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Total energies as a function of carbon-metal-layer separation and carbon-metal perpendicular
stretch frequencies are calculated for small clusters configured to be analogs for the chemisorption
system CO on Cu/Ru(0001). The clusters (with 7—10 metal atoms) include analogs of CO/Cu(111)
and CO/Ru(0001) with on-top and threefold binding sites. The latter are more stable in both cases.
Mixed-metal clusters are also studied (i) with CO bound to Cu in proximity to Ru and (ii) with CO
bound to Ru in proximity to Cu. The former, case (i), show enhanced CO binding with respect to
CO on pure Cu, and the latter, case (ii), show weakened CO binding with respect to CO on pure Ru.
Possible precursor intermediate states are described for commensurate and incommensurate epitaxy.
Bonding to Ru sublayers through a Cu adlayer is also described. The results are discussed in con-
junction with previous experimental findings, and anticipate future experimental vibrational charac-

terizations.

INTRODUCTION

The properties modifications that occur in epitaxial
metal films have been the subject of much recent interest.
Three types of films may be distinguished: (i) monolayer,
(ii) multilayer, and (iii) repetitive multilayer structures.
At the monolayer stage’? interest arises from the ability
to influence chemisorption and catalytic properties, as
well as magnetic-moment formation. A prime focus of
multilayer film research is to create, by epitaxy, new
structures that do not otherwise exist in nature.> For re-
petitive multilayers it is possible to make artificial super-
lattices, and hence introduce long periodicities that nature
does not otherwise provide.* For all of these systems elec-
tron spectroscopic characterizations during the growth
period can yield valuable information concerning the
quality of the interfacial region, as well as its electronic
properties.

In the present work, we are concerned with monolayer
structures for the system Cu-covered Ru(0001). Interest
in this system stems from the general observation that
coating a group-VIII transition metal with a group-IIb
metal improves various desirable catalytic properties, such
as selectivity and activity.” Ru is a prime Fischer-
Tropsch catalyst, as well as a dehydrogenation and hydro-
genalysis catalyst. Within the surface-science community
there has been recent interest in understanding the elec-
tronic structure and elementary chemisorption processes
that occur on related epitaxial metal systems. Some ex-
amples include recent Cu/Pt (Ref. 6) and Au/Pt (Ref. 7)
experiments and Ag/Rh (Ref. 8) and Au/Pt (Ref. 9)
band-structure investigations.

For the Cu/Ru system there have been extensive expen-
mental>>1°=1* and theoretical'> studies. We summarize
now the highlights of those investigations that have bear-
ing on the present work. Cu was found to grow epitaxial-

30

Iy'® on Ru(0001) with the Cu(111) orientation and
[101]]|[1010]. The growth depends on substrate tempera-
ture and can be initially described by a layer-by-layer
mechanism. The epitaxy is believed to be incommensu-

‘rate, however, with both Cu(111) and Ru(0001) retaining

their bulk in-plane lattice spacings. This leads to a 5%
mismatch in lattice constants. Photoemission results? in-
dicated for monolayer stage films that the Cu d band nar-
rowed, as expected, but also shifted to higher binding en-
ergy by ~0.6 eV compared to bulk Cu. Similar shifts
were then observed in the Cu/Ru versus pure Cu self-
consistent film calculations by Ma et al.,'®> who used their
recently-developed linearized muffin-tin orbital approach.
They attributed their observations to a charge transfer
from Ru to Cu, as had been inferred experimentally as
well. To lend credence to their result, they found no such
charge-transfer effect when they similarly treated the
Cu/Ni system, in accord with expectation. Recently
corrected work-function measurements were also inter-
preted to indicate “a net charge transfer from the Ru to
the Cu on top.”!?

Experimentally, the CO molecule was mtroduced as a
well-understood probe molecule of the surface. Differ-
ences were found in CO adsorption characteristics of both
the Ru and Cu binding sites relative to those found on the
pure metals. CO adhered to Ru more weakly when Cu
was in proximity, and more strongly to Cu when Ru was
in proximity. These conclusions were drawn from
thermal desorption studies using both conventional®!? and
novel photoemission detection' techniques. Photoemis-
sion at 40.8-eV photon energy of the CO-saturated surface
served as a valuable characterization technique since the
CO-derived emissions from the perturbed Ru and Cu sites
in the epitaxial film were sharp and occurred at separated
binding energies.! The CO binding-energy changes ob-
served experimentally can be understood qualitatively
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within the context of Ru-to-Cu charge transfer, as sup-
ported by the calculations of Ma et al.'> It is well known
that the strength of the metal—CO bond is controlled by
“back bonding” or metal charge donation to the antibond-
ing 27*-derived CO orbitals.!® Within this framework
CO bound to Ru in proximity to Cu can be viewed as a
competitive coadsorption system. Both Cu and CO com-
pete for charge from Ru; the relatively strong Ru-Cu
bonding leaves the Ru—CO bond weakened relative to
that of pure Ru—CO. For CO bound to Cu in proximity
to Ru, the charge transfer from Ru to Cu enhances the
charge transfer from Cu to CO, and hence the Cu—CO
bond strengthens relative to that of pure Cu—CO.

To make contact with catalytic applications the weak-
ening of the Ru—adsorbate bond when Cu is in proximity
seems to be the more important effect as opposed to the
corresponding Cu-adsorbate bond strengthening that
occurs. This is because for the latter desorption occurs
below room temperature, while for the former desorption
occurs above, i.e., at catalytic-process temperatures. The
approximate binding energy for Ru—CO is 29
kcal/mole,!” and for Cu—CO is only 12 kcal/mole.!® The
former is reduced ~25% in the epitaxial configuration,’
while the latter is enhanced ~25%.% Thus, the transition
metal remains the catalytic species, but reactions that re-
quire strong metal-adsorbate interactions can be selective-
ly shut off. For instance, in the hydrogenolysis-
dehydrogenation competition® the hydrogenolysis process
becomes less important because it requires severing C—C
bonds, which, in turn, requires strong C-metal (catalyst)
bond strengths. Of course this is not the sole effect that
influences catalytic selectivity, but it is widely regarded as
one of the key effects. Also, in the above, the CO results
were generalized to other adsorbates. While this cannot
be done indiscriminately, adsorbates with similar electron
donor-acceptor (Lewis acid-base) characteristics are ex-
pected to behave qualitatively similarly."®

Thus, it is of interest to pursue further our understand-
ing of the Cu/Ru prototype surface and the insights de-
rived from the CO probe-molecule experiments. To this
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end in the present work, small-cluster analogs of the
species of interest were constructed and the total energies
were calculated as a function of the height 4 of the CO
carbon atom above the metal surface. Preliminary results!
have been reported previously, but the present results are
improved in that the geometrical stacking errors of the
previous calculations are corrected, more complete basis
sets were used and tested, more geometric configurations
were modeled, and more values of 4 were used, especially
near minima and local minima in the total energy. Most
importantly, the present results have been used to estimate
the carbon-metal stretch frequency associated with each
cluster simulation. These results suggest that experimen-
tal vibrational analysis should serve as a valuable probe to
test the veracity of the computations, and thus, the in-
sights provided. In particular, the calculations indicate
that threefold binding sites are more stable than on-top
sites for both Cu(111) and Ru(0001) clusters, and that for
CO bound to Ru, in proximity to Cu, a possible precursor
intermediate to desorption can be described.

II. METHODS

A. Description of clusters

Table I contains a description of the clusters studied.
They are grouped into four types, labeled I through IV, in
analogy with the four types of CO-surface interactions
identified c:xperimentally.l These are, respectively, CO-
pure copper interactions, CO-copper perturbed by Ru,
CO-ruthenium perturbed by Cu, and CO-pure ruthenium
interactions. For each type of interaction there were two
cluster systems studied with C;, point-group symmetry.
A bird’s-eye view of each cluster is given in Figs. 1-3,
along with the binding-energy curves (except for the pure
Cu clusters which appear in Ref. 1). For the pure-metal
types I and IV the cluster labeled a has the CO located at
a threefold-symmetric metal binding site. The corre-
sponding b cluster is for a onefold, or on-top, geometry.

 Of course, the bonding is with the carbon end of the mole-

cule pointed toward the surface; the molecule axis is taken

TABLE 1. Description of clusters.

CO binding-
Type Cluster site symmetry Comments
Ia CO-Cu«(111) threefold
Ib CO-Cuo(111) on top
Ila CO-Cu;-Rug(0001) threefold
IIb CO-Cu;-Ru;(0001) threefold perturbed Cu-CO
Illa Cus — Rus(0001) threefold co te Cu-R
U e mmensurate Cu-Ru
O —— perturbed Ru-CO
Cu Cu at 2 NN position
Bo—
1116 co_— Ru,(0001) threefold 5% contracted Cu
IVa CO-Ru,(0001) threefold
IVb CO-Ru (x(0001) on top
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FIG. 1. Binding energies as a function of the height of the
CO carbon atom above the Ru surface layer for'the indicated
clusters (type IVa and IVb of Tables I and II). Insets describe
threefold (top panel) and on-top (bottom panel) CO binding site
symmetry; the thick open circles depict top-layer Ru atoms, thin
open circles depict second-layer Ru atoms, and the solid circle
indicates the CO position.

perpendicular to the surface. For the mixed-metal cluster
types II and III, threefold binding sites were chosen
throughout. The difference between Ila and IIb is that
the ruthenium layer underlying the copper layer is also
threefold coordinated with the CO for a, but has an on-
top-type geometry with respect to the CO for b. This cor-
responds in a manner to the two kinds of threefold sites
found on the basal plane. For cluster IIIa the Cu atoms
are located at second-nearest-neighbor sites, so that the
CO clearly has room to bond directly to the Ru through
the Cu adlayer. For cluster IIIb, the Cu atoms are
symmetrically moved within the plane toward the CO
molecule by an arbitrary 5%. This was done to explore
the effect of increasing the Cu interactions with CO.
Also, it is known experimentally that the Cu atoms can be
out of registry with the Ru(0001).

B. Description of the calculations

The one-electron Hamiltonian in the local-density Xa
model has been used in these studies. In Hartree atomic
units, it is given by

H(T)=—3V2 4+ V(D) + V(D) , 1

0

EB (eV)

h (A)

FIG. 2. Binding energies vs A for cluster types IIla (top) and
IIIb (bottom). The inset describes the Rug-CO geometry as in
the top panel of Fig. 1, except that three Cu atoms, denoted by
the X symbols, are coadsorbed on the Ru surface at second-
nearest-neighbor positions to the CO. The arrows denote the
direction of the 5% contraction of the Cu atoms appropriate to
the bottom panel results.

where V is the Coulomb potential

VC(?)=2—_~’—_{—+fd3?’—%, 2)
i | T=Ry] |T—1"|

and V, is a statistical exchange potential of the form*
1/3

vV, (F)=—3a 3)

3 b=a
81rp(r)

In (2) and (3), p(T) is the electron density at, position T,
and a is an exchange-correlation scaling parameter which
is normally chosen as % <a < 1. Here it is chosen to be
0.7 for all calculations.?”

The molecular wave functions are approximated by a
linear combination of symmetry orbitals ¢;(T) as

¢ﬂ(?)=z¢l(?)cln ’ (4)

where the symmetry orbitals are taken to be linear com-
binations of numerical atomic functions centered on the
nuclei.- The solution of the secular matrix equation

HC=ESC 5)



30 SMALL-CLUSTER ANALOGS OF CO ADSORPTION ON Cu/Ru(0001): ...

1+ 2.84eV -

RUQ - CU3 - CO

()
T

Eg (eV)
™

1+ 3.53eV —

Ruyg—Cuz~CO

4 1 1 1 1 1

h (A)

FIG. 3. Binding energies vs A for CO adsorbed to a Cu layer
on the indicated Ru clusters. The insets are top views of the
clusters with the same symbol designations as in Figs. 1 and 2.
The top (bottom) panel results are for clusters IIa (IIb) of Tables
I and II.

determines the coefficients C;, where H and S represent
the Hamiltonian and the overlap matrices, respectively.
The discrete variational method (DVM) is used to calcu-
late the matrices H and S by a numerical integration pro-
cedure with a weighted sum over a set of (relatively few)
sample points.?!

The molecular wave functions and eigenvalues were
determined using the self-consistent charge (SCC) approx-
imation to the potential.’>?* From Mulliken gross orbital
populations?* for the symmetrized basis functions, the
cluster charge density was decomposed approximately as

pclmter=zfi | ¢I(F) I 2

=3 fi1| Rui(ry) | *=pscc » (6)

v,n,l

where f; is the occupation number for the ith eigenvector
which is determined by Fermi-Dirac statistics and f;; is
the population for atom v of the nl atomic orbital. Self-
consistency is obtained when the input and output
atomic-orbital populations are equal..

The basis functions were obtained from numerical solu-
tions of the free-atom problem. In the present procedure
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the Cu 1s - - - 3p and the Ru 1s - - - 4p core orbitals have
not been varied; that is, we have used a “frozen-core” ap-
proximation. For the valence electrons the Cu 3d, 4s, and
4p and Ru 4d, 55, and 5p orbitals are included in the vari-
ational procedure.

The self-consistent single-particle energies, E;, can be
used to generate densities-of-states diagrams, and these
have been used extensively in interpretations of pho-
toelectron spectra for chemisorbed species.”> In general,
one observes in the present case peaks associated with the
CO 7- and o-symmetry orbitals broadened by interaction
with the substrate and superimposed upon substrate emis-
sion. In addition, one finds “antibonding states” or reso-
nances above the Fermi energy which can be correlated to
electron energy loss and other spectroscopies that probe
empty states.

The position of calculated photoemission peaks depends
upon surface geometry, and thus by matching calculated
peaks with experimental data one obtains a prediction of
the local molecular configuration of the chemisorbed
species. This procedure is rather limited, however, due to
the intrinsic line broadening and superposition of emis-
sions in experiment, and due to final-state relaxation ef-
fects and other computational limitations. Of course, no
information about relative stability or absolute molecular
binding energies is obtained from the single-particle spec-
tra.

A technically difficult, but logically straightforward ap-
proach is to calculate the total energy, given in the sim-
plest local-density approximation [see Egs. (1)—(3)] as

Ewp)=23 fiEi—5Wcou—7 Wy - ¥)
i

Here W, and W, represent Coulomb and exchange en-
ergies which are “double-counted” in the single-particle
sum.? In practice, we calculate binding energies in the
form

—Ep(p)~Et(P)—E ot (pref) » ®)

where p is some analytic approximation to the true densi-
ty p, and p,s is the density of the reference state—e.g., CO
removed to a large distance from the substrate. By this
means we are able to calculate the binding energy (BE) to
a precision of 0.1 eV or better. In the remainder of this
paper we will concentrate on aspects of the binding-energy
results.

III. RESULTS AND DISCUSSION

Table II contains a summary of the results of the total-
energy calculations as a function of the carbon-metal layer
‘separation h. Included in Table II are the equilibrium
separations k., and the corresponding binding energies
relative to h = owo. Also included are the force constants
¢"' and carbon-metal-layer perpendicular stretch frequen-
cies w. The quantity ¢'* was obtained in each case from a
harmonic-model analysis of the bottom region of the po-
tential well. Closely spaced total-energy calculations were
made near k.. Parabolic equations were least-squares fit-
ted in a similar manner for each cluster, and the spring
constant was extracted. To convert ¢ into the stretch
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TABLE II. Summary of results.

‘ hey (A)

Type BE (V) (C-metal) " [‘%] ® (meV)
Ia 1.7 1.36 9.95 52
1b 0.78 1.93 7.63 32
Ila 2.84 1.25° 2.44 24
1Ib 3.53 1.26* 7.25 41

Illa 2.72 (1.46)° 1.48 (3.02)° 5.24 37

IIIb 2.61 (1.63)° 1.48 (2.80)° 5.32 38

IVa 3.88 1.37 11.76 53
IVb 3.10 - 1.94 10.59 45

2The Cu-Ru separation was set fixed at 2.09 A.
YProperties of subsidiary minimum also shown.

frequency o, first-order finite-mass corrections were made
as described in Ref. 25. This takes into account the fact
that the spring is not anchored to an infinite mass on one
" end, as in the simplest model. For the purposes of this
correction, the mass of the adsorbate was. taken as the
mass of carbon plus oxygen. This is justified since the
carbon and oxygen should move rigidly in phase for this
mode of vibration, especially at the Brillouin-zone center,
where most comparisons are made to high-resolution
electron-energy-loss spectroscopy experiments.

A. Survey of qualitative expectations

An examination of the binding-energy values contained
in Table II shows that a number of qualitative expecta-
tions are met. For instance, CO is more strongly bound to
the type-IV pure Ru clusters than to the type-I pure Cu
clusters. The type-III Cu-perturbed Ru-CO clusters show
weakened CO binding energies compared to the type-IV
pure Ru-CO clusters. Also, the type-II Ru-perturbed Cu-
CO clusters show enhanced CO binding energies com-
pared to the type-I pure Cu-CO clusters. While these ob-
servations are consistent with those outlined in the Intro-
duction, there is also much new information, as descnbed
below.

B. Pure-metal clusters

From Table II we see that for the type-I and -IV pure-
metal clusters threefold binding sites are more stable than
are onefold. It had been conjectured that the opposite
would be true, at least for CO bound to single-crystal
Ru(0001). This was based on a widely-used correlation
found experimentally for carbonyl clusters,?é between the
strength of the C-O stretch frequency wco and the
binding-site symmetry. For an on top geometry the value
of wco tends to be >2000 cm~!, while for a threefold
geometry wco is <1900 cm~'. Thomas and Weinberg?’
measured wco for CO/Ru(0001) and found a value of
1990 cm~! which suggested to them on-top bonding.
However, they also report a carbon-metal stretch frequen-

cy of 55 meV (445 cm™!). This compares quite favorably
with the calculated value of 53 meV for the more stable
threefold binding-site symmetry of cluster IVa in Table
II. The corresponding value for the on-top-geometry clus-
ter IVb is only 45 meV. What is of interest here is that
even for the CO—pure-metal systems important questions
still exist concerning geometry.?® Also, the interplay of
computational and experimental investigations helps to
focus attention on such questions. For CO/Cu(100) the
carbonyl analogy works. It predicts on-top binding based
on the measured wco (Ref. 29) value of 2090 cm~!. For
this system on-top binding has been demonstrated, based
on comparisons between calculated and measured vibra-
tional features that appear within the substrate phonon re-
gion.® However, even such sophisticated comparisons
can be misleading, as the O/Ni(100) controversy has
demonstrated.3"3 State-of-the-art solutions to such prob-
lems now involve fitting the phonon dispersion curves
along high-symmetry directions of the Brillouin zone,*! as
opposed to being limited to I'-point comparisons between
experiment and calculation.

C. Mixed-metal clusters

The type-IIla and IIIb clusters have very similar prop-
erties. It is logical to discuss them before the type-II clus-
ters, as will become clear below. In cluster IIla, the car-
bon atom of the CO molecule at equilibrium bonds to the
threefold Ru site through the opening in the Cu adlayer.
Comparison to the pure-metal situation of cluster IVa
shows that the proximity of the Cu atoms at second-
nearest-neighbor positions in cluster IIla weakens the
Ru-CO bonding. This is reflected in the drop in CO bind-
ing energy from 3.88 to 2.72 eV, and the increase in hq
from 1.37 to 1.48 A. The total- -energy curve (see Fig. 2)
shows a subsidiary minimum at 3.02, A of 1.46-eV well
depth. This corresponds to the CO lifting off the Ru
layer but being weakly attracted to the Cu layer. At the
subsidiary minimum the carbon is 0.93 A (=3.02—2.09
A) above the Cu layer. This close approach compared to
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the value 1.36 A for the pure Cu-CO cluster Ia is permit-
ted since the nearest-neighbor Cu atoms are missing and
the bonding is to next-nearest neighbors. We pointed out

~ previously! that this metastably-bound CO provides an in-
teresting possible precursor intermediate state to desorp-
tion, and that descriptions of such states are usually
elusive.

It is known experimentally!® that the Cu layer adatoms
can occupy positons out of registry with those of the Ru
substrate. In the mixed-metal cluster IIla discussed
above, the Cu atoms were positioned in registry with the
Ru. In cluster IIIb, the three Cu atoms are removed from
their commensurate second-nearest-neighbor positions and
arbitrarily contracted in the plane 5% symmetrically to-
ward the CO binding site. Comparison of the results for
cluster IIla and IIIb shows that this movement tightens
the metastable Cu—CO bond. The well depth increases
from 1.46 to 1.63 eV and the h., value decreases from
3.02 to 2.80 A. There is also a modest decrease in the
Ru-CO well depth from 2.72 to 2.61 eV. (Note as well
that the calculated » values for the type-III clusters are
highly insensitive to this Cu-layer contraction.) The im-
portant trend to remember is that an increased Cu-CO
bond strength is accompanied by a decreased Ru-CO bond
strength. This trend will be useful in understanding the
bonding of cluster type II which we now discuss.

For the type-II clusters the CO is above the Cu adlayer.
Again, a threefold binding symmetry was chosen, since
the threefold site was more stable than the on-top site in
the pure Cu-CO calculation of cluster Ia. As was pointed
out earlier, the qualitative expectation is met that the
Cu—CO bond is more stable when the Cu is in proximity
to Ru than for pure Cu. The problem is that quantitative-
ly the binding energies are extremely high (2.84 and 3.53
eV) compared to that for pure Cu (1.7 eV) or even to the
type-IIl mixed-metal clusters (2.72 and 2.61 eV). We
think that the way to intuitively understand the numerics
is to visualize the creation of the type-II cluster from a
continuation of the contraction that transformed cluster
Illa into IIIh. As the Cu atoms are brought into nearest-
neighbor positions, the subsidiary minimum in the total-
energy curve will deepen relative to the primary minimum
and will shift in position toward it. Eventually the two
minima will merge, corresponding to CO bound to Cu
and Ru sites. The binding energy, being a sum of the two
component contributions, can significantly exceed that of
CO bound only to Cu. In this regard it is interesting to
note that in cluster 115, which has the very large 3.53 eV
binding energy, there is a single Ru atom coordinated
below the Cu threefold site. To estimate the strength of
the binding to this Ru atom we refer to the total-energy
curve for cluster IVb at the Ru-CO separation that corre-
sponds to equilibrium for cluster II5. The contribution is
only ~0.6 eV. If we add this to the pure Cu-CO contri-
bution from cluster Ia of 1.7 eV, we still fall far short of
the 3.53 eV value of cluster I14. Thus, the component
contribution cannot be estimately so simply. In the type-
IT clusters the Cu adlayer is stretched to be in registry
with the Ru substrate. This partial breaking of the
Cu—Cu bonds may artificially contribute to the enhance-
ment of the Cu-CO bonding.

The picture of two minima, such as they appear in the
type-II1 clusters, merging to form the unexpectedly deep
wells of the type-II clusters, can be extended. If the two
minima are not adjusted to perfectly superimpose, the re-
sult may be rather broad single minimum due to the “un-
resolved” double well. Vibrationally this would suggest
large anharmonicity. By forcing the harmonic-model
analysis on the system to generate the w values of Table
II, a low value of ® might result. We see that this appears
to be the case for cluster IIa, which has the lowest w value
(24 meV) in the Table. (However, cluster II5 does not
have a particularly low value of @ compared to the other

" entries in the Table.) Such low  values are problematic

from another point of view. Given that the bulk Ru max-
imum phonon frequency®® is ~39 meV, significant hy-
bridization between the substrate’s modes and the single
carbon-metal stretch frequency calculated herein may rad-
ically alter things.

There may be indirect experimental evidence for such
mixed-metal bonding as described above. In photoemis-
sion experiments on Ru(0001) with adsorbed Cu it was
noted that the Cu d band attenuated upon room-
temperature CO dosing.! Ordinarily, at room temperature
it is not expected that CO would stick to Cu. A mixed-
metal bonding configuration as described above may be
the explanation. Alternately, it was suggested that a
chemisorption-induced segregation was drawing Ru atoms
to the surface and that the Cu atoms were being covered
up or were clustering.’

IV. SUMMARY

Total-energy and carbon-metal stretch frequency calcu-
lations were presented for a variety of small clusters con-
figured to be analogs for the systems CO adsorbed on
Cu(111), Ru(0001), and epitaxial Cu/Ru(0001). Threefold
symmetric binding sites were bound to be more stable
than on-top sites for the pure-metal clusters. For the
mixed-metal clusters, questions were addressed concerning
the modification in adsorption characteristics of the CO
probe molecule relative to adsorption on a pure metal.
Weakened Ru-CO binding relative to pure Ru-CO, and
strengthened Cu-CO bonding relative to pure Cu was ob-
served on the mixed metals. The importance of CO bond-
ing simultaneously to the Ru sublayer as well as a Cu ad-
layer was observed. Also, on some mixed-metal clusters a
subsidiary minimum was observed that could serve as a
description of a precursor intermediate state to desorp-
tion.

The logical extension of the present study is to obtain
carbon-metal stretch frequencies experimentally for CO
adsorbed on Cu/Ru(0001). Computationally a number of
problems can be examined in greater detail, as well. For
instance, the effect on the total energy of making the
type-1II clusters incommensurate, and the evolution of the
type-III clusters into type II upon continued compression
of the Cu adlayer would be interesting to characterize.
Twofold-symmetric bridge-bonded-site energetics, and
on-top binding for the mixed-metal clusters, could also be
studied. In a more general vein, the properties of epitaxial
metal systems provide a fertile and challenging area for
future research.
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