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The observed orientations and shapes of ferroelectric domains in stoichiometric and congruent
LiTaO3 and LiNbO3 are explained in terms of the differences in the energetics of domain walls, and
the energetics of defect/domain-wall interactions. Density functional theory calculations show that

the energy of a Y-wall, parallel to �112̄0�, is lower than that of the X-walls, parallel to �101̄0�, in
both stoichiometric LiNbO3 and LiTaO3. As a result the domains are hexagonal and delineated by
Y-walls. In congruent LiTaO3, the interaction of antisite defects with domains walls can reverse this
order of stability, leading to triangular domains delineated by one type of X-wall. In congruent
LiNbO3, the interactions of the antisite defects with the domain walls are too weak to reverse the
order of stability of the domains walls; as a result the domains remain hexagonal. © 2011 American
Institute of Physics. �doi:10.1063/1.3560343�

LiTaO3 is a ferroelectric material with trigonal structure,
similar to LiNbO3. Stoichiometric LiTaO3 has a Curie
temperature1 of �970 K and spontaneous polarization2 of
�55 �C /cm2. Because of its unique optical properties,
LiTaO3 is a candidate for nonlinear frequency convertors,3

electro-optic devices,4 and holography.5 Control of the shape
of the ferroelectric domains is a key to good performance for
optical applications; different domain shapes can focus or
defocus light in the plane and convert the wavelength of
incident light in different ways. Congruent LiTaO3 shows a
Li deficient composition with CLi / �CLi+CTa��0.485,1 and
has a very different Curie temperature from that of stoichio-
metric LiTaO3.6 The nonstoichiometry results in significant
changes in optical, electric, and elastic properties near do-
main walls, and affects the domain dynamics.7 Recent
studies2,8 show that the threshold field for domain reversal
also depends on the stoichiometry. Figure 1 shows the do-
main wall structures in LiNbO3 and LiTaO3 observed in
experiments.9,10 Under stoichiometric conditions, both form
hexagonal domains, entirely delineated by Y-walls, Figs. 1�a�
and 1�b�; the Y-walls and X-walls are defined to be parallel

to the �112̄0� and �101̄0� planes respectively.9 The domains
in congruent LiNbO3 remain hexagonal, delineated by
Y-walls, Fig. 1�c�, while congruent LiTaO3 forms triangular
domains delineated by X-walls, Fig. 1�d�. Gopalan et al.7

explained the hexagonal domain shapes in terms of the an-
isotropy in shear strain at the walls, and the triangular shapes
as a mechanism by which to reduce the high strain points
created by X-walls of different orientations. The change in
domain shape from hexagonal to triangular under different

electromechanical coupling10 has been explained by Shur in
terms of the effectiveness of screening by the depolarization
field during switching process.10 Since Gopalan et al.11

showed that the local structure of domain walls can be al-
tered by defects, it is physically reasonable to seek an under-
standing of these domain shapes in terms of a defect mecha-
nism. In this study, the differences in domain shape in the
two systems are understood in terms of the energetics of the
domain walls and their interactions with intrinsic defects.
Moreover, the preference for a specific orientation of X-wall
in congruent LiTaO3 is explained.

We first examine the shape of ferroelectric domain in
stoichiometric systems. The energetics and structures of
Y-walls and X-walls in LiNbO3 have previously been ana-
lyzed with electronic-structure calculations at the level of
density functional theory �DFT�.12 There are two X-wall
variants, depending on displacements of three sets of oxygen

a�Present address: Condensed Matter and Materials Division, Lawrence Liv-
ermore National Laboratory, Livermore CA 94550, USA.

b�Present address: Center for Defect Physics, Oak Ridge National Labora-
tory, Oak Ridge TN 37831, USA.

c�Author to whom correspondence should be addressed. Electronic mail:
sphil@mse.ufl.edu.

FIG. 1. Domain shapes: �a� stoichiometric LiNbO3 �Ref. 10�, �b� stoichio-
metric LiTaO3 �Ref. 10�, �c� congruent LiNbO3 �Ref. 9�, and �d� congruent
LiTaO3 �Ref. 9�. Optical images: �a� domain revealed by etching, �b� phase-
contrast-microscopy, �c� and �d� piezoelectric force microscopy phase con-
trast images. Reproduced from Refs. 9 and 10 with permission.

APPLIED PHYSICS LETTERS 98, 092903 �2011�

0003-6951/2011/98�9�/092903/3/$30.00 © 2011 American Institute of Physics98, 092903-1

http://dx.doi.org/10.1063/1.3560343
http://dx.doi.org/10.1063/1.3560343
http://dx.doi.org/10.1063/1.3560343


atoms near the X-walls: perpendicular movement of oxygen
pointing into the X-wall �XI-wall� and the perpendicular
movement of oxygen pointing out of the X-wall �XII-wall�.
As summarized in Fig. 2�a�, these calculations showed that
the energy of the Y-wall in stoichiometric LiNbO3 is
160 mJ /m2 while the average of the two X-walls is
200 mJ /m2. Although it is not possible to distinguish the
energy of two X-walls from DFT, a study with empirical
potentials12 found that they have almost identical domain
wall energies. Thus, we concluded that the Y-wall has an
energy 40 mJ /m2 �0.18 eV/unitcell� less than that of
X-walls. Consistent with the results for LiNbO3,12 DFT also
predicts that in stoichiometric LiTaO3 the energy of the
Y-walls �60 mJ /m2� is less than that of the X-walls
�63 mJ /m2�; however, this energy difference is only
3 mJ /m2 �0.0135 eV/unitcell�. These DFT results are thus
consistent with the experimental observation that the ferro-
electric domains in both stoichiometric LiNbO3 and LiTaO3
are hexagonal, delineated by Y-walls.

To explain the shapes of domains in congruent systems,
it is necessary to understand the defect energetics and the
defect/domain-wall interactions. A previous DFT study in
LiNbO3 showed that NbLi

•••• compensated by four VLi� , is the
most energetically stable defect complex in the congruent
system.13 Corresponding DFT calculations also predict that
TaLi

•••• compensated by four VLi� is the energetically stable de-
fect cluster in congruent LiTaO3.

DFT calculations show that the interactions of a lithium
vacancy with either Y- or X- walls are weak14 and do not
depend significantly on its distance from the domain wall.
By contrast, the interactions of the cation antisites with the
domain walls are strongly attractive. In particular, the forma-
tion energy of TaLi

•••• at an XI-wall in LiTaO3 is 0.33 eV/
defect less than in the bulk. Similarly the TaLi

•••• is attracted to
both a Y-wall and an XII-wall by 0.09 eV/defect. The small
differences in the domain wall energies and the relatively
large differences in the association energy of the antisite de-
fect to the domain walls offer the possibility for the order of
the stability of the walls to change with the increased defect
concentration in the congruent system. As Fig. 2�b� shows,
LiTaO3 requires only �0.18% atomic fraction of TaLi

•••• to
overcome the energy difference between the Y-wall and the
XI-wall. The actual concentration of TaLi

•••• in the congruent
system is �0.2% atomic fraction. Hence, the defect/domain
wall interactions can lead to a change in the preferred do-
main wall orientation from the Y-wall to the XI-wall, as is
indeed observed in going from stoichiometric to congruent
LiTaO3.

The corresponding analyses for LiNbO3 also predict the
attraction of NbLi

•••• to an XI-wall �0.51 eV/defect� is stronger
than to a Y-wall �0.26 eV/defect� or to an XII-wall �0.05
eV/defect�.14 However the difference in the X- and Y- wall
energies is so large that, as we can also see from the Fig. 2,
�2.65% atomic fraction of NbLi

•••• antisites would be required
to overcome the energy difference between the XI-wall and
the Y-wall: a more than ten times greater concentration of
NbLi

•••• than actually present in the congruent material. Thus,
the Y-wall is energetically preferred in both stoichiometric
and congruent LiNbO3, and the domains in congruent
LiNbO3 remain hexagonal.

These differences in the strength of the defect/domain-
wall interactions can also be understood in terms of the
changes in the associated local polarizations. In particular,
when the defect and domain wall manifest components of
polarization of the same sign, in the same spatial direction,
there is a tendency for them to attract each other; this is
analogous to the elastic interaction between a dislocation and
a point defect.15

Figure 3 compares the uniaxial polarization when a TaLi
••••

is placed �0.75 Å on the down polarization side of an
XI-wall �blue diamonds� and XII-wall �green triangles� with
the polarization in the absence of an antisite defect �red
circles�. It can be seen that the TaLi

•••• has a very different
effect in the two cases: the XI-wall shows a significant
change in the polarization only on very close to the antisite

FIG. 2. �Color online� �a� Comparison
of domain wall energies in stoichio-
metric LiNbO3 and LiTaO3 calculated
with DFT. �b� The predicted domain
wall energies as a function of atomic
fraction of Nb or Ta antisite defects in
LiNbO3 and LiTaO3. The stoichio-
metric composition is at zero atomic
fraction; the congruent composition is
shown as a dotted line.

FIG. 3. �Color online� The uniaxial polarization �Pz� around the domain
wall when TaLi

•••• defect is placed at 0.75 Å away from the wall on the down
polarization side. For comparison, the essentially identical Pz for an isolated
X-wall are shown in circles; the profiles of the isolated XI- and XII-walls are
essentially identical.
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defect, while the XII-wall shows variations over a much
wider range. Indeed, fits of the polarization profiles to the
usual hyperbolic tangent function12,16 show that the domain
wall width of the XII-wall increases from 2.48 to 3.64 Å by
the addition of the TaLi

••••, while that of XI-wall only increases
from 2.37 to 2.80 Å. That is, the antisite defect distorts the
polarization profile of the XII-wall much more than the
XI-wall; as a result the TaLi

•••• interacts much more strongly
attractive with the XI-wall than with the XII-wall. A detail
analysis of the nonuniaxial components of the polarizations
associated with X-walls and the TaLi

•••• confirms this physical
picture.14,17

With this information on the energetics of defect/
domain-wall interactions, it is now possible to understand
the change in the shape of domains from hexagonal to trian-
gular. For stoichiometric LiTaO3, all six edges are delineated
by same type of Y-wall. Because of the strong Ta
antisite/XI-wall interactions in the congruent composition,
the Y-wall is no longer energetically favored and the XI-wall
is more stable. A domain delineated purely by XI-walls is
triangular. This result is consistent with the experimental
preference for the XI-wall in congruent LiTaO3.9 In contrast,
the interaction between a Nb antisite and XI-wall is not
strong enough to overcome the large energy difference be-
tween the X- and Y-walls in LiNbO3; thus the Y-wall is en-
ergetically most stable for both stoichiometric and congruent
compositions.

It is possible that the preferred domain wall in LiNbO3
might be different if appropriate dopants could overcome the
energy difference between the preferred �Y-� and nonpre-
ferred �X-� domain wall orientations. Therefore, we can ex-
pect that the control of the shape of domains might be

achieved by choosing dopants that tune the energy of inter-
action between a defect and a domain wall.

This work was supported by NSF under Materials World
Network Grant Nos. DMR-0602986, DMR-0908718, and
DMR-0820404.
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