled as “TEM.” The voltage applied was normalized
by the gap spacing 250 m. Compared to the bulk circular
plate sample with electric field along the thickness direction,
the TEM-specimen-like disk shows a more gradual phase
transformation starting at a higher EF about 70 kV/ cm. The
difference in the phase transformation behavior of the two
types of specimen may arise from the different geometries,
including the electrode geometry and the thickness difference. For the TEM-specimen-like disk, the field was applied
to a thickness-varying portion, with the thinnest part around
10 m, comparable to the grain diameter in the material.
B. The incommensurate modulation

FIG. 4. Electric field-induced polarization measurement at 4 Hz
from a bulk circular plate sample and an unperforated TEM
specimen.

dielectric response is the existence of a dielectric plateau
region between 134 and 180 °C. The dielectric constant
peaks with a value of 1394 at the temperature of 180 °C.
Two secondary dielectric anomalies are also noticed in this
composition. One is at 134 °C and the other is around
−34 ° C. Based on previous studies on ceramics with similar
compositions,13 the PZST 42/ 4.5/ 2 ceramic is paraelectric
with cubic structure at temperatures above 180 °C, antiferroelectric with incommensurate modulations between −34
and 134 °C, antiferroelectric with commensurate modulations below −34 ° C. The ceramic is in a multicell cubic
state in the plateau region from 134 to 180 °C. The multicell
cubic region was previously attributed to the disruption of
the paraelectric-antiferroelectric transformation by Sn
doping.29
Electric field-induced antiferroelectric-to-ferroelectric
phase transformation is revealed by the polarization measurement. A circular disk specimen with a diameter about 12
mm and a thickness about 300 m was used. The electric
field was applied along the thickness direction at about 4 Hz.
The characteristic double hysteresis loops are shown in Fig.
4 with the dashed curve labeled as “bulk.” It is evident that
the antiferroelectric phase transforms to a ferroelectric phase
at a critical electric field about 50 kV/ cm 共it is referred to as
EF in literature兲, and the reverse transformation occurs when
the field is lowered down to 38 kV/ cm 共it is referred to as EA
in literature兲. Both transformations are abrupt and take place
within a narrow field strength range.
In order to determine the voltage needed for the in situ
TEM study and assess the sample geometry effect on the
field-induced antiferroelectric-to-ferroelectric phase transformation, a dimpled and annealed 3-mm diameter disc TEM
specimen 共not perforated兲 was also tested. This was a TEM
specimen prior to the argon ion mill and was electroded in
the configuration shown in Fig. 1. Such electrode configuration produces an in-plane electric field between the two halfcircle electrodes. The result is plotted in Fig. 4 with the solid

Conventional TEM examination reveals that the antiferroelectric PZST 42/ 4.5/ 2 ceramic displays hierarchical microstructural features, as shown in Fig. 5. The characteristic
checkerboard patterns of antiferroelectric 90° domains were
found in the majority of the grains, as shown in Fig. 5共a兲
where the electron beam was along the 关001兴 direction. The
90° domain walls roughly follow the 共100兲 or 共010兲 plane.
Small segments were also found to be parallel to the 兵110其
plane.
Close up examination of individual 90° domains along
关001兴 zone axis reveals the incommensurate modulation
stripes along 兵110其 planes and selected area diffraction shows
the corresponding satellite spots surrounding fundamental reflections 关Fig. 5共b兲兴. In general, the satellite reflections in
these modified antiferroelectric ceramics can be expressed as
ha* + kb* + lc* ± 共1 / n兲兵a* + b*其, where h, k, l are integers and n
can be directly measured from the diffraction pattern. The
measured n can be used to derive the modulation wavelength
if lattice parameters are known. From the inset of Fig. 5共b兲, n
is measured to be 6.02, which gives a wavelength of 1.75
nm. This value matches exactly to the direct measurement
from the image. Close examination of the electron diffraction
pattern shows that all the satellite spots around the hh0-type
fundamental spots 共these fundamentals are sitting on the row
including the transmitted spot兲 are much weaker than the
others. According to Zuo and Tao’s analysis on a different
perovskite oxide,30 this suggests that the incommensurate
modulation exists in the form of a transverse atomic displacement wave. Therefore, our study supports the Pb-cation
displacement structural mechanism.
When the selected area includes a 90° domain wall, two
sets of satellite spots are obtained, as depicted in Fig. 5共c兲.
Careful measurements from the inset diffraction pattern indicate that n = 6.97 for the vertical set of satellite spots 共the
corresponding modulation stripes in the image are in the
horizontal direction with a wavelength of 2.03 nm兲 while n
= 7.33 for the horizontal set of satellite spots 共the corresponding modulation stripes in the image are in the vertical direction with a wavelength of 2.13 nm兲. It is evident, therefore,
that the modulation wavelength varies even across a 90° domain wall within a single grain. It should be noted that the
material was annealed at 1300 °C for 6 h after hot pressing.
Therefore, the difference was likely to be caused by residual
stresses, not by heterogeneity in chemical composition. It is
also interesting to note that the 90° domain wall in Fig. 5共c兲
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deviated from the 共100兲 plane. This will be addressed in
detail in the discussion section in the following. Again, the
weaker satellite spots in the vertical set in the column passing through the transmitted beam and those in the horizontal
set in the row passing through the transmitted beam than the
others suggest a primary contribution from the Pb-cation displacements.
C. In situ TEM study

In situ TEM studies were carried out on a specimen that
was crack free at the edge of the central perforation. For an
ideal circular-shaped perforation, the actual electric field at
the two sites that are highlighted in Fig. 1 is intensified by a
factor of 2 共Ref. 28兲. The direction of the actual field at these
two sites preserves the direction of the undisturbed field
which is perpendicular to the electrode edges. When this
specimen was loaded to the special TEM holder, the gap
between the two half-circle electrodes was aligned with the
long axis of the whole holder, in other words, the primary
tilting axis. In such a configuration, the undisturbed electric
field 共the nominal electric field兲 is along the secondary tilting
axis, perpendicular to the primary tilting axis. Based on this
relation, the direction of the actual electric field is determined.
Electron transparent grains within the two highlighted areas outlined in Fig. 1 in the specimen were examined in the
TEM. One of the grains was found to have its 关001兴 axis
parallel to the electron beam without secondary tilting. This
grain was about 5 m in size. The 关001兴 zone-axis SAED
pattern was recorded at different field levels to monitor the
evolution of the incommensurate modulation. The electric
field strength was estimated by doubling the nominal field
strength.
The change of the satellite spots in the 关001兴 zone-axis
SAED pattern under static electric field is depicted in Fig. 6.
Initially, this grain displays two sets of satellite reflections.
As evident in Fig. 6共a兲, the satellite spots are strong in intensity and slightly elongated in shape. Similar to the diffraction
pattern shown in the inset of Fig. 5共c兲, the difference in the
intensity of satellite spots was again observed, indicating a
transverse Pb-cation displacement wave. Next, static electric
fields were applied and increased stepwise. The applied field
direction was determined to be along the gray line in Fig.
6共b兲. At an actual electric field of 60 kV/ cm, the horizontal
set of satellite spots almost completely disappeared. For the
vertical set, many satellite spots disappeared as well and the
remaining spots exhibited severe streaking 关Fig. 6共b兲兴.
The bright rectangular boxes in Figs. 6共a兲 and 6共b兲 enclose two fundamental reflections of 120 and 210. The appearance of the satellite spots of these two fundamental reflections at a series of field levels of 0, 8, 20, 30, 40, and
60 kV/ cm is shown in Fig. 7. It is evident that satellite reflections in both sets started to become weaker at an electric
field of 8 kV/ cm, which is far below the macroscopic critical
field for the antiferroelectric-to-ferroelectric phase transformation. The satellite spots in the horizontal set almost completely disappeared at 40 kV/ cm and became slightly diffused before their final disappearance. On the other hand, the
satellite reflections in the vertical set started to show severe

FIG. 5. The hierarchical structure in the antiferroelectric PZST
42/ 4.5/ 2. 共a兲 The checkerboard pattern of antiferroelectric 90° domains, 共b兲 the incommensurate modulation in one domain, and 共c兲
the incommensurate modulation across the 90° domain wall.

streaking at 20 kV/ cm and their presence persists up to
60 kV/ cm. This shows an orientation dependence of their
response to the external field. Details will be discussed in the
next section.
The value of n in ha* + kb* + lc* ± 共1 / n兲兵a* + b*其 was measured from electron diffraction patterns at different field levels and is plotted in Fig. 8. At each field level, at least ten
pairs of satellites were measured. For diffused satellite spots,
the measurement was performed at the point with the highest
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FIG. 6. Change of the satellite reflections in the 具001典 zone axis
selected area diffraction pattern under external electric field. 共a兲 E
= 0 and 共b兲 E = 60 kV/ cm. The gray line indicates the direction of
the applied field. The two rectangular boxes enclose the 120 and
210 fundamental reflections.

intensity. Again, a significant difference in n occurred across
a 90° domain wall within a single grain. At zero field, n
= 6.78 for the horizontal set of satellite spots, corresponding
to a wavelength of 1.97 nm, and n = 7.67 for the vertical,
corresponding to 2.23 nm. It should be noted that the grain
was about 5 m in size and the material was annealed at
1300 °C for 6 h after hot pressing. Therefore, residual
stresses are likely to be responsible for the significant difference in wavelength.
Another evident feature in Fig. 8 is the negligible change
in the incommensurate modulation wavelength under strong

FIG. 7. Evolution of the satellite reflections surrounding the 120
and 210 fundamental reflections. 共a兲 E = 0, 共b兲 E = 8 kV/ cm, 共c兲 E
= 20 kV/ cm, 共d兲 E = 30 kV/ cm, 共e兲 E = 40 kV/ cm, and 共f兲 E = 60
kV/ cm.

applied electric fields. A linear fit to the mean value of n
gives a slope of −0.0061 Å per kV/ cm for the horizontal set
and −0.0035 Å per kV/ cm for the vertical set, respectively.
The higher rate of change for the horizontal set is in accordance with the evolution of the satellite spots of that set
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FIG. 8. Change of n value
with applied electric fields for the
vertical set and horizontal set of
satellite reflections shown in Figs.
6 and 7.

under electric fields. It was shown in Fig. 7 that these spots
disappeared at a lower field level. The wavelength in real
space decreases slightly with increasing electric fields for
both sets. At 40 kV/ cm, it was recorded as 1.95 nm 共a 1.2%
decrease from the initial wavelength兲 for the horizontal set
and 2.22 nm 共a 0.7% decrease from the initial wavelength兲
for the vertical set, respectively.
IV. DISCUSSION

Although incommensurate modulations in perovskite antiferroelectrics modified from PbZrO3 were first observed
twenty years ago,3 there have been very limited publications
on this issue. A structural model for the modulation wave is
still missing. Based on previous studies and the results obtained in this study, we propose a model for the observed
incommensurate modulation in these perovskite antiferroelectrics. The model sheds light on the detailed structure of
the antiferroelectric 90° domain wall and explains the orientation dependence of the response to applied electric field.
It has been well established that the Pb-cation in the parent PbZrO3 structure is displaced with a periodicity of four
layers of its pseudotetragonal 兵110其 plane.22,23 The SAED
patterns shown in Figs. 5 and 6 indicate that the satellite
reflections are also originated primarily from transverse Pbcation displacement modulation waves in the modified antiferroelectrics. We believe that the structure of the commensurate modulation in the parent PbZrO3 can be extended to
the observed incommensurate modulations. The observed incommensurate modulation is an average effect over an ensemble of stripes of commensurate modulations. This is illustrated schematically in Fig. 9. Figure 9共a兲 redraws the
structural model of PbZrO3 proposed by Sawaguchi et al.,22
where stripes of the commensurate modulation of Pb-cation
displacements with periodicity of four pseudotetragonal
兵110其 planes are evident. Figure 9共b兲 schematically depicts

that an incommensurate modulation can be composed of
commensurate modulations. In this illustration, the periodicity of the incommensurate modulation lies somewhere between seven and eight pseudotetragonal 兵110其 planes. Such
an incommensurate modulation is composed of stripes of
periodicities of n = 7 and 8, which are commensurate to the
underlying lattice. In the SAED pattern, the satellite reflections appear to be incommensurate due to an average effect.
This structure model gains support from the following
evidences. The first evidence is related to the change of the
incommensurate modulation when chemical composition or
temperature varies. In the series of antiferroelectric
Pb0.99Nb0.02关共Zr0.55Sn0.45兲1−yTiy兴0.98O3 共y = 0.00,0.03,0.06兲,
incommensurate satellite reflections are observed in compositions with y = 0.06 and 0.03. When y is further reduced to zero, where the composition becomes
Pb0.99Nb0.02共Zr0.55Sn0.45兲0.98O3, the incommensurate satellite
reflections transform into commensurate ones that are isomorphous to the parent PbZrO3 共Ref. 13兲. It was also found
in this series (the Pb0.99Nb0.02关共Zr0.58Sn0.42兲0.96Ti0.04兴0.98O3
composition) that the room-temperature antiferroelectric
phase with incommensurate modulations transforms to an
antiferroelectric one with a structure isomorphous to PbZrO3
when cooled down below −150 ° C 共Ref. 15兲. Furthermore,
the parent PbZrO3 itself was observed to display incommensurate satellite reflections when heated up to a narrow temperature range between 225 and 230 °C 共Ref. 14兲. These
findings from previous studies reveal strong and direct connections between the appeared incommensurate modulations
and the commensurate modulations in these ceramics. Therefore, the structure of the observed incommensurate modulations should bear intrinsic similarities to the structure of the
parent PbZrO3.
The second evidence arises from a survey on the n value
reported in literature. The result is summarized in Table I
with references, including both the PbZrO3 and the modified
antiferroelectric ceramics. Commensurate modulations do
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FIG. 9. Structure models for perovskite antiferroelectrics. 共a兲
The structure proposed by Sawaguchi et al. 共Ref. 22兲 for PbZrO3,
共b兲 the structure of the modulation in this study. The incommensurate modulation is suggested to be a mixture of commensurate
modulations.

appear in these ceramics. For example, n = 7 and n = 8 were
reported in the Pb0.99Nb0.02关共Zr0.80Sn0.20兲0.97Ti0.03兴0.98O3 in
Ref. 3. It is interesting to notice that, for those non-integer n
values, simple combinations of two neighboring integers can
be always found to generate the noninteger n when averaged.
These combinations are listed in the fourth column of Table
I. It is proposed that the incommensurate modulation in
PbZrO3 at 225 °C with n = 6.67 can be comprised of stripes
of commensurate modulations with n = 6 and n = 7. When one
stripe modulated with n = 6 appears after every two stripes
with n = 7, an overall n = 6.67 would be seen over a large
volume. For the PZST 42/ 4.5/ 2 oxide examined in this

study, five different n values are measured from electron diffraction patterns recorded in different areas. For the values of
6.02 and 6.97, we believe they are modulated commensurately with n = 6 and n = 7, respectively. The modulation with
n = 6.78 can be considered as a mixture of commensurate
modulations of n = 6 and n = 7 with a repeating pattern of
7 / 6 / 7 / 7; the 7.33 as a mixture with a pattern of 7 / 8 / 7; and
the 7.67 as one with a pattern of 8 / 7 / 8. Under the conditions
of the selected area electron diffraction, an area within a 90°
domain is used to produce the diffraction pattern. This area is
typically on the order of 1 m, therefore, containing several
hundreds of modulation stripes. The observed satellite reflections then show an average wavelength over the selected area
共volume兲.
In a recent study on the antiferroelectric
Pb0.97La0.03共Zr0.95Ti0.05兲O3, Asada and Koyama17 observed
discrete n values when the oxide was heated from room temperature. This is the third evidence supporting our model.
Below 73 °C, n was measured to be 4.0. From 73 to 122 °C,
n = 6.0 was recorded. From 122 to 160 °C, n = 6.5; from 160
to 180 °C, n = 7.0; while above 180 °C, n = 7.5. These authors
hence claimed that the material is commensurately modulated. We suggest that the modulations at different temperatures
are not only commensurate, but also have an integer number
of layers of the pseudotetragonal 兵110其 planes within a period. The modulation with overall n = 6.5 is thus a mixture of
modulations with local n = 6 and n = 7 while the one with
overall n = 7.5 is mixture of that with local n = 7 and n = 8.
The most direct evidence may be due to Cai et al.16 These
researchers measured n = 7.24 from the SAED pattern in antiferroelectric Pb0.97La0.02共Zr0.66Sn0.25Ti0.09兲O3. According to
our model, the appeared incommensurate modulation is comprised of commensurately modulated stripes with a pattern
of 7 / 7 / 8 / 7 on statistical average. And indeed, they observed stripes with commensurate modulations. The highresolution lattice image revealed a sequence of
¯7 / 7 / 7 / 7 / 7 / 8 / 7 / 7 / 8 / 7 / 7 / 7 / 8 / 7¯ .
These evidences support the model described in Fig. 9.
The observed incommensurate modulation is actually a mixture of commensurate modulations. The modulation exists in
the form of a transverse Pb-cation displacement wave. However, the magnitude of the displacement is a constant and the
wave is not a sinusoidal wave. This model thus bears intrinsic similarities to the antiferroelectric structure of PbZrO3.
The model also sheds light on the fact that higher order satellite reflections are often observed when the satellites are
commensurate while only the first order satellites are observed when the satellites are incommensurate. The incommensurate satellites are generated by a mixture of two commensurate modulations. Thus, the appeared incommensurate
modulation exhibits less degree of order.
The structure model implies that the modulation within a
90° domain is a stack of 180° domains with antiparallel Pbcation displacement. For most antiferroelectric ceramics, the
component commensurate modulations for the observed incommensurate modulations have n = 6, 7, and 8, as demonstrated in Table I. Therefore, the 180° domains in these antiferroelectrics have a thickness of three or four layers of the
pseudotetragonal 兵110其 plane. For the parent PbZrO3, the
180° domains are two layers of 兵110其 plane thick. These 180°

024102-7

PHYSICAL REVIEW B 72, 024102 共2005兲

H. HE AND X. TAN

TABLE I. Reported n in various antiferroelectric ceramics.

Compositions

Temp.

n

Commensurate
stripes

Ref.

PbZrO3

225 °C

6.67

7/6/7

14

Pb0.97La0.03共Zr0.95Ti0.05兲O3

25 °C
73 °C
122 °C
160 °C
180 °C

4.00
6.00
6.50
7.00
7.50

6/7

17

Pb0.97La0.02共Zr0.66Sn0.25Ti0.09兲O3

25 °C

7.24

7/7/8/7

Pb0.97La0.02共Zr0.65Sn0.25Ti0.10兲O3

25 °C

9.00

Pb0.99Nb0.02共Zr0.55Sn0.45兲O3
Pb0.99Nb0.02关共Zr0.55Sn0.45兲0.97Ti0.03兴O3
Pb0.99Nb0.02关共Zr0.55Sn0.45兲0.94Ti0.06兴O3

25 °C
25 °C
25 °C

4.00
6.73
8.00

Pb0.99Nb0.02关共Zr0.58Sn0.42兲0.96Ti0.04兴O3

25 °C

7.00
6.67

Pb0.99Nb0.02关共Zr0.80Sn0.20兲0.97Ti0.03兴O3

25 °C

7.00
8.00

Pb0.99Nb0.02关共Zr0.80Sn0.20兲0.97Ti0.03兴O3
Pb0.99Nb0.02关共Zr0.70Sn0.30兲0.97Ti0.03兴O3
Pb0.99Nb0.02关共Zr0.60Sn0.40兲0.97Ti0.03兴O3
Pb0.99Nb0.02关共Zr0.50Sn0.50兲0.97Ti0.03兴O3

25 °C
25 °C
25 °C
25 °C

7.49
7.51
6.76
6.68

7/8
7/8
7/6/7/7
7/6/7

10

25 °C

6.02
6.78
6.97
7.33
7.67

6
7/6/7/7
7
7/8/7
8/7/8

This study

Pb0.99Nb0.02关共Zr0.58Sn0.42兲0.955Ti0.045兴O3

domains are shaded differently in Fig. 9 for clarity.
When the modulation wavelength is the same on both
sides of a 90° domain wall, the Pb-cation displacement can
be easily arranged to a “head-to-tail” configuration in order
to achieve charge neutrality at the 90° domain wall.24 However, it is noticed in Fig. 5共c兲 and Fig. 8 that the modulation
wavelength changes significantly across a 90° domain wall.
This may lead to a situation that a 180° domain of three
layers 兵110其 plane thick meets one of four layers thick at the
90° domain wall. It can be shown that the charge neutrality is
still preserved when an atomic step is created on the 90°
domain wall. Figure 10 schematically illustrates such a situation. The upper-right 90° domain bears a modulation with
n = 8 共the 180° domain slabs in this 90° domain have a thickness of four layers of the 兵110其 plane兲 while the lower-left
domain bears one with n = 7 共the 180° domain slabs in this
90° domain have a thickness of three or four layers of the
兵110其 plane兲. The 180° domain slabs are highlighted with
different shades. It shows clearly that the atomic step on the
90° domain wall mediates the difference in wavelength and
preserves the “head-to-tail” configuration. Such a mechanism
implies that the 90° domain wall would follow the 兵100其

7/8
16
4

7/7/6/7

7/6/7

13

15

3

plane if the two 90° domains have identical modulation
wavelength and would deviate from the 兵100其 plane if the
two domains have different wavelengths. This is indeed the
case. In PbZrO3, all the modulations have identical wavelength and the 90° domain wall was observed to be parallel
to the 兵100其 plane.24 In the PZST 42/ 4.5/ 2 investigated in
this study, it is shown in Fig. 5 that the 90° domain wall is
tilted away from the 兵100其 plane due to the difference in the
modulation wavelength.
With the proposed structure models for the incommensurate modulation and the 90° domain wall, we now can picture the evolution of the modulations during the electric
field-induced antiferroelectric-to-ferroelectric phase transformation. A fundamental difference in the response of the
modulation wavelength to external electric fields is noticed
in our study: the wavelength is quite stable against electric
stimuli. In the PZST 42/ 4.5/ 2 studied here, about 1% decrease in wavelength was measured when an electric field of
40 kV/ cm was applied. In contrast to this, Asada and
Koyama17 observed a 88% increase in wavelength when the
antiferroelectric Pb0.97La0.03共Zr0.95Ti0.05兲O3 was heated from
room temperature to 180 °C. Xu et al.15 measured a 40%
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ways more difficult than 180° domain switching. This explains the orientation dependence of the response of the
satellites to external electric fields very well. In Figs. 6 and
7, the horizontal set of satellite spots disappeared at a lower
level of electric field and showed little streaking before their
final disappearance. In the 90° domain that contributes to this
set of satellites, the aligning of the Pb cation is more like a
180° domain switching in normal ferroelectrics. Since the
180° domain slabs are very thin, three or four layers of the
兵110其 plane in most cases, switching may well take place at
once for the whole thickness. This would decrease the intensity of the corresponding satellites but preserves the wavelength. In contrast, the vertical set of satellite reflections in
Figs. 6 and 7 persists to a higher electric field. The aligning
process of Pb-cation displacement in the corresponding antiferroelectric 90° domain resembles the 90°-domainswitching process in a normal ferroelectrics. Furthermore,
such a 90° reorientation may well disrupt the modulation,
leading to a severe streaking in the satellite reflections.
V. CONCLUSIONS
FIG. 10. The structure of the 90° domain wall in PbZrO3-based
antiferroelectrics with incommensurate modulations. When the
modulation wavelength is not equal on the two sides of the domain
wall, atomic steps are introduced to preserve charge neutrality.

increase in wavelength in a composition very close to ours
when temperature was increased from 25 to 150 °C. We thus
speculate that the electric field-induced antiferroelectric-toferroelectric phase transformation starts with a process of
aligning the Pb-cation displacements. The aligning process
may be initiated preferentially from sites such as grain
boundaries and 90° domain walls at a field as low as
8 kV/ cm. The volume with aligned cation displacement no
longer contributes to the satellite reflections and fraction of
the volume increases with increasing electric field. Therefore, the intensity of the satellite reflections starts to decrease
at 8 kV/ cm, as revealed in Fig. 7.
The aligning process of Pb-cation displacement also explains the orientation dependence of the satellites response
revealed in Figs. 6 and 7. When the electric field direction
shown in Fig. 6 is translated into Fig. 10, the applied field is
seen to be 15° away from the Pb-cation displacement vectors
in the lower-left 90° domain 共this domain generates the horizontal set of satellite reflections兲 and 75° away from the
displacement vectors in the upper-right 90° domain 共this domain generates the vertical set of satellite reflections兲. Along
the direction of Pb-cation displacement, the lower-left 90°
domain would experience a resolved field of 0.96E while the
upper-right one would experience a resolved field of only
0.26E, where E is the amplitude of the applied field. This can
be stated in another way, the aligning process of Pb-cation
displacement involves a 180°-domain-switching-like process
in the lower-left domain and a 90°-domain-switching-like
process in the upper-right one. It is well known that in perovskite normal ferroelectrics, 90° domain switching is al-

Our TEM study indicates that the incommensurate modulation in modified perovskite antiferroelectrics exists in the
form of a transverse Pb-cation displacement wave. The observed incommensurate modulation at large scale is suggested to be a mixture of commensurate modulations at local
scale. The modulations in antiferroelectric 90° domains are
then 180° domain slabs with thickness of three or four layers
of the pseudotetragonal 兵110其 plane. The antiferroelectric 90°
domain wall deviates from the pseudotetragonal 兵100其 plane
due to the atomic steps on the domain wall created to preserve charge neutrality.
The external electric field aligns the cation displacement
prior to the field-induced antiferroelectric-to-ferroelectric
phase transformation. The fraction of the volume with
aligned cation displacement increases with increasing electric fields, which leads to a decrease in the intensity of the
corresponding satellite reflections in the selected area electron diffraction patterns. The cation displacement aligning
process resembles the 90° and 180° domain switching process in normal ferroelectrics. When the field is applied along
the cation displacement direction, the aligning process is
easier and the process preserves, to some extent, the wavelength. The modulation is disrupted when the field is applied
perpendicular to the direction of cation displacement and severe streaking is observed in the corresponding satellite reflections.
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