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We show scanning tunneling microscopy (STM) images of water molecules on Pd(110) at a cryogenic temperature of 4.7 K
which enables the observation of isolated water molecules. We observe water-induced features in the STM images in a low-
coverage regiom¢ 0.02 ML), which can be classified in terms of height; namely, (A) A1) 0.3A and (C) 0.55, observed

atVs = —100mV. In a high-coverage region, feature C dominates and forms a local 2ftructure. Since the ordered
structure is identical with the previously reported superstructure of bilayer water on Pd(110), feature C should correspond to a
tetramer of water molecules, a unit of bilayer water. Feature A is located on the Pd(110) row. Since feature A is the smallest
one, we consider that this corresponds to the monomer of the water molecule whose existence has been observed previously at
temperatures below 10 K by electron energy loss spectroscopy (EELS) measurement. [DOI: 10.1143/JJAP.41.4932]
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1. Introduction 2. Experimental

Water adsorption has been investigated using various sur-All experiments were performed using a low-temperature
face science techniquést?) This is partially due to the rising STM (LT-STM, Omicron GmbH) with an electrochemically
interest in combining the biological techniques and the preetched tungsten tip equipped in an ultrahigh vacuum chamber
cesses of metal and semiconductor surfaces. Although a wa=3 x 10~ Torr). The Pd(110) surface is kept at 4.7 K dur-
ter molecule has a simple structure, its adsorption on metalg imaging. For the dosing of gas molecules, the sample is
surfaces has special features that cannot be observed in ottietached from the STM cold head and is placed in front of a
adsorption systems. This is mainly due to the strong hydrogetlosing tube with part of the sample holder being attached to
bonding between water molecules that is of the same orderasvobble stick which is pre-cooled with liquid,NThe dos-
that between the metal and the water molecule and makes thg process, which starts with the detachment of the sample
formation of a water cluster easier. Thus, a number of the prand ends with returning the sample to the STM head, can be
vious experiments of water adsorption on metal surfaces hasecomplished within 10 s at the fastest. Due to the short time
been executed on condensed water, where the direct interperiod required for dosing, the increase of the sample tem-
tion between the metal and the water molecule is maskeperature is small; the maximum temperature is expected to be
However, the interaction between the water molecule and tthelow~ 50 K from the experiment of rare-gas adsorption.
metal surface is of great interest, since the bonding is formed
between a lone pair of a water molecule and metal orbita®B Results
whose nature has not been well understood.

In the current report, we show scanning tunneling mi- A typical topological STM image of the Pd(110) surface
croscopy (STM) observation of the adsorption of wateis shown in Fig. 1, where a submonolayer coverage of wa-
molecules on the Pd(110) surface at cryogenic temperatuter molecules is dosed on the surfase0(02 ML). The inset
The STM observation at liquid He temperature has recentlynage shows a clean Pd(110) surface observed prior to the
attracted attention, partially due to the success of measussing of water molecules. The Pd row in {14.0] direction,
ment of inelastic tunneling spectroscopy (IETS) using STMilong which Pd atoms are closely packed, follows the diago-
on a single adsorbat@ which enables the direct measure-nal direction from upper left to lower right. Both images are
ment by vibrational spectroscopy of a single molecule. At thehown in the identical crystallographic direction. The water-
same time, the diffusion of adsorbates is reduced at low terimduced features are observed as protrusions and bright spots
perature, which quenches the motion of the adsorbates befamethe image. The variation of these features in the image
they encounter other adsorbates and form clusters. The inmder a bias voltage and with different conditions of the tip
ages we present in this paper clearly show a water moleculeapex, such as that of being coated with a water molecule, is
an isolated form, as well as a locally ordered structure whickmall compared with other simple adsorbates. For example,
corresponds to the reported c{2) superstructures of bilayer a CO molecule on Pd(110) is imaged either as a protrusion
water. To our knowledge, this is the first direct observation afr as a dip depending on the bias voltaddn addition, CO
a water molecule in an isolated form. is observed as a dark feature when the tip has picked up a

CO molecule and the surface is imaged with the molecule at
the tip apex®) In the case of the water molecule observation,
such contrast reverse is not observed.

We observe three water-induced features in the image
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Fig. 1. STM topographic image of submonolayer water molecules ad=ig. 2. High-reosolution imag(;: of feature A which has the characteristic
sorbed on Pd(110) surface. Water molecules are dosed at a temperaturB€ight of 0.1 (area 28x 28A%, Vsampie= —60 MV andliunnel = 1 nA).
below 50K, and STM observation is executed at the sample temperatureThe feature at the Pd rol(L0] direction) is visible in the vertical direc-
of 4.7K. Imaging conditions ar€sample= —100 MV andlnnel = 1 nA, tion. The elongated water feature is located on the Pd row.
and the length-scale is shown in the figure. Inset shows a clean Pd(110)
surface obtained prior to dosing of water molecules (area4BA2). The
crystallographic direction is identical for both images, and €] direc-
tion corresponds to the direction from upper left to lower right. Marks A-C
correspond to three features induced by the dosing of water molecules
whose typical heights are 0.250.3A, and 0.554, respectively.

shown in Fig. 1. They can be classified by height and we re-
fer to them as features A, B, and C with nominal heights of
0.15A, 0.3A, and 0.554, respectively, observed & ample=
—100 mV. The observed heights listed above are too small tg
be the actual height even for a water monomer regardless o
its bonding configuration. The STM tip is basically tracing
the contour that gives the same density of st&teSince the
density of states induced by water adsorption near the Ferm
level is expected to be small, the observed height of the wa-
ter molecule is much smaller than the actual height of the
molecule.

The observed height shows a slight bias voltage depen
dence. Feature B shows a decrease in height with increasin
amplitude of the bias voltage; its height is oAat Vsample=
—20mV and 0.3 at Vsample= —100 mV. On the other hand, _ , o , o .
feature C shows an increase in height with voltage; itis B.a5 o 3 H'gh'rgszomt'on 'm_ag_e of feature C W'th_a typical height of 0355

o (area 75x 75A%, Vsample= —50 mV andlwnnel = 1 nA). The feature at

at Vsample= —20mV, and 0.5% at Vsample= —100mV. The the Pd row [110] direction) is visible in the diagonal direction. The feature
difference of the bias-dependent height variation should cor-induced by the water molecule has a circular shape with a bright and dark
respond to the difference of the electronic states detected byontrast in the head and tail of the molecule. The center of the feature is
the STM tip. The height of feature A does not show strong '°¢&ed & the trough of the Pd row.
dependence on the bias voltage, whick-i8.15A.

Next we show a high-resolution image of features Aand C. ) ) . ) .
A magnified image of feature A is shown in Fig. 2. Pd(110)ThIS particular image is Ok?servgd with the tip apex coated
rows along thg110] direction can be seen in the perpendic—""'th water molecules. We intentionally scanned the surface
ular direction, where the distance between the rows ié3.9 &t & reduced gap distance so as to pick up a water molecule.
The water-induced bright area is elongated along the row; tHd1€ réasons we consider that the image is obtained with the
length of the bright area is 7-8along [110] but its width Water mglecule on the apex of the tip are as follows. First, the
is less than &. There are bright spots on the row, but thejrcorrugation of the atomic structure of the Pd(110) substrate

position along the row cannot be detected with the resolutidi Significantly higher than that with a bare metal surface.
obtained. Second, the IETS spectra show distinct features even when

A high-resolution image of feature C is shown in Fig. 3Measured on a bare metal atéd> The image obtained with
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of which is marked A in Fig. 4. Although the domain size of
the local ordering is small, the superstructure coincides with
the reported ordered structure of water on Pd(110) that has the
c(2 x 2) structure. In the lower panel, we show a schematic
of the c(2x 2) structure proposed for water molecules on
Pd(110)>9 It is based on a model in which a bilayer of wa-
ter molecules forms a stable bonding configuration. The large
and small gray circles with gradation correspond to oxygen
atoms of the water molecules in the top and the second layer,
respectively. The zigzag-shaped chain of protrusions marked
A in Fig. 4 corresponds well with the positions of the water
molecules in the top layer.

The correlation of the heights observed for feature C in
Fig. 1 and the clusters with the local ordered structure in Fig. 4
suggest that feature C is the unit of the bilayer structure of wa-
ter molecules.

4, Discussion

We discuss water cluster formation and the origin of the
STM features observed for a low-coverage surface. The clus-
ters of water molecules are considered to be formed in a pro-
cess in which the impinging molecules migrate on the surface
before their motion is quenched. Thus we expect more water
clusters on the surface if a greater amount of water molecules
Fig. 4. Topographic image of water molecule on Pd(110) obtained undgfre dosed at a higher substrate temperature. The difference

the conditions oWsample= —60 MV andlwnnel = 1 nA. Clusters of water i . . .

molecules on the bare Pd(110) surface with the height of A.68n be b?tween the water mducgd feature _ShO\_Nn in Fig. 1 ar_]d that n

observed. The ordered c(22) structure of water molecules on Pd(110) Fig- 4 could be due to this mechanism; the surface in Fig. 4

proposed in a previous report is shown in the schematic model in the lowappears to contain more water clusters. The chain structure in

panel. The large and small circles with gradation correspond to the OXEig. 4 is possibly the initial stage of the formation of a wide

gen atoms in the top and the second layers of water, respectively (bilay: n of c(2x 2) structures which has been reported previ-

r .
model). The gray circles correspond to the substrate Pd atoms. The zigzigmagl 5)
features observed in the left-panel marked A correspond well with the w&QUSIY:

ter molecules in the top layer. The mechanism underlying the initial formation of a one-
dimensional chain structure instead of the two-dimensional
structure is not clear at this stage. However, the mechanism
water molecules on the tip apex, however, has an especialifyight be similar to the case of chain structure formation of
high resolution for the determination of the bonding site o£O on a Pd(110) surfadé A one-dimensional (1D) CO
the water moleculé> chain structure along110] with a two-time periodicity is

The image has a characteristic ring shape with bright arfdrmed before the formation of a two-dimensional &(2)
dark contrast in the head and the tail of the molecule alorgjructure. For the CO case, we have learned that the hopping
the[110] direction. It is evident that the center of the ring isof CO is restricted on the Pd row and the inter-row hopping
positioned on the trough of the Pd row, although its positioapparently has a higher barrier, which contributes to the for-
along the Pd row is difficult to determine. mation of the 1D structure. By analogy, the chain structure

When a substantial amount of water molecules are doséermation of water molecules might suggest anisotropic hop-
on the surface, water clusters are formed on the surface whageg of water molecules along the Pd row.
typical image is shown in Fig. 4. The amount of dosed water In the structures proposed for a bilayer of water
molecules is larger than that in Fig. 1, but the coverage is stitholecules’> 1% the unit is considered to be a tetramer that
in the submonolayer region, and both clusters and the bagecomposed of three water molecules in the second layer and
Pd(110) surface are observed. In addition to the increase in thee water molecule in the top layer at the hollow position of
amount of dosed water molecules, the substrate temperattie second layer. An isolated tetramer corresponds to feature
at the time of dosing is higher than that in the case in Fig. € in Fig. 1 based on the observed height. In addition, the cen-
due to the increase in the dosing time period. Both condier of the bright spot of feature C is located on the trough of
tions promote the collision of the impinging water moleculeshe Pd(110) row. The water molecules at the top layer are lo-
with each other and thus the formation of clusters of waterated at the trough in the model shown in Fig: % which is
molecules. consistent with the case of feature C.

The protrusions have a height of 0A8hat agrees with ~ Both features A and B in Fig. 1 are observed to be lower in
that of feature C in Fig. 1. The crystal direction is the sambeight than feature C. Thus, we consider that the number of
as that in Fig. 1, and we can identify chain-like water-inducedater molecules contained in features A and B is smaller than
features along thgl10] direction. In addition, zigzag-shapedthat of the tetramer, i.e., four. Since we did not observe any
structures can be identified inside the cluster, a clear exampl@ter-induced feature smaller than feature A, it is likely that

feature A corresponds to the monomer of the water molecule.
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The existence of the water monomer on Cu(100) and Pd(10@)ayer water. The magnified image of the isolated feature

surfaces has been reported at the temperature of 10fK. C shows that its center is located on the trough of Pd(110),

we assume that the STM detects the position of the oxygévhiCh is also consistent with the structural model pI’OpOSGd

atom of the molecule, the bonding site proposed for Cu(10d9r the bilayer water with a c(Z 2) structure. Feature A

and Pd(100) is consistent with the STM images of feature /% located on the Pd(110) row. Since feature A is the small-

shown in Fig. 2 where the bright spots are located on the st feature, we currently consider that this corresponds to the

rOws. monomer of a water molecule whose existence has been ob-
Although feature A is most likely the monomer of a waterserved previously at a temperature below 10K by electron en-

molecule, we cannot reject the possibility that it correspond®dy loss spectroscopy (EELS) measurement. However, the

to a dimer of water molecules. One of the reasons is the elot?age is elongated alorig10] with a bright area of- 7-8A;

gated shape of feature A shown in Fig. 2. The protrusion haus the possibility that feature A corresponds to a dimer of

the length of 7-& along the[110] direction and the width Water molecules still remains.

of ~3A. As the bonding site is expected to be the on-top po-
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