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Abstract

Structures formed by dense adsorbed CO layers can provide information about the balance between
molecule-surface and molecule-molecule interactions. However, in many cases structure models are
not clear. Using density functional theory (DFT) and scanning tunneling microscopy (STM) we have
investigated the high-coverage CO layer on the Ru(0001) surface. Previous investigations by low-
energy electron diffraction (LEED) and vibrational spectroscopy led to conflicting results about the
structure. In the present study, 88 models with coverages between 0.58 and 0.77 monolayers have
been analyzed by DFT. The most stable structures consist of small, compact CO clusters with an internal
(1 x 1) structure. The CO molecules in the cluster centers occupy on-top sites in an upright position,
whereas the molecules farther outside are slightly shifted from these sites and tilted outward. STM
data of the CO-saturated surface at low temperatures, corresponding to a coverage of 0.66
monolayers, show a quasi-hexagonal pattern of features with an internal hexagonal fine structure.
Simulated images based on the cluster model agree with the experimental data. It is concluded that
the high-coverage CO layer consists of the close-packed clusters predicted by DFT as the most stable
structure elements. In the experiment, sizes and shapes of the clusters vary. However, the
arrangement is not random but follows defined tiling rules. The structure remains ordered almost up
to room temperature. The LEED data are re-interpreted on the basis of the Fourier transforms of the
STM data, solving the long-standing conflict about the structure.



Introduction

Dense layers of adsorbed CO molecules on transition metal surfaces show, in an exemplary way, how
the structure of an adsorption layer can be determined by counteracting molecule-surface and
molecule-molecule interactions. The CO-metal bond is relatively strong and the molecules
preferentially bind to defined adsorption sites, but it is not strong enough to prevent displacements
from these sites when repulsive interactions between neighboring molecules become important. At
high coverages these two interactions have to be balanced in some way.

On the hexagonally close-packed surfaces of the fcc and hcp transition metals, the preferred CO
binding positions are the high-symmetry sites on-top, bridge, hcp threefold hollow, and fcc threefold
hollow. Which site is most favored depends on the metal. However, the size of the CO molecule
prevents that all sites of the same type can be occupied at the same time, and coverages (0) of one
monolayer (ML, in units of CO molecules per metal surface atom) cannot be reached. The size of CO,
approximately its van-der-Waals diameter, can be estimated from the saturation coverages of CO on
the Co(0001) and Pt(111) surfaces, giving values between 3.11 and 3.36 A.»2 These values are, in all
cases, higher than the spacings between equivalent adsorption sites which are given by the lattice
constants of the surfaces. The resulting restrictions for the arrangements of the molecules give rise to
arich variety of different high-coverage structures on the (0001) or (111) surfaces of Co, Ni, Cu, Ru, Rh,
Pd, Ir, and Pt.> Which structure is formed in a given case is determined by the electronic structure and
lattice constant of the metal and by the exact CO coverage. However, recent theory work found very
low energy differences between different high-coverage structures, indicating that predictions about
a structure are difficult.*

What can be done is to classify the high-coverage CO structures on these surfaces according to
common construction principles. Four types of models can be identified: (1) Models with mixed
adsorption sites. In these models, one fraction of molecules occupies their most preferred sites
whereas a second fraction occupies "second-best" sites in between. CO-metal interactions still
dominate. Examples are the c(4 x 2) CO structure on Pt(111) (® = 0.50 ML) and the (\/7 X \/7)R19°
structure on Ni(111) (® = 0.57 ML).>® (2) Moiré models. In these models, the CO molecules form
hexagonally close-packed layers with larger lattice constants than the underlying metal. The mismatch
of the two lattices gives rise to a moiré effect. Repulsive interactions between the CO molecules
dominate. Most of the early low-energy electron diffraction (LEED) studies on the hexagonally close-
packed metal surfaces have assumed such models. Cases confirmed by scanning tunneling microscopy
(STM) are the CO layers on Pt(111) at ® = 0.51 to 0.68 ML at 300 K and on Co(0001) at ® = 0.63 to 0.65
ML at 300 K. 2 (3) Antiphase domain boundary models.> 7 In these models, the CO molecules form
narrow, one-dimensionally extended domains with a simple or mixed site internal structure in which
all CO molecules occupy high-symmetry sites. The domains are separated by "heavy domain walls"
with a denser CO packing. There is also the inverse case, dense domains separated by light domain
walls. CO-metal interactions dominate. Such structures have been observed for Pt(111) and Co(0001)
at low temperatures.® ® (4) Cluster models. In these models the molecules form small islands with an
internal (1 x 1) structure. CO-metal interactions dominate, and all molecules are on, or close to, high-
symmetry sites. Repulsive interactions within the clusters limit the cluster sizes to a few molecules.
Examples are the (3\/§x 3\/§)R30° structure on Ir(111) at ® = 0.70 ML and the (2\/§x 2\/§)R30°
structure on Ru(0001) at ® = 0.58 ML.1%12



CO layers on Ru(0001) at higher coverages than 0.58 ML do not seem to fit into this classification. Early
LEED experiments showed diffraction patterns at coverages between © = 0.58 and 0.65 ML (0.66 ML)
[fig. 1(a)] that clearly pointed to moiré structures (at that time termed compressed or hexagonal
phases).’> 1% Arguments for moiré structures are, firstly, that the most intense diffraction spots of the
adsorption layer (reciprocal lattice vectors EEO, ﬁgo, and symmetry equivalents) close to the first order
diffraction spots of the Ru substrate (reciprocal lattice vectors gf% ggu, and symmetry equivalents)
can, in a straightforward manner, be explained by diffraction at a hexagonal, rotated layer of CO
molecules with a larger lattice constant than the substrate [fig. 1(b)]. The fact that the superstructure
spots appear as pairs can be accounted for by the two possible rotational domains. The six
superstructure spots close to the origin can be explained by multiple scattering. Secondly, when the
CO coverage was increased from 0 = 0.58 to 0.65 ML (0.66 ML), the superstructure spots continuously
shifted toward the nearest substrate spots.'®* This is exactly what is expected for a moiré structure
that is compressed when it adopts additional molecules. Thirdly, for a hexagonally close-packed CO
layer one expects that saturation is reached when the lattice constant of the layer gets close to the
van-der-Waals diameter of CO. Using the saturation coverage of 0.66 ML, a value determined
independently of a structure model,** the moiré model gives a CO-CO distance of 3.33 A. This value is,
in fact, in the range of the van-der-Waals diameters of CO.

On the other hand, high-resolution electron energy loss spectroscopy (HREELS) and reflection
absorption infrared spectroscopy (RAIRS) showed one vibrational C-O mode only, over the entire range
of coverages up to saturation.™ ¢ The peak displayed some shift with increasing coverage which can
be explained by dipole-dipole coupling and an additional weakening of the CO-metal bond,*” 8 but it
remained in the range of on-top-bonded CO. This observation is in obvious contradiction to moiré
structures which contain CO molecules on all kinds of sites [fig. 1(b)].

There have been ideas how this discrepancy can be resolved. One has been that the vibrational spectra
may have to be interpreted differently. The observed C-O mode may, in general, not exclusively mark
on-top CO,% or, at least in a situation where molecule-molecule interactions dominate, it may no
longer be valid to attribute a certain vibrational C-O frequency to a certain binding site.® Another idea
has been that the LEED pattern can alternatively be interpreted by an antiphase domain boundary
model.® In this model, CO molecules would form long, narrow domains with an internal (1 x 1)
structure, in which all molecules occupy on-top positions. Domain boundaries formed by empty Ru
sites would allow for relaxations perpendicularly to the domains. There would be three rotational
domains, and the superimposed diffraction patterns from these domains would give the same LEED

|.** Observations

pattern as the one shown in fig. 1(a). Monte-Carlo simulations supported this mode
by electron stimulated desorption ion angular distribution (ESDIAD) that the molecular axes at
saturation are tilted from the surface normal by a few degrees can be explained by the relaxations
expected for such a model.?° However, a recent STM investigation of CO/H coadsorbed layers on
Ru(0001) was in disagreement with the antiphase domain model.?! Images recorded at a high CO
coverage, where H was most likely absent, showed some hexagonal pattern rather than the one-

dimensional features one would expect. No structure model was proposed.

Here we present an investigation of the high-coverage CO layer on Ru(0001) by density functional

theory (DFT) and STM. Fourier transformations of the STM data are used for comparison with the LEED

pattern. We find a structure model that is in agreement with all previous experimental observations.

In particular, it solves the seeming conflict between the vibrational spectroscopy and the LEED data.
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Experimental Section

The experiments were performed in an ultra-high vacuum (UHV) chamber (base pressure <1 x 1071°
mbar) by means of a home-built, beetle-type scanning tunneling microscope. With this setup, sample
temperatures can be varied between 50 and 500 K by a liquid He flow cryostat that cools the sample
holder of the STM, and by simultaneous radiative heating from a filament at the back of the sample.
Details of the setup have been described previously.?? Images were recorded in the standard, slow
constant current mode and also in the fast constant height mode. For the present analysis we do not
make use of the high time resolution of this mode. The chamber was additionally equipped with an
Auger electron spectrometer (AES), a low-energy electron diffraction optics, an ion gun, a quadrupole
mass spectrometer, and a sample manipulator.

For preparation, the Ru(0001) sample was repeatedly sputtered, annealed, oxidized, and annealed
again. The sample was first sputtered with 1 keV Ar ions for 10 to 15 min and then flash-annealed to
1470 K. Residual carbon was then oxidized by dosing O, in various amounts. For higher amounts of
carbon, the chamber was backfilled with 2 x 1077 mbar of O, for 10-15 min at 910 K. For lower carbon
coverages, dosing 2 - 20 L of O, at 298-423 K was sufficient [1 Langmuir (L) = 1.33 x 10™® mbar s]. To
react off the carbon and desorb excess oxygen the sample was flash-annealed to 1700 K. This sequence
was repeated until AES showed a clean sample. The problem with AES of the overlapping carbon KLL
peak at 272 eV with the Ru MNN peak at 273 eV was solved by the known procedure to use the
asymmetry of the overlapped peaks as a measure of the carbon coverage.?>? Directly before an
experiment, the sample was shortly annealed to 623 K to desorb any molecules that had adsorbed in
the time period after the last high-temperature flash. Then the sample was transferred to the STM.

High coverages of CO were prepared in two steps. First, 50 L of CO were dosed on the freshly prepared
surface at a temperature slightly above 300 K. This treatment led to an incomplete (2\/§ X 2\/§)R30°
structure, the CO structure described in a recent publication.'? The coverage of ® = 0.47 ML of this
structure is close to the saturation coverage attainable by dosing CO at room temperature. This
procedure was used to protect the surface, by means of the CO layer, against adsorption of foreign
gases, mainly H, and H,0, when the sample cooled to the measurement temperature. In a second step,
additional 15 L of CO were dosed while the sample cooled from room temperature to 60-70 K. In this
way a coverage of 0.66 ML of CO was obtained. In an additional STM experiment, the temperature was
enhanced in steps to room temperature to detect possible phase transitions.

Setup of the density functional theory calculations

The VASP software package was used to compute the adsorption energy of the CO adlayer on the
Ru(0001) surface based on periodic DFT.%® The revised version of the Perdew-Burke-Ernzerhof (RPBE)
functional was employed to account for exchange-correlation effects.?’” The electronic wave functions
were expanded in a plane-wave basis set up to an energy cutoff of 350 eV. The ionic cores were taken
into account by the projector augmented wave (PAW) potential.?® Dispersion interactions between the
CO molecules and the first layer of the Ru slab were computed by the D3 correction scheme of Grimme
et al.? Note that the RPBE+D3 approach employed here has been shown to yield rather reliable
molecular adsorption energies.*



We modeled the Ru(0001) surface using a slab consisting of three atomic layers. For the Ru hcp bulk
structure, lattice parameters of a = 2.74 A and c/a =1.58 were obtained, in good agreement with the
experimental values a = 2.706 A and c/a=1.58. The CO molecules were placed at on-top sites in all
investigated structures which are more stable than the hcp hollow, fcc hollow, and bridge sites by 0.30,
0.34, and 0.32 eV, respectively. These values are only little affected by the presence of CO molecules
on neighboring on-top sites. Relaxations from the exact on-top positions were allowed, but structures
with other CO positions were not considered.

A first set of structures was formed by clusters consisting of 7, 10, 12, 14, 16, and 19 CO molecules, all
bonded at on-top positions (fig. 2, a further configuration with 37 CO molecules is not shown) and
separated by rows of uncovered Ru atoms (unit cells are marked). The first Brillouin zones of these
configurations were integrated using 6 x6,6x6,3x3,5x5,3x3,4x4, and 2 x 2 k-point meshes
for the corresponding surface unit cells. In all cases we optimized the energy minimum configurations
by relaxing the topmost Ru layers of the slabs and the CO molecules until the forces were converged
to 0.01 eV/A. Periodic images of the slab were separated by vacuum layers of 15 A, and dipole
corrections were applied to compensate any dipole field between the periodic images.

In addition to the cluster configurations, we considered further CO adlayer configurations on a
(4\/§x 4\/§)R30° unit cell, corresponding to a coverage variation from 0.58 to 0.77 ML. We also
added CO molecules into the configuration consisting of 7 CO clusters and displaced CO molecules
from their positions in the clusters. Finally, we considered configurations with CO vacancies in a
honeycomb structure (0.75 ML) to probe a possible adlayer phase change from a (2\/§x 2\/§)R30°
cluster structure to a (2 x 2) honeycomb structure. Altogether, 88 structures were analyzed.

The relative adsorption energy of CO adlyers (E,;5) was computed with respect to the adsorption
energy of an isolated CO molecule on the clean Ru(0001) surface:

Etot — ERu(0001) — Ncokco
Fags = =2 @

Eo¢ is the total energy of the CO adlayer on the Ru surface, Ery(go01) is the energy of the clean
Ru(0001) slab, E¢q is the energy of a single CO molecule on the Ru surface given by the sum of the
energy of a CO molecule in the gas phase and its adsorption energy of -1.92 eV, and n¢q is the number
of the CO molecules in the unit cell. Because of the repulsions between the adsorbed CO molecules all
E .45 values at finite coverages are positive.

We have also performed simulations of constant height STM images using the Tersoff-Hamman
approximation.®! For this purpose, densities of states were integrated over the energy ranges 0.0 eV
(the Fermi energy) to -0.2, -0.4, -0.5, -0.8, and -1.0 eV. The negative signs, which reflect the negative
tunneling voltages (V;) chosen in the experiments, correspond to occupied states. The charges were
calculated in steps of 0.1 A above the uppermost O atoms in a range from 1.6 to 3.6 A, and the resulting
charge grids were then linearly interpolated to compute the images. Good agreement with the
experimental constant height images was obtained for the integration range 0.0 to -1.0 eV and a
distance of 2.5 A. The experiments only showed minor variations of the contrast between V; =-0.2 and
-1.6 V, and we note that the absolute tunneling distance is not an experimentally available parameter.



Results and discussion
DFT calculations

We first present the high-coverage structure models analyzed by DFT, and then compare these models
with the STM data. The calculations were numerically demanding because of the relatively large unit
cells and the correspondingly high number of molecules in the cells. An analysis of all possible CO
configurations was therefore not feasible. To reduce the number of possibilities, we used the
(2\/§ X 2\/§)R30°-CO structure (® = 0.58 ML) for which a validated structure model exists, to define
elements that a stable high-coverage structure most likely contains. The (2\/§ X 2\/§)R30° structure
belongs to the class of cluster models mentioned above.'* 2 It is formed by clusters consisting of seven
CO molecules, one central molecule in an upright position, and a ring of six surrounding molecules that
are slightly tilted away from the center [fig. 2(a)]. Rows of CO-free Ru atoms separate these clusters.
At the junctions of three empty Ru rows, three CO molecules form triangles with v3a long edges [blue
mark in fig. 2(a)]. We find that these triangle configurations significantly contribute to the local stability
of the structure. This can be seen, e.g., by the 0.22 eV energy increase when a CO molecule is moved
from the triangular edge of the 7 CO cluster to the center of the triangle. The (2\/§x 2\/§)R30°
structure is quite stable, and one can remove several CO molecules without destabilizing it. For
example, the CO structure at ® = 0.47 ML is formed from CO-deficient clusters but still follows the
same construction principle.?

To model the CO layer at higher coverages than 0.58 ML the following assumptions were made: CO
molecules exclusively occupy the on-top sites at all coverages, a condition based on the corresponding
findings by vibrational spectroscopy.'>® When the coverage is increased, the layer maintains a cluster
structure but the internal structures and/or the sizes of the clusters change. The clusters are separated
by one-atom-wide rows of unoccupied, or only partially occupied, Ru atoms. These non-covered Ru
sites allow the molecules to relax the stress in the densely packed clusters. Larger empty areas are not
permitted. The CO triangles at the junctions of the empty rows are preserved in all models, which puts
limits on possible arrangements, sizes, and shapes of the clusters. When upon a coverage change a
new distribution of junctions becomes energetically favored, the CO molecules are assumed to regroup
immediately; kinetic restrictions are not considered because of the low hopping barrier of CO. 88 CO
configurations were investigated in the coverage range from 0.58 to 0.77 ML and tested for their
stabilities; energies are plotted in fig. 4 as a function of the CO coverage. At a given CO coverage, a
configuration with lower relative adsorption energy [eq. (1)] corresponds to a more likely structure.

We probed the energetics of three types of models that satisfy the mentioned assumptions. The first
type of models consists of compact clusters of increasing size. Figures 2(a) to (f) show the first six of
these configurations, with clusters consisting of 7, 10, 2x12+7, 14, 2x16+10, and 19 CO molecules, with
internal (1 x 1) configurations in all cases. The models correspond to coverages between © =0.58 and
0.70 ML. Models only consisting of 12-CO or 16-CO clusters cannot be constructed within the given
constrictions, and one 7-CO or 10-CO cluster, respectively, have to be added to the unit cells. A model
with 37-CO clusters (® = 0.77 ML) has also been considered; it was formed from the 19-CO cluster
model by adding a complete ring of CO molecules around the 19-CO clusters (not shown).

After optimization, the DFT calculations show that, except for the CO molecules at the cluster centers,
the molecules are no longer exactly on-top of the Ru atoms. The C atoms are displaced from the centers
of the Ru atoms by distances that increase with the size of the clusters to a value of 0.7 A. There are

6



also deviations of the molecular axes from the surface normal. The molecule at the center of a cluster
is in an upright position, but the surrounding molecules are tilted outward by an angle that increases
with increasing distance from the cluster center. The maximum tilt at the rims is 16°. Shifts and tilts
are caused by the dense (1 x 1) packing of the CO molecules in the clusters. Figure 4 shows the relative
energies of these models (pink hexagons). The energy increases almost linearly with coverage, which
reflects the increasing average repulsion with increasing cluster size.

The data contain information about the question whether the relative positions of the triangles, which
are formed by the CO molecules at the edges of the clusters, play a role. As one can see in fig. 2, each
model of this type has a different periodicity of CO triangles. On the other hand, two pairs of different
models almost have the same CO coverages. The 2x12+7- and the 10-CO models have CO coverages of
0.633 and 0.625 ML, and the 2x16+10 and the 14-CO models even have identical CO coverages of 0.667
ML. The coverages of triangles are also almost pairwise identical, 0.122 and 0.125 ML for the 2x12+7-
and the 10-CO models, and 0.095 ML for the 2x16+10- and the 14-CO models. Figure 4 shows that
these pairs of models almost have the same energy. This fact shows that the stabilities of the models
of this type are mainly determined by the overall CO coverages. It does not play a significant role
whether the model contains clusters of one size or of two different sizes and how the triangles are
arranged with respect to each other. The effect of the CO triangles is a local one; it does not extend to
the nearest neighbor triangle.

The second type of models is based on interstitial CO molecules in the (2\/§ X 2\/§)R30°—CO structure.
In these models, the 7-CO clusters were kept at their original positions, and additional CO molecules
were filled in. The simulations were performed on (4\/§ X 4\/§)R30° unit cells that contain four of the
7-CO clusters. Figures 3(a) to (c) show configurations created by adding one, two, and three CO
molecules to this cell. The additional molecules occupy sites on the empty Ru rows where they have
four CO neighbors. In this way bridges between neighboring clusters are formed. Various
configurations of this type were explored by moving the added CO molecules between the empty Ru
sites. The positions of the 7-CO clusters were left unchanged. To create higher coverages, the sites
inside the CO triangles were also occupied. In this way, the number of connected clusters is minimized,
and new larger clusters are created. The resulting larger clusters mostly appear in triangular shapes
with concave edges.

Figure 4 (blue squares) shows that, for each coverage, the energies of the models of this second type
vary depending on the exact local configurations. At coverages below 0.63 ML, the most stable
configurations are energetically comparable to the first type of models (pink hexagons) at the same
coverages. Hence, adding a small number of CO molecules to the (2\/§ X 2\/§)R30°—CO structure does
not necessarily lift the 7-CO cluster structure. However, as the coverage is increased to 20.67 ML, all
considered structures based on the 7-CO cluster model become less stable than the structures based
on the compact larger clusters.

The third type of models is based on a (2 x 2)-CO structure in which the CO molecules form a
honeycomb network of open rings, corresponding to a coverage of 0.75 ML [fig. 3(d)]. To derive models
from this structure, CO molecules were removed, and the remaining molecules were rearranged to
form clusters with an internal (2 x 2) structure. Like for the other two model types, the clusters were
arranged such that their edges form CO triangles. Again a (4\/§ X 4\/§)R30° simulation cell was used.
An example with seven open rings inside the clusters is shown in fig. 3(e) (@ = 0.63 ML). It is found that
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all configurations derived from this model type are less stable than the other two models (fig. 4, green
diamonds). The cluster considers a possible configuration of the long-range order of (4\/§ X 4\/§)R30°
with a (2 x 2) internal structure. Vacancies in the (2 x 2) matrix just cause CO disorder in the whole
simulation cell, whereas a symmetric distribution of CO vacancies can lead to a cluster configuration.
We have also modified the internal structure of the clusters by replacing the (2 x 2) rings by CO
triangles [fig. 3(f)], which leads to intermediate models between the third and the first type. These
structures are more stable than those with (2 x 2) rings, and they can be further stabilized by shifting
CO molecules to new sites, locally restoring 7-CO clusters. The energies (fig. 4, orange dots) become
then similar to those of the 7-CO cluster models.

However, when one considers the full range of coverages from 0.58 to 0.77 ML, the models formed by
compact clusters have the lowest energies.

STM results

Figure 5(a) shows an STM image of the high-coverage CO layer recorded at 62 K in the standard
constant current mode. One can see structure elements of various sizes arranged in a partially ordered
hexagonal pattern with a periodicity of approximately 12 A. The rows of structure elements are roughly
aligned to the /3 directions of the Ru surface, but because of the uneven sizes and shapes of the
features, the rows are not exactly straight, and the directions of the rows deviate by small angles from
the crystallographic v/3 directions. The features themselves display an internal fine structure of dark
dots, the numbers of which vary from one for the smallest feature to seven for the largest (one is
marked red). Figure 5(b) shows that the dark dots inside the features form a hexagonal structure;
spacings are 3.3 A and directions are the close-packed directions of the Ru surface.

A moiré structure can be ruled out by these observations. Moiré structures would display extended
hexagonal, periodic patterns superimposed by a continuous hexagonal fine structure. The actually
observed structure is only poorly ordered and the hexagonal fine structure is restricted to the interiors
of the features, which is in conflict with this expectation. Likewise, antiphase domain boundary models
can be ruled out. Regardless of the exact arrangements of the CO molecules in such a model, STM
images would display extended one-dimensional features rather than the quasi-hexagonal pattern
actually seen.

The general appearance of the STM data suggests a cluster model. Of the three types we have
investigated by DFT we can rule out models with interstitial CO molecules in the preserved
(2\/§x 2\/§)R30°—CO structure. The (2\/§x 2\/§)R30° lattice is clearly lifted. Cluster models with
internal (2 x 2) or +/3 structures are in conflict with the observed (1 x 1) fine structure. The only
remaining model is the first type that consists of compact clusters with an internal (1 x 1) structure.
If this model is correct, the dark dots within the structure elements would represent the innermost CO
molecules of the clusters and the dark spaces between the features the more strongly tilted molecules
at the rims.

To test this interpretation, we have simulated constant-height STM images. An experimental constant-
height image is shown in fig. 6 (center). It was recorded with a negative tunneling voltage, which, in
the constant-height mode, leads to an inverted contrast from the images recorded in the constant-



current mode (fig. 5). Accordingly, the fine structure in the features is formed by bright dots and the
spaces between the features by almost continuous bright stripes.

The panels around the STM image are the simulated constant-height images from the six cluster
models of fig. 2, also with inverted contrast. Considering, e.g., the simulated image of the 19-CO model,
one can see structure elements with seven internal bright dots and bright, almost smooth spacings
between the elements. The internal bright dots are at the positions of the seven innermost CO
molecules, and the bright space is close to the positions of the 12 tilted outer molecules. The rows of
unoccupied Ru atoms between the clusters do not give any additional contrast. In the experimental
image, the same structure elements, with seven bright dots and bright spacings can be found, which
can therefore be interpreted as 19-CO clusters (see mark). These are the largest elements observed.
Similarly good agreement between the simulations and the experiment is found for the smaller clusters
of the five other configurations in fig. 2 and the structure elements in the STM. Almost all features in
the experiment have corresponding counterparts in the simulations. This agreement is strong evidence
that the model of compact (1 x 1) clusters, with relaxed positions and tilting angles of the molecules,
describes the structure correctly.

Figure 7 shows the resulting structure model for a section of the STM image in fig. 6 (black rectangle).
Quite clearly, the high-coverage CO structure on Ru(0001) belongs to the class of cluster models, like
the (3\/§x 3\/§)R30° structure on Ir(111) and the (2\/§x 2\/§)R30° structure on Ru(0001).1% 11
However, in contrast to an ideal cluster model, the clusters on Ru(0001) display distributions of sizes
and orientations, and their arrangements are not exactly periodic. Nevertheless, the configurations of
the clusters are not random but follow strict "tiling rules". There is only a limited set of different
clusters, and the relative orientations are such that between two neighboring clusters a one atom-
wide row of empty Ru atoms is left. At the edges between three neighboring clusters the CO molecules
form triangle configurations. In the entire area of fig. 7, there are only few locations where the edges
do not form such triangles (one is marked orange), and just there the STM shows instabilities, probably
caused by site exchanges of CO molecules. This model is in agreement with all previous findings: The
molecules only occupy on-top sites in agreement with the vibrational spectra;*> ¥ most of the
molecules are tilted which agrees with the ESDIAD data;?° and the CO saturation coverage, determined
by counting the clusters in the STM images, is 0.66 ML, in good agreement with the previously
measured values of 0.65 and 0.66 ML.'>

To test the stability of the structure, the temperature was raised in steps of approximately 30 K starting
at 62 K up to room temperature. Until 281 K the structure was continuously well resolved by the STM,
without any enhanced fluctuations of the cluster features. At 298 K the structure had disappeared,
most likely because a fraction of the CO layer had desorbed. These observations contrast with our
previous experiments on the partial (2\/§x 2\/§)R30°—CO structure,’? which showed a defined
structure at 70 K, but structureless images at T = 239 K, although no CO has been lost by desorption.
This fact was explained by the order-disorder transition observed in previous LEED experiments,
connected with an enhanced mobility of the molecules. The high-coverage structure of the present
study does not undergo such an order-disorder transition, which also agrees with previous LEED
results.*

A previous study by near-ambient pressure X-ray photoelectron spectroscopy (NAP-XPS) indicated that
at 300 K under a constant CO pressure of 1 Torr, a bridge-bonded CO might exist on Ru(0001), in
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addition to the on-top CO.3? In our experiments, a temperature of 300 K could not be adjusted without
desorbing part of the CO, so that we cannot comment on such a possibility.

Simulations of the diffraction pattern

What remains to be clarified is the interpretation of the LEED data. As mentioned in the introduction,
the LEED pattern had suggested a moiré structure.’> * To make sure that the CO layer in our
experiments is comparable with these studies, we have performed some own LEED measurements.
CO was dosed like in the STM experiments in two portions, the first at room temperature, the second
during cooling, and only the final temperature was not as low because the sample, which was mounted
to the manipulator in these experiments, was cooled by liquid N instead of He. Figure 8 shows the
LEED pattern at 150 K. One can see two broad diffraction spots close to the Ru substrate spots, at the
same positions as in the schematic LEED pattern of fig. 1(a).** 1 It can be concluded that we have
prepared the same structure.

To simulate the LEED pattern, we Fourier-transformed our STM data; fig. 9(a) shows the result for the
STM image of fig. 6. One can see a hexagonal, periodic pattern of spots around the origin that represent
the first Fourier components of the quasi-hexagonal configuration of the cluster features. However,
the outermost six groups of pairs of spots (one group is marked) are different; they are somewhat
displaced with respect to the (reciprocal) lattice one can construct from the inner spots.

To better understand these displacements, we constructed a strongly simplified model of the STM
image and then Fourier-transformed this model (fig. 10). The model consists of simple dots drawn at
the positions of the internal hexagonal features of the clusters in fig. 6. Figure 10(a) shows the positions
as black dots. The atoms of the Ru surface are not visible in the STM image, but the substrate lattice
(blue dots) can be constructed using other observations. From the lattice constant of Ru (2.706 A) and
the periodicity of the fine structure of the clusters (3.3 A), we know that the substrate lattice constant
should be 82% of the spacings between the black dots. The rotational angle of the Ru lattice with
respect to the STM image we know from previous experiments with the (\/§ X \/§)R30°-CO structure
and from the orientation of the internal fine structure of the clusters. And the lateral relative positions
of the blue and black dots we know from the fact that the centers of the clusters should be on top of
the Ru atoms. As shown in fig. 10(a), with the substrate lattice constructed in this way, the center dots
of most of the clusters, in fact, pretty well fall on positions of blue dots.

This model was then Fourier-transformed, in one case [fig. 10(b)] by using the black dot pattern only,
without the blue dots, which reflects the actual situation in the STM image, and in the other case by
using the superposition of both dot patterns [fig. 10 (c)]. Somewhat surprisingly at first glance, the two
Fourier transforms are very similar. Only the spot intensities are different. In both cases the Fourier
transforms show hexagonal patterns of spots from the substrate lattice and satellite spots around the
substrate spots from the quasi-hexagonal cluster configuration. That there are substrate spots in fig.
10(b), despite the absence of the blue dot pattern, can be understood by the fact that the spacings
between the cluster centers are multiples of lattice spacings of the substrate [fig. 10(a)]. The Fourier
transform therefore contains components of the substrate.

In fig. 10(d) grids of lines are drawn through the positions of the spots. Blue lines run through the
substrate spots, red lines through the satellites around the origin, and green hexagons mark the first
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order satellites around the substrate spots. One can see that the first order substrate spots (crossing
points of the blue lines) together with their satellites (green hexagons) do not coincide with the grid of
the red lines.

One could successively superimpose finer grids than the red one to make the spots finally coincide
with such a grid. In real space, this would correspond to successively larger periodicities comprising
several clusters. This method has been applied to construct the unit cells of CO moiré structures on
the Co(0001) surface.®®* However, after applying the first two finer grids, small displacements still
remain. In such a case, when small but significant displacements from periodic lattices remain after
applying successively finer grids, an effect also known from moiré structures,® the corresponding
structure is practically incommensurate. For the present system, this is actually an unexpected result.
Incommensurate superstructures are usually associated with moiré structures which are determined
by intra-layer interactions, so that the registry with the surface is less important. Here, CO forms an
incommensurate superstructure although all molecules are in approximate registry with the substrate.
The (average) incommensurability results from the fact that the clusters display a distribution of sizes
and shapes.

We then transferred the line grids constructed in fig. 10(d) to the Fourier transform of the experimental
image [fig. 9(b)], without any adjustments except for the overall size. Perfect matching with the spots
is found, confirming that the dot pattern in fig. 10(a) describes the order in the STM image well. The
displaced green hexagons around the first order substrate spots in fig. 9(b) fall on the outer six groups
of spot pairs, showing that these spots come from the incommensurate, quasi-hexagonal arrangement
of the clusters. These spot pairs contain a considerable amount of information about the structure;
Fourier back transformation of the 12 spots, with small windows around them, provides a real-space
image [fig. 9(c)] that already contains major features of the actual STM image (fig. 6).

With this analysis, re-interpretation of the LEED pattern is straightforward. The pairs of the most
intense superstructure spots close to the first order substrate spots [fig. 1(a)] are not caused by
diffraction at a periodic hexagonal CO layer, which does not exist in the cluster model. In the cluster
model, these spots are caused by multiple scattering at the substrate (ﬁlRu) and the quasi-hexagonal

7 cluster
hj

lattice of the clusters ( ), see fig. 10(d). The six spots around the origin are caused by scattering

R /g
from the Fourier transform, varies somewhat around 0.22 depending on directions. This value is close
to the value of 0.23 for a perfect (5\/§ X 5\/§)R30° structure, the structure proposed on the basis of
the LEED pattern.'* However, the small difference is significant and a result of the fact that the actual

at the cluster lattice only (ﬁflusmr). The ratio of the lengths of vectors, , as extracted

structure is incommensurate. The reported continuous shifts of the LEED spots with varying CO

coverage®> 14

can also be explained by the incommensurability. Finally, the large width of the LEED
spots can be explained by the ill-defined periodicity of the structure that leads to variations across the

macroscopic surface area illuminated by the LEED beam.

Conclusions

In this study, high-coverage structures of CO on the Ru(0001) surface have been investigated by means
of DFT and STM. 88 structure models of three different types, with coverages between 0.58 and 0.77
ML, have been analyzed by DFT. In all models the CO molecules occupy on-top sites. We find that the

most stable type of models consists of clusters formed by compact, small islands of 7 to 37 CO
11



molecules with an internal (1 x 1) structure. The clusters are separated by rows of empty Ru atoms
which allow the molecules to lower the repulsive interactions by relaxations. In all structures, the
clusters are arranged such that three CO molecules at the edges between three clusters form triangles
with v/3a long edges. This structure element considerably contributes to the stability of the structures.
The CO molecules in the centers of the clusters are exactly on top of the Ru atoms and bonded in an
upright position whereas the outer molecules are shifted from the Ru atoms, by up to 0.7 A, and have
tilted molecular axes by up to 16°.

STM data were recorded after saturating the surface with CO at temperatures between 60 and 70 K.
The images show approximately hexagonal configurations of features with an internal hexagonal fine
structure. STM images were simulated by applying the Tersoff-Hamann approximation to the most

stable model,3*

and good agreement with the features observed by STM was found. The features can
therefore be interpreted as the CO clusters predicted by DFT. The internal (1 x 1) fine structure can
be interpreted as the innermost CO molecules, and the smooth spacings between the clusters as the
CO molecules at the rims. In the experiment, the clusters display a distribution of sizes ranging from 7-
to 19-CO clusters, and, as a consequence, the configuration is not exactly hexagonally ordered.
However, the arrangement is not random but governed by tiling rules that determine the relative
orientations of the clusters, namely that one-atom-wide empty rows have to be left between the
clusters and that the edges have to be formed by CO triangles. STM annealing experiments showed

that the structure remains ordered up to 281 K.

The on-top positions of the molecules in the model agree with results of previous HREELS and RAIRS
studies.’ ¢ The tilting of the molecules agrees with observations by ESDIAD,?® and the saturation
coverage of 0.66 ML agrees with the previously reported values.!>* The Fourier transform of the STM
data shows spots at the positions of the most intense superstructure spots observed in previous LEED
investigations and reproduced in the present study.'® * According to the cluster model, these spots
are not caused by diffraction at a hexagonal CO layer forming a moiré structure, but by multiple
diffraction at the substrate and the quasi-hexagonal cluster lattice.

In the classification of high-coverage CO structures on hexagonally close-packed transition metal
surfaces the structure belongs to the class of cluster models. It differs from ideal cluster models by the
incommensurability with the substrate lattice, which is a result of the variations of the sizes and shapes
of the clusters. The fact that the CO layer does not form a mixed sites or moiré structure can be
explained by the relatively high energy difference of 0.3 eV between the on-top and the other
adsorption sites. That it does not form an antiphase domain boundary structure can be explained by
the fact that in these models the molecules can relax from their exact on-top configurations only in
one dimension rather than in the two dimensions possible for compact clusters.

12
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Fig. 1 LEED and moiré model of the saturated CO layer on Ru(0001) from the literature. (a) Schematic
LEED pattern, showing the substrate spots (black) and the superstructure spots (grey).'> 1 ghu, ghv,
ﬁfo, and ﬁgo are the reciprocal basis vectors of the Ru surface and of the hexagonal CO layer,
respectively. (b) Previously proposed moiré structure model.* GR", gXy, Bfo, and BZCO are the real-
space basis vectors of the Ru surface and of the CO layer, respectively, and the rhombus is the unit cell

of the (5\/§ X 5\/§)R30° structure that had been derived from the LEED pattern.

13



SR Y X b
DYAD ) BN )

)
NCOCE Y Y O Y
AAR ) NVAZ L BAA
BAY Y el Y X b
S e 08 ae b
00 L. 000 L 08
AAR )L BANAR ) B~
A MOAY Y b
® oo 08 e ¥

YN At D)
Y Y 7 mawAAR )

YA AL ) ) 1T SAA~A
¥ hbaadadY ™YY
Y)Y 7 v S AAd ) ) >
2006 YL e
DAARR ) )X AT
AL ) Y T aNAA
" PO a2 aaaCVYY;
Y YU s SA~R ) )
A

AR ) (S

(b) 10 CO S & @ e e e

P saal®

Y)Y @t Y YT
YR ) )
et D 0O@ T
L0E aaa ©
YV et Y Y T
Laaa. B

7\

() 2x16+10 COVQIPE LS

DA I WAL
N AAZR ) S
A7 ot &b NN b

2R )
NV oOoheedT \_ 0
S a e POW &)

YL o™ AS ) ) ( &

NOCSAALYY Y ™
A® ) LA B ala

PN~
e
* VA~ e

2. 0060 -a 0 0¢
' To006." T a0
¥ aaa DU bea
8 e——0 068 .. .
at PO aa U
"\ 0066 \0hed
S\ aae PE\aaae
) AAAR ) O AVAAR

YOO IS Y\

W

DG T T ORhe® T T |
PS ~ !

1) 19 CO LO e @ OF,

" P90 2 hac P90
D 0@ .5 D@
DAY hae d
r aaa | PO anaa
AR ) ) 3SR
YAAL Y Y T AL
)Y ) L >
MY 1 L SAAS ) Y [
YY Y o\t Y

‘b aea

0 ASAAR
2AALE XYY YT AL
' e aaa BOW ;

DO e D@

Fig. 2 Structures of the first six cluster models (model type 1) analyzed by DFT. Red balls are the O
atoms, petrol balls are the C atoms, grey balls are the Ru atoms, black rhombuses are the unit cells.
The blue circle in (a) marks a CO triangle. Coverages: (a) 0.583 ML, (b) 0.625 ML, (c) 0.633 ML, (d) 0.667

ML, (e) 0.667 ML, (f) 0.704 ML.
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Fig. 3  Structures of model types 2 and 3 analyzed by DFT. Color code as in fig. 2. (a), (b), and (c) are
structures of model type 2, with one, two, and three added CO molecules to the (2\/§x 2\/§)R30°
structure. Coverages: (a) 0.604, (b) 0.625 ML, (c) 0.646 ML. (d), (e), and (f) are structures and modified
structures of model type 3. Coverages: (d) 0.750 ML, (e) 0.625 ML, (f) 0.688 ML.
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Fig. 4 CO adsorption energies of CO calculated for the three models investigated by DFT as a function
of the CO coverage. The values are relative to the adsorption energy of an isolated adsorbed CO

molecule. Pink hexagons: model type 1; blue squares: model type 2: green diamonds: model type 3;
orange dots: modified type 3 model.
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Fig. 5 STM images of the high-coverage CO structure on Ru(0001). (a) Constant current STM image
of the CO saturated surface at 62 K. Tunneling voltage (V) -1.0 V, tunneling current (I;) 1 nA, 178 A x
175 A. The few small black spots are some N or O atoms. (b) Detail of a constant current STM image of
the CO saturated surface at 62 K.V, =-1.0V, I, =1 nA, 49 A x 46 A.
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Fig. 6 STM image and comparison with simulated images. Center: Constant height STM image of the
CO-saturated surface at 62 K. V; =-1.4 V, I, = 3 nA, 126 A x 126 A. Outer panels: Simulated constant
height images for the six structure models of fig. 2 (integration range 0.0 to -1.0 eV, distance from the
O atoms 2.5 A). The black rectangle is the region shown in fig. 7.
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Fig. 7 Model of the CO layer on the Ru(0001) surface at saturation (black rectangular region in fig.

6). Blue balls are CO molecules, grey balls are the Ru atoms. Shown in light blue are some CO molecules

the positions of which are unclear. The orange circle marks an area where the CO molecules do not

form a triangle configuration. The STM image (fig. 6) shows instabilities in this area.
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Fig. 8 LEED pattern of the CO-saturated Ru(0001) surface. Electron energy 50 eV, T = 150 K. The
splitting of the substrate spots results from a defect in the electron gun. gT“, g;‘u are the reciprocal
basis vectors of the Ru surface. The six spots close to the origin are behind the manipulator.
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Fig. 9 Fourier analysis of the STM data. (a) Fourier transform of the constant height STM image of
fig. 6. The two marked spots are displaced from the lattice defined by the inner spots. (b) Same Fourier
transform as in (a) with superimposed line grids. Red line grid: Reciprocal lattice of the cluster pattern,
blue line grid: Reciprocal lattice of the substrate, green hexagons: First order spots of the cluster
pattern. (c) Fourier back transformation of the combined marked spots in (a) and equivalents.
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Fig. 10 Fourier analysis of a dot model. (a) Dot model of the STM image of fig. 6. Black dots are the
positions of the dots of the internal fine structure of the clusters; blue dots are the Ru atoms of the
reconstructed substrate. (b) Fourier transform of the black dots in (a), without the blue dots. (c) Fourier
transform of the black dots together with the blue dots. (d) Fourier transform of (b) with superimposed
line grid. gR" and gX" are the reciprocal basis vectors of the substrate, and ﬁﬁl‘mer is a reciprocal basis
vector of the quasi-hexagonal cluster lattice. Color code as in fig. 9(b).
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