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Electronic structure of CO adsorbed on a Cu(111) surface analyzed
with molecular cluster models
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Using the self-consistent Hartree-Fock-Slater model we have calculated the electronic

structure for various Cu„(CO)„clusters symbolizing not only CO bound to "on-top" and
"bridge" sites but also some lateral CO-CO interaction on a Cu(111) surface. By compar-
ison with experimental photoemission data we are able to reproduce the observed energies

of the occupied CO 40., 1~, and 5' orbitals as well as the partly occupied 2~ orbital. In
our model we assume CO to be adsorbed on "top" sites for coverages less than 8=0.33
[(V 3XV 3)R30'] and on both top and bridge sites for e&0.33. The experimentally ob-

served peak of intensity at the Fermi edge which increases with coverage above 0.33 is in

our model explained by the occupation of CO orbitals of the b 1 and b2 symmetry types, i.e.,
"~" orbitals, degenerate for top positions (C3„), split by the change to bridge positions

(C2„). Our results further indicate that the broadened 5'-1m intensity peak at high cover-

ages is a result of CO bound to top and bridge sites.

I. INTRODUCTION

The adsorption of CO on transition-metal sur-
faces has been extensively studied experimentally as
well as theoretically during the last few years. One
of the most characteristic features of these adsor-
bate systems is the energetic overlapping of the lev-

els originating from the 1m. and Scr orbitals of the
adsorbed CO molecules. A lot of work has been

focused on the identification of these levels by the
use of angle resolved photoemission spectroscopy. '

Another feature is the assumed broad 2m resonance
at the Fermi level. The adsorption of CO at dif-
ferent sites as well as the CO-CO interaction would

appear as a shift of the CO molecular levels and
moreover lead to a shift of the CO-stretch vibra-
tional frequencies. The latter could be interpreted

by different occupation numbers of the 2m orbital.
One of the metal-CO systems which has been

studied by various techniques including ultraviolet
photoelection spectroscopy (UPS) (Refs. 2—6), in-
frared spectroscopy (IRS), and low-energy electron
diffraction (LEED) (Ref. 8) is the adsorption of CO
on Cu single-crystal surfaces. A Cu substrate has
the advantage of a filled 3d band and thus a low
density of states at the Fermi level. This behavior
makes it easier to observe the increase of electrons
in occupied states caused by the partly filled 2m res-
onance.

The main purpose of this paper is to show that
accurate cluster calculations can distinguish be-
tween different adsorption sites when comparing

partial density of states and ionization energies to
photoemission data. We have modeled not only the
interaction between CO and a Cu(111) surface for
different CO positions but also the CO-CO interac-
tion which was not considered in recent cluster cal-
culations. '

II. CALCULATIONS

Our calculations have been done within the
Hartree-Fock-Slater (HFS) model with a statistical-
exchange potential of the following form":

V„(r)= —3a[( —,m )p( r )]'~

where p(r) is the electron density at position r ais.
the exchange parameter, which has been chosen as
0.70 in these calculations. A variational method is
used to find the molecular wave functions which
are approximated by a linear combination of sym-
metry orbitals built up of numerical atomic basis
functions. The matrix elements in the secular equa-
tion are evaluated by a numerical integration pro-
cedure known as the discrete variational method. '

The molecular potential is determined in the succes-
sive iterations from Mulliken gross orbital occupa-
tion numbers of atomic basis functions which are
generated in numerical form by an atomic HFS pro-
gram. Self-consistency is obtained when the input
and output occupation numbers are equal. This
method is known as the self-consistent-charge pro-
cedure. ' We have in this model increased the num-
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ber of integration points until no relevant changes
( &0.1 eV) could be seen in the eigenvalues of the
studied orbitals for a chosen geometry of the clus-
ter.

The copper surface was represented by a 10-atom
cluster with somewhat different geometry for the
bridge and top bonding of CO as can be seen from
the left-hand side of Fig. 1. A crucial question in
this approximation is how well the electronic struc-
ture of the surface is represented by such a limited
number of atoms. We have compared our calculat-
ed density of states (DOS) with the DOS for the
first layer of a five-layer Cu(111) slab calculation. '

Owing to the close agreement between these two
DOS we believe the cluster to be sufficient for an
analysis of the CO —Cu bond although we have not
applied any embedding solid-state boundary condi-
tions. We have hence compared the DOS as a func-
tion of energy X(E) and found the width of the 3d
band and the width of the conduction band, i.e., the
Fermi-energy eF to agree well with what is known
from experiments and slab calculations. Moreover,
the energy separation between the upper edge of the
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FIG. 1. Partial density of states per CO molecule for
(C + 0) 2p is given at the right for different clusters
(left). The position of the analyzed molecule is indicated
by a B for bridge or a T for top. The figures at each
atom type indicate the number of atoms given the same
potential. For the Cu~CuqCO and Cu~0(CO)3CO clusters
there are also three copper atoms in a second layer not
shown in the drawings. hT and h& stand for the distance
(given in atomic units) between the carbon atom in top or
bridge position and the first Cu layer. The C—0 bond
length (Rco) is frozen to the value, 2.13 a.u. , for the free
molecule.

3d band and the Fermi edge is approximately 2 eV.
This separation is important, since the location of
the d electrons with respect to the unoccupied states
determines many properties of adsorption (cf. Cu
and Ni). In contrast to the localized 3d orbitals the
s-p electrons are free-electron-like and expected to
be more sensitive to the cluster size. However, it is
found' that ionization energies and occupation
numbers are less sensitive than vibrational frequen-
cies and adsorption energies to the number of metal
atoms (5 to 70) for CO adsorbed on Li clusters.
The coordinates for the copper atoms were given by
a lattice parameter of 6.82 a.u. The copper-carbon
distance (hT) for the "on-top" position was fixed at
3.50 a.u. which agrees well with 3.59 a.u. as given

by LEED data for CO on Cu(100) (Ref. 8) and also
with the energy minimum at 3.57 a.u. for CO above
a hexagonal Cu7 cluster. ' In the bridge position we
have varied the carbon coordinate normal to the
surface (hs) between 2.50 and 3.00 a.u. A value of
2.50 a.u. leaves the Cu-C distance unchanged at
3.50 a.u. whereas 3.00 a.u. increases it by 10%
which represents an average value for transition-
metal carbonyl complexes. ' The internal CO coor-
dinate (Rco) was fixed at the value 2.13 a.u. ob-
served for free CO as well as for CO adsorbed on
Cu(100). We have not varied the polar angle of the
CO symmetry axis. Although there may be some
discussion about the small variations of the hT, hs,
and Rco values our basic conclusions about the
difference between top and bridge sites remain un-

changed.
The cluster geometry chosen for the calculations

was further justified by the LEED pattern similari-
ties between the well-known Pt(111) + CO sys-
tem' ' and the Cu(111) + CO system. ' The
first-ordered structure to appear for both systems is
thus [(~3X~3)R30'] which is followed with fur-
ther adsorption by a c(4X2) and finally a
compressed structure. For the [(v 3Xv 3)R30']
structure and less dense overlayers all CO molecules
could be adsorbed on equivalent sites. The
CuiCu9CO and Cu2CusCO clusters (Fig. 1) are thus
assumed to describe adsorption on top and bridge
sites below this coverage (8=0.33). In addition to
these two clusters the Cuio(CO)3CO and
Cuio(CO)2CO ones were chosen to give some indica-
tion of the perturbing effect of CO-CO interaction
on the molecule in the center position. It is thus
not advisable to look upon the surrounding mole-
cules as an adequate description of CO in bridge
and top positions, respectively, but merely as a
cause of a small perturbation on the molecule in the
middle. Finally the denser c(4X2) structure is con-
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sistent with the positions given for the CO molecule
in the Cuts(CO)z(CO)q cluster (bottom of Fig. 1)
transferred from the Pt(111) + CO system. ' The
superimposed partial density of states (PDOS) for
the C 2p and 02p orbitals given at the right of Fig.
1 and its connection with the observed photoemis-
sion spectrum are discussed below.

III. RESULTS AND DISCUSSION

A. Ionization energies

In Fig. 2 we compare experimental data with ion-

ization energies evaluated with the transition-state
procedure for top and bridge CO, in the latter site
for two different values of the copper-carbon dis-

tance h~. The transition-state concept of Slater'
gives a good approximation of the energy value for
a photoemitted electron leaving a redistributed elec-

tron structure and is understood to be a valid ap-
proximation when compared to experimental UPS
data. It should be noted that neither the transition-
state nor the ground-state one-electron energies
shown in Figs. 2 and 3 give any indication about the

total energy for different symmetries. Nevertheless
we find that the calculated values for the lie (1n ),
10a

~ (Scr), and 8a
~ (4cr) orbitals agree well with the

experimental peaks denoted as A~-B~ and A3-B3,
respectively. Spectrum A was measured by Conrad
et al. for a Cu(111) surface with a coverage less
than 8=0.33 while B (Ref. 4) represents a satura-
tion value of e greater than 0.33. For comparison
the results for a Cu(100) surface are given to the
right in Fig. 2. %e interpret the observed
broadened peak B~ 2 which is deconvoluted by the
spectroscopists into two levels, as being the result of
an increased population of bridge sites. This is con-
sistent with the observation by Jugnet and Tran
Minh Duc (B) who observed that the peak B& is
gradually broadened to a B~ z peak when CO is ad-
sorbed beyond the [(v 3 Xv 3)R30'] ordered struc-
ture. As can be seen in Fig. 2 the wide peak in our
model is not only a result of the separation of the
50. and the 1m levels but also of the symmetry split-
ting of the lnorbital . into the 8b~ and 9hz levels.
This latter splitting (broadening) ought to be more
clearly seen on a Ni(111) surface where the CO mol-
ecules are believed to adsorb predominantly on
bridge sites. ' ' The fourth peak (A4-B4) could not
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FIG. 2. Calculated ionization energies (left) compared

with experimental UPS data for CO on Cu(111) (A-B)
and Cu(100) (C). The peak positions as given in Refs. 2,
4, and 6 are indicated in the figure. The clusters model-
ing the top and bridge positions are Cu~Cu9CO and
Cu~CusCO (Fig. 1). R~o is the bond length of the CO
molecule and h~~ is the distance between the first plane
of Cu atoms and the carbon atom. The CO symmetry
axis is normal to the surface. Expt. A is Ref. 2
(8~&0.33), expt. B is Ref. 4 (eco&0.33), expt. C is
Ref. 6 [CO on Cn(100)]. The following relations hold for
the notation of the molecular orbitals: 1~~11e (T) and
8bi/9b2 (B); 5o'+ 10al (T) and 12a~ (B); 4o.~8a~ (T)
and llama (B).

a,
I I

-25 -20

a, a, b, b,
I I I

-15 -10 -5
ENERGY E-E (eV j

FIG. 3. Density of states (DOS) for free CO and CO
adsorbed in top (T) and bridge (B) positions on a Cu(111)
surface. Each discrete level is replaced by a Lorentzian
curve. h~~ is given in a.u. Symmetry and HFS-Xa
ground-state eigenvalues for CO orbitals as well as the
vacuum level are indicated in the figure. The energies are
given relative to the Fermi energy which in our calcula-
tions is defined as the mean energy between the highest
occupied and lowest unoccupied levels.
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be fitted into any one-electron ionization energy
without assuming unphysical coordinates for the
adsorbate. It is in agreement with the assumption
for CO on Cu{100}(C4) recognized as a result of a
shakeup. We have not made any further investiga-
tion of this many-electron feature.

Based on a comparison with the observed peaks
of the photoemission intensity as a function of cov-

erage our calculations thus indicate that CO is ad-

sorbed on top sites for e &0.33 and that further ad-

sorption leads to the occupation of bridge sites. Re-
turmng to Fig. 3 we show the ground-state DOS for
CO absorbed on top and bridge sites with hz as
determined from transition-state energies. We have
related the eigenvalues to the Fermi level {EF)and
not the vacuum level (Ev ) since the calculated posi-
tion of the d band is correct with respect to EF
whereas the work function is not so well described
in these models. As can be seen, the main features,
i.e., the 5o bonding shift and the 2n backbonding
resonance, are similar for the two sites. There are,
however, minor differences in the DOS close to the
Fermi level which are addressed in the next section.

B. Backbonding states

A recent observation of a peak at the Fermi edge
which appears for coverages beyond the

[(v 3Xv 3)R30'] ordered structure and then in-

creases with coverage has given us another possibili-

ty to test the change of bonding geometry with cov-

erage {Fig. 1). The obvious interpretation of this

peak is that it is an occupied "back-donated" tail of
a broadened CO2m level which is commonly be-

lieved to lie close to, but above, the Fermi level. To
investigate this picture we have by means of a Mul-
liken analysis calculated the partial density of
states (PDOS) of the (C + 0) 2p orbitals for vari-

ous clusters {Fig. 1). The 2n level is of the e or
bilb2 symmetry type and is for the free molecule
composed of one-third 02p and two-thirds C2p.
This justifies the superposition of the two densities.
We have also calculated the m and o. symmetry
parts of the PDOS for (C + 0) 2p. Integrated over
the occupied states from 1 eV below the Fermi level

it is found to consist of approximately 80%%uo n. sym-

metry or 0.15 CO n electrons for CuiCu9CO
(hr ——3.50) vs 0.25 for Cu2CusCO (hei ——3.00).
Since the total adsorption induced increase of (C +
0}2p occupation numbers are 0.18 for the top site
and 0.37 for the bridge one we find that the major
part of the backbonding ~ electrons are located in
states near the Fermi level.

From the intensities at the right of Fig. 1, which
are all given per CO molecule, one may conclude
that on top (T) adsorbed CO cannot give a peak
such as the observed peak P. The opposite situation
applies to bridge (8) bond CO where for all clusters
the 2nPD. OS at the Fermi level is higher than for
the equivalent top cluster. This can readily be seen

when comparing the CuiCu9CO (T) and Cu2Cu&CO

(8) clusters. An enhanced difference is also ob-

served when comparing the PDOS for the center
CO of the Cuio(CO)iCO (T) and the Cuio(CO)2CO
(8) clusters. As previously pointed out these two
latter models have no observed physical background
but have been chosen to simulate effects of lateral
CO-CO interaction. We will make no further dis-

cussion about CO-CO interaction for these struc-
tures. On the other hand a c(4X2) structure has
been observed, and via corresponding peaks in the
PDOS for T and 8 molecules of the
Cuip(CO)2(CO)2 cluster, one may identify delocal-
ized CO orbitals. Such mixed orbitals of n. symme-

try are found from above 1 eV below the Fermi lev-

el. This overlap between adjacent molecules tends
to increase the backbonding charge transfer. Com-

pared to the single adsorbate models (CuiCu9CO
and Cu2CusCO) the transfer to (C + 0) 2p orbitals
has increased from + 0.18 to + 0.27 for T mole-

cules and from + 0.37 to + 0.39 for 8 molecules.
The existence of such coupling iinplies the signifi-
cance of slab calculations of the [(~3X~3)R30']
and c(4X2)-ordered CO layers on Cu(111) since in

solid-state terminology these states are electron
bands. We do not know whether this coupling will

completely average the two sites since this cluster
[Cuip(CO)2(CO)i) does not include all nearest neigh-

bors. For comparison with experiment one should
in our model take a weighted average of the PDOS
for top (T) and bridge (8) located CO molecules.

SV. CONeLUSIONS

Our data for the CO electronic structure at the
Fermi level as well as calculated ionization poten-
tials give support to the idea that CO is adsorbed on
top positions at low coverages on a Cu(111}surface
and at both top and bridge sites at high coverages in
the submonolayer range.
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