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Abstract

The influence of water on the out-of-plane polarization of BaTiOg (BTO) ultrathin films is stud-
ied by means of density functional theory calculations. The adsorption is investigated for different
coverages on both terminations of BTO with, for each case, all possible states of polarization,
namely paraelectric, polarized upward or polarized downward. We thus demonstrate different
behavior as a function of the termination. While HoO adsorbs only dissociatively on the BaO ter-
mination, with a reinforced interaction compared to BTO without out-of-plane polarization, only
molecular adsorption is observed on the TiOs termination. Besides, the presence of water is able
to switch the polarization. Whatever the initial state of polarization, water induces a downward
state on the BaO termination and an upward polarization on the TiO5 one. A detailed analysis of

this phenomenon is given.



I. INTRODUCTION

Among the wide family of metal oxides, ferroelectric materials have lately concentrated
a lot of attention as potential photocatalystst . Indeed, their permanent intrinsic polariza-
tion allows to properly align bands instead of using an external electric bias, and enables
photocarriers separation, limiting electron-hole recombination, one of the major drawbacks
of oxides®. However, the existence of polarization cannot be neutral in reaction conditions.
In particular the influence of polarization on the interaction of molecules with ferroelectric
surfaces has been widely studied. The case of PT and P~ surfaces of LiNbO3(0001) has
been considered both experimentally®® and theoretically™ for their interaction with either
H>O, CH30H or H and OH radicals. In all of these cases, different interactions have been
evidenced depending on the P* or P~ surface. Other classical ferroelectrics like BaTiO3% 14,
Pb(ZrysTig2)03” or PbTiO3* have been studied with always the same conclusions: there is
a correlation between the oxide polarization and the surface interactions. This difference of
behavior as a function of the polarization has opened the door to switchable chemistry®4.
In fact, by imposing an external potential able to switch from P* to P~, or conversely, one
can take benefit of the physical and chemical properties of each surface. Beyond the electri-
cal switching, the chemical switching has been firstly evidenced in 2009 by Wang et al. for
PbTiO;3 in presence of 02!, Following this paper, several studies™" have focused on the
surface charge screening potentially leading to a reversal of the surface dipole. Despite the
great importance of this phenomenon and potential applications, up to now there is no study
describing the interaction of water with one of the most important ferroelectric materials,
BaTiO3 (BTO) presenting an out-of-plane polarization. Theoretically, only studies® 4% de-
scribing water adsorption on in-plane polarized BaTiO3 have been conducted.
Thus, in this paper we endeavour to thoroughly describe the interaction of HoO with both
TiO, and BaO terminations of out-of-plane polarized ultrathin BaTiOs.

II. COMPUTATIONAL DETAILS

Calculations were performed in the framework of Density Functional Theory (DFT) us-
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ing the Vienna ab initio simulation package VASP code Because the long-range van

der Waals interactions play an important part in the interaction between water and the



BaTiO3 surface, calculations were made using the dispersion corrected density functional
theory (DFT-D3)%?. The electronic-exchange correlation potential was treated using the gen-
eralized gradient approximation (GGA) with Perdew-Burke-Ernzerhof (PBE)* functional.

2028 were employed and included ten

Pseudopotentials of projector augmented wave (PAW)
valence electrons for Ba (5s? 5p° 4s? 3d?), six for O (2s? 2p*) and twelve for Ti (3s? 3p° 4s?
3d?). The plane wave energy cutoff was set to 500 eV. The Coulomb interaction U,s;=3.5
eV was applied on Ti 3d electrons.

The tolerance of total energy convergence was set to 107% eV. The structural relaxation
was carried on until all the forces on the atoms converge below 0.01 eV /A. In the following,
different periodicities (N) of unit cells have been considered to modify the water coverage;
a 7 x 7 x 1 Monkhorst-Pack®” k -point mesh was used to sample the first Brillouin zone for
the smallest periodicity (N=2). For larger cells, the grid was adapted accordingly.

BTO is often used deposited on a substrate like Pt. However, we calculated that, beyond
the induced strain, the presence of the substrate has no influence on the water adsorption.
Nevertheless, the presence of platinum is considered through the 2.1% compressive strain
imposed on BTO by the lattice mismatch between Pt and BTO. Hence in the following,
platinum is not implemented explicitly. However to support our choice, for each configura-
tion of isolated strained BTO reported in this paper, the equivalent structure with explicit
platinum substrate is reported in Supplementary Information. In the following, BTO sur-
faces are thus modeled by symmetric TiOs-terminated and BaO-terminated surfaces of 11
layers, in which all atoms are free to relax, allowing a complete and free optimization of
the slab polarization. This model corresponds to an ultrathin film with a thickness of
2.1 nm which has been evidenced as sufficient for the appearance of ferroelectricity, both
experimentally®® and theoretically®?. Besides, we checked that higher thickness leads to
the same polarization patterns (see Figure SI1). A vacuum layer of 20 A is implemented to
prevent any interactions between periodic images along the z direction. The method used
to model the out-of-plane polarization is extensively described elsewhere®2. In summary, it
follows Migoni’s®® approach which consists in dividing the slab into two domains of opposite
polarization, leading to an overall cell with no net dipole moment.

When a single water molecule is adsorbed on the surface, the adsorption energy is defined

as

Euas = E(slab + HyO) — E(slab) — E(H50) (1)
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Figure 1. Sideview of the first three layers of BaO-terminated slab with a water molecule adsorbed.
Characteristic distances, OHy and OHg are represented. Ba atoms are reported in green, Ti atoms

in blue, oxygen atoms in red and hydrogen atoms in white.

where E(slab + H0) is the total energy of the optimized slab with one water molecule
adsorbed, F(slab) is the total energy of the optimized paraelectric slab without water,
E(H,0) is the total energy of the free water molecule. Therefore, a negative value of E,4s
means that the adsorption is favorable.

When two water molecules are adsorbed, depending on the nature of the adsorption,
both adsorption energies are either treated separately or the average adsorption energy is
considered. In the first case, the adsorption energy of the first molecule is calculated with
equation (1) and the value is referred to as E!,.. The adsorption energy of the second

molecule is calculated as :
E2,. = E(slab + 2H,0) — E(slab + H,0) — E(H50) (2)

where E(slab + 2H50) is the total energy of the optimized slab with two water molecules
adsorbed, F(slab + H,0) is the total energy of the optimized slab with a single water
molecule and E(H50) is the total energy of the free water molecule.

In the following, the length of the elongated O-H of the water molecule is called O Hy,
while the distance between the surface oxygen and the hydrogen of the water molecule is

named OHg, as described on Figure



III. RESULTS
A. Adsorption modes
1. BaO termination

The adsorption of water is first considered on the BaO termination, for coverages ranging
from 1/8 to 1/2 monolayer (ML). All stable configurations are named as follows: X} where
0 refers to the coverage (1/8, 1/4 or 1/2 in ML), N refers to the periodicity (2 or 4 unit cells)
and X allows to differ configurations of same # and N and takes values A, B, C, ... For the
lowest coverage (1/8 ML) one water molecule is adsorbed in a cell with a lateral periodicity
of four unit cells (N=4). As an initial state, different geometrical configurations of the water
molecule are combined with different states of polarization, namely the paraelectric slab,
the upward and the downward polarized part of the slab. Figure [2| shows the obtained two
stable configurations, while their corresponding adsorption energies are reported in Table[I|
For the sake of clarity, only the three upper cells are reported, while the whole simulation
cell composed of five unit cells is represented in Supplementary Information. As shown on
Figure [2| the final state always presents a downward polarization regardless of the initial
polarization. These important findings will be discussed in details further.

In both cases, water spontaneously dissociates into a H* which bonds with a surface
oxygen and a hydroxyl group that binds between two Ba either in the (100) or (010) plane
(see Figure , referred to as Af sg and h /g With adsorption energies of -1.15 and -1.12 eV,
respectively. In the following, whatever the coverage, the adsorption with a configuration
similar to A} /s will be referred as Mode 1, while adsorption similar to B /8 will be called
Mode 2. In A‘ll/8, the OHg distance is 1.05 A and OHy is 1.48 A while in Bil/s OHg and
OHy, are 1.02 A and 1.57 A, respectively. These findings compare very well with previous
results. In fact, our Af /8 configuration corresponds to the dissociative adsorption observed
by Geneste et al?V, without out-of-plane polarization. Nevertheless, they obtained a lower
adsorption energy of -0.77 eV. If our higher adsorption can be partially explained by our level
of calculation (we have included dispersion corrections which reinforce hydrogen bonds), this
correction is not sufficient to justify the difference of 0.35 eV. Indeed, without dispersion
corrections, the adsorption energy of Af /818 reduced from -1.12 to -0.98 eV, a value still 0.21

eV higher than the one on BTO without out-of-plane polarization. Hence, the out-of-plane
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Figure 2. (Top) Sideviews of the most stable structures of the BaO-terminated surface with a four
unit cell periodicity (N=4) for a % ML adsorption. Only the first seven layers are represented.
The values in black, blue and red indicate the polarization in xC/cm? in each unit cell along the
[001], [010] and [100] directions, respectively. Only non zero polarization are printed. See Figure
SI 2 for the representation of the whole simulation cell. (Bottom) Vectorial representation of the
polarization in the cells of the first layer. Cells with water adsorbed on their surface are represented
in plain lines, while cells without water are in dotted lines. Blue circled cross or dot indicates the

existence and direction of polarization along the [010] axis.

polarization clearly reinforces the interaction between water and BTO. This can also explain
why we only observe dissociated water on the BaO termination, while previous studies?®2,
without out-of-plane polarization nor inclusion of dispersion, were able to stabilize molecular
H,0 on BaO. In this spirit, the molecular adsorption state found by Geneste et al2? with an

adsorption energy of -0.72 eV can be seen as a precursor of our dissociated B} /s configuration.

The coverage was then increased to 1/4 ML in two different ways: either by adding a

second molecule to the 1/8 ML case or by considering a single water molecule in a cell
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Coverage |Periodicity | Configuration| E} | B2,
L s Al g -1.12) -
By s -1.15] -
N A3, -1.09| -
B}, -1.08| -
AL, -1.07
By, -1.08
1 ML Cla -1.04
N=4 Dy, -1.09
Ej), -1.15|-0.95
F, -1.12/-0.96
Gi,  |-115-0.97
A%, -1.09/-0.90
3 ML N=2 B}, -1.08{-0.96
CY ) -1.09/-0.79

Table I. Water adsorption energies in eV on BaO termination as a function of the water coverage.

As previously described, E;d refers to the adsorption energy of the first water molecule and Egds

S
to the addition of a second water molecule. When both water molecules are equivalent, only the

average adsorption energy is given.

with a lateral periodicity of two unit cells (N=2). The latter case is very similar to the
1/8 ML coverage already discussed. Obtained configurations are reported on Figure |3 and
adsorption energies in Table . The only difference with §=1/8 ML lies on the adsorption
energy, which is a bit reduced for this higher coverage: values of -1.09 and -1.08 eV are
obtained at §=1/4 ML, instead of -1.15 and -1.12 eV, respectively for §=1/8 ML, as a
consequence of lateral interactions. For #=1/4 ML obtained through the adsorption of two
water molecules in the larger cell (N=4), there are more cases: the second molecule can be
added either on the same unit cell as the first one, or on another unit cell, adjacent or not.
The most stable configurations can be divided in two categories depending on whether the
second molecule dissociates (Figure[d) or not (Figure[5)). The obtained results suggest that

water is more inclined to dissociate as previously observed“t. Nevertheless, the adsorption
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Figure 3. Most stable structures of the BaO-terminated surface with N = 2 and 0 = }1 ML. See

Figure SI 3 for the representation of the whole simulation cell.

energies in the mixed adsorption structures are very close, so each configuration is likely to
exist. If the second water molecule adsorbs on the surface without interacting with the first
one, it spontaneously dissociates in the same geometry as the previously observed structures
(Mode 1 and Mode 2). In the mixed adsorption case (see Figure[5)), the second water molecule
maintains its molecular state and forms a hydrogen bond with the first water molecule. The
length of the hydrogen bond is 1.59 A in )4 and 1.52 Ain F 14/ ,- This interaction causes the
first molecule to be even more distorted. Indeed, in E’f/4 OHyy stretches from 1.57 to 1.99

A and from 1.48 to 1.65 A in F14/ 4- Moreover, in Ef/4 the second water molecule through
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Figure 4. Most stable structures of dissociated water on the BaO-terminated surface with N = 4

and 6 = ;11 ML. See Figure SI 4 for the representation of the whole simulation cell.
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Figure 5. Most stable structures of the mixed adsorption cases on the BaO-terminated surface

with N =4 and 0 = % ML. See Figure SI 5 for the representation of the whole simulation cell.
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the hydrogen bond pulls the first dissociated water molecule. Thus, the second hydrogen
bond (OHy,) pulls the O ion out from the surface by 0.52 A which induces a very large
out-of-plane polarization in the first surface layers. In Gf /45 the second water molecule is
adsorbed in a configuration similar to Mode 2 but less bonded to the surface, leading to a
non dissociated configuration. Hence, d(Ba-O) is extended to 3.01 A instead of 2.71 A, and
OHyg is not a real O-H bond like in Mode 2, where d(O-H) = 1.02 A, but a hydrogen bond
of 1.47 A.

Finally, the highest considered coverage is half a monolayer. To reach such a coverage, a
second water molecule is added to #=1/4ML in the N=2 periodicity. Obtained structures
are shown on Figure [6] In all cases, the second water molecule adsorbs molecularly on the
surface. However, the adsorption is more favorable when both molecules are on the same
downward polarized domain. In such case, the interaction between both molecules leads to
a larger distortion of the first molecule as OHyy, stretches from 1.45 to 1.60 A in A2 /9 and
from 1.52 to 1.61 A in B} /2 - This behavior was already observed by Li et al. when studying

water adsorption on in-plane polarized BTO,

2. TiOy termination

Let us now discuss the behavior of water adsorption on the TiO, termination. We con-
sider the same coverages as before, with water initially adsorbed either on the upward or
the downward polarized domain as well as on the paraelectric slab. On TiO,, whatever
the starting polarization, only upward slab is obtained as a final state. This result will
be discussed later. Obtained configurations are reported on Figures [7] and [8 with their
corresponding energies in Table [[I]

Contrary to what occurs on BaO, water adsorbs only molecularly on TiOy without spon-
taneous dissociation, whatever the coverage. This indicates a weaker interaction with the
TiO, termination, confirmed by a lower adsorption energy of -0.97 eV instead of -1.14 eV on
BaO. This is in agreement with previous findings on in-plane polarized BTO?%2L but also
on SrTiO3(001)*% meaning that out-of-plane polarization does not dramatically influence
the adsorption modes.

At the highest coverage (0 = 1/2 ML - Figure , the second molecule can either adsorb

on the same domain than the first one (A2 /2) or on the oppositely polarized domain (B} /2).
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Figure 6. Most stable structures of the BaO-terminated surface with N = 2 and 6 = % ML. See

Figure SI 6 for the representation of the whole simulation cell.

Coverage | Periodicity | Configuration Eids Egds
% ML N=4 A‘ll/8 -0.98| -
N=2 A? -0.97 -
/4
1 ML i
N=4 1/4 -0.97
A? -0.97]-0.99
1 1/2
5 ML N=2 )
By /2 -0.94

Table II. Water adsorption energies in eV on TiOs termination as a function of the water coverage.

In the former case, the second molecule adsorbs through two hydrogen bonds: one with the
first molecule and a second with the surface oxygen at a distance of 1.43 A and 1.97 A re-
spectively. The adsorption energy of the second water molecule is -0.99 eV in A2 /2 while the
average adsorption energy in B? /9 is -0.97 eV, indicating that both configurations can exist,

the single consequence being on the polarization and will be discussed in the following.
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Figure 7. Most stable structure of the TiOo-terminated surface with N = 4 and 6 = % ML (A‘l1 /8),

with N =2 and 6 = ML (A?

1/4) and with N = 4 and 6 = § ML (A}

1/4). See Figure SI 7 for the

representation of the whole simulation cell.
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Figure 8. Most stable structures of the TiOs-terminated surface with N = 2 and 6 = % ML. See

Figure SI 8 for the representation of the whole simulation cell.

For the sake of completeness, even if water does not dissociate spontaneously, the dissociated
adsorption has been studied for the intermediate coverage of 1/4 ML. The related config-
uration is reported on Figure [0 This dissociation creates two OH groups, both oriented
in the [010] direction. The OH adsorbed on Ti pulls this Ti atom out of the surface by
0.61 A. This induces large consequences on the polarization which will be discussed later.
From the energetic point of view, this dissociated case presents an adsorption energy of -1.28

eV, hence 0.3 eV more stable than the molecular adsorption. The dissociation barrier was
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Figure 9. Sideview of the dissociative adsorption of water on the TiOs-terminated surface for N =

2 and 6 = % ML. See Figure SI 9 for the representation of the whole simulation cell.

roughly estimated at 0.1 eV through CI-NEB calculations®?, meaning that in real conditions

we will more probably observe dissociated HyO.

B. Polarization

The influence of water adsorption on the polarization is now discussed in details. The
first and also most important conclusion concerns the global polarization. In fact, whatever
the initial state (paraelectric, polarized upward or downward) of the slab, in the presence
of water, its final state is always P,y for the BaO termination and P, for the TiO, one.
Thus, for BaO, a unique final state with a downward polarization is obtained, whatever
the initial state is P,;, or Pgoun. This initial configuration has no influence on the values
of the local polarization in the final state. That means that water is able to reverse the

polarization of the whole ultrathin film , as it has been recently evidenced experimentally
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Figure 10. Graphical representation of the local polarization (in pC.cm~2) in the upper cell (in
contact with either water or vacuum) for different coverage ranging from 1/8 to 1/2 ML. Blue marks
correspond to cases where HoO is adsorbed in Mode 1, while for green ones, water is adsorbed on
Mode 2. For triangles, only one water molecule is adsorbed per unit cell, while for circles two water
molecules are interacting. Corresponding structures are reported in Figures 2] 3] [ [5] and [6] The

red line corresponds to the reference system BaO polarized downward without H-O.

for BiFeO3!. More importantly, this result can be used to control the polarization. In
fact, by synthesising ultrathin films of BTO with an excess of Ba, one will obtain the BaO
termination and thus, in a humid environment a sample that will be polarized downward,
and conversely with an excess of Ti.

Following this important result, the polarization is now analyzed in details.

1. BaO termination

As mentioned previously, H,O always adsorbs dissociatively on the BaO termination and
stabilizes the downward polarization regardless of the initial state. Water is thus able to
switch an initial upward polarization to a downward pointing polarization on BaO termi-
nation. However, even if the polarization is always downward with water adsorbed on the
BaO termination, specific behavior can be evidenced depending on the adsorption mode.
To help the discussion, the local out-of-plane polarization of the upper cell, namely the cell
in contact with vacuum or water, for each adsorption modes reported on Figures [2] to [] is

plotted on Figure [10} together with the downward polarized bare BaO termination, used as

a reference.
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One can first comment on the global distribution of blue and green marks, Mode 1 and
Mode 2, respectively. According to this graph, adsorption Mode 1 and Mode 2 present two
distinct behavior. Whatever the periodicity and the total number of water molecules in the
simulation cell, adsorption in Mode 2 (green circles and triangles) leads to an increase of
polarization in the upper cell, compared to bare BaO. On the contrary, when H,O adsorbs in
Mode 1 (blue circles and triangles), the local polarization is either kept or lowered compared
to BTO without HyO. This evolution of the polarization can be directly linked to surface
bondings. Indeed, for §=1/4 ML with N=2 (Figure [3)), in Mode 2, the dissociated OH
fragment pulls out the Ba atom by 0.26 A from the surface, while the surface O bound
to the H fragment is pushed by 0.17 A in the surface. As a consequence of these surface
distortions, the Ti-O bond of the upper cell is elongated. On the contrary, in Mode 1 no
particular distortion is observed in the first layer and the bare BaO polarization is kept.
Beyond the out-of-plane polarization, water adsorption also induces modification of the
in-plane polarization. One can first comment on cases with only one water molecule per
unit cell (triangles on Figure . Again both Modes 1 and 2 let different imprints. Starting
from an initial state without in-plane polarization, adsorption of water induces an in-plane
polarization, pinned by the orientation of OH groups. When the water molecule adsorbs
in the (010) plane (Mode 2), an in-plane polarization arises along the [100] direction. On
the contrary, for adsorption in Mode 1, a small polarization appears along the [010] direc-
tion. Finally, if we compare P along [100], [010] and [001], for the different periodicities
reported on Figures and [0 differences are only observed between the periodicities
N=2 and N=4. Indeed, while no polarization is observed along [100] for Mode 1 for the
2 unit cell periodicity (Figures |3] and @, a component along [100] appears for the 4 unit
cell periodicity (Figures [2| and , induced by the enlargement of the domain size as it
was already observed®#®. The effect is enhanced when water adsorbs in the [100] direction.

Nevertheless the in-plane polarization is still clearly pinned by the orientation of OH groups.

We can now focus on cases with two water molecules interacting, namely circles on
Figure [I0l The presence of two interacting molecules induces new behaviors. First of all,
for a given coverage and Mode, the presence of a second water molecule increases the out-
of-plane polarization. This can be easily understood: the second molecule creates hydrogen

bond with the first one, pulling it even more out of the surface. Hence, effects described
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previously with one water molecule are intensified. We first consider the A2 /9 configuration.
In this case, the first molecule adsorbs dissociatively but neither in Mode 1, nor in Mode
2, while the second water molecule is chemisorbed molecularly. This leads to an out-of-
plane polarization similar to the one observed without HyO (see Figure [10). Besides, a
small polarization appears along [010], but in the reverse direction compared to the one
observed with Mode 1. This modification is fully consistent with the orientation of OH
groups, opposite to that of Mode 1.

The B} /2 configuration also corresponds to one dissociated and one non dissociated water
molecule. The dissociated molecule is almost along the [010] direction as observed for Mode
2. In agreement with this orientation, the polarization along [001] is increased compared
to the one of the bare surface. An in-plane polarization appears along the [100] direction,
but a bit decreased compared to that in Mode 2, while a small polarization emerges along
the [010] direction. This can be explained by the orientation of the OH group. Indeed,
compared to pure Mode 2, without a second molecule, OH is not perfectly aligned but is
slightly deviated from the [010] direction, because of the hydrogen bond with the second
molecule.

Finally, the last case for § = 1/2 ML (B? /5) 1s composed of two molecules each one being
adsorbed on a different unit cell. The neutral polarization of the whole simulation cell is
almost preserved with the dissociated molecule adsorbed on a downward polarized cell and
the non dissociated physisorbed on a upward polarized cell. This repartition of adsorption
configurations is consistent with polarization. Indeed, the larger dissociative adsorption leads
to downward polarization. The dissociated water molecule presents a Mode 1 configuration,
as a consequence a lower out-of-plane polarization is observed compared to bare BTO and

an in-plane polarization appears along the [100] direction.

2. TiOy

As mentioned previously, we demonstrate that, on out-of-plane polarized TiOs termi-
nated BTO, the adsorption leads to upward polarization independently of the initial po-
larization. This polarization switching on the TiOy termination was suggested by LEED
I-V experiments in a previous study®’. Additionally, Tian et al. studied the polarization

switching caused by water adsorption on BiFeOs thin films with a FeO, termination®. They
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Figure 11. Graphical representation of the local polarization (in xC.cm™2) of the upper cell for
coverage 1/8 ML with N=4, for coverage 1/4 ML with N = 2 and N = 4 and for coverage 1/2 ML
with N = 2 with both molecules in the same unit cell. The red line corresponds to the reference

system TiOs polarized upward without H5O.

also demonstrated by means of PFM measurements that water shifted the downward po-
larization to an upward polarization in the whole film. Therefore, our theoretical findings
demonstrating that the adsorption of water on the TiO5 termination induces an upward po-
larized state in a BT O ultrathin film fully agrees with previous experiments. Furthermore,
in our calculations a polarization along both [100] and [010] is found in the first surface
layers for all periodicities. This in-plane polarization does not exist for bare BTO, what-
ever the periodicity along [010] and exists only for N=4 along [100], but in a lower extent.
Thus the in-plane polarization is clearly induced by the presence of water. Besides, this
is qualitatively consistent with previous results obtained by Geneste and Dkhil?, even if a
quantitative comparison is not straightforward given the differences of coverage.

Let us now focus on the out-of-plane polarization. According to Figure the presence
of HyO keeps or increases the polarization along [001]. Both the appearance of an in-plane
polarization and the evolution of the out-of-plane polarization are directly related to the way
the water molecule adsorbs. Indeed, the bonding between the oxygen of the water molecule
and the Ti pulls the Ti out of the surface up to 0.1 A, while the highest value observed
without HyO is 0.03 A for N=4. As a consequence the Ti-O bond of the first cell is elon-
gated, increasing the upward polarization in this cell. Besides, the water molecule is tilted
and creates a hydrogen bond with a surface oxygen. This bond sets the HyO orientation
and thus the polarization imprint.

Finally, one can comment on the dissociated case (see Figure @[) As mentioned in the previ-
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ous part, the dissociation of water induces a very large interaction between the OH fragment
and the Ti atom of the first layer. As a consequence, this creates a large Ti-O bond in the
first cell and thus a very important upward polarization. The out-of-plane polarization is not
the only one to be affected by the water dissociation. After dissociation, both OH fragments
are oriented along the [010] direction, creating a rather large polarization along [010] of -26
puC.cm™2. In the same time, the large interaction of dissociated water with the surface also
induces distortions of the first layer (see top view on Figure @ creating a polarization in the
[100] direction, while this polarization is normally null for the bare TiOs-terminated BTO
with N=2.

IV. CONCLUSION

The adsorption of water on out-of-plane polarized BaTiOg3 ultrathin films is studied by
means of DFT calculations. The influence of the surface termination, the water coverage as
well as the polarization direction are analyzed. We show that water spontaneously dissociates
on the BaO-terminated surface and that it stabilizes downward polarized domains regardless
of the initial polarization. Besides, the out-of-plane polarization reinforces the interaction of
BaO towards water. Indeed, contrary to previous results on in-plane polarized BTO, only
dissociative adsorption, with higher adsorption energy, is observed. On the TiO,, water
does not dissociate spontaneously. However, both the large adsorption energy of dissociated
water and the rather small barrier for dissociation tend to indicate, that the dissociated
case will be the most probable in real conditions. However, whatever the nature of the
adsorption, the interaction of water with the TiO, termination always leads to domains
with an upward polarization. Hence, we demonstrated that in any cases the presence of
water is able to induce a given polarization according to the termination of the ultrathin
film. As it is known that the reactivity of a ferroelectric material is strongly linked to its
polarization direction, one could imagine to favor a specific reaction by tuning the surface

termination.
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