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Ab initio study of ferroelectric domain walls in PbTiO;
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We have investigated the atomistic structure of the 180° and 90° domain boundaries in the ferroelectric
perovskite compound PbTiQusing a first-principles ultrasoft-pseudopotential approach. For each case we
have computed the position, thickness and creation energy of the domain walls, and an estimate of the barrier
height for their motion has been obtained. We find both kinds of domain walls to be very narrow with a similar
width of the order of one to two lattice constants. The energy of the 90° domain wall is calculated to be
35 mJ/nt, about a factor of 4 lower than the energy of its 180° counterpart, and only a miniscule barrier for its
motion is found. As a surprising feature we detected a small offset of 0.15-0.2 eV in the electrostatic potential
across the 90° domain wall.
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I. INTRODUCTION bility of continuum theoretical models is questionable. Thus,

After cooling below the transition temperature, ferroelec-for a deeper theoretical understanding of domain walls, more
tric crystals usually adopt a very complex microstructureaccurate atomistic calculations are needed.
consisting of regions with different orientations of the spon- A first work in this direction was undertaken by Padilla,
taneous polarization. These domains are formed to reducghong, and Vanderbiitwho investigated 180° domain walls
uncompensated depolarization fields at the surface, releasirig tetragonal BaTiQ@ using an effective Hamiltonian derived
elastic strain and so lowering the free energy of the crystalfrom first-principles calculations. With this effective Hamil-
The domain structure and the properties of the domairionian, Monte Carlo simulations at finite temperatures were
boundaries play an important role in the performance oferformed to calculate the energy, free energy and thickness
many ferroelectric devices. Mechanical and electrical charof the wall. A very narrow domain wall with an energy of
acteristics, such as the permittivity, coercive field, and piezo16 mJ/nt was found.
electric constants, are often significantly influenced. In par- With a first-principles pseudopotential method based on
ticular, the thickness and the interfacial energy of the domairdensity-functional theory, Biko and Chadi studied the
walls are important parameters in understanding the switcht80° domain wall in PbTi@ They confirmed a picture in
ing kinetics and fatigue mechanism in ferroelectric materialswhich 180° walls are very narrow, but found a much higher
The width affects the wall mobility, and the energy deter-domain-wall energy than for BaTiO
mines how easily new domain walls may be introduced dur- In this paper, we undertake a first-principles study of the
ing polarization reversal processes. Thus, for a thorough urit80° and 90° domain walls in PbTiOFor both domain wall
derstanding of the physical processes associated with thgpes, we have calculated the fully relaxed atomic structure,
switching and fatigue behavior of a ferroelectric material, arthe domain-wall energy, the polarization profile across the
accurate microscopic description of the underlying domairdomain wall, and an estimate of the barrier height for their
walls and their dynamics is required. motion. As for the 180° domain wall, our study is similar in

A phenomenological level of description has been used irspirit to the work of Pgkko and Chadi, but the conclusions
most previous theoretical investigations of ferroelectric do-differ in some important respects. However, the main focus
main walls. Several authors have modeled the structure aif this paper will be on the 90° domain wall, where we are
domain walls by using a Landau-Ginzburg type of con-not aware of any previous first-principles study for a ferro-
tinuum theory:~3 The domain wall is described by a soliton electric perovskite. The 90° domain wall is of particular in-
solution, giving the polarization profile and the distribution terest because some detailed experimental results on its ato-
of the elastic strain across the domain wall, from which themistic structure have recently become availab{@he
domain-wall width and energy can be deduced. For exampleexperimental investigation of the 180° domain wall is much
in a very early work ZhirnoV obtained estimates for the more difficult) Some of the experiments on the 90° domain
thickness of domain walls in BaTiD He found the 180° wall have created considerable doubt regarding the com-
domain wall to be atomically sharp with a width of only monly accepted picture that the 90° domain wall is much
5-20 A, but he predicted the 90° domain wall to be muchbroader than its 180° counterpart. With the present simulta-
broader with a thickness of 50—100 A. This different pictureneous study of the 90° and 180° domain wall, we provide
of 180° and 90° domain walls has been quite commonlystrong support, at least in the case of defect-free walls at low
accepted since thénHowever, some of the parameters temperature, that both domain walls are of comparable
needed in the expansion of the free-energy functional cawidth. However, we find that the barrier for the motion of the
only roughly be estimated from the experimental data avail90° domain wall is extremely small, suggesting that at non-
able, the empirical approaches based on Landau-Ginzbuzgro temperatures the domain walls may fluctuate strongly.
theory are rather limited and tend to be more qualitative in  Many experimental techniques are capable of revealing
nature. Also, for atomically sharp domain walls, the applica-the domain microstructure of a ferroelectric cryétalit it is
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much more difficult to image the domain boundaries and TABLE I. Computed and experimental values of the structural
determine their structure with atomic-level accuracy. Mostparameters for bulk PbTiQOn the tetragonal phase.andc are the
studies so far have used high-resolution transmission eledattice constants, and the atomic displacements relative to the cubic
tron microscopy(HRTEM) to obtain direct images of the positions are given as a unit vecttimes an amplitudég|. For the
domain walls’* In a detailed study of 90° domain walls in labels of the oxygen atoms see Figa)l Experimental values are
BaTiO; and Pb(Zs 5,Tig 49 O Tsaiet al® observed a diffuse  from Ref. 28.

dark contrast about 4—10 unit cells wide in their HRTEM
images of domain boundaries, which they attributed to de- Theory Expt.
viations from the Bragg condition through lattice distortions , A)

and ionic displacements. But no further analysis of these A) 2'22 i'ig
images was done. Combining HRTEM and quantitative im—g (Pb) 0'71 o' 79
age analysis, Stemmet al® measured the width of the 90° °#'_ ; :

domain wall in PbTiQ to be 103 A, and they gave an &(T) 0.34 0.33
estimate for the domain-wall energy of 50 m3/rihis evi- €(0) 78'23 78'2:

dence for a very narrow 90° domain wall in PbTi@as £(On)
further confirmed by Foetet al! From their HRTEM im-  £2(On) —0.27 —0.35
ages they obtained a width of 3 A at room temperature, &l (A) 0.38 043
and from the analysis of the thickness fringes of weak-beam

transmission-electron microscopy they found a value of : - .
21+7 A. In contrast, Floqueet al2® concluded, based on energy of 25 Ry is sufficient to obtain very well converged

their combined study of HRTEM images and a careful analy_results. The resulting computed structural parameters for the

sis of the x-ray diffraction pattern of BaTiOthat 90° do- tetragonal phase of PbTiCare given in Table I. The lattice

I 0, 0, -
main walls are regions of width 40—60 A where the crystal-conStantsa andc are underestimated by 1% and 2.6%, re

lographic discontinuity is accommodated by irregular atomicSpeCtlvew’ which is typical for LDA(Unfortunately, gener-

displacements. For micron-sized Bagi@rains they even alized gradient functionals usually overcorrect the lattice pa-
P e y rameters of cubic perovskite oxides by about the same
proposed a wall thickness of 140 A.

This paper is organized as follows. In Sec. Il we describeamoum’ and therefore do not significantly improve the de-

. ; . scription of ferroelectric properties in these compouffds)
the technical details of our computational method gnd th hepdeviations in the a[t)omri)c displacements ofpthe oxygen
geometry of the supercells used to model the domain walls.Ons between theory and experiment are mainly due to the
:;noos ggfﬁ;ilrl] z\ill\:]a(ljllsl,vrévse géﬁf’/grt Ic;lijr:arIFSL'jtlr:Z 02 tgrecjc-)i?:luzg act that the x-ray data were analyzed under the assumption
with 2 summar éec Q/ i wh)i/éh we giso diFs)cgss the result%Shat the displacement is the same for all three oxygen atoms.
y: " The construction of appropriate supercells for the study of

in the context of the previous experimental work. the domain walls of interest will be detailed here below. All
atomic configurations were fully relaxed by minimizing the

Il. THEORETICAL DETAILS atomic forces using a variable-metric schem€onvergence
A. Method of calculation was assumed when the forces on the ions were less than
0.005 eV/A.

For our calculations we have used a first-principles plane-
wave pseudopotential method based on density-functional
theory? (DFT) within the local-density approximatidh
(LDA). Ab initio simulations of this kind have been applied PbTiO; belongs to the important group of ferroelectric
successfully many times to explain the origin of ferroelec-materials based on the cubic perovskite structure. At the tem-
tricity in perovskite compound¥,to determine ground-state perature of 765 K PbTiQundergoes a single phase transition
structure® and to reproduce sequences of phasdrom the paraelectric cubic phase to a tetragonally distorted
transitions'® The spontaneous polarizatibhBorn effective  ferroelectric phase, Fig.(d), and remains in this tetragonal
charges®'° piezoelectric coefficient®, and other material phase down ta'=0. In this state, six energetically equiva-
parameters have been calculated in excellent agreementent orientations of the spontaneous polarization exist. The
with experiment. Also defectdand surfaces?%in ferroelec-  domain walls between these variants can be regarded as twin
tric materials have been studied using DFT methods. boundaries on low-index lattice planes. With the additional

The pseudopotentials were of the Vanderbilt-ultrasoftconstraint that the normal component of the polarization
type?® with the semicore Pb & and Ti 3 and 3 states should be continuous across the domain wall so that no net
explicitly treated as valence statés contrast to Ref. B A interface charge is present, there are two allowed tyfigs:
conjugate gradient technique as described in Ref. 15 wasvins on (100 planes with parallel polarization of opposite
employed to minimize the Hohenberg-Kohn total-energyorientation in the neighboring domains (180° domain yyall
functional. For the plane-wave expansion of the electrorand(ii) twins on(101) planes with the polarizations on either
wave functions a cutoff energy of 25 Ry was used. The samside of the domain wall being almost perpendicular to one
pseudopotentials have already been used in several previoasother (90° domain wall These situations are illustrated in
studies on PbTi@ where their accuracy has been Figs. Ib) and Xc), respectively. In principle, it would be
demonstrated®?*and where it has been shown that a cutoffalso possible to construct 180° domain walls by twinning the

B. Domain-wall geometries
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of (101 planes. However, in this case the “flow” of the
polarization establishes an intrinsic difference between the
“upstream” and “downstream” sides of the domain wall
[left and right sides, respectively, in Fig.cl]. Thus, the two
sides of the domain wall cannot be related by any symmetry
operation, and there is no possible scenario in which the
position of the domain wall is determined by symmetry. In
other words, we expect that if we start from either starting
guess, the structure will relax to some ground-state structure
located at some intermediate position between the Pb-Ti-O
and O-O limits. There is thus no sharp distinction between a
Pb-Ti-O or an O-O centered domain wall in the 90° case. In
our calculations, we start the relaxation from the structure
obtained by twinning on the Ti-Pb-O plari@s we shall see,

the relaxed structure ends up being centered much closer to
the O-O plane, so clearly we introduce no bias by doing so.

Since periodic boundary conditions are used in plane-
wave pseudopotential calculations, we cannot study single
domain walls in isolation. Instead we have to build super-
cells containing a domain structure that can be repeated pe-
riodically in three dimensions. As a consequence, we always
have to include two domain walls in a supercell.

For the simulation of the 180° domain wall, we have used
supercells consisting ofNX1X1 perovskite unit cells
stacked in thex direction and containing one “up” and one
“down” domain, eachN/2 lattice constants wide, as shown
in Fig. 1(b). We take the domain wall to lie in the-z plane
and the polarization to point in the direction. Supercells
with N=6, 8, and 10 were employed, containing 30, 40, and
50 atoms, respectively. The dimensions of the supercell were
kept fixed at the theoretical equilibrium lattice constants
computed for the bulk tetragonal phasee Table)l For all
Brillouin-zone integrations &2,4,4 Monkhorst-Pack-point
mesh® was used; thisk-point mesh has previously been
shown to be sufficient for PbTi*

The geometry of the supercell containing two 90° domain

FIG. 1. (a) Unit cell of the cubic perovskite structure and its WaII_s IS Sk_etched in Fig. (t). The tetragonal shape of the
projection along the010] direction; arrows indicate atomic dis- PPTIO; unit cell causes the angle between ih@xes on
placements in the ferroelectric tetragonal phalse) Supercell ge- ~ €ither side of the domain wall to deviate slightly from 90°.
ometries containing eight perovskite primitive cells foy 180° and ~ Instead, to form a coherent twin interface, an angle of
(c) 90° domain walls(DW's); atoms are omitted and only solid 2 arctan@/c) is geometrically required. This gives rise to a
lines connecting the Pb atoms are drawn. Supercell boundaries av€ry characteristic bending of tHéd.00] and [001] atomic
indicated by dashed lines. rows (@ and c rows across the domain wall; in fact, this

bending is precisely the signature through which 90° domain
crystal on higher-index lattice planes. Howeveikkband ~ Walls are identified in HRTEM imagésAgain, we have as-
Chadi have shown that tH@10-oriented 180° domain wall sumed the domain wall to lie in thg-z plane and thex
is significantly higher in energy than tli€00)-oriented oné, ~ direction to be perpendicular to the wall. The supercell is
and(100)-oriented walls are much more commonly observedorthorhombic with dimensions olNc/\1+(c/a)?, a, and
in experiment. a1+ (c/a)? in thex, y, andz directions, respectively. We

For (100-twinned 180° domain walls, two possible high- used supercells consisting Nf=6, 8, 10, 12, and 14 perov-
symmetry cases exist. These are Pb-centered and Ti-centergkite unit cells, thus containing up to 70 atoms. The theoret-
domain walls, resulting from twinning on PbO and FiO ical LDA values from Table | were taken for the lattice pa-
planes, respectively. In each case one of the metal cationametersa and c. For one supercell we also relaxed the
acts as a center of inversion symmetry. Of course, we have fattice constant in th& direction, but the resulting expansion
check whether one of these symmetries is actually present, of the supercell in thex direction was very smallless than
whether the atomic relaxation leads to a lower-symmetry0.8% ofa), and the changes in the atomic displacements and
structure; we will return to this point in Sec. Ill. in the domain-wall energy were negligible. Two symmetry

For the 90° domain wall, we can imagine obtaining aoperations were imposed during the atomic relaxation: a mir-
starting structure by twinning on either Pb-Ti-O or O-O typesror operation across thg=0 plane, and a glide mirror op-
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TABLE II. Calculated 180° domain-wall energies (mJjnus- center of a domain; andi) as in the case of the 90° domain

ing supercells oN perovskite primitive cells. wall, we kept only the glide mirror plane a=0 with a
: _ half-supercell translation along. We then distorted the
PbTIO; BaTiO; atomic configuration in several ways compatible with the

N Pb centered  Ticentered Bacentered Ticentered [owered symmetry and started a new atomic relaxation. In all
cases, the structure relaxed back toward the high-symmetry

6 132 169 7.2 16.5 . L L
8 132 169 74 16.7 centrosymmetric structure. The relaxation is very slow, indi-
10 132 169 75 16.8 cating a very flat energy surface, but we never found a lower-

energy structure with reduced symmetry.

Regarding the domain-wall energy, our value of
132 mJ/m for the Pb-centered wall is much lower than the
value of 270 mJ/rhobtained in Ref. 6 when inversion sym-
Metry is imposed. Strangely, it is much closer to the

eration across the=0 plane with a translation of half the
superlattice dimension in thedirection. The first symmetry
corresponds to a physical assumption that the polarizatio ; . X i
does not rotate out of the=0 plane, while the second is just 150 mJ/nf value reported in Ref. 6 when inversion symme

a technical convenience to ensure that both domains in thtéy breaking is allowed. For thg T!-centered dO”?a'” wall our
wall energy of 169 mJ/magain lies below their value of

supercell stay equivalent. For the Brillouin zone sampling ‘ ) .
again a(2,4,4 Monkhorst-Pack-point mesf was used. 220 _mJ/rﬁ. The case of a Ti-centered wall with broken in-
version symmetry cannot be considered, since relaxation of

the domain wall would then just transform it into a Pb-
lll. RESULTS FOR THE 180° DOMAIN WALL centered wall, as we will show in Sec. Il C.

We have investigated both the Pb- and Ti-centered do-
main walls. The relaxation of the atomic structure was B. Atomistic domain-wall structure
started from the ideal twinned configurations, and the inver- ) ) o
sion symmetry centered on a cation in the domain wall was Ve begin by analyzing how much the ferroelectric distor-
enforced during the structural optimization process. This pretions along thez direction are changed by the presence of a

vents a Ti-centered domain wall from transforming into adomain wall. To give a quantitative description we compute
Pb-centered wall or vice versa. an average ferroelectric distortiafig for each atomic plane

parallel to the domain wall. As a measure &y we take the
displacement of the metal atom relative to an oxygen atom in
the PbO or TiQ plane?®?*(In the case of a TiQplane, we

The results for the domain-wall energies from our variouschoose the oxygen ion lying along thelirection from the Ti
supercells are summarized in Table Il. The reference energgtom) We then define the paramet@y as the ratio between
of the bulk structurgwithout domain walls was calculated S of the specified lattice plane and its value in the undis-
from a single perovskite unit cell using kpoint mesh torted ferroelectric bulk phas®, is a very sensitive indica-
equivalent to the one used for the supercell. Values fotor of the ferroelectric ordelR, is zero as long as the atoms
BaTiO; are given for comparison; these were calculated usare in their cubic positions, and tends to unity as the full bulk
ing the same procedure except tha{26,6-k-point mesh  ferroelectric distortion is attained.
was employed. The results for the distortioR, are illustrated in Fig. 2 for

All relaxed structures have inversion symmetry about &oth Pb-centered and Ti-centered domain walls. Only the
cation in the domain wallas well as mirror symmetry about results from the 50-atom supercells are shown; results for
the y=0 plang. The domain-wall energy is lowest for the smaller cells are essentially identical. We focus our discus-
Pb-centered domain wall; this is, therefore, the preferred walsion here on the more physical Pb-centered domain wall. We
configuration. The same ordering holds for BaJ,i®ut the find thatR,=0.80 already for the TiQfirst-neighbor plane
domain-wall energies are significantly lower. As can be seelito be compared with the value of 0.73 reported in Ref. 6
from the Table, the domain-wall energy is well convergedand the ferroelectric distortion is essentially fully recovered
even with the smallest separations of the domain walls.  to its bulk value by the PbO second-layer plane. The orien-

In contrast, Pgkko and Chadi found that the domains tation of the polarization thus changes abruptly over a dis-
have to be at least four lattice constants wide before théance of less than two lattice constants, leading to a very
up/down domain pattern becomes stable. Furthermore, theirarrow domain wall. The narrowness of the 180° domain
calculations indicated that the Pb-centered domain-wall enwall had earlier been predicted based on phenomenological
ergy could be lowered by almost a factor of 2 by breakingmodel$ and confirmed using atomic-force microscdpifhe
the inversion symmetry about a Pb atom in the domain wallresults for the Ti-centered wall are qualitatively similar.
In their lowest-energy structure, in which there are large re- In the next step we analyze for the Pb-centered domain
laxations of Pb and O positions in the domain-wall plane, thewall how the atomic rows are aligned across the wall. As
only remaining symmetry was a 180° rotation aboutaxis  already indicated in Fig. 2, there is a considerable offset
(C,,) passing through the center of a domain. In view ofbetween[100] atomic rows to the left and right of the do-
those results, we made careful tests in which we lowered thenain wall. Figure 3 shows the detailed results for ais-
symmetry of our supercell in two waysi) as in the final placements of the atom rows relative to the Pb ion in the
result of Ref. 6, we kept only th€,, symmetry about the domain wall. The discontinuity in thELOO] rows is largest

A. Domain-wall energy
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(a) AZ TiO,y-plane 0.54 E
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FIG. 2. Change of polarization across tt& Pb-centered, and —0.06 [ | Q Ounitcels .
. o i X . <& 8unitcells \
(b) Ti-centered 180° domain walR, denotes the ferroelectric dis- 008 | % 10 unit cells ]
tortion of each lattice plane in tredirection, in units of the distor- '
tion associated with the bulk spontaneous polarization. —0-10_3 _'2 _'1 o 1 2 3

for the Pb atoms, where we find a jump of 14.5% of the distance from domain wall [units of a]

lattice constantc. This offset of 0.6 A should be clearly £ 3 7 displacement of the atoms relative to the Pb atom in a
visible in an HRTEM image, thus allowing identification of pp_centered 180° domain wall as a function of the distance to the
180° domain walls having polarization parallel to the surfaceyaji, calculated using different supercell sizésinteger distances

in the neighboring domains. represent PbO planes, half-integer distances, Til@nes. Labels of

It is not surprising that the largest offset occurs for the Ploxygen atoms correspond to those in Figa)1

rows, since the Pb displacement contributes most to the ) ) ) ) )
ferroelectric soft-mode vectdsee Table )l By compensat- _ We made a simple estimate for the path in configuration
ing for the different contributions of the atoms to the ferro- SPace along which a Pb-centered domain wall may gradually

electric soft-mode vector, we can define a kind of “geometri-tranSform into a Ti-centered wall as follows. We took the

cal offset” between neighboring domains. We do this byatomic configurationstp, and ¢y of Pb- and Ti-centered

going to the center of each domain and subtracting the bulté\’aIIS on _nelghborlng lattice planes and formed the linear
ferroelectric displacement pattern from the atomic coordi-NterPolation eyt A(&r—£py), Where has the interpreta-
nates, thereby shifting all atoms into essentially cubic posi-tlon of bgmg a reaction coqrdlnate allong the path. Thg en-
tions. The offsets of the resulting atomic rows are now th ergy profile along this path is shown in Fig. 4. The configu-

) .9 Sations of the Pb- and Ti-centered domain wall are local
same for all five atoms, and this joint offse_t thergfor_e, Pro"minima and maxima of the energy curve, respectively, with
vides a reasonable measure of the geometrical misalignmen{, parrier between them. The Ti-centered wall is, therefore,

It turns out that this geometrical offset is very small; We metastable and will transform spontaneously into a Pb-
found values of 0.01®and 0.008 for Pb-centered and Ti- centered domain wall. In our calculation the Ti-centered wall

centered walls, respectively. could only be stabilized by imposing a center of inversion
. . _ symmetry in the domain wall. Moreover, Fig. 4 does not give
C. Barrier for domain-wall motion any indication that the energy of the Pb-centered domain

Many models have been proposed in the literature to dev@ll can be lowered by breaking the inversion symmetry.
y prop Having identified the Ti-centered domain wall as the saddle-

scribe the motion of domain walls in crystals. Most realistic’'< . . , o .
models involve the formation and propagation of kinks of PoINt conf[gurat|on fprthe motion of a 180 QOmam Wa.‘“’ the
barrier height for a jump to the nearest-neighbor lattice po-

various shapes, allowing the domain wall to shift gr"jldua"ysition is given by the difference between the wall energies of

tq |t§ new position. It is not our aim here to comment on or he Ti- and Pb-centered walls. We find this difference to be
distinguish between these models; instead, we concentra mJ/m

only on extracting one parameter that may be needed in

many models of this type. Specifically, we compute the bar- IV. RESULTS FOR THE 90° DOMAIN WALL

rier height for coherent motion of the entire domain wall to )

its neighboring lattice position. Thus, our calculations always A. Domain-wall energy

preserve full translational symmetry parallel to the domain For an accurate calculation of the domain-wall energy, it
wall. is indispensable to reduce all effects of systematic errors as
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' ' ' Ti—centered Pb—centered M-—centered
170 } 4
NE 160 | ) / . ®
2 (132 md/m’) Ti-centered
_ domain wall
3 150 | Pb-centered -
@ domain wall (169 mJ/mz)
; FIG. 5. Sketch of the three different choices of unit cells used
3 Mor i for the calculation of local polarization via Born effective charges.
Shown is the projection on thez plane[see Fig. 1a)].
130 | B
(') 0'5 1 conclude that the 90° domain wall is the most stable wall

configuration in PbTi@. As we shall see shortly, a principle
difference between the 180° and 90° domain walls is that the
FIG. 4. Energy profile along the estimated path for the motion ofpolarization reverses completely in the 180° case, passing
a 180° domain wall, calculated with supercells of ten perovskitethrough a high-energy cubiclike state of zero polarization in
unit cells. the center of the wall, whereas it merely rotates in the 90°

case, passing through a more favorable orthorhombiclike

far as possible, since an uncertainty of only 10 meV in thesiaie. This may help explain why the 90° domain walls are
energy difference between the supercell calculation and thg;

: ignificantly lower in energy.
reference structure already leads to an inaccuracy of
7.5 mJ/nt in the domain-wall energy. Owing to the particu-
lar shape of the supercells representing the 90° domain wall
(as described in Sec. II)Bit is not possible to construct . )
equivalentk-point meshes for the supercells and single per- In the case of the 180° domain wall, the analysis of how
ovskite unit cells(in contrast to the 180° caseTo get good  the ferroelectric distortions change in the vicinity of the do-
energy differences between the relaxed structures and tHBain wall was relatively straightforward, since the question
bulk reference, we applied the following procedure for cal-could be treated as a one-dimensional probighe relax-
culating the domain-wall energies. First, for the full atomic ation of the atoms in the direction, perpendicular to the
relaxation of the supercells, we used our regul2/4,4 domain wall, being completely negligibleln contrast, for
Monkhorst-Packk-point mesh. Then, to reduce tikepoint ~ the 90° domain wall, the two-dimensional relaxations of the
errors further, we reran the total-energy calculation of theatoms lead to a complex relaxation pattern for which an
supercell with a dense,6,6 Monkhorst-Pack mesh. The analysis in terms of average ferroelectric distortidas and
reference energy of the bulk structure was Computed from gheir ratio relative to the bulk vaIuBZ would be difficult to
single perovskite unit cell using &point mesh with the repeat.
same density and an orientation that corresponds as closely Therefore, to simplify the discussion of the changes in the
as possible to the supercéR,6,6 Monkhorst-Pack mesh. ferroelectric distortions, we have chosen to visualize the
Specifically, we employed aN6,6) Moreno-Solek-point ~ atomic displacements by translating them into a “polariza-
mesHZ oriented along th¢101], [010], and[101] directions  tion P per unit celli” as follows. First, we have to decide
[see Fig. 10)]. what we mean by a “unit cell” in the context of the domain-
The results for the 90° domain-wall energies from thewall structure. Figure 5 shows three possible ways of doing
various supercells are given in Table Ill. The convergence ofhis. For the “Ti-centered” choice, for example, the unit cell
the wall energy with supercell size is somewhat slower thai¢ontains the central Ti atom, but the six neighboring O atoms
for the 180° case, but the energy is well converged for a walfre each shared by two unit cells, and the eight neighboring
separation of five perovskite unit cells. The calculated valud’b atoms are each shared by eight unit cells. Thus we assign
of 35 mJ/nf is in reasonable agreement with a rough esti-weightswy=1, wo=1/2, andwp,=1/8 to describe the as-
mate of 50 mJ/rhfrom a HRTEM experiment.The energy ~ sociation of atoms to the unit cell. Two other choices are the
of the 90° domain wall is thus calculated to be about four‘Pb-centered” and ‘M-centered” (metal-centered cells,
times lower than that of its 180° counterpart, and we Carﬁ'SO illustrated in Flg 5. Thé/-centered cell is the most
compact in thex direction; it therefore gives the finest pos-
TABLE IIl. Calculated 90° domain-wall energiés,,, and bar- ~ Sible resolution to the functioR(x) in the case of the 90°
rier height for domain-wall motiofE,, e (MJI/NT) as a function of ~ domain wall, which consists of alternate Pb-Ti-O- and O-O-
supercell sizeN. type (101) planes stacked along[see Fig. 1c)]. Next, we
attach a polarization to each unit ceNia the assignment

domain wall position A

B. Domain wall structure and polarization profile

N 6 8 10 12 14
Epw 294 325 346 347 352 o
Eparier 0.6 11 1.4 15 1.6 U= w, Z5ul). )

c a
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Hereeis the electron chargé) . the volume of the five-atom 69.5 T - T T - T ™
bulk unit cell, indexa runs over all atoms of unit cei] u'"
is the displacement of atomfrom its cubic position, and,,
are the weight factors introduced above. HBjgare the Born
effective charge tensors, which are approximated by their
cubic bulk values as discussed below. =
For the case of a homogeneous system having the primig
tive five-atom periodicity, Eq(1) is independent of cell in- = I
dexi, and even of the choice of unit cell in Fig. 5; in this o~ 680
case, Eq(1) simply gives the bulk macroscopic polarization. I
In the inhomogeneous case the spatial decomposition indi  g75 [
cated by Eq(1) is somewhat arbitrary, but we think that it is [
a rather natural choice. Of course, the cell-by-cell polariza- [
tion now depends on the choice of unit cell in Fig. 5. More-  67.0
over, in principle, it would be necessary to calculate the Born
effective charge tensor for each atom in the neighborhood of 60

690 |

the domain wall, since these will differ from the bulklike L | ¥ Ti-centered
values. Here, we make the further assumption of using the 40 Q) Pb-centered
cubic bulkeffective charge tensors in E(L). Previous work < Mcentered

has shown that th&* matrix elements change by less than 20
10% in going from the cubic to the tetragonal phase of °
PbTiO,.1® We expect a variation of similar magnitude for the
atoms in the interior of the domain wall. Moreover, the sum
rule for the Born effective charges guarantees that a simple
uniform translation of the entire contents of the domain-wall
supercell will not change the" values at all. We, therefore, |
think this is a reasonable approximation. However, itis clear . | & &
that the results presented on the basis of this approximatiol M X . . . . . .
should be regarded mainly as a visualization of the complex 3 4 5 6 7 8 9 10
atomic relaxation pattern, not as a realistic calculation of the posititon of Pb-Ti-O-type (101) plane

fﬁa}:'gl fpo'larlzatllon flleld'l m fa}[pt, qne shputh k'eeﬁ n nk])ItTd FIG. 6. Polarization profile across a 90° domain wall, calculated
al defining a local polarization 1S an ntrinsically SUbtie \ iy, 5 sypercell of 14 perovskite unit cells. The symbols represent

task. The polarization is a macroscopic quantity, and there ig . ;.4 polarization®) and P{) as obtained using the three

always some ambiguity when this concept is transferred Qjferent choices of the unit cell illustrated in Fig. 5; solid, dotted,

an atomistic level. _ and dashed lines are fits using Ti-, Pb-, aiebentered unit cells,
For the Born effective charges; we took the theoretical respectively.

values for the cubic structure of PbTjGas calculated by

Zhong, King-Smith, and Vanderbitf Using Eq.(1) together  position and width of the domain wall, respective(ffhe
with the atomic displacements from Table | we get a bulkfactor of 2 in 2y, is a convention that is included to facili-
polarization of 89.5.Clcn?. This result is only slightly tate comparison with experimental reports that use this
larger than the value of 81,2C/cn? calculated directf?  conventior®) Equation(3) is the soliton solution for a do-
with the Berry-phase approachAll three unit cells in Fig. 5 main wall in a one-dimensional fourth-order Landau-
are centered around a Pb-Ti-O plane; we, therefore, assigBinzburg-type theor§. However, since PbTiQis a proper
the calculated local polarizations to the corresponding Pbferroelectric(or improper ferroelastic it would be more ap-
Ti-O planes and plot the polarization profiles as a function ofpropriate to use the result of a sixth-order Landau-Ginzburg

the positions of these planes. Such a plot is shown in Fig. &heory?33 The solution for a domain wall would then be
The corresponding curves are least-square fits to functions of

]

P, [uC/cm
o

the form x—xq
Slnl—( gDW
Py(X)=Pyo—A secﬁ( X XO) 2 PlX)=Pzo X—Xo\| [*?’ @)
' Sow B+ sinhz( )
DwW

and
which is identical to Eq(3) for B=1. SinceB=1.4 has been
reported for PbTiQ° the deviation between the two expres-
' (3 sions is not very large.
In Fig. 6, the component of the polarization parallel to the
whereP, o and P, 4 specify the polarization deep in the do- domain wall P, changes its sign very abruptly over a dis-
main interior, andx, and 2, correspond to the center tance of less than three lattice spacings between Pb-Ti-O-

X—Xg

P,(xX)=P, tanl‘(
’ éow
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type (101 planes. Furthermore, it can be seen that the results " " . "
for the local polarization®{" do not depend strongly on the estimated
choice of unit cell. For the Ti- and Ph-centered cell they are  36.0 |
almost indistinguishable, and for tiMd-centered cell the po- <
larization changes even more rapidly. Thus, as expected, th=
M-centered cell gives the finest resolution for the polariza- = 355 [
tion rotation in the domain wall.

From the fits to Eq.(3) we find in all three cases a
domain-wall position that is very nearly halfway between g 380 r
two Pb-Ti-O planes. Thus, from an electrostatic point of

saddle point

energy [mJ/m

view, the domain wall can be regarded as being essentially s ¥e— domain wall ]
centered on an O-O plane. For the domain wall width we : (34.6 mJ/m’)

find a value of Zpy=5=0.5 A. This is even somewhat nar- 0 05 ]
rower than the results of #3 A and 15-3 A suggested by domain wall position A

recent experiment!! However, it has to be kept in mind that

the experiments were done at room temperature, whereas our FIG. 7. Energy profile along the estimated path for the motion of

calculations are for zero temperature. a 90° domain wall, calculated with supercells of ten perovskite unit
Figure 6 shows that the component of the polarizatiorfells:

perpendicular to the domain wall is almost constant, showing

only a small reduction as it crosses the domain wall. Thehe barrier heighE e, for the translation of a 90° domain

local polarizationsP{) scatter a little bit more with the wall to a neighboring lattice plane. To be more precise, it

choice of unit cell than in the case of the parallel componentgives an upper bound for the actual barrier, since our as-

P and it is more difficult to obtain meaningful fits to sumed path is only an approximation to the true one. To

analytic curves(Note also that the changes Bf’ occur on  refine this estimate further, we inspected the forces remain-

a much finer scale than those géi) .) Despite the larger ing on the atoms at our estimated saddle-point configuration

variations between the fitted curves, in all three cases th@tA=0.5. These forces were very small, only slightly above
minimum of P{) lies near the same 0-O plane whepe  the convergence criteria used in the structural optimization

process. Following a line minimization in configuration
§hace along the direction given by this force vector, the bar-
rier height was lowered by less than 0.15 nfl/m

In a full three-dimensional treatment of a Landau- 1 N€ results forEy,qe Obtained using various supercells
Ginzburg model Cao and co-workériound a quasi-one- &€ listed in Table Ill. At about 1.6 mJfnthis barrier is
dimensional solution for the polarization profile across 9oe€Xtremely small. Itis only-4% of the creation energy of the
domain walls with a constant perpendicular componenP?” domain wallin comparison with the 180° case where the
P.(x). However, this analytic solution was obtained for aP2'"€" he[ght I5-30% of the doma}'”"’va” energy. Or, to put
special choice of parameters in the Landau-Ginzburg funcll In relation to thermal fluctuations, a barrier height of
tional, and our result of a varyinB,(x) is not in contradic-  +-° n:jJ/n% ovre“r thde( area of 12 perovskite umthcellfs corre-
tion with their final system of differential equations for the sponds roughly t sl at room temperature. T erefore, as
general case. long as no pinning centers are present, the domain wall may

Finally, we note that while the reduction iﬁ(xi) in the be expected to fluctuate rather freely except at very low tem-

interior of the domain wall appears rather small, it may haVer)erature. Clearly, it will be important to take this behavior

important consequences for the electrostatics of 90° domailr'?.to account when Interpreting expezlmenta! probes of the
walls. We return to this point in Sec. IV D. widths and other properties of the 90° domain walls.

crosses through zero. Thus, the analysis of Fﬂﬁié curves
reinforces the interpretation that the domain wall is centere
on an O-O atomic plane.

C. Barrier for domain-wall motion D. Electrostatic potential step across the domain wall

As in the case of the 180° domain wall, we address here In Sec. Il B we pointed out that the left and right sides of
only the situation in which the entire 90° domain wall movesa 90° domain wall are not related by any symmetry opera-
coherently from ong101) lattice plane to the next, preserv- tion. It follows that the charge distribution across the domain
ing periodicity parallel to the wall. For the path in configu- wall may have the character of a dipole layer, such that the
ration space along which this transformation occurs, wemacroscopic electrostatic potential would experience a step
again formed the linear interpolatiafy,+\(&,.1— &,) be-  across the domain wall. As a general rule, if something is not
tween the atomic configurationg, and &,,, of two fully prevented by symmetry, it should be present. For example,
relaxed supercells with domain-wall positions on nearestall wurtzite crystals have some spontaneous polarization,
neighbor(101) lattice planes. since it is not prevented by symmetry; the only question is

The energies of these atomic configurations are plotted dsow large it may be. By the same token, since a step in the
a function of\ in Fig. 7. The energy profile is found to be a electrostatic potential is not ruled out by symmetry, it should
rather featureless cosinelike curve with a maximum atexist for any 90° domain wall in a ferroelectric material. The
A~0.5. The energy at this maximum provides an estimate ofssue then is to determine the sign and magnitude of such a
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(a) : : — 0.1 T T T T T T T T T
P, — > - 5, ~ ~/
+ g_— ++§ E $ 005 // N // N
v(x) é : ~Y 1] VN
: e © N /
: : z 0 1
2~ : 8
- =
: 2
5 _ o -0.05
5 /
DW DwW R
(b) : : "0 1 2 3 4 5 6 7 8 9 10 11 12
conduction : postition of Pb-Ti-O-type (101) plane
nduction iy
S ey : FIG. 9. Sliding-window averaged electron potentiék) across
: IW/' the 90° domain wall, calculated with a supercell of 12 perovskite
WI/ : valence unit cells.
: ¢ band
DW DW Av=—4m ef [ Px(X)— Py oldx. (8)
©) p® :

: : Using the fits to Eq.(2) illustrated in Fig. 6a), we find
~—— S T Av=0.18 eV.

The dipole barrier can be estimated in a completely inde-

) ) pendent way by directly inspecting the electrostatic potential
FIG. 8. Schematic illustration of a periodic array of 90° domain y (r) that is calculated in the Kohn-Sham supercell calcula-

walls (DW's). (&) The componen®, of the polarization perpen- tion. We first compute planar averages as in @jand then
dicular to the DW, and the resulting induced charge and electropgke sliding-window averages

potentialv (x), assuming zero macroscopic electric field in the in-
terior of each domainb) Corresponding band offset&) Potential ]_fL/Z _

v(x) in the case of the corresponding supercell calculation using v(X)=+— v(x")dx’ 9

L)-Lp

periodic boundary conditions, i.e., in which the supercell-averaged
electric field is zero. over a window whose width is the distantebetween two

L L (101) planes. The resultinﬁ(x) is shown in Fig. 9.

step. Of course, it might have tqrngd out to be insignificantly |4 order to interpret such a figure, it is important to un-

small, but we show now that this i@t the case. derstand the role of periodic boundary conditions in the su-
In Sec. IV B we found that the componeRj, of the po-  herce|| calculation. The situation sketched in Figa)ds in-

larization perpendicular to the domain wall is slightly re- .ompatible with such boundary conditions; although the

duced in the interior of the domain wall. A decreasiiig  harge density is periodic, the potential is not. In all practical

creasing polarization on the leftright) side of the domain  prr/| pa calculations, the potential is obtained by solving

wall leads to an accumulation of positiveegative charge,  pisson's equation under periodic boundary conditions, re-
as is sketched in Fig.(8). Thus, the dip irP, visible in Fig.  gyiting in a periodic potential as sketched in Figc)8 In

6(a) is a direct fingerprint of the eX|stence. of such a dlpolefact, the potentials of Figs.(8 and 8c) differ by just a
layer. As a consequence, the electrostatic potential shoulghear notential; in other words, in the latter case an artificial
jump from one side of the domain wall to the other, leading,niform electric field has been added in order to cancel the
to band offsets for both the valence and conduction band§gential jump at the supercell boundary. Thus, instead of a
[see Fig. &)]. Mathematically, ifu(r) is the electron poten-  giepjike behavior as in Fig(#, we expect a zigzag behavior
tial energy, Poisson’s equation as shown in Fig. ).

Despite using the sliding-window average, the electro-
static potential in Fig. 9 still contains substantial noise aris-
ing from the different atomic relaxations in the atomic planes
parallel to the domain wall. Nevertheless, the expected zig-
zag behavior is evident, as indicated by the dashed lines. In
particular, the potential jump is very close to the expected
location whereP, changes sign between two Pb-Ti-O planes
(compare with Figs. 6 and Sand the heighAv =0.16 eV of
the jump is in very good agreement with our previous esti-
mate of 0.18 eV based solely upon atomic positions, without
any information about the electrostatic potential.

We conclude this section with a few remarks on the ef-
Then it follows that the offseAv in the electrostatic poten- fects of the artificial electric field that is introduced in our
tial for the electrons is supercell calculation by the dipole layer at the domain wall.

V2u(r)=—4medivP(r) (5)

can be manipulated to the form

d%v/dx?= —4me dP,/dx, (6)

where barred quantities ayez planar averages, e.g.,

_ 1
v(x)=KfAv(r)dy dz (7)
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TABLE IV. x andz components of the polarizatiop.C/cn?) in into a Pb-centered wall. The domain wall is found to be very
the centers of the domains for different supercell side® is the  narrow, with a width of the order of the lattice constargnd
norm of the polarization vector andits angle with respect to the  the energy required to create a 180° domain wall is calcu-

axis. lated to be 132 mJ/fin very good agreement with a pre-
vious ab initio study.
N Pxo P20 P @ For the 90° domain wall we found a much lower domain-

wall energy of 35 mJ/fh From the polarization profile

6 A 42.9 86.1 29.8 across the domain wall we obtained the position of the wall
8 124 92.4 89.3 35.9 to be halfway between Pb-Ti-O planes. We also find a
10 70.8 57.8 91.5 39.2 domain-wall width of 5-0.5 A, the same order of magnitude
12 69.7 59.4 91.6 404 as for the 180° wall. This conclusion about the narrowness of
14 68.9 60.4 916 41.3 the 90° domain wall is in line with two recent HRTEM ex-
Bulk 61.9 64.7 89.5 46.3 periments. Together, these results indicate that the conven-

tional wisdom, which holds that the 90° domain wall is much

broader than its 180° counterpart, does not hold true in

The strength of this field depends on the supercell size angrio. \wjith the domain walls being so narrow, one should
decreases only linearly with reciprocal domain-wall separa-

. it will theref h p h . exercise caution about applying a continuum theory, such as
tion. It will, therefore, have some effects on the atomic "®-Ginzburg-Landau theory, to such a situation.
laxations. For example, if we look at the local polarization in

h fthe d ins. Table 1V hat th | On the other hand, the barrier height for the coherent
the center of the domains, Table IV, we see that the angle ,iion of a 90° domain wall to a neighboring lattice plane is
of the polarization with thes axis is not arctard/a) =46.3°,

Id b d f deall inned | but | estimated to be very small. The domain wall can easily move
as would be expected for an ideally twinned crystal, but ISy, hat 4 scenario where the domain wall is pinned at defects
slightly reduced. The tilt of the polarization toward thexis

b q ith I si dth | and fluctuates widely in between is very likely to occur in
can be seen to decrease with supercell size, and the anglepq,, samples. The apparent width of the domain boundary

e y D= fhay therefore be much broader, raising the question as to
of the polarization in the center of the domains is slightly,, ;- exactly we mean by the “width of a domain wall.” In

larger than in the undisturbed bulk system. It is natural toy;q regard, our result@,y=5+0.5 A for an ideal, defect-

interpret this excess polarization as having been induced b%ee wall should be regarded as an intrinsic width of the
the artificial electric field. A rough estimate shows that fordomain boundary at zero temperature, whereas at finite tem-
the electric field that is present, such an increase in the p seratures the domain wall may be srﬁeared out by fluctua-
larization can be expected if we assume a dielectric consta ons. Regarding the sharp HRTEM images of the 90° do-
of roughly 50, which is not unreasonable. Overall, thes ain walls, we also have to take into account that the

smgll effects of the artificial electric fleld are most [lkely the samples in these kinds of experiments are very ttyipically
origin of the slower convergence with supercell size of the 0 nm so that surface pinning of the domain walls could
domain-wall energy and migration barrier height compare lay an important role

to the 180° case, where no such electric field is present. Finally, we have found an electrostatic dipole moment
across the 90° domain wall, which causes a step in the elec-

V. SUMMARY trostatic potential and an offset of the valence and conduc-

an&ion bands of_0.15—0.2 eV. To our knowledge, the_ existen(_:e
90° domain walls in PbTiQusing density-functional theory of such a dipole moment across a ferroelectric domain
¥va|| has never been reported in literature before. It re-

and the local-density approximation. Metastable supercells " hall heth h Hoct be ob q
representing both kinds of domain walls were constructed'@!Ns @ challenge whether such an €efiect can be observe

and the fully relaxed atomic configurations of the domainexperimentally.
walls were obtained by minimizing the residual forces on the
ions.

In the 180° case, the domain wall located on a Pb-O lat- We wish to thank Jim Scott and Samiyk&o for useful
tice plane is lowest in energy, whereas the Ti-centered wall igliscussions. This work was supported by the ONR Grant No.
a saddle-point configuration that spontaneously transformsl00014-97-1-0048.

In summary, we have studied the properties of 180°
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