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Observation of the Dynamical Change in a W
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A combined scanning tunneling microscopy and
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structure of water monolayers adsorbed on ZnO�1010
lowest-energy configuration where every second molec
almost degenerate configuration consisting of a full
continuously switch back and forth between these
molecules repeatedly associate and dissociate in this s
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ction of water with solid surfaces is a topic of
and applied interest [1]. Liquid water con-
nges its hydrogen network [2–5], a dynami-

hat is greatly enhanced in the presence of H�

arge defects [6–8]. While the detailed struc-
facial water is controversially discussed, in
what extent water molecules are dissociated

mportant aspect of dynamical rearrangements
ydrogen-bonded network at water-solid inter-
t not been addressed. Our scanning tunneling
and density-functional theory (DFT) results
idence that such dynamical processes might
al at simple crystalline surfaces. We directly
a water overlayer on a ZnO�10�10� surface

ween two stable low-energy structures. The
ociation/dissociation of water molecules is
highly mobile species originating from sur-
Transient domain boundaries are formed and
urthermore, the ZnO surface provides a tem-
si-one-dimensional water dynamics. In one-
water filaments the interplay of confinement

ions supports high defect mobility [13,14].
ses and the dynamical differences between
o-dimensional water [15] might be the root

fast proton diffusion observed close to wet
r membranes [16,17].
10�10� surface consists of rows of ZnO dimers
g the crystallographic �1�210� direction, which
by trenches. A recent study [12] showed that

a partially dissociated overlayer with a (2� 1)
n this surface. The structure consists of pairs
ecules, one dissociated and one undissociated,
the trenches of the surface [see Fig. 1(a)]. Due
lock’’ type configuration the water monolayer
stable over a wide temperature range from
up to the boiling point of water [12].

tunneling microscopy of the ZnO�10�10� sur-
d with water at room temperature shows rich
water overlayer [18]. The images are domi-

ions exhibiting the clear (2� 1) periodicity of
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� at room temperature. Most of the water is in a
ule is dissociated. It coexists with an energetically

y molecular water monolayer. Parts of the layer
two states. DFT calculations reveal that water
ustained dynamical process.

PACS numbers: 68.43.Bc, 68.37.Ef, 82.20.Wt, 82.65.+r

the half-dissociated water structure [see Fig. 1(a) and top
left inset, labeled with ‘‘HD’’]. A part of the surface,
comprising roughly 10% of the overlayer, is covered with
areas with a much lower corrugation showing almost a
(1� 1) periodicity [labeled ‘‘M’’ in Fig. 1(a)]. These areas
have about the same height above the bare ZnO surface as
the HD regions. Interestingly, a third, ‘‘intermediate’’
structure is visible in STM images [labeled ‘‘IM’’ in
Fig. 1(a)]. These parts of the water overlayer have a clear
(2� 1) periodicity, but a much lower corrugation than the
HD areas.

Using density-functional theory calculations [12,19] we
find two stable atomic configurations for water monolayers
on the ZnO�10�10� surface: the half-dissociated (2� 1)
structure, and a (1� 1) arrangement of water molecules,
which is obtained by recombining the dissociated species
in the (2� 1) structure [see Fig. 1(a)]. A direct water–
water interaction is essential for cleaving water molecules
on the ZnO�10�10� surface. Isolated water molecules re-
main undissociated. However, when a second water mole-
cule is put on a neighboring lattice site, it establishes a
hydrogen bond which triggers the dissociation. Hence at
most half of all water molecules can be dissociated at
monolayer coverage [12]. The molecular (1� 1) structure
is only 0.1 eV per molecule higher in energy than the
partially dissociated (2� 1) monolayer, and the activation
barrier between the two structures is estimated to be less
than 0.05 eV per molecule. Such a small energy barrier can
be overcome at room temperature and a few percent of the
water monolayer should be in the minority configuration,
where each molecule is intact. This is in agreement with
the existence of the M domains in the STM images.
Despite an extensive search for alternative configurations,
using also Car-Parrinello molecular dynamics simulations
[20], no other stable low-energy (2� 1) structure of a
water overlayer could be found in the DFT calculation,
which could be associated to the IM regions in the STM
images.

The areas with HD, M, and IM structure are narrow and
typically consist of only a few �1�210� rows. Within one
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