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Computer modeling and simulation reveal a domain wall broadening mechanism that explains the
domain size effect of enhanced piezoelectric properties in domain engineered ferroelectric single
crystals. The simulation shows that, under electric field applied along the nonpolar axis of single
crystal without domain wall motion, the domain wall broadens and serves as embryo of
field-induced new phase, producing large reversible strain free from hysteresis. This mechanism
plays a significant role in the vicinity of interferroelectric transition temperature and morphotropic
phase boundary, where energy difference between stable and metastable phases is small. Engineered
domain configuration fully exploits this domain wall broadening mechanism. © 2007 American
Institute of Physics. �DOI: 10.1063/1.2435584�

High-performance piezoelectrics for sensors, actuators,
and transducers are expected to exhibit large reversible strain
free from hysteresis under electric field. However, the con-
ventional strain mechanisms, such as electric field-induced
domain wall motion and phase transition, are accompanied
by large hysteresis. An important advance in piezoelectric
research is the development of crystallographic domain en-
gineering technique for ferroelectric single crystals.1,2 Single
crystal with engineered domain configuration shows drasti-
cally enhanced, hysteresis-free strain versus electric field
��-E� behavior along the nonpolar axis rather than the con-
ventional polar axis.1,2 Recent experiments further discov-
ered a domain size effect in the crystallographically engi-
neered crystals,3,4 where the piezoelectric properties
significantly increase with decreasing domain size. The do-
main size effect promises to further improve the electrome-
chanical properties by engineering submicrometer-sized
domains and develop environment friendly, lead-free
piezoelectrics.3,4

The minimization of �-E hysteresis in crystallographi-
cally engineered single crystal is achieved through the inhi-
bition of electric field-induced domain wall motion.1–4 For
engineered domain configuration, electric field is applied
along the nonpolar axis of the single crystal, which forms
equal angle to the polarization vectors of individual domains.
All the domains are energetically and crystallographically
equivalent with respect to the electric field in nonpolar direc-
tion, thus there is no driving force to domain wall motion,
and electric field-induced intrinsic responses of these do-
mains do not break such equivalency. As a result, tilted po-
larization remains in perfect head-to-tail patterns, and do-
main walls between intrinsically distorted domains are still
charge-free crystallographic twin boundaries. Therefore, the
piezoelectric properties of crystallographically engineered
multidomain single crystal can be predicted from the prop-
erties of a single-domain single crystal along its nonpolar
axis. Such single-domain intrinsic properties have been cal-
culated and do exhibit piezoelectric anisotropy and enhanced

response along the nonpolar axis.2,3,5 However, the calcu-
lated anisotropy only accounts for a small part of the experi-
mentally measured property enhancement.3,4 Moreover, the
calculation does not explain the recently observed domain
size effect.3,4 Further investigation of the mechanism for
crystallographic domain engineering is required. The pur-
pose of this letter is to report a domain wall broadening
mechanism that explains the enhanced piezoelectricity and
domain size effect.

The domain size effect was discovered by directly
correlating the measured piezoelectric properties to the ob-
served domain configurations in barium titanate �BaTiO3�
and potassium niobate �KNbO3� single crystals.3,4 Sophisti-
cated thermo-electrical treatment has been developed to
control the domain configurations and domain sizes.3,4

The micrometer-sized �5.5–50 �m� domains allow direct
domain observation and domain size measurement by polar-
ized light microscopy.3,4 Figure 1�a� shows the domain size-
dependent piezoelectric properties �d31 and k31� of �111�-
oriented tetragonal BaTiO3 single crystals.4 Based on the
experimental data in Fig. 1�a�, namely, d31=−97.8, −134.7,
−180.1, −230.0 pC/N for average domain size �defined as
domain width or thickness� t=40, 13.3, 6.5, 5.5 �m, respec-
tively, and d0=−62.0 pC/N for single domain �t=��,4 we
calculate the property increase for engineered multidomain
configuration compared to single-domain state, i.e., �d31
= �d31−d0�. In Fig. 1�b�, we plot �d31 versus the reciprocal
domain size �proportional to domain wall density�, 1 / t. The
data �d31 and 1/ t are well fitted into a straight line passing
the origin ��d31=0, t=��. The polarizing microscope obser-
vation shows that the engineered multidomain configurations
are composed of tetragonal phase with 90° domain walls
��110� twin boundaries�.4 Since the domains of �100�, �010�,
and �001� polarization orientations have equal energy in
�111� electric field, the 90° domain walls do not move. Thus,
the quantity �d31 excludes both the intrinsic contribution d0
from individual domains and the extrinsic contribution from
domain wall motion. Therefore, the linear relationship be-
tween the property increase �d31 and the domain wall den-
sity 1 / t shown in Fig. 1�b� unambiguously attributes the pi-
ezoelectric property enhancement and domain size effect to
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the domain walls themselves. A hypothesis of crystal lattice
symmetry change in domain wall has been proposed to pro-
vide a qualitative explanation.6 However, direct experimental
observation of domain wall behavior is not available, and a
quantitative picture of the competition among several energy
contributions in domain wall region needs to be explored,
such as gradient energy of polarization rotation, elastic en-
ergy of lattice misfit, energy gap between metastable and
stable phases, and external energy associated with applied
electric field. In this work we employ computer modeling
and simulation to study the underlying domain wall mecha-
nism and clarify the role of domain walls under electric field
along nonpolar axis.

The multidomain state of a ferroelectric single crystal is
described by the polarization field P�r�, whose total system
free energy under electric field Eex is given by7,8

F =� d3r	 f�P� +
1

2
�ijkl�iPj�kPl − PkEk

ex

+

1

2
� d3k

�2��3	ninj

�0
P̃iP̃j

* + Kijkl�̃ij
0 �̃kl

0*
 , �1�

where summation convention over repeated indices is im-
plied. The function f�P� is the nonequilibrium local bulk free
energy density that defines the thermodynamic properties of

stress-free homogeneous ferroelectric state and is formulated
by Landau-Ginzburg-Devonshire polynomial expansion.9

The tensor �ijkl is the gradient coefficient that characterizes
the energy contribution from polarization gradient in domain
wall region, and �i=� /�ri is gradient operator. The k-space
integral gives the electrostatic and elastostatic energies of
polarization distribution P�r� and misfit strain distribution
�0�r�, respectively, where �0 is the permittivity of free space,
Kijkl=Cijkl−nmCijmn�npCklpqnq, �ik= �Cijklnjnl�−1, Cijkl is the
elastic modulus tensor, and n=k /k. The spontaneous lattice
�misfit� strain is coupled to polarization through electrostric-
tion coefficient tensor Qijkl, �ij

0 =QijklPkPl. The functions

P̃�k� and �̃0�k� are the Fourier transform of the fields P�r�
and �0�r�, respectively, and the superscript “ *” indicates the
complex conjugate. The electric field-induced phase transi-
tion and domain evolution is characterized by the time-
dependent Ginzburg-Landau equation:7,8

�Pi�r,t�
�t

= − Lij
	F

	Pj�r,t�
+ 
i�r,t� , �2�

where Lij is the kinetic coefficient tensor, and 
i�r , t� is
Gaussian-distributed Langevin noise term to account for the
effect of thermal fluctuation. In this work, we use �ijkl
=�	ik	 jl, Lij =L	ij, and the experimentally determined poly-
nomial coefficients ��i, �ij, �ijk�, elastic constants �Cijkl�,
electrostriction coefficients �Qijkl� for lead zirconate
titanate.10

The computer simulation reveals a domain wall broad-
ening mechanism, as shown in Fig. 2. We consider a single
crystal of stable tetragonal phase with engineered domain
configuration in electric field along the nonpolar �111� axis.
The 90° domain walls are also �110� twin boundaries. Figure
2�a� shows the equilibrium domain wall without electric
field. The arrows represent the polarization vector distribu-
tion �the out-of-plane component is represented by color�.
When electric field is applied along the nonpolar �111� axis,
the 90° domain wall does not move due to the equivalent
energetic state of the �100� and �010� tetragonal domains.
However, as shown in Fig. 2�b�, the domain wall broadens,
where a layer of heavily stressed �111� rhombohedral domain
is induced by the �111� electric field, which is coherently
sandwiched between two adjacent stable tetragonal domains.
Such an electric field-induced tetragonal→ rhombohedral
phase transition produces strain significantly larger than the
intrinsic strain of tetragonal phase due to the polarization
tilting under the same electric field, leading to enhanced pi-
ezoelectric response of the single crystal. As revealed by the
simulation, the domain wall broadening behavior exhibits
several important features. Firstly, the domain wall starts to
broaden upon the application of electric field and gradually
grows with increasing field, which produces enhanced piezo-
electric response at low electric field. In this process, the 90°
domain wall serves as preexisting embryo of the field-
induced rhombohedral phase. Secondly, the broadened do-
main wall shrinks reversibly with decreasing electric field,
which produces hysteresis-free �-E curve. This reversibility
is because the rhombohedral phase is metastable with respect
to the stable tetragonal phase in the absence of electric field.
Thirdly, the rhombohedral phase is epitaxially stressed by the
tetragonal phase along the �110� interfaces. Although the
elastic strain energy does not favor the formation of a layer
of rhombohedral phase in the domain wall, the interplay

FIG. 1. �Color online� Domain size effect in �111�-oriented tetragonal
barium titanate single crystals. �a� Experimentally measured piezoelectric
properties vs domain size �reproduced with permission �Ref. 4��. �b� A linear
relationship between the property increase �d31= �d31−d0� and reciprocal
domain size �domain wall density�, where the data ��� are calculated from
�a�, and the straight line is obtained by fitting. The result unambiguously
attributes the piezoelectric property enhancement and domain size effect to
domain walls.
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among various energetic contributions, as formulated in Eq.
�1�, favors domain wall broadening mechanism. Finally,
since the contribution of phase transformation strain to the
total crystal strain is proportional to the number of domain
walls present in the crystal �i.e., domain wall density�, the
domain wall broadening mechanism leads to the domain size
effect of enhanced piezoelectricity.

It is worth noting the similarity between lead-free
BaTiO3, KNbO3 in the vicinity of interferroelectric transition
temperatures and lead-based solid solutions Pb�Zr1−xTix�O3,
Pb��Zn1/3Nb2/3�1−xTix�O3, Pb��Mg1/3Nb2/3�1−xTix�O3 in the
vicinity of morphotropic phase boundaries: there exist more
than one ferroelectric phases �tetragonal, rhombohedral,
orthorhombic� with small energy gap but large crystal lattice
transformation strain in these perovskite-type ferroelectrics.
An electric field-induced stable→metastable phase transition
will produce a large strain associated with the crystal lattice
rearrangement. However, in order to exploit the useful prop-
erties of the interferroelectric transition, two special require-
ments must be satisfied: �1� the electric field-induced phase
transition must be reversible to achieve hysteresis-free �-E
curve, and �2� the interferroelectric transition must be in-
duced by sufficiently small electric field to achieve good

piezoelectric response at low field regime. In order to meet
these conditions, special domain configuration and electric
field direction are required. As shown by our simulation �Fig.
2�, the crystallographically engineered domain configuration
and nonpolar electric field direction just satisfy these require-
ments. In this work, we considered Pb�Zr1−xTix�O3 in the
vicinity of morphotropic phase boundary. Figure 2�b� shows
the �111� electric field-induced tetragonal→ rhombohedral
phase transition in domain wall region. Since the lead-free
and lead-based perovskite-type ferroelectrics are character-
ized by the same Landau-Ginzburg-Devonshire polynomial
with different material-specific expansion coefficients, our
results also provide insight into the domain wall broadening
mechanism in other systems. In particular, a �01� electric
field-induced rhombic→ rectangular transition is observed in
BaTiO3 in the vicinity of interferroelectric transition tem-
perature in a two-dimensional simulation, where rectangular
phase nucleates at domain walls.11 Systematic investigation
of the domain wall broadening mechanism and enhanced pi-
ezoelectric properties in different systems involving ferro-
electric tetragonal, rhombohedral, and orthorhombic phases
in the vicinity of transition temperatures and morphotropic
phase boundaries will be reported in our future publication.

Finally, it is noteworthy that there are evidences showing
that engineered nanodomain configuration exists in
Pb��Zn1/3Nb2/3�1−xTix�O3 and Pb��Mg1/3Nb2/3�1−xTix�O3

single crystals. Intrinsic lattice parameter relationships12,13

and nanotwin diffraction analysis14 show that the monoclinic
MC phase in domain engineered Pb��Zn1/3Nb2/3�1−xTix�O3

and Pb��Mg1/3Nb2/3�1−xTix�O3 is tetragonal nanotwins. Re-
cent transmission electron microscopy experiment directly
observes tetragonal twins of average domain size about
10 nm,15 which appears to be MC phase in diffraction and
polarized light microscopy. Therefore, the domain wall
broadening mechanism and domain size effect could play a
role at nanoscale and be responsible for the superior piezo-
electric properties along the nonpolar axis of these materials,
which is under our investigation.
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FIG. 2. �Color online� Computer simulation of domain wall broadening
behavior under electric field along nonpolar axis. �a� Equilibrium 90° do-
main wall and �110� twin boundary in tetragonal crystal without electric
field. �b� Broadened domain wall composed of electric field-induced,
heavily stressed �111� rhombohedral domain layer coherently sandwiched
between tetragonal domains. The domain wall broadening mechanism ex-
plains the enhanced piezoelectric response along the nonpolar axis and the
domain size �domain wall density� effect.
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