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Thecs232d reconstruction ofs001d PbTiO3 surfaces is studied by means of first principles calculations for
paraelectricsnonpolard and ferroelectricsin-planef100g polarizedd films. Analysis of the atomic displacements
in the near-surface region shows how the surface modifies the antiferrodistortivesAFDd instability and its
interaction with ferroelectricsFEd distortions. The effect of the surface is found to be termination dependent.
The AFD instability is suppressed at the TiO2 termination while it is strongly enhanced, relative to the bulk, at
the PbO termination resulting in acs232d surface reconstruction which is in excellent agreement with experi-
ments. We find that, in contrast to bulk PbTiO3, in-plane ferroelectricity at the PbO termination does not
suppress the AFD instability. The AFD and the in-plane FE distortions are instead concurrently enhanced at the
PbO termination. This leads to a surface phase with coexisting FE and AFD distortions which is not found in
PbTiO3 bulk.

DOI: 10.1103/PhysRevB.71.035420 PACS numberssd: 77.55.1f, 68.35.Bs, 77.84.Dy

I. INTRODUCTION

The ABO3 perovskite structure exhibits several lattice in-
stabilities which lead to a rich variety of phase diagrams with
structures ranging from nonpolar antiferrodistortivesAFDd
to ferroelectric sFEd and antiferroelectricsAFEd. In these
systems, polar and nonpolar instabilities often compete and
tend to suppress one another. For instance, in SrTiO3 it has
been found that ferroelectricity is enhanced if the AFD de-
grees of freedom are artificially frozen out by setting the
corresponding distortion to zero.1,2 Of these various instabili-
ties, the polar instabilities are the ones responsible for the
technologically important and fundamentally interesting
properties, such as ferroelectricity and large piezoelectric and
dielectric responses.

Currently there is a great deal of effort being expended to
develop nanoscale devices. If nanoscale systems based on
ferroelectricity are to be feasible, then the polar instabilities
must remain dominant down to the nanoscale. In systems of
reduced dimensionality, such as thin films or nanoparticles, a
substantial fraction of the material is found in proximity to a
surface, and surface effects may become important. The sur-
face can affect the material behavior by modifying the
strength of the various instabilities and their interactions
leading to phases not present in bulk systems.

Lead titanatesPbTiO3d is the prototype of a large class of
Pb-based perovskites. The cubic perovskite structure of
PbTiO3 possesses several branches of unstable phonons, in-
cluding FE instabilities which consist of zone-center polar
TO modes and AFD instabilities which consist of nonpolar
zone-boundary modes involving rotations of oxygen octahe-
dral cages surrounding the Ti atoms.3 In bulk PbTiO3, the FE
and AFD instabilities of the cubic structure compete with
each other and the FE lattice distortion suppresses the AFD
distortion so that AFD distortions do not participate in the
ground-state tetragonal FE structure. The possible impact of
the proximity of the surface on lattice instabilities and their
mutual interactions is thus of great importance in under-
standing the structure and properties of PbTiO3 surfaces and
ultrathin films.

Previous theoretical studies on lead titanate have been
confined to the behavior of the polar FE instability at the
s001d surface.4–6 These studies employeds131d surface pe-
riodicity, which by construction does not permit AFD defor-
mations. Proximity to the surface, however, could enhance
the strength of nonpolar instabilities and modify their inter-
action with the FE instability. Indeed, an AFDcs232d re-
construction has recently been found at thes001d surface of
PbTiO3 using grazing incidence x-ray scattering,7 suggesting
that the AFD instability is important at the surface.

In the following, we study the behavior of the AFD insta-
bility and its possible competition with ferroelectricity at the
PbTiO3 s001d surface using first-principles calculations. Ini-
tially we study the AFD distortion at the surface, using sym-
metry constraints to freeze out polar distortions; next we re-
lax this constraint and study the competition between the
AFD and in-plane FE distortions at the PbO-terminated sur-
face, which is the equilibrium termination for PbTiO3 s001d.5

In the absence of ferroelectricity, we find that the impact
of the surface is termination-dependent: at the
PbO-terminated surface, the strength of the AFD instability
is enhanced relative to the bulk; while at the TiO2 terminated
surface, the strength of the instability is diminished. At the
PbO surface, in contrast to the bulk, where the presence of
ferroelectricity suppresses AFD, we find that the two coexist
and we observe acs232d reconstruction that agrees very
well with experiment.7

The paper is organized as follows: Section II is devoted to
the theoretical method and the technical details of our calcu-
lations. In Sec. III we study the AFD instability in bulk cubic
lead titanate. In Sec. IV we study the surface effect upon the
AFD distortion in the absence of FE distortion. The compe-
tition of AFD and in-plane FE distortions in the near-surface
region is studied in Sec. V. The conclusions are summarized
in Sec. VI.

II. THEORETICAL METHOD

Our theoretical study is based onab initio calculations
that were performed within density-functional theorysDFTd
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using the plane-wave pseudopotential method as imple-
mented in thePWSCF package.8 In this section we describe
the technical details of the calculations and the supercells
used to study the surface of PbTiO3 s001d films.

A. Computational details

The exchange and correlation energy was given within the
local density approximationsLDA d using the parameteriza-
tion of Perdew and Zunger.9 Ultrasoft pseudopotentials10

were used to describe the electron-ion interaction, treating as
valence states the 3s, 3p, 3d, and 4s states of Ti, the 4s, 4p,
4d, and 5s states of Zr, the 5d, 6s, and 6p states of Pb, and
the 2s and 2p states of O. The wave functions were expanded
in plane waves with an energy cutoff of 25 Ry. A larger
cutoff of 250 Ry was used for the charge density, which
includes the augmentation charges required by the use of
ultrasoft pseudopotentials. The Brillouin zonesBZd integra-
tion was performed using as3,3,2d Monkhorst-Pack mesh11

in the Brillouin zone of thecs232d supercells. Relaxations
of atomic coordinates have been iterated until the forces on
the atoms were less than 0.001 Ry/a.u.s26 meV Å−1d.

B. Surface and slab geometries

In PbTiO3, the stacking alongf001g consists of alternating
TiO2 and PbO atomic layersssee Fig. 1d. There are two
possible terminations for the nonpolars001d surface: the
PbO-terminated surface and the TiO2-terminated surface. We
have studied both types of surface termination.

The surfaces were modeled using a periodic slab geom-
etry. Specifically, we used symmetric slabs, terminated by
two equivalent surfaces, and separated by a vacuum region
of approximately 14 Å. For the PbO termination we used
slabs of 11 atomic layerssseven-layer slabs were used for
direct comparison with previous calculationsd, and for the
TiO2 termination we used slabs of nine atomic layers. A
cs232d in-plane supercell was used, containing four atoms
in each PbO layer and six atoms in each TiO2 layer sFig. 1d.
The in-plane lattice parameter isa0

Î2, wherea0=7.37 a.u. is
the theoretical lattice parameter of cubic PbTiO3 bulk. This
mimics the epitaxial constraint imposed by a lattice-matched
cubic substrate.

In order to investigate the behavior of the AFD distortion
in the absence of FE distortions, we studied nonpolar
sparaelectricd cs232d films. Specifically, we relaxed the
atomic positions in the lowest symmetry space group con-
taining inversionsP2/md,12 as this allows for the largest
number of degrees of freedom for the atomic displacements
during the energy minimization while constraining the spon-
taneous polarization to zero. With this symmetry, all the at-
oms are allowed to move in thez ssurface normald direction
and the oxygen atoms in the TiO2 layers are also allowed to
move in thexy planesparallel to the surfaced. All the other
atoms are fixed by symmetry to the ideal perovskite coordi-
nates in thexy plane. All the symmetry-allowed displace-
ments were fully relaxed to find the equilibrium structure
which minimizes the energy.

The competition between the AFD and FE distortions was
studied using a ferroelectric film with in-plane polarization.

This is achieved by using a symmetriccs232d slab with
space groupPm.13 The mirror symmetry,Mz, prevents spon-
taneous polarization in thez direction and allows only an
in-plane polarization to develop in the film.

The case of perpendicular polarization is not considered
in this work because it requires special treatment of the elec-
trical boundary conditions and a separate discussion.14

The atomic structure was optimized by relaxing the
symmetry-allowed atomic displacements. We defined atomic
displacements,da, relative to the ideal perovskite structure.
Atomic relaxations normal to the surface,dz, cause a rum-
pling of the atomic layers and a change in interlayer dis-
tances relative to the ideal cubic structure. The in-plane
atomic relaxations,di, chiefly consist of rotations of the oxy-
gen squares surrounding the Ti atoms in the TiO2 planes.

To analyze the optimized structures and compare with
previous results we computed the following parameters: the
rumpling amplitude,hi, in each layer,i, the change in the
interlayer distances relative to the ideal cubic structure,Ddij ,
and the rotation angle of the oxygen squares in the TiO2
planes,ui.

FIG. 1. sad Crystal structure of the ideal cubic perovskite unit
cell of PbTiO3. In sbd and scd are top views of the ideal PbO and
TiO2 s001d atomic layers; the solid lines indicate thecs232d sur-
face unit cells.

CLAUDIA BUNGARO AND K. M. RABE PHYSICAL REVIEW B 71, 035420s2005d

035420-2



The structural parameters are defined as follows. For each

atomic plane,i, we let d̄zsOid and d̄zsM id be the averagez
displacements of the oxygen and metal atoms, respectively.
As in Ref. 5, the interlayer distancedij is given by the dif-

ference of the averagedd̄z displacements, fd̄zsOid
+ d̄zsM idg /2, computed for layeri and j . The layer rumpling

is given by hi =fd̄zsM id− d̄zsOidg. A negative rumpling,hi

,0, means that on average the metal atoms are deeper inside
the surface relative to the O atoms. The rotation anglesui are
zero for thes131d surface, a value different from zero indi-
cating acs232d reconstruction.

III. ANTIFERRODISTORTIVE INSTABILITY
IN BULK CUBIC PbTiO 3

To understand how the AFD instability is modified near
the surface we first study the AFD distortion in bulk PbTiO3.
The rotation of oxygen octahedra is a common AFD insta-
bility in perovskite oxides. In bulk cubic PbTiO3 it is asso-
ciated with two unstable zone-boundary phonons: theR25
mode at theR point of the Brillouin zone,q=s111dp /a, and
the M3 mode at theM point, q=s110dp /a. The threefold
degenerateR25 mode can be chosen to correspond to the
rotations, about thek001l Cartesian axes, of TiO6 octahedra
in opposite directions from one cubic unit cell to the next.
The singly degenerateM3 mode is similar to theR25 mode,
but neighboring planes of octahedra along the rotation axis
rotate in-phase instead of out-of-phase.

We considered distorted structures obtained by separately
“freezing in” R25 andM3 modes in cubic PbTiO3 at the the-
oretical cubic lattice constantsa0=7.37 a.u.d. In Fig. 2 we
show the computed values of the total energy per five-atom
unit cell as a function of the rotation angle. The energy is
lowered by the AFD distortion, as expected, and theR25 dis-
tortion with rotation along a Cartesian axis is more favorable
than the relatedM3 distortion. The computed equilibrium
value of the octahedral rotation angle isubulk=3.3°, and the
energy gain associated with the AFD instability in the bulk is
DEAFD

bulk =1.2 meV per bulk unit cellswell depth in Fig. 2d.

The small energy gain indicates that cubic PbTiO3, in the
absence of any FE distortion, displays only a weak AFD
instability. In particular, it is much weaker than the ferroelec-
tric instability, which has a well depth of about 15 meV for
the cubic undistorted unit cellsand about 50 meV per unit
cell if coupling with the tetragonal distortion is includedd.

The AFD instability is suppressed by the FE distortion. In
fact the ground-state ferroelectric tetragonal structure with
five atoms per unit cell has no unstable phonons at any wave
vector.15 The ferroelectric structure results from the coupling
of a FE polar distortionsTO moded and a tetragonal strain.
We checked, therefore, if the suppression of the AFD insta-
bility can be caused by the FE distortion alone. To do this we
first relaxed the ferroelectric distortion without coupling to
tetragonal strain by keeping the unit cell fixed to the ideal
cubic structure and allowing internal atomic displacements
along thes001d direction. As a result a spontaneous polariza-
tion develops along thes001d direction. We then computed
the phonons for this “cubic polarized” structuresC-FEd and
found no unstable modes at theR point of the Brillouin zone.
We conclude that the FE distortion suppresses the AFD in-
stability even in the absence of tetragonal strain.

IV. PbTiO 3„001… SURFACES IN THE ABSENCE
OF FERROELECTRIC DISTORTIONS

To understand the behavior of nonpolar distortions near
the surface, we study the atomic structure of the nonpolar
sparaelectricd films. We studied both the PbO and TiO2 ter-
minations withcs232d in-plane translational symmetry. Our
primary focus in this section will be on characterizing the
cs232d reconstruction and its dependence on termination.

A. PbO termination

Results for the atomic displacement and structural param-
eters of the optimizedcs232d surface structure, shown in
Fig. 3, are presented and compared with those for thes1
31d surface in Tables I and II.

The results for thes131d surface are in excellent agree-
ment with a previous calculation,5 given in Table II. Small
differences are chiefly due to the different slab thickness
used in the two calculationsswe obtained almost identical
results using a seven-layer slab as in Ref. 5d. We used a
thicker 11-layer slab to study the behavior of lattice distor-
tions in the near-surface region and their decay to bulklike
behavior in the central layers of the slab. The change in
interlayer distance displays an oscillating behavior: the first
interlayer distance,d12, is substantially contracted, whereas
the second,d23, is expanded, and the third,d34, is again con-
tracted. The most noticeable feature is the large inward dis-
placement of the surface Pb atom relative to the surface O
atom. This accounts for the large first interlayer contraction,
Dd12, and first layer rumpling,h1.

The optimized atomic structure for the PbO termination of
the nonpolarcs232d PbTiO3 s001d film is shown in Fig. 3,
displaying the largecs232d reconstruction occurring in the
TiO2 subsurface layer. The reconstruction consists of alter-
nating clockwise and anticlockwise rotations of the

FIG. 2. Energetics of the AFD instability in bulk cubic PbTiO3.
The filled diamond indicates the minimum,u=3.3° and DE
=1.2 meV per bulk unit cell, to be compared with the ferroelectric
well depth,DE=50 meV per bulk unit cell. Triangles and circles are
calculations for theM3 andR25 distortions, respectively. The solid
line is a polynomial interpolation.
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Ti-centered oxygen squares in the TiO2 layer. The in-plane
oxygen displacements are 10% of the bulk lattice parameter,
corresponding to a rotation angle ofu1=11°. This atomic
distortion is essentially an AFD rotation of the surface
oxygen-octahedra about thez axis; particularly noteworthy is
the substantial enhancement of the AFD distortion at the
PbO-terminated surface. Neighboring planes of octahedra
along the rotation axis rotate out of phase, as in the dominant
AFD bulk instability s R25 moded. Deep inside the film, the
AFD distortion recovers its bulk value in the absence of a
ferroelectric distortion. The relaxation energy, relative to the
ideal s131d surface, is −0.29 and −0.18 eV pers131d sur-
face unit cell for thecs232d and s131d surfaces, respec-
tively. The cs232d reconstructed surface is much more fa-
vorable than the relaxeds131d surface, the difference in
energy being 0.11 eV pers131d surface unit cell. It is inter-
esting to notice that the symmetry of the relaxed structure
sspace groupP4/nmmd is higher than the minimal symmetry
constraint imposed during energy minimizationsspace group
P2/md. The four oxygen atoms in each TiO2 layer are
equivalent by symmetry in the relaxed structure.

The main differences between thecs232d and s131d
structures aresid the AFD rotation of the TiO4 squares,
chiefly in the second layer,sii d a much smaller inward dis-

placement of the surface Pb atoms,dzsPb1d=−1.83% ofa0,
and siii d consequently, a substantial reduction of the first
layer rumpling sh1d and the first interlayer contraction
sDd12d.

These results can be understood in terms of the particular
chemistry of lead. In the ideal cubic perovskite bulk, Pb is in

FIG. 3. Optimized atomic structure of thecs232d nonpolar
s001d PbTiO3 film with PbO surface termination.sad Top view; only
the first top two layers are shown.sbd Side view; only the top half
of the 11-layer slab is shown. The oxygen atoms in the second layer
are shown in a darker shade of gray. Thecs232d AFD reconstruc-
tion, consisting of rotation of the Ti-centered oxygen squares in the
TiO2 subsurface layer, is clearly visible. Only Pb-O bonds shorter
than 2.6 Å are shownsin blackd; they are 2.39 Å long.

TABLE I. Atomic displacements, relative to the ideal cubic per-
ovskite structure, for the PbO-terminateds001d surface of nonpolar
PbTiO3 films. The relaxations perpendicularsdzd and parallelsdid to
the surface are given as a percentage of the cubic lattice parameter
a0.

cs232d s131d

Layer Atom dz udiu dz

1 Pb −1.83 −4.34

O −0.39 −0.41

2 Ti +2.79 +2.67

O +1.85 10.03 +1.26

3 Pb −1.57 −2.08

O +0.41 −0.35

4 Ti +0.51 +0.64

O +0.09 2.52 +0.15

5 Pb −0.25 −0.56

O −0.02 −0.11

6 Ti 0 0

O 0 3.43 0

TABLE II. Structural parameters for the PbO-terminateds001d
surface of nonpolar PbTiO3 films. Change in the interlayer distance,
Ddij , and layer rumpling,hi, in percent of the lattice constantabulk.
Rotation angle,ui, of the oxygen squares in the TiO2 layers. Relax-
ation energy relative to the ideals131d surface,DErelax, in eV per
s131d surface unit cell.

This work Meyeret al. a

cs232d s131d s131d

Dd12 −3.4 −4.3 −4.2

Dd23 +2.9 +3.2 +2.6

Dd34 −0.9 −1.6 −0.8

Dd45 +0.4 +0.7

Dd56 −0.1 −0.3

h1 −1.4 −3.9 −3.9

h2 +0.9 +1.4 +1.2

h3 −2.0 −1.7 −1.2

h4 +0.4 +0.5

h5 −0.2 −0.4

u2 11.4° 0 0

u4 −2.9° 0 0

u6 3.9° 0

subulkd s3.3°d
DErelax −0.29 −0.18

aReference 5.
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the center of an O12 cage and the 12 equivalent Pb-O bonds
are 2.76 Å long. The tendency of lead to move off-center and
form stronger covalent PbO bonds, as short as 2.59 Å, has
been demonstrated to be an important factor in ferroelectric-
ity in PbTiO3.

16,17 Formation of shorter bonds is favored in
the broken symmetry environment at the surface and, as we
discuss next, can be regarded as the driving force for the
cs232d AFD reconstruction occurring at the PbO-terminated
surface.

In Table III we show the values of the interlayer bond
lengths computed for thecs232d ands131d surfaces. Each
Pb atom forms four bonds with the in-plane oxygen atoms,
four interlayer bonds with O atoms in the plane above, and
four interlayer bonds with O atoms in the plane below; the
surface Pb atom is undercoordinated and has eight bonds
sfour in-plane bonds and four interlayer bonds with the plane
belowd. In the nonpolar slab, in-plane Pb off-centering is not
allowed by symmetry. Thus the four equivalent in-plane Pb
-O bonds can only change by bending; their lengths are es-
sentially fixed to 2.76 Å and are not included in Table III. In
contrast, the interlayer Pb-O bonds can stretch or contract
substantially. When as131d periodicity is enforced, the only
possibility to shorten the Pb-O bond, as found in Ref. 5, is by
a large downward displacement of the surface Pb atom, re-
sulting in bond lengthss 2.61 Å longd comparable to those in
tetragonal FE bulk. At thecs232d surface the AFD distor-
tion offers an alternative way, evidently more energetically
favorable, to form fewer but shorter Pb-O bonds. Each sur-
face Pb atom has four oxygen neighbors in the subsurface
TiO2 layer. Rotation of the TiO4 squares brings two of these
much closer, resulting in even stronger bondss 2.39 Å longd
only a bit longer than those in bulk PbOs 2.32 Å long,
experimental value18d. The rotation also shortens signifi-
cantly two of the bond lengths for the Pb3 atom to 2.60 Å,
comparable to those in tetragonal FE bulk. Since the rotation
provides a more effective alternative mechanism for shorten-

ing Pb-O bonds, the inward displacement of surface Pb at-
oms sand the related rumplingh1 and interlayer contraction
Dd12d is substantially reduced with respect to thes131d sur-
face. The average bond length for each Pb atom does not
change much between thecs232d ands131d surfaces and it
is not much different from the undistorted bond length.

As a further verification of the particular role of lead in
the enhancement of the AFD distortion at the surface, we
have relaxed the nonpolars001d surface of BaTiO3. The Ba
-O bond has a more ionic character and is therefore a good
contrasting example. We find no AFD distortion at the BaO
surface. This confirms that the formation of stronger covalent
bonds is the origin of the AFD reconstruction at the
PbO-terminateds001d surface of PbTiO3.

Finally we notice that, contrary to the Pb-O bonds, the
interlayer Ti-O bonds are almost the same at thecs232d and
s131d surfaces, and their values reflect the alternating con-
traction and expansion of the interlayer distances.

B. TiO2 termination

The computed structural parameters for the TiO2 termina-
tion of the nonpolar film are summarized in Table IV. As we
discuss in detail below, the large AFD surface reconstruction
observed at the PbO termination does not occur at the TiO2
termination.

Our results for thes131d TiO2 surface are in very good
agreement with previous calculations. The structure of the
optimizedcs232d supercell is little changed from that ob-
tained for thes131d slab. The only difference is a small
AFD rotation of the oxygen octahedra in the inner layers,
which is due to the AFD instability of bulk PbTiO3 in the
absence of FE distortion. The AFD rotation in the first sur-
face layer is essentially zerosu1=0.1°d indicating that, in
contrast to the PbO termination, the AFD instability is weak-
ened at the TiO2 termination. The optimizedcs232d and

TABLE III. Computed values for the Pb-O and Ti-O interlayer bond lengthssin Å d at the PbO terminated
cs232d and s131d surfaces of the nonpolars001d PbTiO3 film. For comparison, the in-plane Pb-O bond
length is 2.76 Å. Average bond lengths Pbi-Ofor each Pbi atom are given in the “average” columns. The
labels i and j indicate the atomic planes, withi, j =1 being the first surface layer. Shorter Pb-O bonds are
highlighted in bold.

cs232d surface s131d surface

Pbi –Oj Short Long Average Average

Pb1–O2 2.39 2.96 2.72 2.61 2.69

Pb3–O2 2.60 3.13
2.78

2.85
2.77

Pb3–O4 2.64 2.78 2.70

Pb5–O4 2.70 2.84
2.76

2.78
2.76

Pb5–O6 2.66 2.85 2.74

Ti i –Oj

Ti2–O1 1.83 1.83

Ti2–O3 2.04 2.07

Ti4–O3 1.95 1.91

Ti4–O5 1.97 1.98

Ti6–O5 1.95 1.95
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s131d structures have the same energy within numerical ac-
curacysthey differ by less than 10−6 Ry per atomd.

Meyer et al.5 have shown that in thermodynamic equilib-
rium, thes131d PbO termination is always more stable than
the s131d TiO2 termination. Our results show that the TiO2

termination does not reconstruct while the PbO termination
is further stabilized by the AFDcs232d reconstruction.
Therefore the PbO termination remains the most favorable.

The computed values for the Pb-O and Ti-O interlayer
bond lengths are shown in Table V. The short and long Pb
-O bonds are very similar due to the very small AFD rotation
angles, and they are essentially equal at the surface where the
rotation angle is zero within the accuracy of the calculation.
The average bond length for each Pb atom is equal to the
Pb-O bond length in the ideal perovskite structures2.76 Åd.
The interlayer Ti-O bond lengths are very similar to those at
the cs232d ands131d PbO terminationsssee Table IIId in-
dicating that they are independent of both termination and
reconstruction.

C. Surface effect on the strength of the AFD instability

The energy gain associated with the lattice deformation is
a measure of the strength of the instability and can be used to
compare the strength of the AFD instability at the PbO sur-
face with the one in the bulk.

The energy gain associated with the AFD deformation in a
slab can be defined as the difference between the energy of
the relaxeds131d nonpolar slab, in which by symmetry
there is no octahedron rotation, and the energy of the relaxed
cs232d nonpolar slab. This energy difference can be divided
into a bulk and asurfacecontribution as follows:

2Es131dslab− Ecs232dslab= NDEAFD
bulk + 4DEAFD

surf s1d

The bulk contribution,NDEAFD
bulk , is the energy gain associated

with the bulklike rotation of the inner “nonsurface” octahe-
dra, with N being the number of such bulklike octahedra in
the cs232d unit cell s N=6 for the 11 layer slabd. The sur-
face contribution, 4DEAFD

surf , is the energy gain associated with
the rotation of the surface octahedra. The factor of 4 arises
because in the unit cell of acs232d slab there are four
surface octahedra, two at each surface of the slab. Using Eq.
s1d, and the computed values for the three energies:
Es131dslab, Ecs232dslab, andDEAFD

bulk , we find that the energy as-
sociated with the surface AFD distortion at the
PbO-termination isDEAFD

surf =109 meV per s131d surface
unit cell.

By comparing this result with the AFD and FE well
depths in the bulks1.2 and 50 meV, respectivelyd we find
that the energy gain associated with the surface AFD rotation
is two orders of magnitude larger at the PbO-terminated sur-
face than in the bulk, and about twice the bulk ferroelectric
well depth.

V. IN-PLANE POLARIZED PbTiO 3 (001) FILMS

In this section we present our results for thecs232d
PbTiO3 s001d film with spontaneous polarization parallel to
the surface,P=Ps100d. In particular we are interested in
studying the interaction between AFD and in-plane FE dis-
tortions in proximity of thes001d surface. We consider only
the PbO termination, which is the most energetically favor-
able and, as we have shown in the previous section, displays
a strong surface AFD instability in absence of FE distortions.

The optimized atomic structure of thecs232d in-plane
polarized film is shown in Fig. 4. Clearly visible aresid the
in-plane Pb off-centering, present throughout the film and

TABLE IV. Structural parameters for the TiO2-terminateds001d
surface of paraelectric PbTiO3 films. Change in the interlayer dis-
tance,Ddij , and layer rumpling,hi, in percent of the lattice constant
abulk. Rotation angle,ui, of the oxygen squares in the TiO2 layers.
Relaxation energy relative to the ideals131d surface,DErelax, in
eV per s131d surface unit cell.

This work Meyeret al.a

cs232d s131d s131d

Dd12 −4.3 −4.3 −4.4

Dd23 +3.4 +3.3 +3.1

Dd34 −1.2 −1.3 −0.6

Dd45 +0.6 +0.5

h1 −3.2 −3.2 −3.1

h2 +4.3 +4.3 +4.1

h3 −1.0 −0.9 −0.7

h4 +0.9 +0.9

h5 0.0 0.0

u1 −0.1° 0 0

u3 −2.1° 0 0

u5 2.8° 0

subulkd s3.3°d
DErelax −0.26 −0.26

aPlease supply footnote.

TABLE V. Pb-O and Ti-O interlayer bond length in Å computed for the TiO2 termination of thecs2
32d PbTiO3 s001d surface. Average Pb-O bond lengths are also reported. We use the same notation as in
Table III. The in-plane Pb-O bond lengths are 2.76 Å long.

Pbi –Oj Short Long Average Tii –Oj

Pb2–O1 2.62 2.63
2.76

Ti1–O2 1.80

Pb2–O3 2.85 2.95 Ti3–O2 2.02

Pb4–O3 2.67 2.78
22.76

Ti3–O4 1.90

Pb4–O5 2.72 2.86 Ti5–O4 1.95
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enhanced at the surface, andsii d the large AFD TiO4 rotation
in the TiO2 subsurface layer. Thus, contrary to the bulk
where FE distortions suppress the AFD rotation, FE and
AFD distortions coexist at the PbO surface.

We now consider these coupled distortions in more detail,
using a symmetry analysis. Thecs232d supercell can ac-
commodate atomic distortions of thes131d ideal unit cell

with wave vectorsq=s000d and q=s110dp /a fḠ and M̄
point of the s131d surface BZ, respectivelyg. Thus the
atomic displacements relative to the ideal perovskite struc-

ture can be decomposed intoḠ- andM̄-point irreducible rep-
resentations of the references131d unit cell: da,i =on da,i

n

swheren labels the irreducible representations,i the atoms in
the cs232d unit cell, anda=x,y,zd. This decomposition al-
lows us to separate the FE, AFE, and AFD contributions to
the lattice distortion. We find that the in-plane atomic dis-
placements can be decomposed into three irreducible repre-
sentationsM3+, M5−, and G5− sor Eud, which correspond to
AFD, AFE, and FE distortions, respectively. The atomic dis-
placement patterns for theM3+, M5−, and G5− irreducible
representations are shown in Figs. 5sad–5scd.

To quantify, layer-by-layer, the strength of the AFD, AFE,
and FE distortions we proceed as follows. The layer-by-layer

strength of the AFD contribution is described by the TiO4
rotation angle,u, in each TiO2 layer fsee Fig. 5sddg. For
the FE sn=G5−d and AFE sn=M5−d contributions we de-
fine the average polar distortion along thea direction, pa

n ,
in eachs131d unit cell of each atomic layerfsee Figs. 5sed
and 5sfdg; for TiO2 layers

FIG. 4. Optimized atomic structure of the in-plane polarized
cs232d s001d PbTiO3 film with PbO surface termination.sad Top
view; only the first top two layers are shown.sbd Side view; only
the top half of the 11-layer slab is shown. The oxygen atoms in the
second layer are shown in a darker shade of gray. The in-plane Pb
off-centering as well as thecs232d AFD O-rotation in the TiO2

subsurface layer are clearly visible. Pb-O bonds shorter than 2.6 Å
are shown in black.

FIG. 5. sad, sbd, andscd atomic displacements, in TiO2 and PbO
planes, for the AFDsM3+d, AFE sM5−d, and FEsG5−d irreducible
representations that contribute to the ground state structure of the
in-plane polarized film.sdd, sed, andsfd schematic representation of
the layer-by-layer distortion parametersssee textd for AFD, AFE,
and FE irreducible representations, respectively. Dashed lines indi-
cate thes131d unit cells.
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pa
n = da

nsTid −
fda

nsOId + da
nsOIIdg

2
, s2d

and for PbO layers

pa
n =

fda
nsPbId + da

nsPbIIdg
2

− da
nsOd, s3d

whereda
n are the atomic displacements in thea=x,y direc-

tion relative to the ideals131d perovskite structure, for each
irreducible representationn. For a film with spontaneous po-
larization alongx, the average FE polar distortion is alongx,
px

FE, and has the same sign in eachs131d unit cell, while the
average AFE polar distortion is alongy, py

AFE, and has oppo-
site sign in each neighborings131d unit cell.

The computed values for the parameters describing the
strength of FE, AFE, and AFD distortions in each atomic
layer are summarized in Table VI. The FE distortion is en-
hanced at the surface and rapidly resumes the bulk value in
the inner layers. The average polar distortion in the first PbO
layer is 1.7 times larger than the corresponding quantity in
the bulk, and the enhancement is confined to the surface
layer. The same behavior for the in-plane FE distortion was
found at thes131d PbO-terminated surface,5 where AFD
distortion is not allowed by symmetry. There, the average
in-plane polar distortion in the first surface layer was found
to be 1.5 times larger than the corresponding quantity in the
bulk. It should be noted that in that calculation, the in-plane
lattice parameters of the slab were taken as the bulk tetrag-
onalc anda parameters, and the comparison is to the tetrag-
onal bulk polarization. In our calculation, we fixed the in-
plane lattice parameters to match a substrate of bulk cubic
PbTiO3. The proper reference bulk limit in this case is the
cubic lattice optimized allowing a spontaneous polarization
along thes100d direction fi.e., allowing internal atomic dis-
placements alongs100dg. The resulting “cubic polarized”
structuresC-FEd is the bulk reference limit in Table VI.

The AFD oxygen-rotation is also enhanced at the surface,
u2=10.8°, and rapidly vanishes in the deeper layers. Thus the
AFD distortion is confined to the surface octahedron layer,
and is comparable to the one found in the absence of FE
distortions.

Finally, there is a small AFE distortion at the PbO surface
layer that rapidly decreases in the inner layers where it is
essentially zero.

The FE and AFD distortions both have the effect of short-
ening some of the Pb-O bonds. At the surface, the com-
pounded effect of the coexisting large FE and AFD distor-
tions results in even shorter Pb-O bonds, as short as 2.31 Å
scomparable to the shortest bond length in PbO bulkd.

VI. CONCLUSIONS

Nonpolar cubic PbTiO3 bulk has a weak AFD instability,
involving rotations of oxygen octahedra, which is suppressed
by the FE distortion. In this work we have studied the effect
of surface proximity upon the AFD instability at thes001d
surfaces of PbTiO3. In particular we studied the surface ef-
fect upon the instability’s strength and its competition with
in-plane ferroelectricity.

In the absence of FE distortions we found that the impact
of the surface upon the strength of the AFD instability is
termination-dependent. At the PbO termination the AFD de-
formation is strongly enhanced relative to the bulk; the top
surface octahedra rotate by 11° about the surface normal.
The enhanced AFD distortion is confined to the octahedron
layer at the top of the surface. We estimated that the energy
gain associated with the octahedron rotation is two orders of
magnitude larger at the surface than in the bulk. At the TiO2
termination, the AFD deformation is essentially suppressed;
the top surface octahedraswhich are truncatedd rotate by an
angle of 0.1°. For both terminations the surface effect upon
the AFD distortion is confined to the first octahedron layer at
the surface, and below the surface octahedra the AFD rota-
tion recovers the small bulklike value,<3°, computed for
nonpolar cubic PbTiO3.

For polarized filmsswith in-plane FE distortiond we found
that FE and AFD distortions coexist in the proximity of the
PbO-terminated surface, leading to a structural phase not
found in bulk. The FE distortion is enhanced at the surface
layer as was previously found for thes131d films where the
AFD distortions are not allowed by symmetry. Concurrently,
the AFD distortion is enhanced at the surface as much as
found in the absence of FE distortions. Thus AFD and in-
plane FE distortions are both enhanced at the PbO surface
and do not strongly interact. The enhanced AFD deformation
does not suppress the FE distortion, nor is the AFD deforma-
tion suppressed by the FE distortion.

The surface effects are confined to the first perovskite unit
cell at the surfacesi.e., in the first three atomic layersd, while
bulklike behavior is recovered below it.

In summary, we have shown that in PbTiO3 the strength
of the AFD instability, consisting of rotation of the oxygen
octahedra, and its interaction with ferroelectricity are af-
fected by the proximity to the surface. At the PbO termina-

TABLE VI. The average layer-by-layer ferroelectric,px
FE, and

antiferroelectric,py
AFE, polar distortions pers131d unit cell, in per-

centage of the bulk lattice parametersab=7.37 a.u.d, and the anti-
ferrodistortive oxygen rotation,uAFD, in the TiO2 layers. The aver-
age spontaneous polar distortion and the AFD angle computed for
the bulk “polarized cubic” structuresC-FEd and the bulk “cubic
AFD” structuresC-AFDd are given as a bulk reference.

px
FE py

AFE uAFD

Layer TiO2 PbO TiO2 PbO TiO2

1 11.9 −2.4

2 4.1 0.5 10.8°

3 6.3 0.4

4 3.7 −0.06 −0.1°

5 7.1 −0.2

6 3.9 0.08 0.9°

bulk sC-FEd 4.1 7.1 0°

bulksC-AFDd 0.0 0.0 3.3°
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tion this leads to a phase, not observed in the bulk, where
enhanced AFD and FE distortions coexist. The enhancement
of the AFD instability at the PbO termination is driven by the
formation of shorter PbO bonds and is a consequence of the
particular chemistry of Pb; no enhanced AFD distortion is
found, for example, at the surface of BaTiO3. We suggest
that the enhancement of the AFD instability at the PbO ter-
mination should be common among Pb based perovskite ox-
ides.

ACKNOWLEDGMENTS

We thank D. Vanderbilt, G.B. Stephenson, C. Thompson,
and D.D. Fong for discussions and Krzysztof Rapcewicz for
a critical reading of the manuscript. This work was supported
by Office of Naval Research through N00014-00-1-0261.
The majority of the computations were performed at the De-
partment of Defense High Performance Computing Centers
NAVO and ERDC.

*Electronic address: bungaro@physics.rutgers.edu
1W. Zhong and D. Vanderbilt, Phys. Rev. Lett.74, 2587s1995d.
2N. Sai and D. Vanderbilt, Phys. Rev. B62, 13 942s2000d.
3Ph. Ghosez, E. Cockayne, U. V. Waghmare, and K. M. Rabe,

Phys. Rev. B60, 836 s1999d.
4J. Padilla and D. Vanderbilt, Phys. Rev. B56, 1625s1997d.
5B. Meyer, J. Padilla, and D. Vanderbilt, Faraday Discuss.114,

395 s1999d.
6B. Meyer and D. Vanderbilt, Phys. Rev. B63, 205426s2001d.
7A. Munkholm, S. K. Streiffer, M. V. Ramana Murty, J. A. East-

man, C. Thompson, O. Auciello, L. Thompson, J. F. Moore, and
G. B. Stephenson, Phys. Rev. Lett.88, 016101s2002d.

8S. Baroni, A. Dal Corso, S. de Gironcoli, and P. Giannozzi, http://
www.pwscf.org.

9D. M. Ceperley and B. J. Alder, Phys. Rev. Lett.45, 566s1980d;
J. P. Perdew and A. Zunger, Phys. Rev. B23, 5048s1981d.

10D. Vanderbilt, Phys. Rev. B41, 7892s1990d.
11H. J. Monkhorst and J. D. Pack, Phys. Rev. B13, 5188s1976d.
12The centrosymmetricP2/m space group consists of the identity

sxyzd, the inversion symmetrysxyzd, the 180° rotation C2z sxzyd,
and the mirror symmetryMz sxyz̄d, relative to the center of the
slab.

13The Pm space group consists of two symmetry operations: the
identity sxyzd and a mirror planesxyz̄d.

14For the case of perpendicular polarization it is necessary to intro-
duce a dipole layer in the vacuum region to cancel the artificial
field arising when a slab with a net surface dipole density is
embedded in a periodic supercellssee Ref. 19d. This dipole cor-
rection can be used, as shown in Ref. 6, to study the effect of
external electric field on the equilibrium ground state structure
of polar films with polarization perpendicular to the surface, and
determine their ferroelectric properties.

15A. García and D. Vanderbilt, Phys. Rev. B54, 3817s1996d.
16This is our theoretical value. The experimental value for the

shortest Pb-O bonds in tetragonal PbTiO3 is 2.5 Å from Refs. 20
and 21.

17R. E. Cohen, NaturesLondond 358, 136 s1992d.
18H. J. Terpstra, R. A. de Groot, and C. Haas, Phys. Rev. B52,

11 690s1995d.
19L. Bengtsson, Phys. Rev. B59, 12 301s1999d.
20G. Shirane, R. Pepinsky, and B. C. Frazer, Acta Crystallogr.9,

131 s1956d.
21W. Dmowski, M. K. Akbas, P. K. Davies, and T. Egami, J. Phys.

Chem. Solids61, 229 s2000d.

COEXISTENCE OF ANTIFERRODISTORTIVE AND… PHYSICAL REVIEW B 71, 035420s2005d

035420-9


