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On the basis of perodic density functional theory (DFT) calculations, we have addressed the
geometric structures and electronic properties of water layers on flat and stepped Pb surfaces. In
contrast to late d-band metals, on Pb(111) the energy minimum structure does not correspond to an
ice-like hexagonal arrangement at a coverage of 2/3, but rather to distorted structure at a coverage
of 1 due to the larger lattice constant of Pb. At Pb stepped surfaces, the water layers are pinned
at the step edge and form a complex network consisting of rectangle, pentagons and hexagons. The
thermal stability of the water layers has been studied using ab initio molecular dynamics simulations
(AIMD) at a temperature of 140 K. Whereas the water layer on Pb(111) is already unstable at this
temperature, the water layers on Pb(100), Pb(311), Pb(511) and Pb(711) exhibit a higher stability
because of the stronger water-water interactions. The vibrational spectra of the water layers at the
stepped surfaces show a characteristic splitting into three modes in the O-H stretch region.

I. INTRODUCTION

The interaction of water with metals is of immense
technological importance as it is relevant in, e.g., electro-
catalysis, electrochemical energy conversion and storage,
and corrosion. At the same time this interaction is of fun-
damental interest as there are still many open questions
left with respect to the structure of liquid-solid inter-
faces and the influence of the liquid on properties of the
metal [1]. The importance of understanding the electro-
chemical electrode/electrolyte near interfaces is well il-
lustrated by two recent examples from the nanosciences.
(i) In recent experiments on molecular break junctions it
was found that certain molecules (methyl-sulfide-bearing
thiophenes) exhibit a rectification ratio two orders of
magnitude large than it has ever been observed before
in single (or few) molecule junctions [2]. This techno-
logical breakthrough is due to the experiment being per-
formed in an electrochemical environment, a polar sol-
vent (propylene carbonate). The phenomenon is not well
understood so far. As an explanation it was proposed
that the solvent would enhance asymmetries in the volt-
age drop which could originate from different atomic con-
figuration of the source/drain contacts [3]. (ii) As is well
known, the electrode potential can also be used to con-
trol structural properties. This is related, e.g., to the
fact that the surface free energy, and therefore also the
surface induced strain, is sensitive to the structure of the
Helmholtz layer. In this spirit, electrochemical structure
control has recently be successfully employed to realize
a single-atom switch by reversibly manipulating atomic-
scale quantum point contacts in an electrochemical envi-
ronment resulting in a single-atom transistor [4–7] that
exhibits an outstanding stability at room temperature.
This opens attractive perspectives to prepare quantum
devices based on atomic-sized conductors [8–12]. How-
ever, the microscopic mechanisms underlying the oper-
ation of the single-atom transistor [4] are not clear in
detail yet.

As far as electrochemical electrode/electrolyte inter-
faces are concerned, the electrode potential can be used
as an external parameter that controls structural proper-
ties. This has recently be successfully employed to realize
a single-atom switch by reversibly manipulating atomic-
scale quantum point contacts in an electrochemical envi-
ronment resulting in a single-atom transistor [4–7] that
exhibits an outstanding stability at room temperature.
This opens attractive perspectives to prepare quantum
devices based on atomic-sized conductors [8–12]. How-
ever, the microscopic mechanisms underlying the opera-
tion of the single-atom transistor [4] are not clear yet.

In order to contribute to the understanding of the elec-
trochemical single-atom switch, we addressed fundamen-
tal properties of electrode/electrolyte interfaces based on
first-principles electronic structure calculations. As Pb
has been used as one of the metallic electrode materials,
we had studied the Pb self-diffusion on flat and stepped
Pb surfaces [13] as this controls the growth mechanism
of the contacts. First preliminary results with respect
to water structures on flat Pb surfaces were recently
reported [14]. Furthermore, structural and vibrational
properties of water on stepped metal surfaces at finite
temperatures were addressed using ab initio molecular
dynamics (AIMD) simulations [15] yielding good agree-
ment with the experiment [16], and the influence of the
presence of ions in aqueous electrolytes on the transport
properties of atomic junctions was assessed [17] taking
an appropriate coverage of adsorbed ions on the junction
into account [18–20].

As part of this ongoing research programme, here we
present a detailed computational study on the structural
and vibrational properties of water layers on flat and
stepped Pb surfaces. Besides its relevance for the un-
derstanding of microscopic details of the electrochem-
ical single-atom switch, this study also yields interest-
ing insights into the structure of metal/water interfaces
in general. Because of their fundamental importance,
metal/water interfaces have been studied quite inten-
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sively [1, 21–24], also from a theoretical point of view [25–
32]. Most of the studies have focused on the struc-
ture of water on late transition metals because of their
importance in electrocatalysis, Usually, it had been as-
sumed that water forms crystalline ice-like single lay-
ers on closed-packed (111) metal surfaces because of the
matching hexagonal geometry [21, 22, 28, 33–37]. How-
ever, Pb has a much larger lattice constant than typical
d-band metals, which is in fact too large to allow the
formation of a hexagonal hydrogen-bonded network [14].
Note that the particular structure of adsorbed water lay-
ers results as a consequence of the balance between water-
water and water-metal interactions which are of com-
parable strength [14, 28, 35, 38]. Furthermore, AIMD
simulations revealed that at finite temperatures even on
the close-packed (111) d-band metal surfaces the ice-like
structure is not longer stable, but rather becomes disor-
dered [29, 39].

In the present work, we have addressed structural
and electronic properties of water layers on flat and
stepped Pb surfaces using periodic density functional the-
ory (DFT) calculations. We will show the consequences
of the large lattice constant of Pb on the resulting struc-
ture of the adsorbed water layers. We have performed
AIMD simulations at a temperature of 140K to address
thermal effects in the stability of the water layers. Fur-
thermore, thus we could also derive vibrational spectra
of the water layers which will be compared to those on
other metal surfaces.

II. THEORETICAL METHODS

Periodic DFT calculations have been performed
employing the Vienna ab initio simulation package
(VASP) [40, 41] within the generalized gradient approxi-
mation (GGA) to describe the exchange-correlation ef-
fects, using the Perdew, Burke and Ernzerhof (PBE)
exchange-correlation functional (PBE) which is known to
yield a satisfactory description of water properties [29, 42,
43]. Dispersion corrections [44] have not been considered
in this studied as they are not essential to produce struc-
tural properties of adsorbed water layers [31]. The one-
particle states were expanded in a basis of plane waves
up to an cutoff energy of 400 eV.

In the periodic DFT calculations, the surfaces have
been modeled by slabs of a certain thickness. For the
low-index Pb(111) and Pb(100) surfaces, a thickness of
5 layers turned out to be sufficient to obtain convergent
results, whereas for Pb(311), Pb(511) and Pb(711) 10,
15, and 20 layers, respectively, were neccessary. The vac-
uum region in our model is set to 20Å. The Pb lattice
constant was derived from our calculation for bulk Pb
yielding 5.02 Å, whose accuracy is accceptable compared
with the experimental value of 4.95 Å.

In order to obtain mminum energy configurations,
structures were relaxed until the residual forces were
smaller than 0.01 eV/Å within a

√
3x
√

3 supercell for

Pb(111), a 2x2 supercell for Pb(100) and 1x3 supercells
for Pb stepped surfaces. A k-point sampling of 5x5x1 k-
points was used to perform the integration over the first
brillouin zone. AIMD simulations were performed within
the microcanonical ensemble using the Verlet algorithm
with a time step of 1 fs under the temperature of 140K,
starting with the optimized structures and performing
the statistical averages after thermalization of the water
layer. Vibrational spectra of the water layers were de-
rived from the Fourier tranform of the velocity-velocity
autocorrelation function [29].

The adsorption energy per water molecule is calculated
according to

Eads = (Etot − Esurf −NEwater)/N (1)

where Etot, Esurf and Ewater correspond to the energies
of the metal-water system, the bare surfaces and the iso-
lated water molecule, respectively, and N is the number
of water molecule per supercell.

As upon adsorption water forms a hydrogen-bonded
network, Eads includes both the water-metal and the
water-water interaction. In order to determine the
“pure” water metal interaction, the isolated water layer
within the same geometry as the adsorbed layer has been
considered. The strength of the water-water interaction
can then be derived from

EH2O
layer = (Eisolated

water layer −NEwater)/N . (2)

However, note that upon adsorption the water-water in-
teraction is modified because of the water-metal interac-
tion, and there is no unique way of disentangling both
contributions to the water adsorption energy [28, 35].

III. RESULTS AND DISCUSSION

As a first step, we consider the adsorption of water
on the low-index (111) and (100) surfaces. A single wa-
ter molecule binds to Pb(111) in the usual fashion [28]
through its oxygen atom (see Fig. 1a), however, with
the relatively small adsorption energy of -0.07 eV that
is even smaller that the adsorption energy of a water
monomer on Ag(111) or Au(111) [28]. This indicates
that the water-Pb interaction is rather weak.

The hexagonal ice-like structure typically corresponds
to the energy minimum structure for one water layer on a
close-packed (111) surface. Fig. 1b shows the optimized
ice-like water structure on Pb(111). It is obvious that the
water layer does not form closed hexagons, but rather a
stripe-like structure. As the side view demonstrates, the
water layer is rather flat. The distance between the oxy-
gen atoms of the water molecules and the metal surface is
about 3.7 Å. The distances between the oxygen atoms dif-
fer to a certain extend. The shortest one is about 3.01 Å,
but the average distance is 3.5 Å. In general, the adsorbed
water molecules are not hydrogen-bonded to three other
water molecules, but just to two. This results in a rather
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FIG. 1. Top and side views of water structures on Pb(111)
at different coverages. The Pb, O and H atoms are colored in
grey, red and white, respectively. The adsorption energies are
shown at the bottom of the panels. In panel a, the periodic
images of the water molecule have been suppressed.

low adsorption energy of -0.25 eV which is only almost
one half of the value on Ag(111).

In order to better understand the reasons for the low
adsorption energy of the ice-like layer on Pb(111), we
compare in Table I the adsorption of ice-like layers on
Pb(111) and Ag(111). It is obvious that the adsorption
energy of this layer is much larger on Ag(111) than on
Pb(111). This is also true as far as the binding energy of
the free-standing water layers in the adsorption geome-
try EH2O

layer is true, the difference is almost the same as in
the adsorption energy Eads. This indicates that the low
adsorption energy of the ice-like water layer on Pb(111)
is mainly due to the reduced water-water interaction be-
cause of the lattice constant of Pb which is for example
21% larger than the one of Ag.

This large lattice constant of Pb leads to a surface unit
cell whose area is 46% larger than the one of Ag. Conse-
quently, a water layer with a coverage of 1 on Pb(111) has
almost the same density of adsorbed water molecules per
area as a water layer with a coverage of 2/3 on Ag(111).
And indeed, we find a rather stable water layer with cov-
erage 1 on Pb with an adsorption energy of -0.37 eV, its
structure is illustrated Fig. 1c. The oxygen atoms are
located almost in one plane, and there are three different
kinds of water molecules in the supercell in an H-up, H-
down and parallel configuration, respectively. The water
molecules are no longer all located above the top sites of
the surface. The distance between the oxygen and the Pb

TABLE I. The difference between adsorption energy on
Pb(111) and Ag(111) compared with the energy difference
for the isolated water layers

Eads(eV) EH2O
layer(eV) Lattice constant(Å)

Pb(111) -0.254 -0.221 5.02
Ag(111) -0.450 -0.395 4.09

Diff 0.196 0.174 21%

FIG. 2. Top and side views of energy minimum water struc-
tures on Pb(100) for coverages from 25% to 200%. The cor-
responding adsorption energies in eV per water molecule are
listed below of the corresponding panels.

substrate atoms is 0.6Å larger than for the 2/3 coverage
structure, indicating an even weaker Pb-water interac-
tion which is, however, overcompensated by the stronger
water-water interaction because of the formation of the
hydrogen-bonded water network. Still, there is no clearer
structural motive associated with this particular water
structure on Pb(111), it might be regarded as a strongly
distorted octagon. Hence it should also be interesting to
consider water structures on the square Pb(100) surface.

Using a 2x2 supercell, water structures on Pb(100)
with coverages ranging from 25% to 200% have been con-
sidered, the corresponding energy minimum structures
are depicted in Fig. 2. A single water molecule adsorbs
close to a Pb top site, however, due to already open struc-
ture of the Pb(100) the water molecule is not centered
above a Pb atom, but rather canted with one hydrogen
atom oriented towards the four-fold hollow site. The sec-
ond water molecule adsorbs at such an hollow site as the
distance between two top sites is too large to form a hy-
drogen bond. For the water dimer configuration shown in
Fig. 2b, the O-O distance amounts to 2.80Å, and because
of the additional hydrogen bond, the adsorption energy
for the water dimer is about three times larger than for
the water monomer. Three water molecules form a trian-
gular structure. The water molecules roughly stay above
the top sites, but the O-O distance of 2.78 Å is slightly
smaller than the Pb-Pb distance. The O-O-O angle is
113◦, closer to the value of 120◦ of a hexagonal structure
than to 90◦ of a square structure.

These structures still do not form a connected
hydrogen-bonded network. Unfortunately, to the best
of our knowledge there are only few studies consider-
ing water structures on (100) metal surfaces. On non-
reconstructed Au(100), DFT calculations yield a rectan-
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FIG. 3. Top and side views of the energetically most stable
water structures on Pb(311) (a), Pb(511) (b) and Pb(711)
(c).

gular water structure at 100% coverage to be stable [15]
where all water molecules are located above the ontop
sites. As Fig. 2d demonstrates, on Pb(100) still no closed
water structure results, but rather a stripe-like structure
of parallel zigzag water chain formed by an alternating ar-
rangement of H-up and H-down water molecules. The av-
erage distance between two neighboring oxygen is 2.75 Å
whereas the nearest O-O distance between two neighbor-
ing water chain is 4.38 Å. This is too large for the for-
mation of hydrogen bonds between the chains. So again,
because of the large lattice constant of Pb, structural mo-
tives that are stable on d-band metals turn out not to be
stable on Pb(100).

Because of the open stripe-like structure at 100% cov-
erage, it is reasonable that on Pb(100) a closed water
layer at a still higher coverage can be performed. This is
confirmed by our DFT calculations which yield at stable
water structure at 125% coverage formed by a combina-
tion of squares and distorted hexagons (see Fig. 2e). One
rectangle is connected to four hexagons. Compared to
the layer with 100% coverage, one more water molecule
adsorbs at the hollow site between two zigzag chain. The
side view in Fig. 2e confirms that the water layer rather
flat and thus still truly two-dimensional. The average O-
O distance is 2.98 Å, the shortest O-O bond is 2.87 Å
long, and the largest one 3.23 Å. Obviously, it is the
water-water interaction that stabilizes this structure.

Upon adding further water molecules per unit cell, the
water layer no longer stays flat, but rather the second
water layer starts to form (see Figs. 2f-h). Note that the
adsorption energy per water molecule further increases
because of the higher coordination upon formation of the
second layer.

Next, we have considered water structures on the
stepped Pb(311), Pb(511) and Pb(711) surfaces. There
are only few studies addressing the structure of water at
stepped metal surfaces [15, 16, 24, 45–47], in particular
we are not aware of any studies considering the struc-
ture of water layers on stepped Pb surfaces. Hence we
could not use any previous work for a guideline of our
structure search. Experimentally, single water bilayers
are usually prepared by a water dose of about 1x10−6

mbars resulting in a density of water molecules of about

FIG. 4. Isosurface plots of charge density differences upon
water adsorption on a) Pb(100) and b) Pb(511). The plot-
ted isosurfaces correspond to charge density with an absolute
value of 0.006e/Å2. Charge accumulation, i.e. an increase in
the electron density, is plotted in yellow, charge depletion in
blue.

5x1014cm−2 [16, 21]. Hence we used a similar density
in our calculations. The stepped surfaces (n11) can be
seen as a combination of (100) terraces with (111) steps.
Therefore we used motifs of the calculated water struc-
tures on these low-index surfaces in order to obtain sev-
eral different initial guesses. Interestingly enough, upon
relaxation all of the structures converged to rather simi-
lars geometries indicating that our final optimized water
arrangements shown in Fig. 3 indeed correspond to min-
imum energy structures.

On Pb(311), the water energy minimum structure
is formed by an arrangement of hexagons and rectan-
gles which is in fact similar to the one on Pb(100).
On Pb(511) and Pb(711), the resulting water struc-
tures are more complicated, apparently because of the
larger terrace width, consisting of rectangles, pentagons,
hexagons, including some uncomplete hexagon. Al-
though the structures are different, still they have com-
mon features. The water molecules at the terraces, in
particular at the lower step edge, are in an H-down con-
figuration. This allows to form an arrangement in which
all the oxygen atoms are approximately located in one
plane across the step edges (see the side views in Fig. 3),
similar to what has been found for water on Au(511) [15].

Note that the adsorption energy of single water
molecules on flat Pb surfaces is rather small, it only
amounts to -0.07 eV both on Pb(111) and Pb(100)).
However, at the step edge of the Pb stepped surfaces a
water monomer binds much stronger to Pb, reflected in
adsorption energies of -0.20 eV, -0.39 eV and -0.39 eV on
Pb(311), Pb(511) and Pb(711)), respectively. As a con-
sequence, the water layer is pinned at the Pb step atoms
where the water molecules above the terraces are far-
ther away from the Pb atoms. On Pb(711) for example,
the average distance between the oxygen atoms of water
molecule above the terrace and the Pb surface atoms is
4.74Å. This is indicative of a relatively weak metal-water
interaction above the terraces, which will on the other
hand make the water-water interaction stronger [14].

In order to understand the differences between the wa-
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FIG. 5. Upper two panels: Snapshots of the AIMD simulation at a temperature of water layers on a) Pb(111), b) Pb(100), c)
Pb(311) d) Pb(511) and e) Pb(711) in top and side view; lower panel: trajectories of the oxygen atoms of the water molecules
along the AIMD run indicated by black lines.

ter adsorption on the terraces and the steps, we have
determined the charge density difference upon water ad-
sorption on Pb(100) and Pb(511) (Fig. 4) which corre-
sponds to the adsorption-induced charge rearrangement.
On Pb(100), there is a charge accumulation below the
water molecules which bind through their oxygen atom
to the Pb atoms and a charge depletion below the water
molecule in the H-down configuration. However, the po-
larization of the adsorbed water molecules on Pb(100) is
significantly smaller than for example on Au [15] which
reflects that there is only a rather weak interaction be-
tween Pb and water.

On the stepped Pb(511) surface, the charge rearrange-
ment is mainly localized at the step edge, similar to the
water/Au(511) system [15]. The Pb atoms at the terrace
sites do not exhibit any significant charge rearrangement
upon the formation of the water layer. This confirms
the general picture of water adsorption at stepped sur-
faces [14]: water tends to form a flat layer that rests on
the step atoms, but above the terraces it almost corre-
sponds to a free-standing layer.

The thermal stability of the water structures has been
checked by performing AIMD simulations at a temper-
ature of 140K for a run time of 8 ps. This temperature
has been chosen as it is slightly below the typical des-
orption temperature of single water layers on metal sub-
strates [21]. The resulting structure and trajectories are
illustrated in Fig. 5.

On Pb(111), the water structure in fact starts to dis-
solve within the run time of 8 ps at 140K. Fig. 5a shows

that there is no longer a flat water layer, but a kind of
bilayer with the distance between the O atom of the up-
per water molecules and the Pb surface being 5.2 Å which
is 2.4 Å larger than for the lower water molecules. The
plotted trajectories demonstrate that the water molecules
leave their initial positions as a consequence of the weak
Pb-water interaction.

On the other high-index surface, Pb(100), the water
layer exhibits a higher stability than on Pb(111). There
is almost no indication of any structural rearrangement
during the simulation time. Upon thermalization, the av-
erage oxygen-surface distance only increases from 3.79 Å
to 4.02 Å, the height difference between the upper most
and lowest water molecules is 0.80 Å (=4.26 Å -3.46 Å).
Still, the plotted trajectories demonstrate that the wa-
ter molecules are not fixed but move along the sur-
face. However, the water molecules do not move inde-
pendently but rather as a whole keeping the water ar-
rangements. This indicates a relatively strong water-
water interaction within the network consisting of re-
actangles and distorted hexagons. The corresponding
water-water interaction in the free-standing configura-
tion amounts to EH2O

layer = −0.37 eV, which is significantly

stronger than water-water interaction in the Pb(111) ge-

ometry reflected by EH2O
layer = −0.22 eV (see Table I). Ob-

viously, the strong water-water interaction on Pb(100)
keeps the water layer intact. On the other hand, the
water-Pb interaction is rather weak so that the layer can
move relatively freely along the surface.

As far as the water structures on stepped surfaces at



6

FIG. 6. Vibrational spectra of the water layer on Pb(111),
Pb(100), Pb(311), Pb(511) and Pb(711) derived from the
Fourier transform of the velocity auto-correlation function.

140 K are concerned, on Pb(311) and Pb(711) the water
layers are also rather stable (see Figs. 5c and e), simi-
larly to what has been observed in AIMD simulations of
a water layer on Au(511) [15]. On the one hand the wa-
ter layers are pinned to the Pb step edge atoms because
of the strong water-metal interaction there, on the other
hand the water molecules above the terrace form a stiff
hydrogen-bonded network as they are hardly interacting
with the underlying Pb atoms. Still, the trajectories de-
picted in the lower panels of Figs. 5c and e show that
the water molecules move on Pb(311) and Pb(711) at a
temperature of 140 K, but only in the direction parallel
to the steps. So the pinning of the water molecules at the
step edge prevents the water structure from being shifted
away from the steps, but not along the steps.

However, this mechanism does not seem to be opera-
tive for the water layer on Pb(511), as Fig. 5d demon-
strates. At the end of the 8 ps AIMD run, one water

molecule has left the first water layer and starts the for-
mation of second layer. Still, again the water molecules
mainly move parallel to the steps and not perpendicu-
lar to them. It might be that the particular width of
the terraces of the Pb(511) surfaces does not favor the
formation of a stable hydrogen-bonded water network.

On silver and gold surfaces, vibrational spectra of wa-
ter layers on stepped surfaces have been determined both
experimentally [16, 24] and numerically [15]. Using the
Fourier transform of the velocity auto-correlation func-
tion, we also derived the vibrational spectrum of the wa-
ter layers on the considered Pb surfaces at the tempera-
ture of 140 K (see Fig. 6). These spectra have been calcu-
lated by averaging over five different initial configurations
in the determination of the velocity auto-correlation func-
tion. As dipole selection rules have not been taken into
account in the derivation of the spectra, they can not be
quantitatively compared to infrared (IR) spectra as far
as the intensity of the peaks are concerned, the position
of the peaks, however, are not influenced by this,

On all considered surfaces, a sharp peak in the vibra-
tional spectra shown Fig. 6 is visible at about 1600 cm−1.
This peak is related to the hydrogen scissor mode in
the water molecules and has also been clearly observed
in the experiments of water on stepped Au and Ag
surfaces [16, 24]. In the O-H stretching regime above
3000 cm−1, on the low-index Pb surfaces there is only
one prominent peak at about 3700 cm−1 on Pb(111) and
3600 cm−1 on Pb(100). On the stepped surfaces, this
peak is split into three modes, two stretching modes
at 3200 cm−1 and 3500 cm−1 which are related to H-
bonded (HB) hydrogen, and a further mode at 3700 cm−1

that has been attribued to non-H-bonded (NHB) hydro-
gen [16]. Again, similar observations have been made on
Au and Ag surfaces [16, 24]. Interestingly enough, al-
though the water structure on Pb(311) is rather similar
to the one on Pb(100), the spectra are different. Fur-
thermore, the splitting into the three stretch modes be-
comes less obvious with increasing terrace width. This
can be explained by the fact that with increasing ter-
race width the step contribution becomes less dominant
so that the spectra should become more similar to the
one on Pb(100).

IV. CONCLUSIONS

The structural, electronic and vibrational properties
of the water layers on flat and stepped Pb surfaces have
been studied using density functional theory calculations.
On Pb(111) and Pb(100), the energetically most favor-
able water structures differ from those on the correspond-
ing transition metal surfaces because of the much larger
lattice constant of Pb. On the stepped surfaces, water
forms flat layers that are pinned to the Pb step atoms
but very weakly interacting with the terrace atoms, as
confirmed by an analysis of the charge density difference
upon water adsorption.
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The thermal stability of the water layers has been ad-
dressed by performing ab initio molecular dynamics sim-
ulations at a temperature of 140 K. The energy minimum
structure of the water layers on Pb(111) and Pb(511)
turned out to be unstable at this temperature. In con-
trast, on Pb(100), Pb(311) and Pb(711) the water layers
remained intact during the run time of the AIMD simu-
lations of 8 ps because of the stronger hydrogen-bonded
network. Still, because of the relatively weak Pb-water
interaction, the water layers can easily move along the
surface as a whole.

The AIMD simulations have also been used to de-
rive vibrational spectra of the adsorbed water layers.
On the low-index Pb surfaces, only one peak has been
observed in the O-H stretching region, whereas there
is a splitting of this mode into three peaks at about
3200 cm−1 3500 cm−1 and 3700 cm−1. The two peaks at
the lowers frequencies are assigned to H-bonded hydrogen
whereas the high-frequency peak is attributed to non-H-

bonded hydrogen. The properties of the water layers on
the stepped Pb surfaces are similiar to those found on
stepped Ag and Au surfaces.

Because of the weak Pb-water interaction apparent in
the calculations it should be expected that the presence
of water only has a weak influence of the microscopic
mechanism leading to the formation of the atomic switch.
The same should be true as far as the electronic transport
properties of the switch are concerned.
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