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The adsorption behavior of CO on Ags111d is studied using low-temperature scanning tunneling microscopy.
At submonolayer coverage, only single CO molecules are observed upon adsorption at 5 K. A further dosage
leads to the formation of islands with various shapes and sizes. In addition, clusters with a diameter of about
11 Å are found that are mobile on the surface at 5 K. Though the position of the CO molecules within these
clusters cannot be resolved, their size points to CO hexamers or heptamers. Well-ordered CO islands are
observed only after heating the sample to 17 K, whereby two rotational domains with hexagonalsÎ31
3Î31dR9° structure are formed. A structural model is proposed in which CO hexamers represent the funda-
mental building blocks. The existence of two domains is explained with the alternate CO adsorption on the fcc
and hcp places within the hexamers. ThesÎ313Î31dR9° superlattice is the only well-ordered CO structure
found in the temperature range between 5 K and 35 K.
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The interaction of carbon monoxide with transition metals
has attracted much interest during the past decades. One rea-
son is certainly the importance of CO in catalytically rel-
evant processes, where transition metals often play a crucial
role. Though the fundamental binding mechanism between
CO and these substrates was described already in 1964,1 the
large number of recent experimental and theoretical investi-
gations demonstrates the actuality of this subject.2–4 The cen-
tral questions concern, for instance, binding sites, diffusion
processes, and overlayer structures that are also important for
the understanding of the CO-CO interaction.5,6

Among the late-transition and noble-metals111d surfaces,
silver shows the weakest interaction with CO, with an ad-
sorption energy of −0.28 eV.4,7 Therefore, the investigation
of the CO adsorption on Ags111d has proven to be very chal-
lenging. So far, studies have focused on CO-overlayer struc-
tures, which have been analyzed with a variety of techniques,
such as angle-resolved ultraviolet photoemission spectros-
copy sARUPSd, high-resolution electron-energy loss spec-
troscopy sHREELSd, and low-energy electron diffraction
sLEEDd.8–10 However, it has been difficult to unravel the
structure, and indeed, a widely accepted structural model is
still lacking. The main difficulty related to the above men-
tioned methods is their nonlocal nature, which means that
they provide information averaged over all surface species. It
is therefore difficult to distinguish between signals arising
from a CO monolayersML d and signals from CO multilayers
which are supposed to have different structures on
Ags111d.9,10 Hence, knowledge of the exact adsorbate cover-
age is a crucial point for structure determination with nonlo-
cal methods. This problem can be avoided using scanning
tunneling microscopysSTMd which probes the local density
of states of a surface and thus reflects its local electronic and
topographic structure.

In the present study, STM is used to investigate the ad-
sorption behavior of CO on Ags111d for submonolayer cov-
erages. In comparison with previous publications describing
CO superstructures on Ags111d, the temperature range can be
extended down to 5 K. At this temperature, we do not ob-

serve CO structures with long-range order, unless induced by
interaction with the STM tip. Normally, disordered islands
and small clusters are found, the latter containing probably
six or seven CO molecules in a ringlike structure. A well-
ordered CO superstructure, growing on Ags111d in two do-
mains, forms only at temperatures above 17 K. Based on the
STM data, a structural model is suggested, differing from
known CO superstructures, such as the herringbone or the
pinwheel structure.

The experiments are performed with a home-built Eigler-
style STM,11 operated in ultra-high vacuumsUHVd at 5 K.
The Ags111d sample was cleaned by cycles of alternating Ar
sputtering and annealing to 780 K. Figure 1sad displays the
surface topography after a dosage of CO at 5 K.12 At this
coverage, CO is adsorbed in the form of single molecules.
These are imaged as depressions with a mean diameter of
6 Å, and they do not exhibit long-range order since their
diffusion is suppressed at 5 K.13 In Fig. 1sbd, the coverage is
increased,13 and disordered CO islandssId are formed as well
as small CO clusterssII d, imaged as 11 Å large, round pits.
These CO clusters are characterized by their increased sta-
bility as compared to that of larger clusters, which are called

FIG. 1. sad STM image of a Ags111d surface after a dosage of
CO at 5 K sVS=7 mV, IT=3 pA, 25 nm325 nmd. CO adsorbs on
the surface in the form of single molecules, imaged as black dots.
sbd Disordered islandssId and small clusters with a diameter of
,11 Å sII d form at a higher CO coveragesVS=20 mV, IT=11 pA,
25 nm325 nmd. It is important to note that the original CO cover-
age was much higher. However, some of the clusters and islands
were wiped off during the scan process.
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“disordered islands” in the following. Both the high internal
stability and the mobility of the small CO clusters are re-
vealed in the image seriesfFigs. 2sad–2scdg. The images
show that these clusters can join and leave CO islands, un-
derlining their exquisite size and properties. The structure of
the small CO clusters cannot be deduced directly from the
STM images, since the positions of the CO molecules are not
resolved within the clusters. However, the round cluster
shape, the diameter of 11 Å, and the substrate symmetry
point to CO hexamers or heptamers. Similar structures are
found, for instance, in bulk CO and in the so-called CO
pinwheel structure on graphite.14,15 In both cases, the CO is
orientationally ordered due to its quadrupole moment,
whereby six in-plane-oriented CO molecules surround one
normal-oriented CO. On the other hand, it is important to
note that these heptamers are not isolated, but that each CO
molecule is part of two pinwheelssheptamersd. It is therefore
difficult to transfer this structural model to the isolated clus-
ters, and theoretical studies are needed to clarify this ques-
tion. The phenomenon that special cluster sizes show an in-
creased stability has been reported for various systems.
Prominent examples include water on Pds111d or
1-nitronaphthalene on Aus111d.16,17 Sometimes the cluster
formation is accompanied with an elevated mobility of the
clusters as compared to the monomers.16 Such an effect was
described for the CO chains on Cus110d, where dimers and
trimers were found to diffuse faster than monomers.18 How-
ever, the stability of these chains did not depend on their
length. To our knowledge, no characteristic cluster sizes have
yet been reported for CO, for which the intermoleular inter-
action is much weaker than for the above mentioned sys-
tems. The CO clusters observed here are especially interest-
ing, because they might constitute the “building blocks” of
the ordered CO layers.

Most of these clusters disappear upon heating the sample
to 17 K for 10 min, and well-ordered islands with hexagonal
symmetry form on a purely thermodynamic pathway without
the influence of the STM tipfFig. 3sadg.19 Interestingly, two
domainsA andB can be distinguished, which are also visible
in the corresponding power spectrum in Fig. 3sbd. After a
further dosage of CO at 5 K, small clusters are formed which
frame the ordered islands as depicted in Fig. 3scd. Obviously,
the CO clusters have to overcome a certain energy barrier to
be integrated in the ordered islands. Further heating of the

sample up to 35 K and subsequent cooling to 5 K did not
lead to other structures.

The analysis of the ordered islands shows that the two
domains are rotated against each other by 18°, and by 21°
with respect to the hexagonal Ags111d lattice.20 Figure 4sad
displays schematically the superstructure visible in the STM
and the silver substrate. Apparently, CO forms a commensu-
rate sÎ313Î31dR9° superlattice on Ags111d. The derived
unit cells of the two domains are drawn in. As for the small
clusters, the positions of the CO molecules within thesÎ31
3Î31dR9° superstructure cannot be extracted directly from
the STM images. The lattice constant of 9.3 Å suggests that
the protrusions forming the hexagonal lattice in the STM
image do not reflect the positions of the CO molecules, since
typical intermolecular distances in the CO adsorbate layers
are in the range of 4 Å to 5 Å. Furthermore, single CO mol-
ecules are imaged as depressions on Ags111d, indicating that
the dark outlines of the protrusions correspond to the CO
molecules. The protrusions themselves might then be as-
cribed to places on the Ags111d surface that are not covered
with CO molecules. Thus, the possible building blocks of the
ordered CO islands could be small CO rings with a size of
about 9.3 Å. They might have a similar structure as that of
the CO clusters observed at 5 K, with the exception that no
CO sits in the middle of the ring. This model would also
explain the observation of defects in the hexagonal super-
structure where the building blocks appear completely dark
fcf. Fig. 3sadg. In this case, an additional CO molecule might

FIG. 2. Image series of small CO clusters and islands formed at
5 K sVS=5 mV,IT=5 pA,16 nm320 nmd. The clusters are mobile
at 5 K; they join and leave the CO islandssarrowsd, indicating their
stability. The tip influences the cluster mobility and causes the or-
dering of some islands.

FIG. 3. sad STM image of a Ags111d surface after a dosage of
CO at 5 K and 10 min heating to 17 KsVS=−10 mV, IT

=10 pA,40 nm326 nmd. In addition to the single CO molecules
sdark pointsd, well-ordered hexagonal CO islands are observed,
which grow in two domains,A andB. Their orientation with respect
to the Ags111d lattice is shown in Fig. 4. The white arrow marks a
“defect” where the building block of the island appears completely
dark. sbd Power spectrum ofsad, clearly reflecting the existence of
two domains.scd Well-ordered CO island with a fringe of small CO
clusters sVS=20 mV,IT=11 pA,23 nm318 nmd. Though the
building blocks of the ordered island and the clusters have compa-
rable sizes, the latter are not perfectly incorporated at 5 K.

BRIEF REPORTS PHYSICAL REVIEW B71, 153405s2005d

153405-2



be adsorbed in the center of the ring. The slight size differ-
ence s9.3 Å compared to 11 Åd might be due to different
imaging properties in the STM of islands and isolated clus-
ters.

A central question concerns the origin of the two rota-
tional domains of the superlattice. Taking up the model of the
CO rings, one explanation would be that CO molecules oc-
cupy, alternately, the fcc and hcp sites of the Ags111d sub-
strate as illustrated in Figs. 4sbd and 4scd. Here, the CO mol-
ecules are represented by dark bullets, while the CO
superstructure visible in the STM is reflected by black
circles. The scheme shows that such CO hexamers would
indeed lead to two differently oriented domainsA and B,
which are rotated against each other by 18°. Based on this
model, several structures are conceivable, two of which are
proposed in Figs. 4sdd and 4sed for the A domain. In model
sdd, the CO superstructure is built of hexamers, whereby
each CO is part of only one hexamer. As a result, the area
between the two hexamers would have a lower CO coverage,
and one might therefore expect that two different units of the
superlattice would be discernible in the STM. However, this
could not be observed, and so the structural modelsed seems
to reflect the STM image in a better way. Here, CO mol-
ecules are suggested to occupy additional sites between the
hexamers. This model takes into account both the stability of
the CO clusters observed at 5 K and the energy barrier of

,17 K for the island formation. This temperature could then
be interpreted as the energy necessary to partly break and
rearrange the CO rings, which would also explain the obser-
vation of hexagonal islands framed by CO clustersfFig.
3scdg.

Though this model agrees very well with our experimen-
tal results, it is questionable whether CO adsorbs in threefold
hollow sites on Ags111d. So far, only the on-top adsorption
of CO on Ags111d has been experimentally proven. This
finding is based on HREELS studies, revealing a CO strech-
ing frequency of 266 meV, which is typical for an on-top
adsorption.9 However, the CO is only weakly adsorbed on
Ags111d with an adsorption energy of −0.28 eV,7 and recent
density functional theory calculations suggest that the ad-
sorption energy for different sites is almost degenerate on
Ags111d.4 Furthermore, the adsorption site can depend on the
coverage as shown for the CO on Nis111d.3,21 Hence, though
there is no experimental proof, CO might adsorb on Ags111d
hollow sites as suggested in our structural model.

Finally, we want to discuss the question of whether the
previously proposed CO adsorbate structures might also be
suited to explaining the reported STM data. Schmeisseret al.
suggested a herringbone structure for the CO monolayer on
Ags111d in analogy to the N2 overlayer on graphite.8,22,23

This model was derived from angle-resolved photoemission
spectra, exhibiting a similar structure as spectra of N2 on
graphite and notably a splitting of the CO 5s orbital. In the
herringbone structure, CO forms asÎ33Î3dR30° scenter of
massd overlayer. Due to an orientational in-plane ordering of
the molecules, as2Î33Î3dR30° structure results, character-
ized by two glide planes. Consequently, different domains
exist, which are rotated against each other by 60° and not by
18° as determined here. Thus this structure can be ruled out.
Later experiments studying CO monolayers on Ags111d did
not give rise to distinct structural models. On the basis of
ARUPS and HREELS, a disordered overlayer was sug-
gested, where the CO molecules are adsorbed with a random
orientation.9 LEED experiments indicated a well-ordered, in-
commensurate overlayer10 with intermolecular distances
varying with the backgound pressure. The angle between the
CO monolayer and the Ags111d lattice was pinned at 9°,
which agrees with the angle we determined from the STM
images. However, since we clearly observe a commensurate
growth in the STM, none of the results obtained from the
previous experiments on CO/Ags111d seems to explain our
observations. Additionally, we consider the pinwheel struc-
ture, which is the CO phase on graphite found at a higher
coverage. However, the model does not match the STM im-
ages, because either the angle to the Ags111d substrate or the
lattice constants of the overlayer cannot be reproduced. Thus,
indeed, all the structural models proposed for CO on Ags111d
or graphite are not in accord with the superstructure deter-
mined with the STM.

In conclusion, we report the formation of well-ordered
hexagonal CO islands on Ags111d at temperatures above
17 K. The commensuratesÎ313Î31dR9° structure can be-
immediately derived from the STM images. A structural
model is proposed, allowing for the imaging properties of

FIG. 4. sad Scheme of the mapped superstructuresA and B
slarge circlesd with respect to the underlying Ags111d lattice ssmall
circlesd. The structure visible in the STM corresponds to a commen-
suratesÎ313Î31dR9° superlattice.sbd andscd Structural model, in
which the building blocks of the ordered islands consist of CO
hexamerssdark bulletsd. Two domainsA and B would result from
the alternate occupation of the hcp and fcc sites.sdd andsed Possible
arrangements of the CO hexamers for theA domain. Whereas insdd
the islands consist exclusively of CO hexamers, additional CO mol-
eculessbright bulletsd are inserted in between in modelsed.
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CO on silver, as well as the existence of two rotational do-
mains. According to this model, CO hexamers represent the
building blocks of the CO islands, whereby the two domains
result from an alternate occupation of the fcc and hcp sites
on the metal. The observation of small CO clusters—
possibly CO hexamers or heptamers—gives further support
for this assumption. Although the presented STM topo-
graphic images of CO on Ags111d do not lead to an unam-

biguous structural model, they provide important information
for theoretical studies investigating the CO adsorption on
noble metals and the interaction between CO molecules.
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