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We report investigation of the piezoelectric response on a nanoscale in poled ferroelectric crystals with
engineered domain configuration. Piezoresponse force microscopy of the �111� surface of a ��111�-poled�
tetragonal 0.63Pb�Mg1/3Nb2/3�O3-0.37PbTiO3 piezoelectric/ferroelectric crystal revealed that the piezoelectric
coefficient d33 is significantly reduced within the distance of �1 �m from the uncharged engineered domain
walls. This finding is essential for understanding the mechanisms of the giant piezoresponse in relaxor-based
crystals and for designing high-performance piezoelectric materials.
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I. INTRODUCTION

The discovery of giant piezoelectricity in relaxor-based
ferroelectric single crystals,1 which demonstrate the piezo-
electric coefficients five to ten times as large as in traditional
piezoelectric ceramics such as Pb�Zr1−xTix�O3 �PZT�, makes
them the materials of choice for the next generation of elec-
tromechanical transducers, sensors, and actuators.1–4 A great
deal of effort has been made to investigate the origin of their
extraordinary properties. The polarization rotation model5,6

attributes the piezoresponse essentially to the intrinsic �crys-
tal lattice strain� effect. However, relaxor-based piezocrystals
possess complex polar structure on nanoscopic and micro-
scopic scales, which may include local random fields, spe-
cific relaxor polar nanoregions, phase and composition het-
erogeneities, lamellar nanodomains of adaptive phase,
ferroelectric microdomains, etc.7 These features may in prin-
ciple play an essential role in piezoelectric response, giving
rise to “extrinsic” piezoelectric contributions.8–13 Experimen-
tally, however, this role has not been clarified. As a result, the
mechanisms of high piezoelectricity in relaxor-based ferro-
electric crystals remain poorly understood, which forms a
serious obstacle for the development of piezoelectric materi-
als.

Significant macroscopic piezoresponse can be observed
only in those ferroelectric samples, which have been prelimi-
narily poled by an external electric field to obtain a mon-
odomain state or a state with preferred domain orientation. In
many cases �e.g., in ceramics� a monodomain state cannot be
attained and the sample consists of multiple domains sepa-
rated by domain walls.14 If the applied electric field or me-
chanical stress forms different angles with the spontaneous
polarization vectors of adjacent domains, the wall between
them can move and thereby contribute to piezoelectric effect.
In conventional ferroelectric ceramic materials this contribu-
tion may be of the same order of magnitude as the intrinsic
contribution.15 However, besides the positive effect of en-
hancing piezoelectric coefficients, domain wall motion can
lead to unwanted nonlinearity and hysteresis in the strain-
field dependences. In the special case of so-called “engi-
neered domain” configuration in crystals, the walls are ar-
ranged in such way that the electric field or stress cannot
influence their positions and the corresponding extrinsic pi-

ezoelectric contribution is absent. Surprisingly, the largest
piezoelectric coefficients are found right in the crystals with
engineered domain configurations, including the relaxor-
based perovskite solid solutions.1–4,16 To explain this fact it is
tempting to assume that the regions near the walls possess
enhanced piezoelectric properties even though the walls do
not move.17,18 Local measurements of piezoelectric coeffi-
cients are needed to verify this hypothesis. However, these
measurements cannot be done by conventional methods be-
cause of insufficient spatial resolution. To solve this problem,
in the present work, we use the technique of piezoresponse
force microscopy �PFM�, which is expected to be a suitable
tool for this purpose because of its proved great capability in
visualizing domain walls and measuring piezoelectric prop-
erties on the nanoscale.19 We find that in the vicinity of en-
gineered domain wall the piezoelectric response is signifi-
cantly reduced, rather than enhanced as has been assumed
until now.

II. EXPERIMENTAL PROCEDURE

Relaxor-based ferroelectric �1−x�Pb�Mg1/3Nb2/3�O3-
xPbTiO3 perovskite solid solution crystals grown by the
Bridgman method were studied in this work. The crystal of
composition x=0.37 �PMN-37PT� having a tetragonal struc-
ture �crystal class 4mm� was chosen for investigation. At this
composition the domain size is known to be much larger than
in the rhombohedral and monoclinic crystals with smaller PT
content �x� �Ref. 20� �although the piezoelectric coefficients
are not so large� and consequently the piezoresponses from
the internal part of the domains and from the near-wall re-
gions can be reliably separated.

Quantitatively the piezoelectric effect can be character-
ized with the matrix of piezoelectric coefficients, dij, through
the relation

Sj = dijEi, �1�

where Ei is a component of the electric field vector and Sj is
a piezoelectric strain component. In ferroelectrics the piezo-
electric coefficients are related to the spontaneous polariza-
tion vector, PS, through the expression
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dij � �imQjmkPSk, �2�

where �im and Qjmk are the dielectric constants and electros-
trictive coefficients, respectively.

The PFM experiments were performed on a modified
atomic force microscope �Veeco ThermoMicroscopes�. The
PFM extension included a National Instrument �NI� data ac-
quisition �DAQ� system board, a lock-in amplifier, and a
LABVIEW computer controlling system. An ac frequency of
95 kHz was used in the vertical PFM experiments. A 10 kHz
ac frequency was used in the lateral PFM measurements in
order to avoid possible tip slipping problem at high
frequency.21 The PFM images were developed with the help
of WSXM software.22

The PFM is a type of scanning probe microscopy,19 in
which the piezoelectric strain is excited by the electric volt-
age applied between the bottom electrode and the very sharp
conducting PFM tip, which touches the crystal surface �see
Fig. 1�. For technical reasons a high-frequency ac voltage
must be used. Movement of the surface related to the piezo-
electric strain leads to the displacement of the tip, which can
be measured. From these measurements, using Eq. �1�, one
can estimate the dij values �in the laboratory, not the crystal-
lographic, coordinate system� in a small region of the order
of a few tens of nanometers. From Eq. �2� the components of
PS can be estimated. The local d33 coefficient determines the
displacement of the tip in the vertical direction, while the d15
coefficient �shear deformations of crystal� is mainly respon-
sible for the lateral displacement in the X direction �perpen-
dicular to cantilever�19,23 By scanning the surface point by

point, the directions of PS in different areas �i.e., the domain
configuration� can be mapped.

To obtain the engineered domain configuration in a crystal
of tetragonal symmetry, the sample should be poled by a dc
electric field applied along one of the �111� directions.
Therefore, we prepared crystal plates with a thickness of

about 150 �m and the edges parallel to �111�, �2̄11�, and

�011̄� directions, respectively �it is a convention to use the
crystallographic coordinate system of the parent cubic struc-
ture to characterize the ferroelectric domain states�. The larg-
est rectangular faces corresponding to the �111� planes were
mirror polished using a series of diamond pastes down to
1 �m and the gold electrodes were deposited on these faces
by sputtering. To remove the stress caused by polishing, the
samples were annealed at 500 °C for half an hour. The co-
ercive field was estimated from ferroelectric hysteresis loops
and appeared to be equal to 6 kV/cm. A much larger poling
field of 10 kV/cm was used to ensure complete poling. The
macroscopic piezoelectric coefficient d33 measured by the
conventional method using a Berlincourt d33 meter at the
frequency of 110 Hz turned out to be 460 pm/V, in agree-
ment with the published data for the crystals of the same
orientation and similar composition.24 Optical domain obser-
vation and analysis were carried out by means of an Olym-
pus BX60 polarizing microscope.

III. RESULTS AND DISCUSSION

The spontaneous polarization PS direction of any domain
in a poled tetragonal crystal must form an angle of 90° with
respect to the PS of other domains. Therefore, the boundaries
between domains are 90°-domain walls. The permissible di-
rections of the walls can be calculated theoretically.25 In the
crystals of tetragonal 4mm symmetry obtained by cooling

from the paraelectric cubic phase of m3̄m symmetry, as in
the present case, the 90° domain walls must be parallel to
one of the 	110
 crystallographic directions; all other types of
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FIG. 1. �Color online� The experimental setup for PFM mea-
surements and schematic diagram of the domain structure in the
studied �111�-oriented poled tetragonal PMN-37PT crystal plate
�not to scale�. Laboratory coordinate system �X ,Y ,Z�, crystallo-
graphic directions, and the positions of 90° domain walls are indi-
cated. Blue arrows represent the components of spontaneous polar-
ization vector parallel �PS�� and perpendicular �PS�� to the crystal
surface in different domains. Red arrows show the vertical and lat-
eral displacements of the PFM tip when the measurement voltage
�V� is applied. Upper left inset shows the positions of the observed
domain wall �outlined by green lines� and crystal surface �repre-
sented by the equilateral triangle� with respect to the cubic unit cell
of the paraelectric phase.
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FIG. 2. �Color online� Optical domain micrograph under polar-
izing microscope of the �111�-oriented poled tetragonal PMN-37PT
crystal plate. The crystallographic directions and the positions of
crossed polarizer and analyzer are identified. Note that the observed
stripes result from the interference colors, rather than from the do-
main walls.
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walls would have larger elastic energy. The micrograph of a
poled PMN-37PT crystal viewed along the �111� direction
using polarizing microscope is shown in Fig. 2 �with elec-
trodes removed�. Figure 1 represents schematically the do-
main structure compatible with this micrograph and the the-
oretical predictions. Only the �101� walls are found. As a
result of poling, the PS vectors in adjacent domains must be
arranged in a head-to-tail configuration. As the wall bisects
the angle between these vectors, it must be uncharged. Note
that charged walls �with head-to-head or tail-to-tail arrange-

ment of the PS vectors� would be perpendicular to the �011̄�
direction in our crystal. However, we did not observe such a
kind of walls. As the observed walls are inclined with respect
to the crystal surface, the domains have the form of wedges.
The wedge-shaped domains with different directions of opti-
cal indicatrix overlap each other along the way of the light
propagation and the parallel fringes of interference colors
appear in the micrograph. The color pattern should depend
on the domain size and the number of domains through
which the light propagates, which are unknown parameters.
Therefore, the domain walls can hardly be distinguished.
Nevertheless, the wall direction is evident: they are parallel
to the color fringes and form an angle of 60° with respect to

the �011̄� direction, which is consistent with the theoretical
prediction.

In contrast to optical microscopy, the PFM studies the
domain structure in the regions close to the crystal surface.
Figure 3 presents the typical results of two-dimensional map-
ping of the same PNN-37PT crystal as shown in Fig. 2. The
topography �which is obtained simultaneously with the PFM
images at the same location� is shown in Fig. 3�a� �scratches
from the polishing are visible�. Figure 3�b� shows the lateral
�measured in the X direction� piezoresponse image. There are
two large areas with comparatively small and large lateral
PFM response, respectively. The relative integrated intensi-
ties in these two areas are shown in Fig. 4. In Fig. 3�b�, the
areas are separated by the straight boundary making an angle

of 60° with the X direction �i.e., the �011̄� crystallographic
direction�. Similar boundaries are observed across the
sample at a distance of 20–30 �m from one another. These
boundaries are evidently the domain walls. Shear piezoelec-

tric strain �and consequently lateral PFM response� is ex-
pected to be different in different domains because of differ-
ent directions of the lateral components of the PS vector
�PS��. In contrast, the vertical PS components �PS�� are the
same and, therefore, vertical PFM response should be the
same in all domains. It is, indeed, practically the same, as
shown in Fig. 3�c�. Nearly constant vertical response across
the area is also clearly seen in Fig. 4, in which the integrated
average value is shown as a function of distance from the
wall. Note, however, that within �1 �m distance of the do-
main wall the vertical response is significantly smaller than
inside the domains. As discussed above, the vertical response
is determined by the d33 piezoelectric coefficient. Therefore,
we conclude that in the vicinity of domain wall, this piezo-
electric coefficient is significantly reduced.

In the crystals which we studied the thickness of the re-
gions with reduced piezoresponse around the walls is much
smaller than the domain thickness �20–30 �m� and, there-
fore, the influence of these regions on the average piezoelec-
tric coefficient measured in macroscopic experiments is not
expected to be dramatic. However, in poled crystals of other
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FIG. 3. �Color online� PFM images obtained on a 23�23 �m surface area of the �111�-oriented poled tetragonal PMN-37PT crystal
around domain wall. �a� Surface topography. �b� and �c� Two-dimensional variations of �b� lateral and �c� vertical PFM responses. X and Y
axes represent the coordinates of the measurement point in the laboratory coordinate system; PFM response is plotted on the Z axis �in
arbitrary units�. The domain wall is identified.
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FIG. 4. �Color online� PFM response in the vicinity of 90° do-
main wall in the �111�-oriented poled tetragonal PMN-37PT crystal,
represented by the variations in vertical and lateral average values
integrated in the direction parallel to the wall as a function of the
distance to the wall. Scales for vertical and lateral responses are
different.
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compositions the domain size is often much smaller and,
with the decreasing domain size, this influence should in-
crease, leading to the decrease in macroscopic piezore-
sponse. This is opposite to the experimental data of Wada
and co-workers who observed an increase in d33 piezoelec-
tric coefficient with the decreasing domain size in the tetrag-
onal phase of �111�-oriented BaTiO3 and KNbO3.16,17

Several hypotheses can be found in the literature concern-
ing the influence of domain walls with engineered configu-
ration on piezoelectric coefficients. Rao and Wang18 pre-
dicted, based on computer simulations, the field-induced
reversible phase transformation in the regions close to the
domain wall, which should lead to an enhancement of piezo-
response. However, this enhancement is expected only in the
�5-nm-thick region of the wall.26 If the effect is not signifi-
cant enough, it may not be detected by PFM, which probes a
larger region of �30 nm.

Dammak et al.11 considered internal stresses that appear
due to opposite piezoelectric share stress in adjacent domains
when an electric field is applied. The stress may influence the
longitudinal piezoelectric coefficients. However, this mecha-
nism requires the simultaneous application of the field to
both domains, like in macroscopic experiments. In the PFM
measurements the field is significant only near the tip and,
therefore, this effect cannot influence noticeably the PFM
measurements that are performed at a distance from the wall
as large as �1 �m.

Hlinka et al.26 analyzed the 90° domains in the framework
of Ginzburg-Landau-Devonshire theory and found an en-
hancement of piezoelectric coefficients with decreasing do-
main thickness. However, the effect becomes significant for
the domain thicknesses below �50 nm, i.e., much smaller
than in our crystals. Besides, the piezoresponse remains con-
stant across the wall if the realistic material parameters are
used for simulations.

Damjanovic et al. noted that charged domain walls can
enhance piezoelectric effect in the domains via the creation
of depolarizing electric fields.27 This effect seems to apply at
least to some observations of Wada et al.16,17 who found in
many cases charged walls in their crystals. As mentioned
above in this section, in our crystals the walls were un-
charged. In order to further reconcile the data of Wada et al.

and our results, it is necessary to note that we studied the
variation in piezoresponse across the single wall and had no
information concerning the effect of the distance between the
neighboring walls �i.e., the domain size�. It is possible that
the latter effect results in an increase in piezoresponse inside
the domains and the overall macroscopic piezoresponse with
the decrease of domain size is superior to the effect of the
walls themselves.

Note that all mechanisms discussed above were proposed
to justify the increase in piezoresponse due to the presence of
domain walls. In our experiments we have observed the de-
crease of local d33 across the domain wall. The origin of such
a surprising behavior can probably be related to the residual
strains discovered around 90° walls with the help of x-ray
microdiffraction experiments,28 in which the strain fields
were observed to extend several micrometers from the walls
in the BaTiO3 crystals. Although the origin of these fields
remains unclear, they may change piezoelectric coefficients
considerably.11,29

IV. CONCLUSIONS

Our results provide experimental evidence that uncharged
domain walls have negative effects on the piezoelectric prop-
erties in the tetragonal relaxor PMN-PT crystals with engi-
neered domain structure, as the d33 piezoelectric coefficient
significantly decreases in the vicinity of the walls. To in-
crease macroscopic d33 it would therefore be useful to fabri-
cate the crystals oriented and poled along a nonpolar direc-
tion but free from uncharged walls; the method of such
fabrication process needs to be developed. It would also be
interesting to verify the effect of domain walls in the crystals
of other compositions, in particular in the relaxor-based pi-
ezocrystals with rhombohedral structure, in which the high-
est piezoelectric effect has been found.
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