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Polar distortion in ultrathin BaTiOj; films studied by in situ LEED I-V
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Phase stability in nanoscale ferroelectrics is governed by the interplay of electrostatic depolarization energy,
domain formation, adsorption, and surface band bending. Using in situ low-energy electron-diffraction inten-
sity versus voltage (LEED I-V ), we have characterized 4 and 10 ML BaTiOj; films, grown using pulsed laser
deposition with fully compressive strain on a SrRuO3/SrTiO; substrate. LEED I-V reveals a single surface
dead layer and a monodomain vertically polarized state below. The single orientation is attributed to the
intrinsic imprint asymmetry and the stability of a polarized phase to compensation of depolarizing charges by

dipoles induced by surface stress.
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I. INTRODUCTION

In ferroelectric materials, discontinuity of the normal
component of polarization results in a polarization charge
and in an associated depolarization electric field,! destabiliz-
ing the ferroelectric phase in ultrathin layers. Minimization
of the free energy can proceed by antiparallel domain
formation,” screening by adsorbates,? or intrinsic carriers, as
observed by local potential measurements* and x-ray
diffraction.’ The depolarization field created by an un-
screened dimensionally confined ferroelectric can lead to to-
roidal polarization states® or to surface band bending and
formation of depletion and accumulation layers.”® The sta-
bility of the ferroelectric state ultimately is determined by the
efficiency of screening. Remarkably, the minimum ferroelec-
tric film thickness observed has dropped from ~10s of mi-
crons in the 1950s to several unit cells recently, reflecting
advances in both theory and materials synthesis and charac-
terization.

The ferroelectric distortion in the lead-based compounds
such as PbTiO; and PbZrOj; is typically larger than in
alkaline-earth based perovskites such as BaTiO; and SrTiO;
as Pb atoms participate much more strongly in the ferroelec-
tric distortion. Consequently, lead-based materials have been
reported to be polar, as thin as three unit cells.” In BaTiO5, a
recent experimental upper bound of ~12 unit cells on the
thinnest polarized film was established through direct ferro-
electric measurement in a capacitor geometry.'® First-
principles theory has predicted polarization in BaTiO; films
as thin as six unit cells'' or further reduced to three unit cells
by polarization in adjacent electrodes.'? Fabrication of the
films free of pinholes over macroscopic length scales re-
quired for capacitor fabrication, as well as fabrication of top
electrodes in situ (required to avoid chemisorption of water
on the surfaces and the associated changes in phase stability),
represents a problem several orders of magnitude more dif-
ficult than in situ growth and characterization only. These
technological complications preclude direct measurements in
ultrathin films.

An additional level of complexity is introduced by atom-
istic reconstructions of oxide surfaces, which are not consid-
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ered in by mean-field theories. For cubic perovskites, recon-
struction attributed to surface strain results in an intrinsic
dipole moment even when the bulk is unpolarized.'? Surface
strain or stoichiometry deviations can result in a broad range
of structural reconstructions including antiferrodistortive
phase transitions associated with octahedral tilting.'*!> Nev-
ertheless, experimental studies of ferroelectric surfaces have
been limited by their insulating behavior and by sensitivity to
contamination. Multicomponent, nonlayered oxides such as
ferroelectrics generally do not allow preparation of clean
stoichiometric surfaces by cleaving or sputtering annealing,'’
therefore in situ growth and characterization are required. To
date, only a few in situ studies of ferroelectric materials have
been reported; these have involved x-ray techniques®'® or
low-energy electron-diffraction intensity vs voltage (LEED
I- V).15’17

In this work, the structure of the BaTiO; (100) surface is
determined using in situ LEED I-V (Ref. 18) of ultrathin
films. The penetration depth of the low-energy electrons is
limited to the first few atomic layers of the surface, providing
information on the top three unit cells. Within the top unit
cell, atomic positions are determined to be better than 0.1 A,
however, multiple electron scattering in LEED makes sur-
face structure determination a complex search problem asso-
ciated with a quantitative theory-experimental comparison.'
Our work underscores the need for in situ characterization of
oxide ultrathin films and illustrates how surface structure can
influence polarization stability in an ultrathin film.

II. EXPERIMENT DETAILS

Heteroepitaxial BaTiO; films were grown by pulsed laser
deposition and were monitored during deposition with differ-
entially pumped reflective high-energy electron diffraction
(RHEED) in a locally designed UHV system combining con-
nected chambers for growth and in situ characterization by
LEED I-V. Fully strained epitaxial BaTiO3/SrRuOj; bilayers
were grown on (001)-oriented TiO,-terminated'® SrTiO;
substrates using a KrF excimer laser (\=248 nm) with layer
thickness monitored by high-pressure RHEED. A 15-nm-
thick SrO-terminated?’?! SrRuOj; film with an atomically flat
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FIG. 1. (Color online) 10 ML thick BaTiO;3 films grown on
SrRuO5/SrTiOs: (a) in situ RHEED oscillation during deposition
and RHEED pattern, (b) ex situ AFM topography, (c) cross-
sectional Z contrast STEM image, and (d) in situ (1X1) LEED
pattern after deposition.

surface was deposited as a bottom electrode at a substrate
temperature of 700 °C in 100 mTorr O, with an average
deposition flux of 0.05 ML/s,2!:?? followed by growth of ul-
trathin BaTiO; films (4 and 10 ML unit cells) at 700 °C in
10 mTorr O, and a flux of 0.15 ML/s (Ref. 23). Figure 1(b)
shows an ex sifu atomic force microscopy (AFM) image of
the typical film morphology after deposition of BaTiO; films
on SrRuOj; films, which illustrates a stepped topography
similar to that of the SrTiO; substrate. Thicknesses of
BaTiO; films were determined by intensity oscillations [Fig.
1(a)] of a RHEED specular spot during growth, indicating a
two-dimensional (2D) layer-by-layer growth mode. Images
from cross-sectional Z contrast?* scanning transmission elec-
tron microscopy (STEM), such as Fig. 1(c), confirm the
thicknesses of BaTiO; films and demonstrate fully strained
films with few dislocations. For electron-diffraction studies,
samples were transferred from the growth chamber to the
LEED chamber, where ultrahigh-vacuum conditions (2
X 107!% Torr) were established, without exposure in air.
Typical LEED patterns for 4 and 10 ML thin BaTiO; films,
taken at room temperature, are shown in Fig. 1(d). Sharp
(1X1) LEED patterns have been observed in all films at
beam energies between 50 and 500 eV, indicating a P4mm
group symmetry of fully strained films.

The LEED [-V data for 4 and 10 ML BaTiO; films were
taken at room temperature and were recorded in energy steps
of 1 eV with a high-resolution 10-bit digital charge-coupled
device (CCD) camera, controlled by the commercial soft-
ware (V 4.30) from KSA 400. Experimental /(V) curves were
extracted from digitized diffraction patterns, smoothed using
a five-point least-squares cubic polynomial algorithm and
normalized to the electron gun current. Symmetrically
equivalent beams, according to the P4mm symmetry, were
then averaged leading to 11 [(1,0), (1,1), (2,0), (2,1), (2,2),
(3,0), (3,1), (3,2), (3,3), (4,0), and (5,0)] and 8 [(1,0), (1,1),
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(2,0), (2,1), (2,2), (3,0), (3,3), and (4,0)] nonequivalent
beams and total energy ranges of 2589 and 1719 eV, respec-
tively, for the 4 and 10 ML thin films.

III. LEED -V STRUCTURAL ANALYSIS

Of all surface sensitive structure methods, LEED (Ref.
18) has produced the most well characterized structural mod-
els. The penetration depth of low-energy electrons is limited
due to their strong interaction with the atoms in the first few
atomic layers of the surface (multiple-scattering process), en-
hancing the surface sensitivity, but complicating a direct in-
version of experimental data, instead it requires a quantita-
tive theory-experiment comparison for surface structure
determination by LEED. Experimental and theoretical com-
plexity contributes to the existence of only a few works con-
cerning surface crystallography of ferroelectric metal oxides
by LEED among the few complete characterizations of any
metal oxides. From the experimental point of view, the
preparation of a clean, stoichiometric, and geometrically or-
dered metal oxide surfaces, necessary for the structure deter-
mination, is usually a complicated task.!> Second, LEED
makes use of charged particles (electrons) as probes, which
constitutes a problem since many interesting oxides are elec-
trical insulators. Theoretical calculations are particularly
complicated due to the structural and compositional com-
plexity of most oxides as well as to the effects of charge
transfer between the metallic cation and the oxygen anion.?

The theory-experiment comparison with LEED [-V is
made quantitative by the use of a reliability or R factor, with
the one defined by Pendry (Rp) (Refs. 18 and 26) being the
most commonly employed. An Rp equal to zero indicates a
perfect correlation between theory and experiment, while a
value equal to one indicates that theoretical and experimental
I(V) curves are uncorrelated. A final Rp below 0.30 generally
indicates that one can be confident in the determined struc-
ture, depending on the complexity of the system and the total
energy range of the experimental /(V) curves, although pub-
lished values of R, have been below 0.1 for simple metal
surfaces and above 0.5 for oxide perovskites. The surface
structure determination process consists of a search process
to locate the global minimum of the R factor, which should
correspond most closely to the actual structure.

A muffin-tin (MT) potential®’ is employed in the multiple-
scattering calculations to describe the individual atoms. In
this approach, the potential inside a radial distance from the
nucleus (MT radii) is spherically symmetrized and assumes a
constant value outside the MT. Due to the spherical symme-
try, the scattering from individual atoms can be fully de-
scribed by phase shifts (the partial-wave method).?” Phase-
shift calculation for metallic systems consists of a
straightforward approach, with the MT radii being defined as
half the shortest distance between nearest neighbors. How-
ever, phase-shift calculation for metal oxides is not an easy
task due to the charge transfer that takes place between the
metallic cation and the oxygen anion: (1) MT radii
definition—the metallic cation will have a smaller radii than
the neutral metal specie and O~2 will have a larger radii than
neutral oxygen. (2) Tonic charge densities—effective ionic
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charge densities for both cation and anion must be employed
in the potential calculation. A direct consequence of these
simplifications is reflected by the large values commonly re-
ported in the literature of the Pendry R factor (Rp) for metal
oxides, which indicates less agreement between experimental
data and calculated diffraction.

Phase-shift calculations for the (001) surface of BaTiO;
were obtained by following a new approach, using the
optimized MT potential method.?® In a recent work this ap-
proach has been successfully applied to the structural deter-
mination of the (001) surface of the Ca, 5Sr,sRuO, layered
perovskite.”> Within the optimized muffin-tin potential ap-
proach, the spherical MT wells obtained by the Mattheiss
prescription?’ include preassigned surface core-level shifts
and are continuously connected with a fiat interstitial poten-
tial. It is fundamental for the MT optimization that the local
electron distribution of MT wells and interstices equilibrate
the positive nuclear background charge. To assure equilib-
rium, the MT radii are optimized at each energy to generate
a continuous potential at the MT radii and to avoid undesired
scattering resonance features in the phase shifts. The intersti-
tial potential, related to the real part of inner potential Vi, is
energy dependent due to the exchange-correlation approach
adopted. This optimized MT approach is able to solve two
serious problems related to phase-shift generation for metal
oxides. The first is avoiding a MT radii definition for the
different atomic species, since these parameters are opti-
mized at every energy to assure continuity of the potential.
The second is preventing resonance effects due to disconti-
nuities in the potential problem by producing smooth phase
shifts for the elements. An important point is that the opti-
mized MT approach also allows the inclusion of an energy
dependent real part of the inner potential [Vyg(E)]. The en-
ergy dependent real part of the inner potential plays a key
role in the final theory-experiment agreement, particularly in
the case of perovskites such as BaTiO; and Ca; Sty sRuOy,
(Ref. 25). Due to the complex structure of these oxides, the
I(V) curves present a high number of peaks (compared to the
ones for simple metals), and neglecting the Vgz(E) correction
in the theoretical calculations induces a systematic error in
the diffracted peaks positions. This systematic error not only
leads to a high value for the Rp (consequently affecting ac-
curacy) but can even induce errors in the final structure
determined.?>** By adopting the optimized MT approach,
acceptable final R, values of 0.30 and 0.32 have been ob-
tained for the 4 and 10 ML BaTiOj; thin films, respectively in
this work.

Debye temperatures were obtained from x-ray and
neutron-diffraction results for tetragonal bulk BaTiO; (Ref.
31), yielding values of 254, 760, and 490 K for the Ba, O,
and Ti, respectively. A total of ten phase shifts were em-
ployed in the calculations, as well as a constant imaginary
inner potential (V,;) equal to —6.0 eV. The full dynamic
LEED calculations were performed using the symmetrized
automated tensor LEED code (SATLEED) (Ref. 32), modi-
fied to include the energy dependence of the real part of the
inner potential [Vyg(E)] (Ref. 25).

The first step in surface structure optimization was to de-
termine the tetragonal lattice parameters a (in plane) and ¢
(out of plane) for the 4 and 10 ML thin films as modified
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from the bulk by substrate and film thickness.* Next, six
different structural models have been explored for Ba-O ter-
minations: (a) no ferroelectric polarization, with a bulk ter-
minated surface, (b) no ferroelectric polarization, with sur-
face structure optimization, (c) upward (out of surface)
ferroelectric polarization, with a bulk terminated surface, (d)
upward ferroelectric polarization, with an optimized surface
structure, (e) downward (into surface) ferroelectric polariza-
tion, with a bulk terminated surface, and (f) downward ferro-
electric polarization, with an optimized surface structure.
The ferroelectric displacements of the atoms inside the unit
cell, adopted in cases (c), (d), (e), and (f), were defined to be
proportional to the ¢ lattice parameter, keeping the same ratio
observed in bulk tetragonal BaTiO; (Ref. 31). The results for
the 10 ML system are shown in Fig. 2. Note that only the
upward polarization cases [(c) and (d)] lead to an acceptable
solution, with the Rp global minima found in the same region
of the parameters space. A small difference is observed in the
optimal values for the a lattice parameter, but the LEED
technique has a low sensitivity to in-plane structural
parameters.'® The global minimum for case (d) is relatively
deep with a moderate Rp value (0.34), indicative of the ve-
racity of this model. The Rp minimum observed in case (b)
[no polarization, with optimized surface structure] corre-
sponds to the first Ti atom above the O plane, i.e., with
surface ferroelectric polarization and in agreement with (c)
and (d) cases. The Rp(a,c) contour plot for case (a) [no
polarization, bulk terminated surface] presents two shallow
minima (Rp=0.64), with the higher value corresponding to
an unrealistic value for the real part of the inner potential. In
the cases in which a downward polarization was explored
[(e) and (f)], no minimum is observed on the Rp(a,c) sur-
face. The grid search results indicate an upward polarization
of the 10 ML BaTiO; film. Similar results were obtained for
the 4 ML system.

IV. FILM STRUCTURE: RESULTS AND DISCUSSION

A summary of the results obtained for the 10 ML film are
presented in Fig. 3. The quality of fit, Rp, is shown as a
function of the number of top BaTiO; unit cells assumed
with upward and downward polarization. In every case, op-
timal values for a and ¢ have been employed and the vertical
displacements of the atoms within the top unit cells (assumed
with polarization) have been optimized. As it can be seen,
the best theory-experiment agreement is achieved for the
case of upward polarization and poor agreement for down-
ward polarization. It can also be seen that R, is minimized
with at least 2~ 3 upward polarized unit cells in the surface
of the thin films. Similar results were found for the 4 ML
system.

The optimized in-plane a lattice parameter (~0.391 nm)
reveals that the films are compressively fully strained, i.e.,
they have adopted the substrate lattice constant, which is
consistent with TEM and RHEED observations. Structural
models adopting a surface terminated with a Ti-O, layer
have also been investigated and excluded by inadequate
LEED [-V theory-experiment agreement as well as by
RHEED and cross-section TEM results. Even though the
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FIG. 2. (Color online) Pendry R factor as a function of a and ¢ lattice parameters for the 10 ML system. Six different situations have been
explored: (a) no polarization and no surface structure optimization, (b) no polarization with surface structure optimization, (c) upward
polarization without surface structure optimization, (d) upward polarization with surface structure optimization, (¢) downward polarization
without surface structure optimization, and (f) downward polarization with surface structure optimization.

films are fully strained, oxygen vacancies could be a pre-
dominant source of point defects in these films, which would
reduce ferroelectricity. Generally, diffraction methods such
as LEED [-V are insensitive to vacancies below a few atomic
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percent, while above ~1% vacancies will destabilize the per-
ovskite structure due to the formation of crystallographic
shear planes. However, as a check of the structural refine-
ment results, we have performed LEED /-V refinement vary-
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FIG. 4. Pendry R factor as a function of the top oxygen layer
occupancy, as obtained for the 4 ML LEED data set.

ing the occupancy of the oxygen sites. The results obtained
by the LEED, within our accuracy (*+25%), do not indicate
the presence of oxygen deficiencies, as shown in Fig. 4.

To illustrate the sensitivity of LEED I-V to the ferroelec-
tric distortions in these films, Fig. 5 presents a comparison
between theoretical (V) curves generated for cubic
BaTiO;(001) in five distinct configurations: Ti centered (no
displacement), Ti up (0.06 A), Ti down (0.06 A), uncorre-
lated Ti up and down domains (0.06 A, 50%, and 50%), and
a (2X2) structure with up and down Ti displacements
(0.06 A). As can be seen, the theoretical I(V) curves are
very sensitive to the Ti displacements in different configura-
tions.

Once the basic structural model was established, in this
case an upward displacement of Ti in a fully strained film,
the (001) surface structural parameters of both 4 and 10 ML
systems were optimized. In the structural search, the atoms
of the two topmost perovskite layers were displaced only
vertically (for a total of ten structural parameters), to main-
tain the observed P4mm symmetry. Considering the com-
plexity of the BaTiOj; structure, acceptable final theory-
experiment agreement has been obtained for both 4 and 10
ML systems, as characterized by the final Rp values of 0.30

T T T

—— Ti: NO displacement
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and 0.32, respectively. The comparisons between theoretical
and experimental /(V) curves are shown in Fig. 6. A sche-
matic presentation of the final structures obtained for both 4
and 10 ML systems can be seen in Fig. 7. Optimal structural
parameters values for both systems are presented in Table I,
according to the scheme defined in Fig. 7. Table II presents
the values for the ferroelectric distortions'3** for each layer
involved in the surface structure optimization. The ferroelec-
tric distortion (8gg) is defined as the internal rumple in the
Ba-O and Ti-O, layers, in units of the lattice constant ¢, and
it can be used to qualitatively evaluate the polarization. The
ferroelectric distortion (Sgg) is positive if the metallic cations
are above the oxygen anions.

The structural results presented in Table II, within uncer-
tainties, indicate a lack of polarization in the top Ba-O layer,
which has little internal rumple. A plot of R, versus the num-
ber of upward polarized unit cells without the existence of
the dead layer is presented in Fig. 3. Although considerable
uncertainties are associated with the existence of this dead
layer (see Fig. 3), the structural results obtained for both 4
and 10 ML systematically point to its existence. Below this
top dead layer, from the first Ti-O, layer on, the atomic dis-
placements associated with upward polarization are present
both in Ba-O and Ti-O, layers (Fig. 3). These results indicate
the presence of upward polarization throughout the BaTiO5
thin film (apart from the top Ba-O dead layer) and not simply
a complex surface relaxation. Notably, the ferroelectric dis-
tortion (&) values for the first Ti-O, and second Ba-O and
Ti-O, layers (Table II) are, within the uncertainties of analy-
sis, close to the bulk ferroelectric values.

The observation of a polar structural distortion, and hence
polarization, in 4—10 ML films of BaTiO; is rather surpris-
ing. For metal-ferroelectric-metal heterostructures, the criti-
cal thickness is limited by the depolarizing field of the sur-
face charge and was predicted to be 6 ML for BaTiO;,!" and
is further reduced to 3 ML if the propagation of zone-center
mode in the electrode is taken into account.'> However, these
mechanisms are applicable only to ferroelectric layers be-
tween metal electrodes, which screen the induced charge. In
the experiments we have described, no top electrode is
present. Alternate mechanisms for screening, which could

- Ti: UP (0.06 A)
— — Ti: DOWN (0.06 A)
- =+ Ti: UP and DOWN domains
—-- Ti: (2x2) UP and DOWN

FIG. 5. Calculated LEED [-V
curves for cubic BaTiO3(001) in
five distinct situations: Ti centered
(no displacement), Ti displaced up
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contribute to polarization stability, include surface chemi-
sorption and surface charging from the LEED electron beam,
supplying, on average, 1 electron per surface unit cell for
every few seconds. Neither of these appears likely; the UHV
conditions and LEED sensitivity rule out adsorbates other
than hydrogen, and the lifetime of electrons on the surface
due to leakage currents through a film as thin as 4 or 10
layers is limited.

A better case can be made that the polar state in these
ultrathin films is determined by intrinsic electrostatic bound-

ary conditions. First, the observation of a single domain ori-
entation, polarized vertically toward the surface, follows
from the electrostatic asymmetry between the bottom
(SrRuO;) and top (vacuum) electrodes. A single “mono-
domain” orientation has been previously observed on thicker
ferroelectric films.>! Second, stability of a polarized state in
such thin films, despite the depolarizing field, and the pres-
ence of an unpolarized surface layer can be explained by the
energetics of the surface. First-principles calculations from
Meyer and Vanderbilt'> and earlier by Padilla and
Vanderbilt** have shown that the top layer in BaO-terminated

[100] surface of bulk BaTiO; is reconstructed to form a corrugated
_ surface even in the unpolarized bulk phase, i.e., to minimize
g structural energy independent of internal fields. Their work
- Ba pr;c.lictsdthat even at zelzlro li)nternal. 1“1elc}1 (in practilceﬁtl;ils is
=0 __ @ o @ achieved computationally by setting the external field to
a'goa tAZB“" ] zero) the surface of BaTiOjs is corrugated to minimize strain
d Ti energy. This corrugation creates a dipole that points into the
-------- 0 surface with magnitude about 20% that of the bulk ferroelec-
- G ________ _e IAZT;O_, tric phase!®* and thus has the opposite direction than the
d, TABLE 1. Vertical rumple in the first and second Ba-O and
Ti-O, layers, as obtained from the best structures found for the 4
= _::g:_ - iAz and 10 ML thin films (Fig. 3). The d;, d,, and d3 parameters corre-
Ba0-2 spond, respectively, to the interlayer distances, as shown in Fig. 7.
d,
-------- O 4 ML (R,=0.303+0.030) 10 ML (R,=0.318 % 0.040)
B — - . : :
'g' 'G' AZga0-1 (0.034=0.070)A (0.022+£0.080)A
FIG. 7. (Color online) Best-fit surface structure obained for th AZrioo (0.140 +0.070)A (0.157 =0.080)A
. 7. (Color online) Best-fit surface structure obtained for the . o
4 and 10 ML BaTiOs; thin films. The internal rumple in first and A0 (0.056= 0'110)‘?‘ (0.118 iO.llO)é
second Ba-O (AZg,o.; and AZg,0.,) and Ti-O, (AZrpo.; and AZrioa (0.140 = 0'1402A (0'120i0'1403A
AZrio) layers, as well as the interlayer distances (d,,d,.ds), are  d; (1.91=0.13)A (1.93=0.15)A
schematically presented. The interlayer distances are defined as the dy (2.17*0.18)A (221 +0.19)A
distance between the midpoint of one layer to the midpoint of the ds (1.98+0.24)A (1.99+0.25)A

next consecutive layer.
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TABLE II. Ferroelectric distortion (Sgg) (in units of lattice con-
stant ¢) for the first and second BaO and TiO, surface layers. Ex-
perimental (Ref. 31) and theoretical (Ref. 34) bulk values are
0.0240 and 0.0232 for &(BaO) and 0.0285 and 0.0278 for

Ore(TiO,).

4 ML 10 ML
Sre(Ba0)-1 (0.008 £0.019) (0.005+0.019)
Spe(TiO,)-1 (0.0340.017) (0.0380.019)
Spe(Ba0)-2 (0.014 £0.027) (0.028 =0.026)
Spe(TiO,)-2 (0.034 £0.034) (0.029 =0.033)

dipoles we observed in second and deeper layers. Meyer and
Vanderbilt found that when bulk polarization was incorpo-
rated, the dipole moments in the surface layers were modi-
fied relative to the bulk layers by the inward-oriented surface
dipoles. Consequently, the nearly zero corrugation we ob-
serve in the outermost dead layer is a result of the competing
inward dipole from surface energy and outward dipole from
the internal electric fields. The result is an efficient compen-
sation mechanism for the depolarization field.

V. CONCLUSION

The presence of polarization charges and the associated
depolarization field controls the physical behavior of ferro-
electrics. The pathway for minimization of the electrostatic
energy chosen by the material—domain formation, screening
by adsorbates or electrodes, surface band bending and for-
mation of depletion layers, or changes in surface
stoichiometry—depends on both thermodynamic and kinetic
factors controlling the screening process. In theoretical mod-
els, both density functional theory and Landauer-Ginsburg-
Devonshire formalism, only some of these mechanisms have
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been taken into account to date. Without correct models,
these theories cannot determine what actually happens at a
realistic surface.

This study reports the atomic structure on the BaTiOj
surface under conditions where external environment (water
adsorption, etc.) is controlled. Our work shows that surface
structure and environment can determine the polarization di-
rection and stability in ultrathin films. By providing evidence
of polarization in 4 and 10 layer BaTiO; films, our research
reveals that the true minimum film thickness for ferroelectric
or ferroic behavior is still unknown. Loss of symmetry at the
surface allows reconstructions that can compensate surface
charge and the associated depolarizing field. In the BaTiO5
films examined here, combined forces of surface stress and
film polarization produce a surface dead layer with little po-
larization. For films thicker than those studied here, charge
compensation by ferroelectric domain formation eventually
becomes energetically preferred, although this may require
hundreds of layers, at which point we predict a dead layer in
domains parallel to the surface normal and an enhanced di-
pole in the outermost layer of inwardly oriented domains. In
general, we observe that surface structure will even be more
influential as studies explore thinner ferroelectric films and
controlled environments with in sifu characterization by sur-
face sensitive techniques will be vital.
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