Lateral interactions in adsorbed layers
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Various mechanisms giving rise to attractive and repulsive forces between adspecies are
considered. Such interactions can be classified as through-space (direct) or through-substrate
(indirect), although a clear distinction is not possible. We describe in particular the
interactions between both permanent and oscillating dipoles as well as those due to short-
range overlap. The effect of these interactions on work function change, adsorption energy,
UPS, and ir spectra are discussed. The adsorption systems Xe and CO/Pd(100) are used for

the purposes of illustration.
PACS numbers: 68.20. + t, 79.60. — i, 82.65.My

I. INTRODUCTION

Although attention in recent years has focused on the chemical
bond formed by an isolated atom or molecule with a metal
surface, the lateral interactions in an adsorbed layer at finite
coverages strongly influence the primary interaction with the
surface and thus the energetics and structure of the adsor-
bate-metal system. By lateral interactions we mean the re-
pulsive or attractive forces between adspecies which act in the
surface plane. Examples of adsorption effects governed by
lateral interactions are coverage-dependent changes in heat
of adsorption and work function, order—disorder phenomena,
and the migratory behavior of adspecies. The vibrational
structure of adsorbed layers is also a two-dimensional problem,
where the oscillators are coupled “mechanically” through the
substrate as well as by their dynamic response to a radiation
field. Lateral interactions may also affect the energetics and
pathways of a catalytic reaction.! A possible classification of
the phenomena would divide the fundamental mechanism
into through-space (direct) and through-substrate (indirect)?
(in loose analogy to the through-space and through-bond in-
teractions in organic molecules, which have been discussed
by Hoffmann3). Purely through-space effects are, however,
difficult to isolate. Thus, the filled orbitals on neighboring
chemisorbed species which overlap at small interadsorbate
separations have acquired some metal character due to the
interaction with the substrate. Similarly, a description of the
repulsion of permanent dipoles must include the response of
the metal conduction electrons. In the short description below
of the interaction mechanisms we prefer to divide the effects
according to the range of separation in which they are im-
portant for determining the net interaction energy.

Apart from the formation of ordered adlayers on single-
crystal surfaces, probably the most important consequence
of a repulsive lateral interaction between like species is a de-
crease in adsorption energy as a function of increasing cov-
erage. A net attractive interaction involving favored neigh-
boring sites invariably leads to island formation and to an
initially constant adsorption energy. If the dependence of
adsorption energy on coverage contains discontinuities dic-
tated by lateral interactions then multiple peaks can arise in
thermal desorption spectra.#5 Lateral interactions also change
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the charge distribution in adsorbed layers, a phenomenon
which can be studied directly by measuring the change in
work function. For an adsorbate-covered metal surface the
latter is given by®

A¢ = — 4xn(qd — p) (1)

where n is the adsorbate concentration, p the dipole moment
of the adsorbed species perpendicular to the surface, g its net
charge, and d the distance of q from the image plane. 2¢d is
thus the dipole moment of g and its image charge. We note
in passing that the use of the classical concept of fictitious
image charges is only approximately valid close to the sur-
face.”

In the present article we discuss both long-range and
short-range lateral interactions on metal surfaces and describe
their effect on two model adsorption systems: Xe/Pd(100) and
CO/Pd(100). Because of the absence of through-substrate
chemical effects it is possible, at least qualitatively, to un-
derstand the changes in work function and heat of adsorption
for physisorbed xenon. For the chemisorption of carbon
monoxide the situation is more complicated and simple pre-
dictions as to charge distributions and energetics are not
possible. We particularly lay emphasis on the manifestation
of lateral interactions in vibrational and photoelectron spec-
troscopies. It is shown how short-range overlap effects can be
observed in angular-resolved UPS. In vibrational spectroscopy
of CO on metals we demonstrate that coverage-dependent
shifts of the C-O stretch frequency are due mainly to di-
pole-dipole coupling and only to a lesser extent to bonding
effects. The former is a dynamic lateral interaction occurring
when the radiation field is switched on: it can be described
with the same model used for describing the interactions
between permanent dipoles.

l. THE MECHANISMS
A. Long-range forces

We consider initially those lateral interactions which play
a role in the physisorption of rare gas atoms on a metal surface.
Physisorption energies are typically 20-40 k] mol™! and the
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bonding to the surface is due to attractive van der Waals forces
roughly proportional to d ~3. These forces are ascribed to the
collective motion of the electrons of the adatom and of the
substrate. In terms of classical electrodynamics the metal
forms instantaneous images of the fluctuating dipoles on the
adatom, resulting in an attractive force. (Deviations from the
classical concept arise when the metal conduction electrons
no longer respond instantaneously to the adatom electrons,
which then diminishes the importance of the interaction 89
We do not discuss this problem here.) Due to the bonding
interaction with the substrate the charge distribution on the
adatoms is distorted and an electric multipole field is set up.
For physisorption no net charge is found on the adatom (i.e.
g = 0), a situation which pertains over the whole coverage
range. Characteristic for the adsorption of rare gases on metal
single crystal surfaces is also the formation of out-of -registry
overlayers, from which it may be deduced that the discrete
(atomic) structure!® of the surface can be neglected in a first
approximation. In the gas, liquid, and solid phases the in-
teratomic forces are reasonably well understood.!! They may
be described in terms of pairwise interactions based on a po-
tential such as the Lennard-Jones 6-12 function. The long-
range part of this pair potential (r~®) arises from a correlation
of the motion of the electrons on different atoms and is again
of the van der Waals type. (These forces are usually called
London, or “dispersion” forces. The latter term is not to be
confused with the dispersion discussed in Sec. ILB below). In
the condensed phase three-body interactions are also impor-
tant and in the case of xenon contribute 10% of the cohesive
energy.!! In the physisorbed phase, on the other hand, in-
teraction mechanisms are present which are not found in the
other phases.!213 These “new” repulsive forces are due to the
interaction (both through-space and through-substrate) of
permanent adatom multipoles induced by the adsorption
process as well as to a three-body interaction (adspecies-
substrate-adspecies) between fluctuating multipoles. At large
separations these (repulsive) effects can be more important
than the attractive part of the Lennard-Jones-type pair po-
tential. Near the van der Waals minimum the interaction will
become attractive. At still shorter range the interaction be-
comes strongly repulsive again (see Sec. IL.B). This oscillatory
behavior is superficially similar to that predicted by Einstein
and Schrieffer!4 for through-substrate interactions in chem-
isorbed layers on a tight-binding solid. These authors show
that, although the indirect pairwise interaction energy decays
rapidly with separation, it is anisotropic and oscillatory in
character. Using a reasonable choice of parameters the
nearest-neighbor interaction is often found to be repulsive,
while the next-nearest, third-nearest, or fourth-nearest is at-
tractive. This would account for several commonly observed
LEED patterns in chemisorbed overlayers such as ¢(2 X 2),
p(2 X 2), and c(4 X 2). The neglect of short-range through-
space overlap effects could, however, modify the quantitative
conclusions. In general, the indirect interaction energy at
nearest-neighbor separation is expected to be about one-tenth
of the adsorption energy. In a simple MO picture of CO
chemisorption Blyholder!® also discusses the through-substrate
lateral interaction and its effect on adsorption energy and C-O
vibrational frequency.
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We discuss now in more detail the multipole-multipole
interactions because they can explain, at least for physisorp-
tion, the coverage-dependent work function changes. (In fact
only dipole-dipole terms are considered; higher order mul-
tipoles can be neglected.) The dipole moment p on each atom
as a function of coverage is given by

p(6) = pa + aE(0) @)

where py is the static dipole moment of the adparticle without
the effect of screening by the metal conduction electrons, E
is the component normal to the surface of the microscopic
electric field at the dipole under consideration, and « is the
polarizability of the adparticle. Using the classical concept
of image dipoles and taking into account the permanent di-
pole fields of the other adspecies and images one obtains

E(0) = p(6)/4d® — p()[T(6) + V(6)] (3)

where d is the distance to the effective image plane. The
lattice sums T (the direct interaction) and V (the indirect
interaction) are given by

1

TO) =Y =
() E R

(4)

V) = Ty 12 ®)
LRI+ 42 (RY + 447P72

The R; are the two-dimensional lattice vectors of the adlayer.

Combining Eqgs. (2) and (3) yields

Pst
0) = . 6
PO = e+ v - 14 ®)
Due to the screening py is enhanced; its relation to the actual
zero coverage dipole moment is given by

p(0 = 0) = pa/(1 — a/4d®). M

Expressions similar to Eq. (6), but without the image terms,
were proposed by Topping!® and Miller.17 More recently
Antoniewicz!® has derived a corresponding expression for two
admolecules on the metal surface, where the molecules are
represented by a positive charge and one harmonically bound
negative charge. He also shows that for spherically symmetric
adspecies there are no nonclassical (fluctuating dipole) con-
tributions to Eq. (6); in anisotropic molecules, however, cor-
rections could become important. Eq. (6) is expected to de-
scribe quite accurately the change in the induced dipole
moment!® and therefore, with the help of Eq. (1), the work
function change as a function of coverage for a physisorbed
layer.

In chemisorbed layers a quantitative description of the
work function change is more complicated: firstly because of
the nonclassical contributions and secondly because of the
formation of a chemical bond between adspecies and sub-
strate. The latter leads to a net charge g in Eq. (1), which is
likely to vary as a function of coverage (see Blyholder, Ref.
15), as well as to a change in the polarizability of the ad-
species.20 However, the simple model which describes the
change in work function in physisorption systems in terms of
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dipole effects might also be a reasonable approximation for
weak chemisorption systems up to moderate coverages.

An analysis of the change in heat of adsorption with cov-
erage is somewhat more difficult because more terms must
be considered and their energies evaluated. As well as two-
body and three-body interactions via permanent multipoles
there will be contributions from fluctuating (nonclassical)
multipoles. The main contributions which would be included
in a classical calculation of the change in adsorption energy
are mentioned below in connection with the physisorption of
Xe on Pd. In chemisorption the problem is rather different
because the multipole phenomena are generally small in
comparison to the through substrate chemical effects.

B. Short-range forces

At short range the pairwise interactions become repulsive
due to the overlap of atomic or molecular wavefunctions on
neighboring adspecies. This effect corresponds to the r~12
term in the Lennard-Jones potential and should become
important when the adspecies separation is smaller than twice
the van der Waals radius. In the discussion of this interaction
we use the “‘surface molecule” concept, so that the overlapping
wavefunctions may be considered as cluster wavefunctions,
the cluster consisting of the adspecies and the metal atoms
appropriate to the adsorption site. (In the example quoted
below we will find, however, that the overlap effects can be
reproduced reasonably well by treating simply an isolated
monolayer.) When twe such clusters “approach” each other
as a consequence of increasing coverage, their wave functions
will overlap, causing the formation of molecular-orbital-type
eigenstates. One state will be symmetric with respect to the
mirror plane between the clusters. This state will be bonding
and have an energy lower than that of the cluster wave
functions at large separation. The other state is antisymmetric,
therefore antibonding and shifted to higher energy. Because
the shift of the antibonding level is greater than that of the
bonding level the total energy is increased and this type of
interaction is repulsive if both states are filled. In the case of
an ordered array of such clusters, the eigenstates become
two-dimensional Bloch states |n, kj), where n is the band
index and k| a two-dimensional wave vector of the first sur-
face Brillouin zone (SBZ) of the adlayer. Depending on the
value of kj these states include wave functions which are

-symmetric with respect to neighboring clusters (thus bonding
in the adlayer) and which give rise to the band minimum.
There are also wave functions which are antisymmetric (an-
tibonding) giving rise to the band maximum. Wave functions
of lower symmetry will have an energy between these two
values. With angular-resolved photoemission it is possible to
map out this two-dimensional band structure and to obtain
some indication of the coverage at which such overlap effects
become important.

For the purposes of illustration it is useful to apply these
ideas to an adsorbate layer in a quadratic structure (Cy4,
symmetry) such as the system ¢(2 X 2) Se/Ni(100). Taking p
orbitals on the adsorbate atom suitably modified by the
chemisorption bond to the substrate, group theory tells us that
the cluster wavefunctions are of A; symmetry (p, derived)
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F1G.]l. Two-dimensional Bloch states (schematic) formed from localized wave
functions belonging to representation A, (s or p, derived) and belonging to
representation E(p;,p, derived) at the three high symmetry points of the SBZ
of a quadratic array (see also insert in Fig. 2).

or of E symmetry (p,, py derived). Figure 1 shows schemat-
ically the Bloch states constructed from such wave functions
at the three high-symmetry points of the SBZ (see insert of Fig.
2):

I:k; =(0,0); M: kj = g/2(1,1); X: k| = g/2(1,0)

where g is the length of the first two-dimensional reciprocal
lattice vector of the adlayer. Figure 1 has been constructed
using a simple tight-binding picture, i.e., by assuming that the
Bloch states are described by

|n, ky) =Y eki®i ¢, (r — R)) (8)
Ry

where the R; are the lattice points of the adlayer and ¢, (r —
R;) is the a, state or an appropriate linear combination of the
two degenerate e states. An analysis of Fig. 1 already yields
the qualitative band structure: at T the a,-derived two-di-
mensional Bloch state is completely bonding in the adlayer,
whereas the e-derived states are mainly antibonding. As-
suming a near degeneracy of the a; and e states in the isolated
adsorbed atom, the overlap will push the e level to higher
energy relative to the a, level. At M the , level is antibonding
and the ¢ states are mainly bonding. At X the a,-derived Bloch
state is of mixed character. Because the X point has Cg,
symmetry the degeneracy of the two e states will be lifted.
One is completely bonding whereas the other is completely
antibonding in the adlayer. For an isolated Se monolayer we
have performed a simple tight-binding band structure cal-
culation, which of course must show all these features (Fig.
2). The Se-Se spacing is taken as that in the ¢(2 X 2) Se-
Ni(100) system and the necessary matrix elements are cal-
culated numerically. Figure 2 also shows some band positions
measured by Jacobi and von Muschwitz?! using angular-
resolved photoemission. The agreement is reasonably good,
indicating that substrate effects are not very important in this
case. This may not be true in general and the reader is referred
to Liebsch22 where the effect of the substrate is treated in
detail.
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FIG. 2. Calculated band structure for an isolated monolayer of Se together
with experimental results from Jacobi and v. Muschwitz.2! The points rep-
resented by open circles are experimentally resolved only in the second SBZ
and are attributed to substrate effects.

M. THE SYSTEM Xe/Pd(100)

To consider the effect of lateral interactions it is useful to
study certain model systems which have been well charac-
terized with a variety of measuring techniques. We have
chosen the physisorption of xenon on Pd(100) as well as the
molecular (associative) chemisorption of CO on the same
surface. Because in a physisorbed system the interaction with
the substrate is weak, it is easier to isolate multipole and
overlap effects. The initial adsorption energy of xenon on
Pd(100) is 33 k) mol~! decreasing to ~28 k] mol~! at maxi-
mum coverage.23 The work function decreases nonlinearly
with coverage to a value A¢ = —0.9 V.22 Maximum coverage
corresponds to the formation of an ordered hexagonal array
out of registry with the substrate at & = 0.44 and can be
characterized with LEED23.24 and angular-resolved pho-
toemission.2 The Xe-Xe separation in the hexagonal layer
is 4.48 A compared to 4.34 A in solid xenon.25

Figure 3 shows the measured change in work function
(Palmberg?3) compared to calculations using Eq. {3). For the
separation of the Xe dipole and the image plane we use d =
1.5 A, which is estimated from relaxation effects in UPS
spectra.26 For the polarizability the gas-phase value, « = 4 A3
is used. For the hexagonal monolayer the lattice sums are
calculated to be T + V = 0.17 A3, The only remaining pa-
rameter is the dipole moment of a single adsorbed Xe atom
p(0). To give the best agreement between theory and exper-
iment, this is determined to be 0.93 D with the positive end
away from the surface. Palmberg?3 gives a value of 0.7 D, but
neglects image charge screening effects and has to fit the
polarizability to a value of 8 A3. Antoniewicz2? calculates a
value of 0.95 D. The problem of the interpolation of the lattice
sums T and V between the limits of zero coverage and the
monolayer has still to be discussed. If an ordered array is
present at every coverage and only the lattice constant de-
creases, then the lattice sums should be proportional to §3/2
(Topping!®), whereas for a random distribution of adatoms
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they should be proportional to # (Miller!” and Mahan and
Lucas?8). In Figure 3 both curves are shown. Better agreement
with experiment is obtained for the 83/2 curve, although there
is no real evidence for ordered arrays at low coverages. The
differences between the curves are, however, quite small and
more accurate measurements are probably necessary before
a definite conclusion can be drawn. Nonetheless, we note that
the work function change for this system is described well by
Eq. (3) and that a reasonable value of 0.93 D for the dipole
moment of a single Xe atom is obtained.

The decrease in heat of adsorption with coverage, which
in the limits of experimental error is found to be linear,23 is
shown in the upper part of Fig. 4. This indicates a net repul-
sive long-range interaction in the layer, which is apparently
not the case for Xe/Ag(111).2529 The change in adsorption
energy is due to direct and indirect (through-substrate) in-
teractions via fluctuating as well as via permanent dipoles. It
is relatively straightforward to quantify some of these inter-
action energies. The main problem is one of calculating the
energy required to produce the permanent image dipole as
well as estimating the through substrate interaction via fluc-
tuating dipoles. For Xe/Pd(100) the other effects produce a
net attractive interaction of 4.4 k] mol™! at the monolayer
stage, which is obviously outweighed by the two unknown
(repulsive) terms to produce the observed net repulsive in-
teraction of 5 k] mol~!. In the case of Xe/Ag(111) the net in-
teraction appears to be attractive at all coverages.2>28

An indication of the importance of interatomic overlap in
the system Xe/Pd(100) is provided by the angular-resolved
photoemission experiment.24 We observe here not only the
dispersion effects discussed above but also a partial lifting of
the degeneracy of the 5pg/ valence state due to the bonding
interaction. At low coverages the spin-orbit split 5p, /2 and
5p3/2 levels are observed in the spectrum with the same sep-
aration as in the gas phase (1.3 eV); both peaks are, however,
substantially broadened. On going to the hexagonal monolayer
the spectrum at normal emission has the form shown in Fig

A (eV)

04 | 05

emax.

L} L] L)
Q1 02 03
coverage, ©
Fi1G. 3. Calculated work function change for Xe/Pd(100) as a function of
coverage. Full line: lattice sums proportional to /2, broken line: lattice sums

proportional to 8. The points represent the experimental results of
Palmberg.23
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FIG. 4. The changes in heat of adsorption as a function of coverage in the
systems Xe/Pd(100) and CO/Pd(100). After Palmberg2® Tracy and
Palmberg,3! and Bradshaw and Hoffmann.32 Note the different energy
scales.

5. The high ionization energy shoulders at 6.8 and 5.5 eV are
attributed to a breakdown of k| conservation, which is dis-
cussed in more detail elsewhere.?4 To explain the remaining
features we consider the bonding scheme at the T' point which
is probed at normal emission (kj = 0, see also insert of Fig. 5).
For the Cg, symmetry at the center of the SBZ there are only
two-dimensional representations of the corresponding double
group. The pj/q states will consequently show a twofold
splitting in the xenon layer. As well as the 5p) /3 band there
will thus be two bands derived from 5py/ states consisting of
overlapping m; = +1/2 orbitals and of overlapping m; =
+3/2 orbitals. Constructing a two-dimensional Bloch function
from an hexagonal array of m; = +1/2 orbitals, which have
both p, and p,, p, character, the resulting band consists of a
mixture of bonding and antibonding contributions. The
procedure is analogous to that described for the quadratic Se
array in Sec. IL.B. The m; = £3/2 orbitals are pure p,, p, in
origin and lead to a m; = £3/2 band, which is entirely of
antibonding character in the xenon layer. The p3/s, m; =
+3/2 derived Bloch state will therefore have the highest en-
ergy in the SBZ. Figure 5 shows the calculated band structure
along the unique direction formed by the superposition of the
two orthogonal domains of the hexagonal structure. (We call
this direction I'H; it corresponds to the [110] azimuth of the
substrate). For the band structure only two-center integrals
and nearest-neighbor interactions were taken into account;
the p3/2 and p) /3 bands were calculated separately and matrix
elements were evaluated numerically. The experimentally
observed dispersion agrees well with the theory. At the T point
we note that the midpoint between the m; = £3/2 and the
m; = +1/2 bands is 1.5 eV higher in energy than the py/»
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band. This is also true along I'M and I'K.24 Since the sepa-
ration before the splitting is only 1.3 eV, as in the gas phase,
we are seeing here directly the repulsive nature of the inter-
action.

Because the 5p3/e, m; = £3/2 feature at 4.6 eV is very
weak at normal exit, it is useful to investigate the coverage
dependence of the splitting away from the I' point where its
intensity is greater. Such measurements® show that the
splitting first becomes apparent at a coverage between 0.30
and 0.35. The first signs of extra features in LEED also occur
around this coverage, although they are extremely diffuse and
not definable. Sharp extra features are first obtained at the
monolayer stage. The observation of ordering below the
monolayer is probably due to the increasing restrictions on
the movement of xenon atoms in the two-dimensional gas as
its pressure is raised. Because of the largely repulsive long-
range interactions and the shallow van der Waals minimum,
it is unlikely that an island growth mechanism occurs in the
layer. The observation of the splitting is, however, a measure
of the coverage at which the short-range repulsion comes into
play. It is of course independent of the formation of a hex-
agonal structure and occurs in any low symmetry configu-
ration where the interatomic separation is small enough for
overlap effects to play a role.

IV. THE SYSTEM CO/Pd(100)

At low coverages carbon monoxide on palladium (100)
forms a disordered layer which Tracy and Palmberg3! refer
to as a random lattice gas. Just below 8 = 0.5 an ordering
process takes place, resulting in sharp extra features from the
two orthogonal domains of a c(4 X 2)R45° superstructure at

intensity (cps)

4 1 )

i 6 5 4
Energy below Ep (ev)

-

FIG. 5. Hel UPS spectrum from a hexagonal xenon monolayer on Pd(100)
at normal emission. Below: calculated two-dimensional band structure with
experimental points.24
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exactly half-coverage. At higher coverages the unit cell of the
overlayer is continually compressed, the direction of ‘com-
pression being parallel to the [110] azimuths of the crystal. The
half-coverage condition is characterized by a work function
increase of 0.74 eV.3! Because it is difficult to measure the
coverage dependence of A¢ with any accuracy (for xenon this
was possible with Auger spectroscopy), it is not possible to
determine whether Eq. (6) is still a sufficiently good ap-
proximation. We use it nevertheless to reproduce the observed
magnitude of A¢ at § = 0.5 and thus to determine the dipole
moment p(0) associated with a single adsorbed CO molecule.
With a distance between the CO dipole and the metal image
plane of 0.96 A, the lattice sums for the c(4 X 2)R45° structure
are calculated tobe T + V = 0.24 A3 [see Egs. (4) and (5)].
For the polarizability we take the gas phase value a = 2.6 A3,
which is the appropriate value for CO standing perpendicular
to the surface. The dipole moment for a single adsorbed
molecule is then p(0) = 0.81 D with the negative end away
from the surface.

As shown in the lower half of Fig. 4 the initial heat of
chemisorption of CO on Pd(100) is 150 k] mol~! falling to
~126 k] mol~! near to half-coverage, at which point a sharp
decrease to ~93 k] mol~! occurs.3! 32 The more recent mea-
surements32 of adsorption energy and CO stretch frequency
(see below) indicate that the discontinuity at 8 = 0.5 is not
associated with the ordering process, but rather with loss of
registry with the substrate, which takes place as the com-
pression begins. We have therefore to explain the strong re-
pulsive effects leading to a decrease of ~24 k] mol~! between
zero and half-coverage. It isimmediately apparent from the
size of the permanent dipole that multipole interactions will
not be any larger than in the system Xe/Pd(100). The answer
must lie in the repulsive nature of the chemical interaction
via the substrate.l¢ Blyholder!5 has given a qualitative de-
scription of this phenomenon as it affects CO chemisorption;
it could also have some consequences for the interpretation
of vibrational spectra and is discussed again below. The ¢(4
X 2)R45° structure is not a square array and there are two
intermolecular separations: 4.34 and 3.89 A, the latter in the
[100] direction. Assuming that the repulsive interaction is
restricted to nearest neighbors, is identical in both directions
and can be summed pairwise, the repulsive energy between
two molecules on neighboring sites is ~8 k] mol~!, which is
of the same order of magnitude as the interaction energies
estimated from order-disorder transitions in other chemi-
sorption systems.33.34

As the coverage is increased, the 3.89 A separation remains
constant and the unit cell is compressed in one direction such
that the other nearest neighbor separation is reduced to 3.11
A at @ = 0.8. This compression is accompanied by a further,
increasingly rapid decrease in adsorption energy. It is
tempting to ascribe this decrease to the effect of short-range
overlap. The semiempirical intermolecular potential of Ki-
hara®3 for oriented nitrogen molecules gives us some feeling
for the extent of the short-range repulsive interaction between
two CO molecules when their axes are parallel. The van der
Waals minimum is expected at ~3.5 A (this is also the distance
of closest approach to the « form of solid CO, where the mo-
lecular axes are not quite parallel36). At 3.9 A the repulsive
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part of the pair potential yields a value of 0.4 k] mol~! and at
3.1 A still only 6 k] mol~1, which lead to pairwise summed
interaction energies much smaller than the decrease in ad-
sorption energy.37 That over lap effects do play a role at these
coverages has, however, been established with angular-re-
solved photoemission.3 Figure 6 shows the dispersion of the
40 peak at @ = 0.8 in two directions of the SBZ. The upper
curve shows the effect along T'H (see insert), which is the
unique direction formed by the superposition of the two or-
thogonal domains. The lower curve shows the dispersion along
the superimposed directions I'M and I'K’. Because the band
at T is entirely bonding, as in the case of the p.-derived band
in Se/Ni(100), a minimum is obtained. Dispersion effects on
the 50 and 17 orbitals are more difficult to isolate as the two
bands overlap in the spectrum. At # = 0.5 no dispersion can
be observed, at least not within the limits of experimental
accuracy. In order to ascribe the strong decrease in adsorption
energy above 6 = 0.5 to overlap effects, it is necessary to as-
sume that the effective range of the short range forces are
considerably increased compared to the gas phase. All valence
orbitals, in particular 50, will acquire some metal character
due to the chemisorption bond and it is reasonable to assume
that the repulsive overlap effect is amplified by the
through-substrate contribution.

Infrared reflection-absorption spectroscopy also reveals
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FIG. 6. Dispersion of the 40 level in He 11 UPS spectra of CO on Pd(100) at
0.8 coverage. Above: The superimposed 'M and 'K’ directions where the
edge of the SBZ is reached at ky ~1.3 A= (8, = 31°). Below: The unique T'H
direction where the edge of the SBZ is reached at ky = 1.05 A~1 (6, = 24°).
The error bars indicated for one point on each curve apply of course to all
points.
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strong coverage-dependent effects. The spectrum from ad-
sorbed CO shows an absorption band somewhat lower in
frequency compared to the gas-phase C-O stretching mode
(2143 em™!, 267.9 meV). With increasing coverage the band
shifts to higher frequency. The phenomenon is quite general
in CO chemisorption and is attributed by Blyholder!5 to the
increased competition for metal electrons as the number of
CO molecules on the surface increases. This decreases the
extent of the interaction of metal electrons with the 27* or-
bital, increases the C-O stretch frequency and, as a further
consequence, lowers the adsorption energy. An alternative
explanation in terms of vibrational coupling (i.e., “mechani-
cal” coupling between C-O nearest-neighbor oscillators via
the substrate) has been offered by Moskovits and Hulse.3®
Using an approach based on Hammaker et al.4? we have re-
cently been able to show that dipole-dipole interactions can
account for such shifts. The observed magnitude is, however,
only reproduced by the theory when screening by the sub-
strate is taken into account.19

That the C-O stretch frequency from adsorbed CO at low
coverage is lower than in the gas phase (e.g., 1895 cm™! in the
system CO/Pd(100)32) is contrary to that expected from a
purely mechanical model, where the metal-CO coupling
should result in an increase of about 2.5% (~50 cm™!). There
are, however, further effects which lower the frequency. The
interaction of the dipole field of the oscillating CO molecule
with its own image dipole reduces the frequency by about 50
cm~1.19 Further, the C-O bond is expected to be weakened
in the adsorbed phase due to the chemisorption bond.!5 The
net reduction in the frequencies of the C-O stretching mode
by ~150 cm™! in the CO/Pd(100) system is thus qualitatively
understood. We note in paésing that in matrix-isolated CO,
where image and chemical effects are not important but only
a very weak CO-matrix bond of the van der Waal type exists,
a small increase in frequency is observed.4!

The lateral dipole-dipole interactions which can account
for the observed coverage-dependent shifts can be treated
with the same theory as that used above for the interpretation
of work function data. Here we are dealing with oscillating
dipoles which are excited by an external field rather than with
permanent dipoles. The expression for the induced oscillating
dipole is given by1®:

(1 + r,) E® ©)
1 + a[T(6) + V(0) — 1/4d%]
where E® and r,E? are the incident field and the field re-
flected by the substrate at the CO molecule under consider-
ation, respectively. « is the polarizability, which is essentially
equal to the static one with an added Lorentzian term for the
C-O resonance; d is, as before, the distance to the image plane;
T and V are given by Eq. (5). In Fig. 7 we show the calculated
change in the reflected intensity (Imp)!? for CO on Pd(100)
up to a coverage of 8 = 0.5, which is compared to the experi-
mental results.32 The polarizabilities are taken from the gas-
phase and are treated as independent of coverage. The ir
spectra®? indicate that bridging positions are occupied in the
coveragerange up to 8 = 0.5. Different coverages 0 <8 <0.5
are simulated by setting T(8) + V(8) = F(6)T(0.5) + F(6)-
V(0.5) with 0 < F(#) < 1. The limits F = 0 and F = 1 corre-
spond to the coverages # = 0 and 6 = 0.5. The exact relation-

p(b,w) =
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FI1G. 7. Calculated change in the reflected intensity due to the adlayer for
several coverages of CO on Pd(100) (full line, F = 0.025 — 1) together with
experimental ir spectra from the C-O stretch region (dashed line, 8 = 0.06
—0.5)1932

ship between F and 8 is determined by the ensembles of dif-
ferent arrangements of neighboring molecules. The values
of F are chosen here arbitrarily. The calculated shift between
zero and half-coverage is, however, in good agreement with
experiment. On top of this marked shift due to the dipole-
dipole interaction there may also be a superimposed shift in
the same direction due to the coverage-dependent interaction
of the metal electrons with the CO 2x* orbital.> However,
as this latter effect appears to be associated with a decrease
in binding energy in the CO/Pd(100) system, then a shift in
the opposite direction is expected due to the reduced coupling
of the CO moiety in the surface. Both effects would enter the
theory by a coverage dependence of the vibrational part of
the polarizability. The first contribution is not known nu-
merically but the second contribution can be estimated within
a purely mechanical model and would give a downward shift
of the C-O stretch frequency by about 10 cm~1. Due to the
agreement obtained in Fig. 7 it would not seem unreasonable
that these two additional effects are roughly of the same
magnitude and therefore cancel, implying that « can be
treated as independent of coverage as a first approximation.
The similarity between the dependence of adsorption energy
and C-O frequency on coverage thus appears to be largely
coincidental. Both effects provide evidence for strong lateral
interactions but the latter is mainly a dynamic effect associ-
ated with the radiation field required by the experiment.

ACKNOWLEDGMENTS

We acknowledge many useful discussions with our col-
leagues F. Hoffmann, K. Horn, K. Jacobi and K. Kambe.



454 A. M. Bradshaw and M. Scheffler: Lateral interactions

*)Present address: PTB, Gruppe 8.1, Bundesallee 100, 3300 Braunschweig,
West Germany.

IT. Engel and G. Ertl. J. Chem. Phys. 69, 1267 (1978).

2G. Ertl, J. Vac. Sci. Technol. 14, 435 (1977).

3R. Hoffmann, Acc. Chem. Res. 4, 1 (1971).

4D. A. King, Surf. Sci. 47, 384 (1975). )

5D. A. King, CRC Crit. Rev. Solid State Mater. Sci. 7(2) (1978) and references
therein.

6N. D. Lang, Phys. Rev. B 4, 4234 (1971).

7). W. Gadzuk, in Photoemission from Surfaces, edited by B. Feuerbacher,
B. Fitton, and R. F. Willis (Wiley, New York, 1978).

8]. Bardeen, Phys. Rev. 58, 727 (1940).

9R. A. Pierotti and G. D. Halsey, J. Phys. Chem. 63, 680 (1959).

10G. Ehrlich and F. G. Hudda, ]. Chem. Phys. 30, 493 (1959).

e g ]. A. Barker, R. O. Watts, J. K. Lee, T. P. Schaefer, and Y. T. Lee, J.
Chem. Phys. 61, 429 (1976).

120, Sinanoglu and K. S. Pitzer, J. Chem. Phys. 332, 1279 (1960).

134 D. McLachlan, Mol. Phys. 7, 381 (1964).

14T L. Einstein and J. R. Schrieffer, Phys. Rev. B 7, 3629 (1973) and refer-
ences therein.

15G. Blyholder, J. Phys. Chem. 68, 2772 (1964).

16J. Topping, Proc. Roy. Soc. A 114, 67 (1927).

174, R. Miller, Proc. Camb. Phil. Soc. 42, 292 (1946).

18p_ R. Antoniewicz, Phys. Status solidi (b) 86, 645 (1978).

19M. Scheffler, Surf. Sci, (in press).

20, P. Muscat and D. M. Newns, J. Phys. C 7, 2630 (1974).

21X . Jacobi and C. V. Muschwitz, Solid State Commun. 26, 477 (1978).

224. Liebsch, Phys. Rev. B 17, 1653 (1978).

23p. W. Palmberg, Surf. Sci. 25, 598 (1971).

J. Vac. Sci. Technol,, Vol. 16, No. 2, Mar./Apr. 1979

454

24\, Scheffler, K. Horn, A. M. Bradshaw, and K. Kambe, Surf. Sci. 80, 69
(1979).

251, W. Bruch, P. I. Cohen, and M. B. Webb, Surf. Sci. 59, 1 (1976).

28fn UPS of xenon on Pd the Xe valence state peaks appear at about 2.4 eV
higher energy than in the spectra from gas-phase or solid Xe. Assuming
an additional relaxation mechanism for physisorbed Xe consisting exclu-
sively of image charge screening (AE = e2/4d), we findd = 1.5 A.

27P. R. Antoniewicz, Phys. Rev. Lett. 38, 374 (1977).

25G. D. Mahan and A. A. Lucas, J. Chem. Phys. 68 1345 (1978).

28G. McElhiney, H. Papp, and J. Pritchard, Surf. Sci. 54, 617 (1976).

%0K. Horn, M. Scheffler, and A. M. Bradshaw Phys. Rev. Lett. 41, 822
(1978).

31J. C. Tracy and P. W. Palmberg, ]. Chem. Phys. 51, 4832 (1969); Surf. Sci.
14, 274 (1969).

32A. M. Bradshaw and F. M. Hoffmann, Surf. Sci. 72, 513 (1978).

33E. D. Williams, S. L. Cunningham, and W. H. Weinberg, J. Chem. Phys.
68, 4688 (1978).

34]. Behm, K. Christmann, and G. Ertl. Solid State Commun. 25, 763
(1978).

35T. Kihara and A. Koide, Adv. Chem. Phys. 33, 52 (1975).

36R. W. G. Wyckoff, Crystal Structures (Wiley-Interscience, New York,
1963), 2nd ed., vol. 1.

37Palmberg and Tracy also noticed this discrepancy in Ref. 81. The difference
here is further pronounced because of the anisotropic pair potential.

38K. Horn, A. M. Bradshaw, K. Hermann, and 1. P. Batra (to be pub-
lished).

39M. Moskovits and . E. Hulse, Surf. Sci. 78, 397 (1978).

40R. M. Hammaker, S. A. Francis and R. P. Eischens, Spectrochim. Acta 21,
1295 (1965).

41]. B. Davies and H. E. Hallam, JCS Faraday II 68, 509 (1972).



