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The outstanding piezoelectric properties of lead zirconate titanate �PZT� ceramics with
compositions close to the morphotropic phase boundary of the quasibinary phase diagram of lead
zirconate and lead titanate are still under debate. A combination of ex situ and in situ transmission
electron microscopy and high resolution x-ray diffraction revealed that the extrinsic piezoelectric
effect in morphotropic PZT is closely connected to the existence of nanodomains. The in situ
transmission electron microscopy investigations with applied electric field show that mainly the
nanodomains respond to the electric field while the microdomain structure does not change
noticeably in our experiments. © 2007 American Institute of Physics. �DOI: 10.1063/1.2753569�

I. INTRODUCTION

The ability of a piezoelectric material to translate me-
chanical pressure into an electric signal or vice versa has
already been used in a variety of important applications. Ce-
ramics containing mixed crystals of lead zirconate and titan-
ate, PbZr1−xTixO3 �PZT�, are the most important representa-
tives of piezoelectric materials because of their outstanding
performance at a composition of approximately half zircon-
ate and half titanate. Such ceramics combine a very strong
piezoelectric effect with a high remnant polarization, low
switching currents and fast switching times, which can be
tuned by composition and the addition of dopants.

Although PZT ceramics have been established in techni-
cal applications for years, the microstructure of this class of
materials is still under investigation and the atomistic phe-
nomena that cause the strong extrinsic piezoelectric and
ferroelectric effect are not yet understood, neither the mecha-
nisms of its degradation.

So far, the microstructure of PZTs close to the morpho-
tropic phase boundary �MPB� of the quasibinary phase dia-
gram of lead zirconate and lead titanate �Fig. 1� has not been
completely elucidated. This is mainly due to the decrease of
domain widths for compositions in the MPB region. Domain
sizes of less than 100 nm are reported for different compo-
sitions and doping levels.1–9 The investigation of the crystal-
lographic structure of a single domain by conventional se-
lected area electron diffraction is limited by the small
volumes under study. Furthermore, the existence of nan-
odomains, which are defined as nm-sized domains within
microdomains �definition introduced by Schmitt et al.10�,

complicates the interpretation of conventional x-ray experi-
ments because the coherent scattering of the nanodomains
and/or domain walls contributes to the observed diffraction
patterns.5–7,11–16 A misinterpretation of the refined structural
model might be the result.

Several theories have been introduced to explain seem-
ingly conflicting experimental evidence. The contribution of
the extrinsic ferroelectric effect to the polarization of the
ferroelectric ceramics is generally attributed to an increasing
volume fraction of material that is polarized in the direction
of an external electric field. The mechanisms, which lead to

a�Corresponding author; present address: Institute of Nanotechnology,
Forschungszentrum Karlsruhe, P.O. Box 3640, 76021 Karlsruhe, Germany;
electronic mail: ralf.theissmann@int.fzk.de

FIG. 1. �Color online� Phase diagram of the PbZrO3–PbTiO3 system with
the compositions of the investigated samples marked. Phase diagram can be
found, e.g., in Ref. 23.
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the extraordinary piezoelectric properties, are commonly dis-
cussed in terms of domain-wall motion or formation of tran-
sient domain walls.

Based on these assumptions, a number of theories can be
found to explain the behavior of ferroelectric PZT ceramics:

�a� The increase of the dielectric constant near the mor-
photropic phase boundary is explained by the coexist-
ence of the tetragonal and the rhombohedral crystal
structure11 with six and eight equivalent polarization
directions, respectively. It is argued that the coexist-
ence of the two polymorphs leads to 14 possible polar-
ization directions and therefore 14 directions into
which the material can be polarized under the influence
of an external electric field.

�b� The existence of a monoclinic phase in the region of
the MPB was suggested by Noheda et al.12 The
Rietveld refinement of the structural model based on
x-ray full-pattern data showed that the introduction of
this phase improved the agreement between experi-
mental and calculated data significantly. Furthermore,
it introduces additional directions for the polarization,
which can explain the outstanding ferroelectric proper-
ties similar to model �a�.

�c� In general, Jin et al.8,17 showed later that coherently
scattering tetragonal nanometer-sized domains give rise
to x-ray patterns, which can be indexed as monoclinic.
Their calculations revealed a structural model for the
so called “adaptive phase,” which can also be extended
to PZT. The model was further developed by the theo-
retical work of Wang15,18 concerning nanotwin
superlattices.

We will use a combination of ex situ and in situ trans-
mission electron microscopy �TEM� and high resolution
x-ray diffraction �XRD� to demonstrate that the extrinsic pi-
ezoelectric effect in morphotropic PZT is closely connected
to the existence of nanodomains.

II. EXPERIMENTAL

Undoped PZT samples with 45, 52.5, 54, and 55 mol %
of ZrO2 were investigated. All samples were prepared via a
ceramic route as polycrystalline pellets.19,20 The samples
used for the ex situ investigations were sintered at 1225 °C;
samples for the in situ and convergent beam electron diffrac-
tion �CBED� investigations at 1050 °C for practical reasons
�sample preparation�. No significant differences between
samples of identical composition sintered at 1050 °C and
1225 °C were observed in x-ray diffraction.

Sample preparation for TEM investigations was done by
subsequent cutting, polishing, dimpling, and ion milling. The
microstructure of the samples is maintained by this prepara-
tion procedure. Investigations of the microstructure were per-
formed along the three prominent axes �001�, �011�, �111�.
Additionally, the symmetry of the samples was investigated
by CBED along the �100� zone axis. The ex situ TEM inves-
tigation was carried out at a Philips CM20ST microscope,
and in situ TEM studies at a FEI Tecnai F20 using a Gatan
double tilt specimen holder with electric feedthrough. The

sample was placed between two copper rings, which were
connected to a high-voltage �HV� supply. The distance of the
copper rings was 110 �m. The maximum applied voltage
was 780 V �max. 7 kV/mm�. Calculations on the effective
field distribution present at the investigated sample area are
in progress.

High resolution x-ray experiments were carried out at
the beamline B2 at the HASYLAB �Hamburg, Germany�.
Disk shaped samples were cut and polished on both sides
down to approximately 50 �m and measured in transmis-
sion mode with a parallel incident beam and a scintillation
detector.21 Carefully chosen samples were measured in situ
with an applied electric field. For this investigation, the
samples were coated with platinum electrodes and placed in
a specially designed sample holder in transmission geometry.
Data collection was done with a stationary image plate
system.22 The measuring time at each voltage was approxi-
mately 15 min. Two doped samples with 52.5 mol % ZrO2

and 1 mol % La were prepared following the same synthesis
route. The sintering temperature was 1050 °C.

III. RESULTS AND DISCUSSION

We applied convergent beam electron diffraction to iden-
tify the crystal symmetry in the region of the morphotropic
phase boundary with high precision. The crystallographic
feature employed to distinguish the three polymorphs
�P4mm ,Cm ,R3m� is the orientation of the mirror plane in
the pseudocubic �100� projection whole patterns. In short,
the loss of the parent cubic symmetry is accompanied by the
disappearance of the fourfold axes in the rhombohedral case,
whereas in the tetragonal case the threefold axes are lost. In
both transitions different sets of mirror planes disappear. The
remaining mirror planes in the pseudocubic �100� axis—
which is different from the tetragonal �001� axis—lie in the
�100� planes in the tetragonal case and in the �10−1� planes
for the rhombohedral case. For the monoclinic case no mir-
ror plane is left, despite the �−110� mirror if viewed along
the formerly tetragonal �001� direction. To reliably distin-
guish the three phases, several neighboring domains were
investigated in all occasions. Based on this method, the sym-
metry of representative domain configurations within
samples containing up to 54 mol % of ZrO2 were found to
be tetragonal and the symmetry of representative domain
configurations of samples with 55 mol % �Fig. 2� and more
ZrO2 �Ref. 10� is rhombohedral. The morphotropic phase
boundary is therefore located between those compositions.
Even if a possible coexistence of the tetragonal and rhombo-
hedral polymorph cannot be completely excluded due to the
limited number of examined specimens, one conclusion of
our CBED results is that the ferroelectric properties are not
dominated by the coexistence of the two phases. The limita-
tion of the method was a minimum spot size of 12.5 nm.

A series of samples across the morphotropic phase
boundary with compositions indicated red within the phase
diagram in Fig. 1 was investigated by conventional transmis-
sion electron microscopy and complementary x-ray diffrac-
tion. The joint interpretation of our detailed analysis of the
microstructure leads to the suggestion of a model in which

024111-2 Theissmann et al. J. Appl. Phys. 102, 024111 �2007�

Downloaded 26 Nov 2007 to 158.109.59.10. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp



the extrinsic piezoelectric effect is closely connected to the
existence of nanodomains. The presented data show that
nanodomains are present only for compositions near the
MPB. The width of the nanodomains rises toward the mor-
photropic composition approaching either from the zirco-
nium rich side, with rhombohedral crystal structure, or from
the titanium rich side, with tetragonal crystal structure of the
microdomains.10 The identification of the nanodomains was
performed by a set of TEM images along the �010� and �011�
axes, as shown in Fig. 3. The lamellar microdomain structure
of the sample containing 45 mol % of ZrO2 is comparable to

that previously reported in literature.24 As the composition
approaches the morphotropic phase boundary, additional fea-
tures are observed: The microdomain walls do not strictly
obey the predicted crystallographic directions; bend micro-
domain walls are observed, most pronounced for the rhom-
bohedral sample with 55 mol % ZrO2. In the samples with
52.5 mol % and 54 mol % of ZrO2 and the samples with
55 mol % of ZrO2, nanodomains are formed within the well
known microdomain structures. In the images, these nan-
odomains are seen as stripes or tweed-like structures of vary-
ing density, since they are tilted against the electron beam.
The dimensions of the nanodomains rise toward the morpho-
tropic phase boundary.10 The orientation of the nanodomain
walls could not in all experiments be unambiguously attrib-
uted to the common pseudocubic �101� or �010� planes, nor
to the �211� planes expected in the monoclinic phase. Inves-
tigations are still in progress.

Along with the changing morphology of the nan-
odomains, the intensity distribution of the x-ray pattern
changes characteristically as well, indicated by the arrows in
Fig. 3. Attempts to describe the data with a model of a
simple mixture of the rhombohedral and tetragonal phase
were not successful matching the results of the CBED inves-
tigation. The x-ray patterns observed show an increase of the
intensity that appears between the tetragonal 101 and 110
reflections as the composition of the samples approaches the
morphotropic phase boundary. These peaks are interpreted as
an effect of nanodomains, according to TEM investigations.
Thus, this specific reflection can be taken as a fingerprint for
the existence of nanodomains; the peak shape and intensity

FIG. 2. �Color online� Stereographic projection for tetragonal, rhombohe-
dral, and monoclinic symmetry �top row�, simulated CBED patterns for the
three symmetries �middle row�, and experimental finding �bottom row�: The
sample containing 54% of ZrO2 shows tetragonal symmetry, the sample
containing 55% ZrO2 shows rhombohedral symmetry—mirror planes are
indicated as a white line.

FIG. 3. �Color online� TEM bright field images �BF�
along the �010� and �011� axes and corresponding sec-
tions of the x-ray full patterns of PZT ceramics with
45 mol %, 52.5 mol %, 54 mol %, and 55 mol % of
ZrO2 are shown. Nanodomains are found in all of these
samples except the one containing 45 mol % ZrO2,
which is clearly off the morphotropic region.
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are correlated with the size and amount of nanodomains
present in the material. A detailed quantitative analysis of the
x-ray data is published elsewhere.14

To confirm the observed correlation between the nano-
domains and the characteristic x-ray intensity, we present the
observation of a cooling experiment of the 52.5 mol % ZrO2

containing sample sintered at 1050 °C �Fig. 4�: At low tem-
peratures a significantly increased amount of nanodomains is
observed compared to the room temperature image. The cor-
responding x-ray pattern matches the trend stated before. The
joint interpretation of these experiments indicates a high cor-
relation of the amount and the dimensions of the nan-
odomains and the intensity and the shape of the x-ray peaks.

Nanodomains have been found in all presented samples
with compositions close to the MPB. It is concluded, that the
existence of nanodomains is a characteristic feature of the

MPB region. A work of Grinberg et al.25 gives the key to
understanding our experimental results. They showed, using
density functional theory calculations, that the distortions of
the lead ions from their ideal cubic positions are sensitive to
the local zirconium and titanium environment. Since PZT is
a mixed crystal, the distribution of Zr and Ti is statistical.
Therefore, the polarization directions of the individual lead
atoms differ from the mean polarization direction within a
single microdomain. It is a matter of statistics that each do-
main will contain lead atoms whose local environment con-
tradicts the mean polarization direction. We conclude that
such configurations of atoms act as seeds for the formation
of nanodomains, which can either already exist in the equi-
librium �Fig. 3� or may form during the poling process as
indicated by TEM experiments �Fig. 5 and the corresponding
video�.

To understand the role of the nanodomains during the
poling process, an in situ TEM investigation with applied
electric field perpendicular to the sample surface was carried
out. Some characteristic images are presented in Fig. 5. A
video of a part of the experiment can be seen as supplemen-
tary online material at the home page of this journal. The
nanodomains can be identified either as stripe or tweed-like
structures within the microdomains. It is observed that
mainly the nanodomains respond to the electric field, while
the microdomain structure remains visibly unchanged during
the whole experiment.

As a complementary experiment, an in situ x-ray study
with applied electric field was carried out. The specific re-
flection correlated with the existence of nanodomains was
observed. Exemplarily, the results are shown for the samples
containing 52.5 mol %, 53 mol %, and 54 mol % of ZrO2

�Fig. 6�. The patterns vary with composition, yet the trend
remains the same for all samples: As the electric field in-
creases during the first cycle, the peak correlated with the
nanodomains increases, as indicated by the black �gray� ar-

FIG. 4. �Color online� The cooling experiment of the sample with a ZrO2

content of 52.5 mol % demonstrates the correlation between the nano-
domain formation and the associated intensity change in the x-ray pattern.
�The TEM images are of identical regions.�

FIG. 5. TEM bright-field images taken
during the third cycle of an in situ ex-
periment with applied electric field.
The sample contains 54 mol % of
ZrO2. The images show the micro-
domain and nanodomain structures;
the microdomains walls are labeled
with the numbers 1–3, and the do-
mains with 4–6 �upper left�. While the
microdomain structure remains visibly
unchanged during the poling cycles,
the nanodomains, visible as stripe-like
structures within the microdomains,
respond to the electric field. A com-
plete movie of this poling cycle can be
seen in the online version of the jour-
nal. The electron diffraction pattern
shows that the sample is tilted ap-
proximately 5° off a pseudocubic
�110� axis.
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rows in Fig. 6. The black arrows indicate the evolution of the
intensity maximum, as the field is applied. The black arrow
for the composition 52.5 mol % of ZrO2 shows the rising
intensity contribution, as the maximum intensity decreases
�gray arrow�. The increase is most pronounced in the sample
containing 54 mol % of ZrO2, less pronounced in the sample
containing 53 mol % of ZrO2, and visible only as a broad-
ening of the 110 peaks in the sample containing 52.5 mol %
of ZrO2. During further bipolar cycling, the peak correlated
with the nanodomains remains present.26

Our experimental results on the poling behavior of mor-
photropic PZTs are in agreement with predictions of Jin et
al.17 concerning extreme piezoelectricity in adaptive ferro-
electrics with a miniaturized domain structure. They are also
supported by the work of Wang et al.27 in which it was
anticipated from a TEM study of the nanodomain structure
of morphotropic Pb�Mg1/3Nb2/3�O3–PbTiO3 that the nan-
odomains might easily respond to an external field, resulting
in outstanding piezoelectric properties.

The correlation of the specific x-ray reflection and the
nanodomains has been established for both, ex situ and in
situ experiments with applied electric field, as well as for a
temperature dependent study. Now, this correlation can be
used as a tool to investigate the influence of dopants on the
domain structure. Technically important PZT ceramics are
usually highly doped. Lanthanum is one of the important soft
A-site dopants. A preliminary synchrotron x-ray study on a
PZT sample with 52.5 mol % ZrO2 and 1 mol % La doping
shows an x-ray pattern very similar to the pattern of not-
doped PZTs with a composition between 53 and 54 mol %
ZrO2. This indicates a significantly increased amount of nan-
odomains compared to the undoped sample. A possible inter-
pretation is that the dopant acts as a seed for the formation of
nanodomains. Further studies on doped samples with differ-
ent compositions are in progress.

IV. CONCLUSION

Our experimental evidence offers an interpretation of the
extrinsic piezoelectric effect in PZT ceramics close to the
morphotropic phase boundary. Symmetry investigations of
representative domain structures by CBED close to the mor-
photropic phase boundary in combination with domain struc-

ture analysis10 have given no indication for the coexistence
of the tetragonal and the rhombohedral microdomains as the
relevant feature of the microstructure. Neither an indication
for the existence of homogeneous microscopic regions of
monoclinic symmetry or monoclinic domain configurations
was found. Instead, a miniaturization of the domain structure
was observed in TEM images. The interpretation of x-ray
patterns was therefore done with respect to the observed nan-
odomain structure, yet a correlation between nano-
domains and the monoclinic phase cannot be excluded.14 The
in situ TEM investigations with applied electric field show
that mainly the nanodomains respond to the electric field
while the microdomain structure did not change noticeably
in our experiments. In situ x-ray data can be interpreted in
good analogy.

Our experiments also offer an interpretation of the influ-
ence of soft A-site dopants, which may play a role as seeds
for the formation of nanodomains. Even though we have
only investigated one soft A-site dopant, we have established
a reliable method to study the influence of other dopants on
the domain structure and the poling process of ferroelectrics
by the combination of in situ TEM and x-ray experiments.
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