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Observation of the Dynamical Change in a Water Monolayer Adsorbed on a ZnO Surface
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A combined scanning tunneling microscopy and density-functional theory (DFT) study shows a rich
 at room temperature. Most of the water is in a
structure of water monolayers adsorbed on ZnO1010
lowest-energy configuration where every second molecule is dissociated. It coexists with an energetically
almost degenerate configuration consisting of a fully molecular water monolayer. Parts of the layer
continuously switch back and forth between these two states. DFT calculations reveal that water
molecules repeatedly associate and dissociate in this sustained dynamical process.
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The interaction of water with solid surfaces is a topic of
fundamental and applied interest [1]. Liquid water constantly rearranges its hydrogen network [2 –5], a dynamical process that is greatly enhanced in the presence of H
and OH charge defects [6 –8]. While the detailed structure of interfacial water is controversially discussed, in
particular, to what extent water molecules are dissociated
[9–12], the important aspect of dynamical rearrangements
within the hydrogen-bonded network at water-solid interfaces has yet not been addressed. Our scanning tunneling
microscopy and density-functional theory (DFT) results
give first evidence that such dynamical processes might
be operational at simple crystalline surfaces. We directly
 surface
observe that a water overlayer on a ZnO1010
switches between two stable low-energy structures. The
repeated association/dissociation of water molecules is
triggered by highly mobile species originating from surface defects. Transient domain boundaries are formed and
propagate. Furthermore, the ZnO surface provides a template for quasi-one-dimensional water dynamics. In onedimensional water filaments the interplay of confinement
and fluctuations supports high defect mobility [13,14].
Such processes and the dynamical differences between
three- and two-dimensional water [15] might be the root
of the ultrafast proton diffusion observed close to wet
biomolecular membranes [16,17].
 surface consists of rows of ZnO dimers
The ZnO1010

running along the crystallographic 1210
direction, which
are separated by trenches. A recent study [12] showed that
water forms a partially dissociated overlayer with a (2  1)
periodicity on this surface. The structure consists of pairs
of water molecules, one dissociated and one undissociated,
that straddle the trenches of the surface [see Fig. 1(a)]. Due
to this ‘‘key-lock’’ type configuration the water monolayer
is unusually stable over a wide temperature range from
below 200 K up to the boiling point of water [12].
 surScanning tunneling microscopy of the ZnO1010
face saturated with water at room temperature shows rich
detail of the water overlayer [18]. The images are dominated by regions exhibiting the clear (2  1) periodicity of
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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
 surface: the half-dissociated (2  1)
on the ZnO1010
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
 surface. Isolated water molecules reon the ZnO1010
main undissociated. However, when a second water molecule 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 1210
rows. Within one
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