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Surface effects and ferroelectric phase transitions in BaTiO3 ultrathin films

S. Tinte and M. G. Stachiotti
Instituto de Fı´sica Rosario, Universidad Nacional de Rosario, 27 de Febrero 210 Bis, 2000 Rosario, Argentina

~Received 9 July 2001; published 8 November 2001!

We present a finite-temperature study of ferroelectric phase transitions in BaTiO3 ultrathin films using an
atomic-level simulation approach. This is based on a shell model for BaTiO3 with parameters obtained from
first-principles calculations. While transitions involving in-plane electric polarization are practically unper-
turbed by the presence of the surface, surface atomic relaxations act as a strong perturbation on the ferroelectric
order perpendicular to the surface. However, a strain induced ferroelectric polydomain phase with an out-of-
plane orientation of polarization is stabilized in a not short-circuited film as thin as 20 Å. A reduction of the
out-of-plane polarization at the film surface is observed.

DOI: 10.1103/PhysRevB.64.235403 PACS number~s!: 77.55.1f, 77.80.Dj, 77.84.Dy
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I. INTRODUCTION

The potential utilization of ferroelectric~FE! thin films in
a new generation of devices has driven a large amoun
research worldwide. These have as a general advantag
duced size and weight, which can be exploited, for exam
in the fabrication of high-density nonvolatile random acce
memories.1 For that reason, the question of the minimu
film thickness with switching polarizations is a crucial poin
Recently, high quality films of PbZr0.2Ti0.8O3 grown on Nb-
doped~001! SrTiO3 single-crystal substrates have been o
served to exhibit ferroelectricity down to a thickness of
nm.2 However, what is the thinnest ferroelectric layer th
can still yield stable polarization remains as an unsolv
question.

Phenomenological theories have provided a deep ins
into the FE properties of thin films. Wanget al.3 calculated
the spontaneous polarization and electrostatic potential in
films with domain structure. They found that the polarizati
is reduced at the film surface; and, from a free-energy an
sis, they led to the conclusion that ferroelectricity of ve
thin films with domain structure may be unstable. An abru
transition from a monodomain to a polydomain state h
been found in FE thin films with a passive~nonferroelectric!
layer at the FE-electrode interface.4 It was shown that this
domain structure, which is important for the problem
switching, exists for any value of the passive layer thickne
Regarding the effect of the film-substrate misfit strain, a p
nomenological thermodynamic theory of FE thin films e
taxially grown onto cubic substrates predicts distinct pha
depending on the misfit strain.5 It was also shown that the 2D
clamping and straining of the film by the substrate leads
the appearance of ferroelectricity in SrTiO3 films.6

These are just a few representative examples of the
portant role played by the phenomenological theories in
understanding of FE thin film properties. However, the
type of theories are based on the continuous medium
proximation and, therefore, they are not applicable for ult
thin films where an accurate atomic-level description is n
essary. The indispensability of an atomic-level approach
borne out by recent first-principles calculations on BaTi3
slabs,7,8 which demostrated that the surface relaxation en
gies are many times larger than the bulk ferroelectric w
0163-1829/2001/64~23!/235403~7!/$20.00 64 2354
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depth, which would indicate that the surface is capable
acting as a strong perturbation on the ferroelectric order.
cently, an effective Hamiltonian approach9 showed that, un-
der short-circuit electrical boundary conditions, PbTiO3 films
as thin as three unit cells exhibit a perpendicularly polariz
ground state, with significant enhancement of the polari
tion at the surface. However, this model does not inclu
surface relaxation effects.

Although first-principles methods are extremely preci
they are quite computer demanding. So, these calculat
are restricted to the investigation of zero-temperature pr
erties of perovskites involving a rather small number of
oms. For the study of the thermal behavior, or to han
larger system sizes, other methods are necessary. Rec
we have developed an atomistic model for BaTiO3 ~Ref. 10!
by mapping first-principles underlying potential surfaces.
the present paper we address the question of how the fe
electric phase transitions of bulk BaTiO3 are modified in
ultrathin films using the same atomistic model. The pha
transition sequence in a not short-circuited stress-free u
thin film is studied by molecular dynamics simulations. A
an important factor which can influence ferroelectricity is t
strain effect produced by the lattice mismatch betwee
given substrate and the ultrathin film, we investigate the
fects produced by the strain on the ferroelectric propertie
the ultrathin film.

II. MODEL AND COMPUTATIONAL DETAILS

The atomistic model for bulk BaTiO3 was developed by
mapping first-principles potential energy surfaces for vario
configurations of some carefully selected atomic displa
ments. The potential parameters were obtained by perfo
ing a fit of interatomic potentials to these energy surfac
The first-principles total energy calculations were do
within the local density approximation to density function
theory, using the full-potential LAPW method.

For the atomistic simulation we chose the nonlinear o
gen polarizability model. Here each ion is modeled as a m
sive core linked to a massless shell. An anisotropic core-s
interaction is considered at the O22 ions, with a fourth-order
core-shell interaction along the O-Ti bond. This emphasi
the large anisotropic polarization effects at the oxygens p
©2001 The American Physical Society03-1
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S. TINTE AND M. G. STACHIOTTI PHYSICAL REVIEW B64 235403
duced by variations of the Ti-O distance. In addition to t
Coulombic interactions, the model contains pairwise sh
range potentials which are defined asV(r )5ae(2r /r)2c/r 6.
These potentials account for the effects of the exchange
pulsion together with the van der Waals attraction betw
atoms. The material-specific potential parameters were d
mined by fitting the model energy behavior to first-principl
results. See Ref. 10 for more details of the model buildin

The resulting model was able to reproduce delicate pr
erties of BaTiO3 in very good agreement with first-principle
and experimental data. The model yields clear ferroelec
instabilities with similar energetics compared with t
LAPW calculations. Energy lowerings of'1.2, 1.65, and 1.9
mRy/cell are obtained for the~001!, ~011!, and ~111! ferro-
electric mode displacements, respectively. The model
reproduces several zero-temperature properties which are
evant for this material: bulk modulus, Born effective charg
the presence of two-dimensional instabilities in the phon
dispersion curves,G-phonon frequencies, and eigenvectors10

The temperature-dependent properties of the bulk mate
were investigated by constant-pressure molecular dynam
~MD! simulations. We showed that the nontrivial phase tr
sition sequence ~cubic-tetragonal-orthorhombic
rombohedral! was correctly reproduced. An excellent over
agreement with the experimental data was obtained for
structural parameters and expansion coefficients, show
that the model reproduces the delicate structural change
volved in the transitions. The drawback is, however, that
theoretically determined transition temperatures~190, 120,
and 90 K! tend to be too small compared with experime
~393, 278, 183 K!. A similar behavior was obtained by a
effective Hamiltonian approach whose parameters were
fitted to first-principles calculations.11

The model also provides a good description of the nat
of the dynamics in each phase, where order-disorder
found to be the dominant dynamical mechanism for
transitions.12 This mechanism leads to the presence o
rhombohedral local enviroment of Ti in all phases. This lo
structure appears because of the slow dynamics assoc
with a relaxational motion of local polarizations, which co
relate within chainlike precursor domains in the paraelec
phase.

In the present paper we consider a~001! TiO2-terminated
slab of 28 Å width to perform molecular dynamics~MD!
simulations. The study is carried out using theDL-POLY

package,13 where the adiabatic dynamics of the electron
shells is approximated by assigning small masses to th
The runs were performed employing a Hoover consta
(s̄,T) algorithm; all cell lengths and cell angles were a
lowed to fluctuate. Our calculations are carried out in a
riodic slab geometry, as it is usual in first-principles calcu
tions of surface properties. The slab is 28 Å thick contain
8 TiO2 layers and 7 BaO layers (63637.5 unit cells, 1368
atoms!. To minimize the interaction between periodic im
ages, a vacuum region of 20 Å separates the periodic s
We tested the sensibility of the results with respect to
vacuum region size: by increasing the vacuum gap by 2
the resulting polarization profiles changed by less than 0.
The reason for this almost negligible interaction between
23540
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riodic images comes out from the fact that, in all the ca
analyzed in this paper, the net out-of-plane polarization
the slab is zero. So, there is no a dipole-dipole interact
between images but only higher order multipole-multipo
interactions, which are weaker. In this sence, the slab co
be consider as isolated.

III. RESULTS AND DISCUSSIONS

A. Static surface effects

The achievements reached by our model in the descrip
of the bulk properties do not necessarily indicate that
same model~i.e. with the same parameters! is able to repro-
duce BaTiO3 surface effects. As our final goal is to perfor
finite-temperature simulations on ultrathin films, it is ve
important to check if the bulk model describes properly t
static surface properties of BaTiO3 . Although a comparison
with experimental data is, of course, the best way to valid
a model, experimental studies of perovskites surfaces
complicated by the difficulties of preparing clean and defe
free surfaces. Therefore, most experimental investigati
have not been very conclusive. Furthermore, we are
aware of experimental studies of BaTiO3 surfaces. So, we
take recent first-principles total-energy calculations on p
odic slabs7,8 as benchmark results to compare with. To th
end, we determined the equilibrium atomic positions for t
same kind of slabs used in theab initio calculations. Al-
though the detailed results of this comparison withab initio
results have been recently published,14 we would like to
highlight several achievements. So, in this section we pre
static calculations on periodic slabs of BaTiO3 to compare
atomic relaxations and surface energies with the above m
tionedab initio studies of BaTiO3 surfaces. This constitutes
very important initial step in order to validate the model
perform a further finite-temperature study.

Padilla and Vanderbilt8 studied symmetrically BaO termi
nated and TiO2 terminated slabs of tetragonal and cub
BaTiO3 whose coordinates have been fully relaxed by mi
mizing the total energy. Therefore, a comparison with th
results could be considered as a very exigent test for
model. Following their steps, we first determined the eq
librium atomic positions for the two types of slabs in th
cubic phase, starting from the ideal structure. By symme
there are no forces along thex andy directions for the cubic
surfaces, so we only compare the atomic displaceme
along thez direction, which is perpendicular to the surfac
As in the first-principles calculations,8 each slab contains
seven layers of atoms and the vacuum region is three la
constants thick. The results are listed in Table I, toget
with the ab initio results which are shown in parentheses
is worth mentioning that the relaxation patterns obtain
with the model are in full agreement with theab initio ones.
In particular, the model reproduces satisfactorily the rel
ation direction of the surface-layer atoms, which move
wards the slab~this is indicated by a negative sign in th
table!. Regarding the magnitude of the atomic displaceme
they are, in general, slightly overestimated with respect
the first-principles results; except for the first-layer atoms
the BaO surface, which are underestimated.
3-2
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SURFACE EFFECTS AND FERROELECTRIC PHASE . . . PHYSICAL REVIEW B 64 235403
As was pointed out by Cohen,7 the average surface energ
can be calculated by adding the energies of the
terminated and the Ti-terminated slabs, which gives the
ergy of 7 BaTiO3 units. Then, we subtract 7 times the bu
energy per cell and the result corresponds to 4 surface
this way, we obtain the average surface energy for the u
laxed @Esup(unrel)# and the relaxed@Esup(relax)# cubic
slabs. The difference between these energies (DE) gives the
surface relaxation energy. We compare our calculated va
with those obtained previously byab initio calculations in
Table II. The agreement is quite good. We note thatDE is
many times larger than the bulk ferroelectric well depth,
timated to be of the order of 0.03 eV.

Finally, in order to study the influence of surface rela
ation effects upon the in-plane ferroelectric distortion,
determine the equilibrium atomic positions for the tetrago
phase with FE polarization parallel to the surface in the t
symmetric terminated slabs. We compare, in Table III,
average ferroelectric distortion (dFE) for each layer of the
tetragonal slabs, which is defined asdFE5dx(Ba)2dx(OIII )
for BaO planes, anddFE5dx(Ti) 2@dx(OI)1dx(OII)#/2 for
TiO2 planes. The bulk values are given for reference in
last row of the table. For the TiO2-terminated surface, on
can see a clear increase in the average ferroelectric di
tions dFE when going from the bulk values to the surfa
layer. Just the opposite behavior is found for the Ba
terminated surface. So, the principal feature obtained by
calculation~in agreement with theab initio result! is that the
in-plane ferroelectricity is strongly enhanced at the
terminated surface and suppressed at the Ba-terminated
face.

TABLE I. Atomic relaxations of the TiO2 ~left panel! and BaO-
terminated~right panel! surfaces in the cubic~C! phase, given as
percent of theoretical unit cell parametera, with repect to ideal
positions. For comparison,ab initio results~Ref. 8! are shown in
parentheses.

Atom dz ~C! Atom dz ~C!

Ti~1! -4.14 ~-3.89! Ba~1! -0.72 ~-2.79!
OI(1) -2.74~-1.63! OIII (1) -1.09~-1.40!
OII(1) -2.74~-1.63! Ti~2! 1.70 ~0.92!
Ba~2! 2.36 ~1.31! OI(2) 2.75~0.48!
OIII (2) -0.50~-0.62! OII(2) 2.75~0.48!
Ti~3! -0.81 ~-0.75! Ba~3! -0.69 ~-0.53!
OI(3) -0.72~-0.35! OIII (3) -0.28~-0.26!
OII(3) -0.72~-0.35!

TABLE II. Average surface energy for the unrelaxedEsup(unrel)
and relaxed cubic slabsEsup(relax), given in eV per surface uni
cell. DE is the surface relaxation energy.

Esup(unrel) Esup(relax) DE

present calculation 1.359 1.172 0.187
Ref. 8 1.358 1.241 0.117
Ref. 7 0.92
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In summary, we have shown that the model developed
the bulk material proves also successful for describing s
face properties, such as structural relaxations and surface
ergies, which are found to be in quite good agreement w
recent first-principles total energy calculations. In particu
a very good description is obtained for the TiO2 surface. For
the BaO surface, the description is not so accurate. Ne
theless, the relaxation patterns obtained with the model
both slabs are in full qualitative agreement with theab initio
ones. The average surface energy and the relaxation en
are in quite good agreement with first-principles calculatio
The energy gain on displacing the surface ions is mu
greater than the bulk ferroelectric well depth, which indica
that ionic motions on surfaces could indeed dominate
bulk energetics for thin slabs.

B. Phase transition sequence in a stress-free slab

In this section we present the results of molecular dyna
ics simulations for a~001! TiO2-terminated stress-free sla
of 28 Å width. We chose a TiO2-terminated slab because, a
it was shown in the precedent section, it provides a v
precise description of the surface effects when it is compa
with ab initio results.

In Fig. 1 ~top panel! we show the three components of th
mean polarization obtained by MD simulations as a funct
of temperature.Px and Py are the polarization componen
parallel to the slab surface, whilePz is the one perpendicula
to the surface. The lattice parameters are displayed in
bottom panel. As it is expected, the polarization compon
perpendicular to the slab surface is zero at all temperatu
that is the slab cannot develop a net out-of-plane polariza
just as a consequence of the boundary conditions u
where the surfaces are not short-circuited. On the other h
the behavior of the other two components indicates a
quence of transitions which leads to the appearance of fe
electric phases with in-plane polarization~i.e., polarization
parallel to the surface!.

In order to clarify the description we have divided th
phase diagram, shown in Fig. 1, into four temperatu
ranges. At high temperatures~stage A!, the polarization com-
ponents are all very close to zero indicating a paraelec
phase. As the system is cooled down~stage B!, Px acquires a
value clearly different from zero whilePy.0, and the struc-
ture presents a considerable in-plane strain. When the t
perature is further reduced to stage C the two mentio

TABLE III. Average layer-by-layer ferroelectric distortionsdFE

of the relaxed slabs, in percent of the theoretical lattice constanc.
Ab initio results~Ref. 8! are shown in parentheses.

Ti-O terminated Ba-O terminated
layer dFE ~BaO! dFE (TiO2) dFE ~BaO! dFE (TiO2)

1 4.87~4.38! 1.07 ~1.56!
2 1.41~1.44! 1.60 ~1.82!
3 3.61~3.44! 0.81 ~1.31!
4 2.45~1.65! 2.64 ~3.32!
Bulk 2.45 ~1.50! 2.32 ~3.20! 2.45 ~1.50! 2.32 ~3.20!
3-3
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features of stage B are magnified. In both stages, B an
the slab has a net polarization along the~100! direction. Fi-
nally, in stage D,Px.Py different from zero, and the sla
has a net~110! polarization.

The cell-by-cell in-plane polarization profiles across t
slab at different temperatures are shown in Fig. 2. All profi
show increments of the local polarization in the two u
cells nearest to the surface, at both sides of the slab.
surface polarization enhancement arises from the fact tha
are simulating a TiO2-terminated slab. On the contrary, w
find a decrease of the surface polarization for a Ba
terminated slab. So, the polarization behavior near the

FIG. 1. Phase diagram of the BaTiO3 film resulting from the
MD simulations. Top panel: the three components of the aver
polarization; and bottom panel: the corresponding cell parame
(az was calculated as the slab width/7!.

FIG. 2. Cell-by-cell in-plane polarization profiles across the s
at different temperatures.
23540
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face depends on the surface termination, a fact which is
agreement with the above static results. The local polar
tions of the inner cells display a rather flat plateau. The m
nitude of the electric polarization for these cells in stages
and D coincides with the bulk polarization components o
tained with the model for the tetragonal ('17mC/cm2) and
orthorhombic phases ('14mC/cm2), respectively. Moreover,
the transition temperatures for the paraelectric-~100! polar-
ized and the~100!-~110! polarized phase transitions pract
cally coincide with the cubic-tetragonal and tetragon
orthorhombic transition temperatures of the bulk materia10

These observations lead to the conclusion that ferroelec
phase transitions involving in-plane electric polarization a
practically unperturbed by the presence of the surface. O
important difference with the bulk is, however, the appe
ance of a surface phase transition at stage B, where the
unit cells nearest to the surface are polarized, while the in
cells are not@see Fig. 2~open squares!#. So, in this tempera-
ture range, the slab is composed by an in-plane polari
ferroelectric surface layer on both sides of a paraelectric b
material. Although experimental studies of perovskites s
faces are complicated by the difficulties of preparing defe
free surfaces, the achievement of McKeeet al.15 who re-
ported layer-by-layer growth of BaTiO3 on MgO in which
the perovskite structure was stabilized at the unit-cell lev
should allow a test of the existence of this two dimensio
ferroelectric layer.

To understand the nature of the microscopic dynam
leading to the presence of this in-plane polarized ferroelec
surface layer, we analyzed, in the high temperature parae
tric phase, the time evolution of local polarizations for
surface and an inner cell. For both we observe in Fig. 3 t
fast oscillations around finite polarization values coexist w
much slower polarization reversals. Therefore, as in the b
material,12 a relaxational slowing-down process is respo
sible for the appearance of the in-plane polarized phase in
film. Since the relaxation time of the surface cells is'10
times larger than the one for the inner cells, the polarizat

e
rs

b

FIG. 3. Time evolution of the local polarizationpx for an inner
~top panel! and a surface~bottom panel! cell in the paraelectric
phase atT5220 K.
3-4
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SURFACE EFFECTS AND FERROELECTRIC PHASE . . . PHYSICAL REVIEW B 64 235403
‘‘freezes’’ first in the surface, in such a way that the surfa
orders at a higher temperature than the interior of the film

As was previously shown in Fig. 1, the mean polarizat
perpendicular to the slab surface is zero at all temperatu
This was expected because the slab cannot develop a
out-of-plane polarization as a consequence of the boun
conditions used. However, a vanishing total polarizat
could arise from the crystal break into domains. We sh
that this is not the case by analyzing the polarization pro
across the slab, which is presented in the top panel of Fi
@see the caseh50 ~open circles!#. In this figure, the cell-by-
cell out-of-plane polarization profile of a randomly chos
chain perpendicular to the slab surface is shown. In
present case, the same profile is obtained for all the chain
the slab. It is clear, from this profile, that the two unit ce
nearest to the surface develop a small polarization. This lo
polarization of the surface cells, at both sides of the slab,
pointing inwards towards the bulk, so the net polarizat
vanishes. This inward direction of the local surface polari
tion is just a consequence of the surface atomic relaxa
pattern analyzed in the above section. Indeed, this polar
tion profile and the magnitude of the local polarization of t
surface cells shown in Fig. 4 atT50 K, remain unchanged
at higher temperatures, even in the paraelectric phase.

The fact the inner cells of the slab are not polarized co
arise from a surface tension effect, i.e., as a consequenc
the inwards movement of the surface layers, the interio
the slab could be denser than the bulk material inhibit
ferroelectricity. To address this point, we have measured
interlayer distance between two consecutive TiO2 planes at

FIG. 4. Cell-by-cell out-of-plane~top panel! and in-plane~bot-
tom panel! polarization profiles of a randomly chosen chain perp
dicular to the slab surface for different misfit strains (h) at T
50 K. In the in-plane polarization profilespy5px .
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the surface and in the interior of the slab. While this distan
is 3.89 Å at the surface, indicating that the surface lay
contract substantially, it reaches the value of 3.99 Å at o
two unit cells from the surface. So, the interior of the slab
not considerably denser than the bulk material. Therefore
was already shown from the static calculations, the comp
tion between the energy gain on the surface relaxation
the energy gain on the ferroelectric distortion seems to
crucial for the out-of-plane ferroelectricity in ultrathin films
As it is well known, ferroelectricity is strongly affected b
volume inABO3 perovskites. In particular, the elongation
a perovskite crystal along its polar direction favors ferroel
tricity in that direction. So, it would be interesting to inve
tigate how the microscopic features obtained for the stre
free slab are affected by the lattice strain.

C. Strain effect

An important factor which can influence the ferroelect
properties of a thin film is the effect produced by the latti
mismatch between a given substrate and the film.5 In a recent
experimental work, it was demostrated that there is a con
erable increase in the spontaneous polarization and ou
plane lattice parameter in epitaxially grown thin films
comparison with relatively thicker films.16 Both observations
have been interpreted as an effect of internal stresses du
lattice mismatch. Experimental data on BaTiO3 films depos-
ited on SrTiO3 substrates17 showed a shift ofTc towards
higher temperatures. They conclude that this effect should
due to epitaxial strain, showing that the lattice parametera of
a 10 monolayer-thick film is exactly the same as that of
substrate. So, if the substrate is sufficiently thick, the
plane strains of the film at the interface are totally control
by the thick substrate, which produces a two dimensio
clamping and straining of the film.

In this section we investigate the strain effects on the
properties of the slab. We assume that the above mentio
internal elastic fields are homogeneous, so the 2D clamp
holds throughout the ultrathin film. So, we force the simu
tion cell to be square in thex-y plane with different lattice
parameters. However, the simulation cell is allowed to
pand and contract in thez direction until thezzcomponent of
stress is zero throughout. For the sake of simplicity, we
fine a misfit strain ash5(b2a)/b, whereb is the imposed
lattice constant in thex-y plane~which could be related with
lattice constant of a hypothetic substrate! anda is the lattice
parameter of the stress-free film. Since positive values oh
will tend to suppress even more the out-of-plane ferroel
tricity, we only investigate the effects produced by negat
strains, which will tend to elongate the out-of-plane latti
constant of the slab, reinforcing ferroelectricity in that dire
tion.

We show in Fig. 4 thepz(z) ~top panel! and px(z) ~bot-
tom panel! profiles atT50 K of a randomly chosen chain
perpendicular to the slab surface for different misfit strains
is clear from this figure that, under negative strains, in
vidual chains develop a net out-of-plane polarization. T
feature seems to be in contradiction with the fact that we
simulating a not short-circuited slab, and amonodomain

-
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ferroelectric state should not be stabilized due to the p
ence of a very strong depolarizing field. However, althou
the individual chains shown in Fig. 4 diplay a perpendicu
nonvanishing polarization, thenet out-of-plane polarization
of the slab is zero due to the development of polarized
mains, as it is shown in Fig. 5 for the caseh522.5%. For
this value ofh the local polarization vector of the inner cel
lies along thez direction (px5py50, see Fig. 4!, so 180°
polarized domains are developed. However, for higher va
of h (h521.0%), the net in-plane polarization is not ze
and the domain configuration is more complex. We can
scribe the behavior of the local polarization vector und
strain in the following way. The stress-free film is polariz
along the ~110! direction. When the film is negatively
strained, the polarization vector starts rotating towards thz
axes. In this case a domain configuration is developed
cause the polarization vector rotates towards the positivz
axis in one domain, while in the other it rotates in the opp
site direction. Finally, at a given value ofh the polarization
vector of each domain lies along thez axis, giving arise to
180° polarized domains. In all cases the net out-of-pla
polarization is zero and the domain wall is not charged.
we demonstrate that a strain induced ferroelectric poly
main state with an out-of-plane orientation of the polariz
tion is indeed stable in the ultrathin film. It is known th
domains are favored because of the reduction of the dep
izing field energy in spite of the increased surface energy
the domain walls. So, if electrodes are deposited on the
surfaces cancelling out the depolarizing field, a sing
domain structure is expected to become more stable. To
dress that point, a different boundary condition should
used, and this investigation is in progress.

It is interesting to point out that the cell-by-cell out-o
plane polarization profiles shown in the top panel of Fig
display a considerable reduction of the polarization at
surface cells, indicating that the surface produces a wea
ing of ferroelectricity, in agreement with a phenomenologi
study.3

It is clear from Fig. 5 that the 180° domain configuratio
is of stripe type. It is important to remark, however, that t

FIG. 5. Top view of the out-of-plane polarization pattern for t
caseh522.5%. The symbols3 or s on each chain denote op
posite polarization directions.
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equilibrium value of the domain width cannot be determin
from the present simulations, since this magnitude is c
strained by the dimension of the simulation cell. We p
formed simulations using longer supercells along thex andy
directions 838 and 10310. In both cases we obtain simila
results to the one previously reported; namely, the deve
ment of a stripe-type domain structure with a domain wid
of half of the supercell dimension. So, although the equil
rium value of the domain width cannot be determined in
thermodynamic limit due to computational limitations, th
test constitutes a clear evidence of the existence of a fe
electric polydomain state. We are also able to provide
other valuable microscopic information: the 180° doma
wall is centered on a Ba-O plane, i.e., the atomic displa
ments have odd symmetry across~and vanish on! the BaO
plane, which indicates that the domain boundary is inde
very sharp, its width being of approximately one lattice co
stant, in agreement with domain walls simulations in bulk18

Finally, we performed molecular dynamics simulations
determine the temperature where the out-of-plane polar
tion of each domain vanishes. This transition temperatur
determined by monitoring the polarization of each domain
a function of temperature under heating. For the simulati
we chose the caseh521.5%. Note that for this value o
strain the in-plane polarizations of the slab are zero~see Fig.
4!, so there is only one phase transition at finite tempera
involving the z component of the domain polarizatio
(Pz

domain). The results are shown in Fig. 6. The transitio
temperature obtained for the film of 28 Å width is'225 K.
It is interesting to remark that the behavior ofPz

domain with
temperature resembles the temperature dependence of th
der parameter in a ‘‘second-order phase transition.’’ To fi
out which is the minimum film thickness (dc) with stable
out-of-plane ferroelectricity we have done simulations
slabs of different widths using the same mechanical bou
ary condition (h521.5%). The results are also shown
Fig. 6. It is clear that the transition temperature decrea
when the film thickness decreases. We can predict from th
simulations thatdc'20 Å. It is interesting to remark that th
predicted minimum film thickness is just one unit cell long

FIG. 6. Out-of-plane component~z! of the domain polarization
as a function of temperature for different slab widths.
3-6
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than the minimum displacement correlation length requi
to observe a ferroelectric instability in bulk@'4 unit cells
for BaTiO3 ~Ref. 19!#, which would be an indication tha
both magnitudes could be related.

IV. CONCLUSIONS

In conclusion, we have shown, using an atomistic mo
for BaTiO3, that ~i! ferroelectric phase transitions involvin
in-plane electric polarization are unperturbed by the prese
of the surface in ultrathin films;~ii ! the effect produced by
the surface is just to increase~or decrease, depending on th
surface termination! the in-plane polarization of the two un
cells nearest to the surface, in such a way that the surfac
the film orders at a temperature above~or below! that of the
interior ordering;~iii ! the competition between the energ
gain on the surface relaxation and the energy gain on
ferroelectric distortion seems to be crucial for the devel
ys

.

23540
d

l

ce

of

e
-

ment of a FE phase with out-of-plane polarization in an
trathin film; but ~iv! a strain induced polydomain ferroelec
tric state with an out-of-plane orientation of polarization c
be stabilized, in a not short-circuited TiO2-terminated film as
thin as 20 Å. Pz

domain(z), which is a key information for
Landau-Devonshire type theories, diplays a weakening of
polarization at the surface. Finally, we point out that the d
velopment of polarized domains in the film constitutes
promising starting point for a further investigation on th
microscopic mechanism for the poling and polarizati
switching processes when an external electric field is
plied.
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