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We present a first-principles study of 180° ferroelectric domain walls in tetragonal barium titanate. The
theory is based on an effective Hamiltonian that has previously been determined from first-principles ultrasoft-
pseudopotential calculations. Statistical properties are investigated using Monte Carlo simulations. We com-
pute the domain-wall energy, free energy, and thickness, analyze the behavior of the ferroelectric order param-
eter in the interior of the domain wall, and study its spatial fluctuations. An abrupt reversal of the polarization
is found, unlike the gradual rotation typical of the ferromagnetic case.

The cubic perovskites are among the most important expeared in the literatur&;® to our knowledge the present work
amples of ferroelectric materialsMany undergo not just is the first such study of the domain walls. Usingadminitio
one, but a series, of structural phase transitions as the teraffective Hamiltonian developed previously to study the
perature is reduced. These transitions occur as a result ofghase transitions of BaTiQ7 we set up Monte CarlgMC)
delicate balance between long-range dipole-dipole interacsimulations to investigate the structure and energetics of
tions that favor the ferroelectric state, and short-range force$go° domain walls of(100) orientation. In particular, the
that favor the high-symmetry cubic perovskite phase. Beenergy, free energy, and thickness of the wall are calculated.
cause of the anomalously large Born effective charge of thgye also analyze the behavior of the ferroelectric order pa-
atoms, the ferroelectric transitions in the perovskites are very;meter in the interior of the domain wall and study the fluc-
sensitive to electrostatic boundary conditirisAs a conse- tuations in the domain-wall shape. Where we can compare

quence, domain structure plays an important role in th§yi, hrevious work, we find our results in general agreement
ferroelectric transitions, and a theoretical understanding 0\1;vith experimentdP~12and theoretical reports

theT(r:i]omaltr_l WI"’?”S |st(_3f g:r eat |fr}terest|. ic d . s h Because only low-energy distortions are important to the
eoretical investigation of ferroelectric domain Walls Nasqy .y 4y properties, we work with an effective Hamiltonian

been much less extensive than for their ferromagnetic coun- . .
. - written in terms of a reduced number of degrees of freeom.

terparts. The strong coupling of ferroelectricity to structural_l_h fi tant d f freed included th
and elastic properties is problematic. Previous theoretical in; e"mos 'mportan 'egree"s of treedom Inciuded are the
vestigations have concentrated on a phenomenological Ievg"l'\I 'F’Ca"moffe_ a”n_wplltud_es_ Yia for_ site i and Carte5|an_
of description, using Landau theory to study domain-walidirectiona. A §|te isa pnr"nltlve gnlt.cell cen_tered on aTi
thickness and enerdy: Simple microscopic models such as atom, and the. local .mode on th|s site consists of d|§place—
local-field theory have also been used to identify the domainMents of the given Ti atom, its six nearest oxygen neighbors,
wall structure and charact®bue to the limited experimental and its eight nearest Ba neighbors, in such a way that a
data available, this empirical work has tended to be qualitasuperposition of a uniform set of local-mode vectars-e
tive and oversimplified and has thus not been able to offefindependent of) generates the soft zone-center ferroelec-
the accuracy needed for a deeper theoretical understandindfic mode polarized along. We also include six degrees of

In this paper, we undertake a first-principles study offreedom to represent homogeneous strain of the entire sys-
ferroelectric domain walls in BaTi@ While severabb ini- tem and 3 displacement local-mode amplitudes, that
tio studies of bulk BaTiQ and related materials have ap- serve to introduce inhomogeneous strains. We thus reduce
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the number of degrees of freedom per unit cell from 15 to 6choice of local mode, the sharpest domain wall is Ti cen-
simplifying the expansion considerably. tered, vanishing on a central plane of Ti atoms. In order to
Since the ferroelectric transition involves only small determine which of these scenarios is the more realistic, we
structural distortions, we represent the energy surface by eonstructed & 1X 1 supercellgcontaining 20 atoms and 2
Taylor expansion around the high-symmetry cubic perovskitelomain wallg corresponding to each of the above scenarios,
structure, including up to fourth-order anharmonic termsusing a mode amplitude taken from the average equilibrium
where appropriate. The energy consists of five parts: an orstructure of the MC simulationévery close to the experi-
site local-mode self-energy, a dipole-dipole interaction, amental structure We then performed LDA calculations to
short-range interaction between local modes, an elastic emwompare the energies of the two structures. We find the Ba-
ergy, and a coupling between the elastic deformations andentered and Ti-centered walls constructed in this way have
the local modes. The Hamiltonian is then specified by a se¢nergies of 6.2 and 62.0 erg/énrespectively. Thus, a sharp
of expansion parameters, which are determined using highlyi-centered domain wall appears very unfavorable and it is
accurate local-density approximatiofLDA) calculations clearly best to use a Ti-centered local mode as we have done.
with Vanderbilt ultrasoft pseudopotentidfsThe details of We note that the effective Hamiltonian reproduces the energy
the Hamiltonian, the first-principles calculations, and the val-of this sharpest Ti-centered wall to within 1% of the LDA
ues of the expansion parameters have been reportadsult(not surprisingly, since configurations of a similar kind
elsewher€. This scheme has been successfully applied tavere included in the fitting.
single-domain BaTiQ to predict the phase-transition se-  We study the structure and energetics of the domain walls
quence, transition temperatures, and other thermodynamigsing Metropolis MC simulation®. The degrees of freedom
properties with good accuracy. are the vectorsy; andv; for each sitei of the 4L XL XL
The phase-transition sequence for BaJi® cubic to te- supercell, and the six homogeneous strain components. As
tragonal to orthorhombic to rhombohedral as temperature imentioned above, the supercell is arranged to contain two
reduced. We focus on the tetragonal phase, since it is théomains, each roughly of size&. X L X L, with domain walls
room-temperature phase, and the best studied experimentallyormal tox and with periodic boundary conditions. Since all
We adopt the convention that the polarization, and thus thenergy contributiongexcept for the dipole-dipole coupliihg
tetragonalc axis, are along. In this phase, two kinds of are local, we choose the single-flip MC algorithm. We make
domain walls, 90° and 180°, are possibleThe notation  a trial move of variables at one site, check acceptance, make
refers to the angle between polarization vectors in adjacerthe change if accepted, and go on to the next site. One Monte
domains. We choose the 180° domain wall for this studyCarlo sweep(MCS) constitutes one entire pass through the
because of preliminary indications of a simple structure andystem in this manner.
narrow width? Because it is energetically unfavorable to  To generate a reasonable starting configuration for the
form domain walls carrying net bound charge, 180° domaimL X L X L supercell, we equilibrate dnx L X L supercell at
walls are restricted to lie parallel to the polarization. Earliera high temperatureT(>400 K) in the cubic phase and then
work has indicated that the 180° domain wall of (100) ori- cool it down slowly, allowing it to relax for 20 000 MCS's at
entation has much lower energy than for other, e.g., (110)each temperature step. We stop the cooling when the tetrag-
orientation$ Thus, we focus on the (100) domain wall, onal phase is reached, in which the polarization vector aver-
which we take to lie in the/-z plane. aged over the simulation cell points along one Cartesian axis.
Ideally, we would like to study a single 180° domain wall (As reported in Ref. 7, this phase corresponds to the tempera-
in isolation. In order to make the simulation tractable, weture range from 230-290 K in our calculation, while the
apply artificial periodic boundary condition@Vhile a study actual experimental range is 278—-403%f the polariza-
of a finite sample would also be interesting, the presence dfon is not along+2, we rotate the structure to make it so.
surfaces would greatly complicate the analysi#e use a We then copy the structure four times along thaxis, with
4L XL XL supercell (typically L=10) containing up and the polarization reversed te z for two of them. The starting
down domains alternating in thedirection. Thus, there are configuration thus contains two periodic 180° domain walls
two 180° domain walls per supercell, with a spacing betweemperpendicular to the (100) direction.
walls of about 20 lattice constants. We find that this separa- This structure is initially equilibrated for 2000 MCS'’s, in
tion is more than enough to give converged results, based aorder to reach a good approximation to the “local equilib-
tests of convergence with respecttoln fact, previous work rium” associated with the presence of alternating domains.
has indicated that the width of the 180° domain wall is veryThermodynamic averages are then constructed from runs of
narrow, of the same order of magnitude as the latticed0 000 MCS’s. Of course the global equilibrium for our su-
constant*®1° Thus, in retrospect this should not be surpris-percell would consist of a single-domaibulk) structure;
ing. indeed, we find that fluctuations in the positions of the do-
For a very narrow domain wall, our choice of local mode main walls can occasionally cause two neighboring walls to
(Ti centered as opposed to Ba centgnerdy introduce some touch, which leads rapidly to the mutual annihilation of the
bias. The point is that the sharpest domain wall that can bpair of walls. While this occurrence is fairly rare, we never-
constructed is one for which the local-mode vectorsaare  theless decided to prevent it by fixing tiecomponents of
constant except for a sudden sign reversal from one plane tfie u vectors in the central two layers in each domain during
sites to the next. For the Ti centered choice of local modeghe simulations, thus providing “barriers” to the motion of
this represents a Ba-centered domain wall, for which théhe domain walls. Since the domain walls are typically far
atomic displacements have odd symmetry actass vanish  from these barriers and the constrained structure is very close
on) the central Ba plane. Conversely, for a Ba-centeredo the bulk equilibrium, we think the effect on our results is



53 FIRST-PRINCIPLES INVESTIGATION OF 180° DOMAIN ... R5971

09 ,’\
> AN
5 06 - [
] o
€ P
a 03 /\L
| Y
0.0 R
20 00 20 40
Xy/a

FIG. 2. Histograms of domain-wall positions for the
40X 10X 10 lattice at 260 K. Solid line, histogram of;(y,z,7)/a
FIG. 1. Snapshot of thg-z layer-averaged polarization-vector values @ is the lattice constantr labels a MC$ dashed line,
componentsi, (dotted ling, u, (dashed ling andu, (solid ling), as  histogram ofy-z planar-average valueé,(7)/a.
a function ofx/a (a is the lattice constajtfor the 40<x10x 10
lattice at 260 K. an average value af The value ot estimated in this way is
1.4 unit cells, or 5.6 A. This is in reasonable agreement with

negligible. Indeed, results taken from entirely unconstraine@mpirical theoretical estimates of 6.7 {Ref. 5 and experi-
runs in which no annihilation event occurs appear very simi-nents which place an estimated upper bound of 5§ A.
lar to those given below. To analyze the smoothness of the domain wall, we Fourier
Figure 1 shows a snapshot of the polarization vector comtransform the polarization, as a function of thex coordi-
ponents averaged ovgfz layers,u,, Jy, andu,, as afunc- nate for eachy,z) point and retain only the first three terms
tion of x, for L=10. Several qualitative features are imme-in the expansion. This is an effective way to smooth the data
diately apparent. First, the sharp reversauipindicates that ~Wwhile keeping the most useful information. The positions of
the domain boundary is indeed very sharp, its width being ofihe two domain walls in the supercell, denoted Xy and
the order of a lattice constant. Second, the other componen¥, are identified with the values of at which the Fourier-
u, andu, remain small throughout the whole supercell andsmoothed u, changes sign. In this way we obtain
their random fluctuations do not appear to be correlated witk1(y,z,7) andX(y,z,7), wherer labels the MCS.
the domain-wall position(The qualitative difference be-  In Fig. 2, we show the probability distribution of; for
tween the fluctuations af, andu, with x is an artifact of the L=10 and for a run of 40 000 MCS's at 260 K. The solid
averaging and of the presence of strong longitudinaline is a histogram of the values of;(y,z,7), while the
correlations.’) Thus, we find that the domain boundary en- dashed line is a histogram gfz planar averageX (7). A
tails a simplereversal rather than aotation, of the ferro- comparison of the two curves shows that the spatial fluctua-
electric order parameter. tions of the domain-wall position are much smaller than its
These behaviors are to be contrasted with the case of feensemble fluctuations. From the solid line, we see that the
romagnetic domain walls, where the magnetization vectoiX; values have a typical standard deviation of between one
typically rotates graduallyon the atomic scaje keeping a and two lattice constants. Other runs indicate that this result
roughly constant magnitude. This difference in behavior caris not very sensitive to system size. So, we can conclude that
probably be attributed largely to the much stronger strairthe domain walls are relatively smooth. We can further sepa-
coupling in the ferroelectric case. For our BaEi@eometry, rate the contributions to these fluctuations coming from the
for example, the entire sample, including the interface, dey andz directions. It is found that the fluctuations along the
velops a tetragonal strain aloizg imposed by the presence z direction (i.e., along the polar directionare about 40%
of domains polarized along-z. This gives rise to a strong smaller than along thg direction. The sign of this result was
anisotropy which will tend to keep the ferroelectric orderto be expected, since the shape of the domain wall should be
parameter from developing components alongr y in the  such as to minimize the surface charyB-n that develops
interface region. Thus, instead of rotating, the polarizatioron it. Here, AP is the change of the polarization vector
simply decreases in magnitude and reverses as we passross the domain wall amdis the unit vector normal to the
through the domain wall. This absence of rotation of thewall.
polarization has been experimentally verified for the case of Finally, we turn to an estimate of the domain-wall forma-
the 90° domain wall in BaTiQ.!2 tion energy. Because of the periodic boundary conditions im-
We now turn to a quantitative analysis of our simulationposed on our system, there are no surfaces to give rise to a
results, focusing on the domain-wall width, smoothness, andepolarization energy. Thus, the domain-wall eneggycan
energy. We first estimate the domain-wall thickness fol-  be calculated from the difference between the energy of the
lows. For a string of sites alorg at a given value ofy,z) 4L XL XL supercell with and without domain walls. This
and on a given MCS, we identify the pair of sites betweendifference is small, but because the correlation time of the
which u, changes sign. We then defihevia the linear ex-  system(far from the transitionis quite short{20 MCS'’9, a
trapolationt/a=2us*®JAu,, wherea is the lattice constant, sufficiently long simulation is capable of reducing the statis-
usPMs the spontaneous polarization deep in a domain, antical errors inE,, to an acceptable level. The calculated
Au, is the change olu, between the two interface sites. domain-wall energies are shown in Table |. The reported
Finally, we average overy(z) points and over MCS’s to get values have a statistical uncertainty of about 4%. Simulations
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TABLE I. Calculated domain-wall energiés, and free energies Our result is consistent with previously published esti-
F., as a function of simulation cell size and temperatur&. Sta- mates of the “energy” of the (100) 180° domain wall, al-
tistical uncertainties are about 4% ffy, and 10% forF,, . though such previous values are rather scattered and incon-
clusive. Previous experimental results of 10 and 3 erd/cm

T L Ew (erg/ont) Fu (erg/ent) (close to the phase transitipnvere given by MerZ and
250 8 15.8 4.6 Fousek and Safrankova,respectively. On the theoretical
260 8 17.1 4.0 side, Bulaevski reported a value of 10.5 erg/éusing a
250 10 15.6 5.0 continuum Landawp® model, while Lawlesscalculated an
260 10 17.0 4.4 energy of 1.52 erg/cfbased on a microscopic phenomeno-

logical model.(Since the above estimates involve use of em-
pirical models fit to finite-temperature data, the “energy”

for two lattice sizes and temperatures are reported. We ca¥flues are probably best interpreted as free enejgies.
see that our results are well converged with respect to system This investigation has opened several avenues for further
size. Because of the large increase of the correlation tim&tudy. One important goal is to apply the model to more
near the transitions, it has proven difficult to give accurateealistic geometries that include surfaces; after all, in real
values forE,, at other temperatures. samples the domain structure generally arises because of the
Our calculated value of,,=16 erg/cn? for the domain- ~ depolarization energy associated with surfaces. A natural first
wall energyis, however, probably not the proper quantity to Step would be to consider a slab geometry, to make contact
compare with experimentally derived values. Instead, wevith experimental thin-film studies. This would require first-
should compute éree energyF,,, which includes entropic principles calculations of very thin slabs-@-5 unit cells
contributions from fluctuations of the ferroelectric order pa-thick) to determine the necessary modifications to the effec-
rameter in the vicinity of the domain wall. A glance at Fig. 1, tive Hamiltonian at the surface, followed by Monte Carlo
which shows considerable fluctuations, suggests that sudimulations on thicker slabs containing ferroelectric do-
contributions are likely to be important. mains. We are now beginning to undertake first-principles
We have estimated the domain-wall free enerdigsus-  calculations of the type needed. Other interesting avenues
ing an adiabatic switching technique, as follows. First, wewould be to study other types of domain walsg., (110)
start with an equilibrated 4XLXL supercell containing 180° or 90° domain wallsin tetragonal BaTiQ and to con-
two domain walls, and for which the components of the sider other phases of BaTiQor other perovskite materials.
u vectors in the central two layers in each domain are con- |n summary, we have studied the properties of 180° do-
strained to preset values, as before. We slowly reverse th@ain walls in BaTiQ, using a first-principles based ap-
Va|ue$ Of the Constraint Variables in the Cent.er Of Qne Of th%roach, by app|y|ng Monte Car'o Simu'ations to a micro_
domains over the course of a 20 000-MCS simulation, makscopic effective Hamiltonian that was fittedab initio total-
ing a small change in the constraint variables every 1Qnergy calculations. The simulations were carried out in the
MCS’s, and compute the total work done on the constraintigdle of the temperature region of the tetragonal phase,
variables. If the simulation succeeds in removing the Wog|atively far from theC-T and T-O transitions. We confirm
domain walls adiabatically, we can equate the work done ©nat the domain walls are atomically thin and that the order

twice the domain-wall free enerdy,,. By comparing runs s ;
) ) ) : parameter does not rotate within the wall. We quantify the
of from 20 000 to 30 000 MCS's, we find differences in com- width, smoothness, and energetics of these domain walls.

putedF,, values of only about 10%, which suggests that theOur theoretical values of the wall width and free energy are

switching is indeed adiabatic. The resulting computed valueﬁ1 reasonable agreement with previously reported values
of F,, are about 4-5 erg/cfy or about 3—4 times smaller where available '

than the E,, values (and slightly smaller than the 6.2
erg/cnt reported above for the energy of the ideal Ba- This work was supported by the Office of Naval Research
centered wall under contract number N0O0014-91-J-1184.
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