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Hartree-Fock calculations on linear NiCO and Ni,CO clusters have been used to model the local binding
of CO upon adsorption on Ni. The Ni-CO bond is determined by a mixing of the CO(5¢0") and Ni(3d)
orbitals; the Ni(4s) electrons are not directly involved in the bond as can be seen from orbital contour plots.
A knowledge of the absolute and relative shifts of molecular ionization potentials from their free-
molecule values is important for the interpretation of the photoelectron spectra of chemisorbed species. For
our model clusters, we have made a detailed analysis of the origins of the shifts for CO on Ni. The different
contributions to the energy-level shifts of the CO-like orbitals show a grouping into core, nonbonding
valence, and bonding valence levels. Chemical shifts due to the changed environment of the adsorbed
molecule are seen to be important for the initial-state shifts of the nonbonding orbitals. A bonding shift
appears to be important only for the CO 50 level. The relaxation shifts are different among the different
groups of levels. Analysis of the calculated and observed shifts gives support to the assignment that the order
of the 5o~ and 17 levels for CO adsorbed on Ni is the same as for free CO; 50 less strongly bound than 1.
The O(1s) and C(1s) core-level shifts indicate that the CO bond is stretched only slightly upon adsorption.
The multiplet splitting of the final ionic states is considered and found to be small.

I. INTRODUCTION

A large amount of experimental as well as theo-
retical studies have been reported for the inter-
pretation of uv photoemission spectra (UPS) of ad-
sorbed molecules on metal surfaces. These studies
can provide a great deal of valuable information
about the nature of the chemisorptive bond. In the
case of CO adsorbed on Ni surfaces, it has been
found that there are two additional peaks in the UPS
spectra which are due to the presence of the ad-
sorbate. They were first assigned to ionization
out of the CO 50 and the CO 17 orbital, respective-
ly (the 40 orbital ionization was claimed not to be
seen in the spectrum).!”* Without giving a detailed
history of the various reassignments, we note that
it is now generally accepted that the higher binding-
energy peak in the spectrum is due to ionization
out of the adsorbate 40 orbital and the lower bind-
ing-energy peak is a composite one due to ioniza-
tion out of the adsorbate 50 as well as the 17 orbi-
tal. This assignment has been suggested by sev-
eral theoretical studies®® and confirmed by photo-
emission experiments using synchrotron radia-
tion.!® In addition, Gustafsson et al.!° claim that,
within the composite peak, the 5¢ contribution
lies at lower binding energies than the 17 contri-
bution; that is, the order of the free CO molecule
is maintained upon adsorption. However, recent
angular-resolved UPS studies'! have led to the as-
signment of an inverted order of the CO 50 and 1w
ionization potentials in the adsorbate relative to
the free molecule.

In the existing theoretical studies on the prob-
lem—mostly based on cluster type calculations—

16

three kinds of CO-Ni interaction schemes have
been proposed for the chemisorptive bond formed
on the surface. Blyholder® claims from complete
neglect of differential overlap (CNDO) calculations
on a Ni,,CO cluster that the Ni-CO bond is exclu-
sively determined by a.CO(50)-Ni(4sp) interaction.
He finds that the low-energy peak is indeed due to
both 50 and 17 ionization. However, in view of the
approximations made in these calculations the re-
sults should be treated with care. On the other
hand, Doyen and Ertl'?2 assume, in a calculation
using an Anderson model Hamiltonian with rather
restricted assumptions about the orbital interac-
tion, a CO(50)-Ni(3d) coupling to be responsible
for the bond being formed on the surface and ne-
glect the CO(50)-Ni(4sp) interaction. Finally Batra
and Bagus” find in a nfultiple-scattering Xa
(MSXa) calculation on Ni,CO that both the CO(50)-
Ni(3d) and the CO(50)-Ni(4sp) mixing contribute to
the CO-Ni bond. In all these calculations, it has
been assumed that the molecular axis of the ad-
sorbed CO is perpendicular to the surface (with
carbon pointing to the nickel). This assumption
has recently been confirmed by angular resolved
UPS measurements!® combined with a theoretical
study of the angular dependence of the uv photo-
jonization cross sections of gaseous CO.}

The comparison of the photoemission spectra of
adsorbed molecules with those of the respective
free molecule plays an important role in the inter-
pretation of the spectra. In thge CO-Ni adsorption
system it has been found that the CO 40 and 17
levels of the free molecule are shifted more or
less rigidly towards lower binding energies when
the molecule interacts with the surface. The CO 50
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level is shifted downwards (to higher binding en-
ergy) relative to 40 and 17. The large relative
shift of 50 has been interpreted as due to the bind-
ing feature of this orbital.’® In general, the level
shifts of free molecules due to the interaction with
surfaces have been discussed in terms of two con-
tributions. First, the relaxation shift contribution
AE,, given by the difference between the relaxa-
tion energy of the respective level in the adsorbed
and the free molecule. This final-state shift is
normally positive resulting in a lower ionization
potential for the adsorbate level. The origins of
the relaxation energy are: charge flow towards
the positive hole, polarizability of the surround-
ing medium, etc. These are all expected to be
larger for the adsorbed than for the free molecule.
The second contribution, the bonding shift AE,,
originates because certain molecular orbitals may
form chemical bonds with the substrate. The in-
itial-state shift normally increases the ioniza-
tion potential. In the case of hydrocarbons ad-
sorbed in Ni,'® an interpretation of the spectra
and a deduction of reasonable values for the
chemisorption energy was possible by assuming
that AE, is constant'® for all valence levels and
AE, is nonzero only for the bonding 7 levels. The
applicability of these assumptions to a variety of
systems has been critically reviewed.!” There is
another initial-state contribution to the level
shifts, the chemical shift, which is caused by the
change in the chemical environment of the adsor-
bate. It has been known for some time that the po-
tential due to this change can cause significant
shifts in the core levels of atoms in free mole-
cules.'® This is, in fact, the basis of the applica-
tion of XPS (x-ray photoelectron spectroscopy) to
chemical analysis. The importance of the chemi-
cal shift in condensed matter has been pointed out
in an XPS study on rare-gas atoms implanted in
metals,!® and its effect on adsorbed molecules has
been considered in two recent theoretical studies ?:2°
In the present paper, we report ab initio Har-
tree-Fock calculations on linear NiCO and Ni,CO
clusters as model systems for the interaction of
CO with nickel. In both systems, we find that in
the ground state the Ni-CO bond is formed essen-
tially by an interaction of the CO(50) orbital with
Ni(3d) orbitals as is illustrated later by orbital
contour plots. From calculations of the frozen
orbital as well as the fully relaxed final CO hole
states in both clusters, we are able, for our model
systems, to separate the above-mentioned initial-
and final-state contributions to the level shifts.
We have studied their behavior for the different
CO orbitals in detail. We find that the size of the
chemical shift of the CO core and nonbonding val-
ence orbitals is comparable to the bonding shift
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of the 50 orbital. In addition, final- as well as
initial-state shifts vary significantly among the
different levels. The second Ni atom in Ni,CO

has no effect on the initial-state shifts but increas-
es the relaxation shifts of all CO levels slightly.
Although systems such as NiCO or Ni,CO are much
too small to be able to describe the actual adsorp-
tion system quantitatively, we can obtain rigorous
and detailed results within the model system. We
believe that the qualitative conclusions from the
models are applicable to the real adsorption sys-
tem.

In a preliminary report® of our calculations on
NiCO, we showed that the CO-like levels could be
classed into three groups according to the behav-
ior of the various energy-level shifts. In this
paper, we give a detailed analysis of the shifts
including the effects of varying bond distances
and the results of the Ni,CO cluster calculations.
We show that the energy-level shifts yield infor-
mation about the ordering of the 50 and 17 levels
and about the (small) amount of CO bond stretch-
ing upon adsorption on Ni. We also consider the
size of final-state multiplet splittings which arise
from the interaction of the singly occupied CO-like
level with the unpaired Ni electrons.

In Sec. II, we discuss the computational details
of our calculations. The nature of the bonding of
CO to Ni is considered in Sec. IIT A for the NiCO
cluster and in Sec. I B for the Ni,CO cluster.
The ionization potentials (IP’s) of the CO-like
levels of the clusters are presented in Sec. IC
and are applied to an analysis of adsorbate energy
level shifts. The multiplet splitting of the IP’s is
also discussed. The order of the 50 and 17 IP’s
is considered in Sec. IIID and consequences of
variation of the CO bond length in Sec. HIE. Fin-
ally, the conclusions are summarized in Sec. IV.

II. COMPUTATIONAL DETAILS

The interatomic distances for the linear NiCO
cluster are taken from x-ray measurements on a
Ni(CO), molecular crystal,®® dy,_ =3.477 bohrs
and d._, =2.173 bohrs, respectively. In order to
study the dependence of the cluster on its geome-
try, calculations have been performed where
dy;.c has been varied by 0.5 bohrs about the
Ni(CO), value. The Ni(CO), C-O distance has
also been used for the calculations on free CO.
The effect on the electronic structure of free CO
due to a change of d,_o from this value to its ex-
perimental equilibrium value (d,_, =2.132 bohrs)
is quite small. The differences of the total ener-
gies at these two separations is only 0.004 hartree
compared to a total energy of —112.7 hartree.
The effect of other variations of the CO bond dis-
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tance will be estimated only from the results of
ground-state calculations on the free CO mole-
cule. For calculations on the linear Ni,CO (Ni-Ni-
C-0) cluster, the values from Ni(CO), were used
and the Ni-Ni distance was chosen to be the near-
est-neighbor distance in Ni metal, dy, ;=4.70
bohrs. This value was also used for the Ni, com-
plex.

Self-consistent field (SCF) analytic basis set
Hartree-Fock calculations for various electronic
states of the clusters were carried out following
the Roothaan approach as implemented in the pro-
gram system MOLALCH.?? The contracted Gaus-
sian basis sets for C and O were taken from
Van Duijneveldt’s calculations®® on the respective
free atoms. Here 9s and 5p functions were con-
tracted to (4, 3) and a d function (exponent o =1.0)**
has been added. The basis set for Ni was taken
from Wachter’s calculations® on the atom to which
two p functions (exponents a=0.228 and a =0.08)
were added to allow for p hybridization of the Ni
4s orbital. The Ni basis consisted of 14s, 11p,
and 5d functions contracted to (8,6,3). The SCF
calculations were performed using the Cartesian
representation of the spherical harmonics which
in the case of a d orbital is overcomplete because
it gives six different angular functions (x%, %, 22,
xy, xz, yz) compared to five necessary. It is
easy to see that this overcompleteness leads to
the addition of extra s basis functions (x2+y2+ 22%)
beyond the number of explicit s functions used.
On the whole the basis sets used in the present
calculations are of better than “double-£”
quality®® and it is very unlikely that the results
obtained will change significantly if larger basis
sets are used.

The symmetry point group of the present clus-
ters is C,, (D, for Ni,). For the closed-shell
free CO molecule, the degenerate 7, and 7, or-
bitals were required to satisfy the symmetry and
equivalence restrictions.?””?® In all other open-
shell cases, except Ni,, the symmetry restriction
was satisfied but the two components of the 7 and
b representations were not equivalent. The effect
of this is extremely small. For example, for the
21 state of free CO* (17 hole state), the energy of
17t173 (where 17, is different from 17,) is only
0.04 eV lower than for the case of 17° where the
equivalence restriction is imposed. For this rea-
son and for computational convenience, we did not
perform further calculations using the equivalence
restriction. For Ni,, an additional interesting
feature of the orbitals was observed. We did not
impose symmetry with respect to inversion about
the center of the internuclear axis (separation in
g and u states). We find that the open shell 3d
orbitals (3d;) were localized about one or the other

center. The remaining 3d and the 4s orbitals were
found to have g or # symmetry. In effect, this
configuration cannot be expressed as a single de-
terminant using D_, symmetry orbitals.

III. RESULTS AND DISCUSSION
A. Electronic structure of the NiCO cluster

We describe in this section the results of our
calculations on the initial unionized states of the
NiCO, Ni,, and Ni,CO clusters. Our principal
object is to give a qualitative description of the
nature of the bonding of CO to a Ni surface as
given by these model systems.

From the calculations on various electronic
configurations of the NiCO cluster [using the
Ni(CO), interatomic distances], it was found that
the lowest energy configuration is 3A with open-
shell structure 126*(Ni 4s)163(Ni 3d). This state
is very slightly bound (D =0.03 eV), with respect
to CO(*Z*) and Ni(®D; 3d°4s') at infinite separation.?®
If the Ni-C distance is varied keeping the C-O dis-
tance fixed, the total energy minimum turns out to
be at dy;, - =3.917 a.u. which is somewhat larger
than the Ni(CO), value. The corresponding binding
energy is 0.2 eV. The discrepancy between this
value and the experimental adsorption energy of
CO on a Ni surface of ~1.3 eV clearly shows that
a linear NiCO cluster is much too small to yield
the interaction energy of CO with a Ni surface.®
However, clusters of this kind can be used for
the qualitative understanding of the electronic be-
havior of an atom or molecule on a surface. In
the following, we will refer, unless stated other-
wise, to results on the NiCO cluster using Ni(CO),
distances. Variations of the Ni-C distance will be
discussed later in connection with the geometry
dependence of the relative positions of the levels
of various ionic states.

In the 3A ground state of the NiCO cluster, the
CO-like orbitals retain very much of their molec-
ular character. Thus, these cluster levels are _
given their CO notation with a tilde added: 5o, 1w,
etc. In Fig. 1, the contour plots of the CO valence
orbitals are compared with those of the respec-
tive orbitals of NiCO. The plots are given in a
plane containing the internuclear axis. The NiCO
10 to 30 orbitals are (within the accuracy of the
drawing) identical to the respective CO orbitals.
Therefore they have been left out of Fig. 1; only
the molecular CO 30 orbital is shown in Fig. 1(a).
The 40 orbital [Fig. 1(b)] has a very small charge
contribution at the Ni center and the Mulliken over-
lap population shows a slightly antibonding char-
acter (overlap py;_c =—0.02) towards the Ni atom.
The 17 orbital [Fig. 1(d)] also has only a very
small charge contribution on Ni and the overlap



4198 K. HERMANN AND P. S. BAGUS 16

(a)

30 orbital CO

o

40 orbital CO

®)

50 orbital CO

(c)

o~
O~

50 orbital NiCO

=
o
o

FIG. 1. (a) Contour plot of the CO 30 orbital. Solid lines refer to positive and dashed lines to negative values; the
dashed-dotted lines give zero contours of the wave function. The values of the contours are given in a.u. The contour
interval is 0.05 a.u.; this value is also used in Figs. 1(b)—1(e). (b) Contour plots of the CO 40 and the NiCO 40 orbitals.
(c) Contour plots of the CO 50 and the NiCO 50 orbitals. (d) Contour plots of the CO 17 and the NiCO 1r orbitals. (e)
Contours plots of the NiCo 110 (Ni3d)and 120 (Ni 4s) orbitals. For the 120 orbital, a large amount of charge to the
left of the Ni atom, (2);,5,=-—1.59 bohrs for Ni at z=0, is not shown.

analysis gives py,.« =0.004 which indicates that
this orbital has no bonding tendency toward the Ni.
In contrast, the population analysis for the 50 or-
bital [Fig. 1(c)] reveals a 13% Ni admixture (almost
entirely Ni 3d) which can also be seen in the plot.
Furthermore, the overlap analysis gives py,.c
=0.07, the largest value for all the orbitals.
Therefore this orbital characterizes the bond be-
tween the Ni atom and the CO molecule. The

NiCO 110 orbital [Fig. 1(e)] which arises from the
Ni 3d orbital has a very small charge contribu-
tion on the C and O centers. It remains essentially

a d»(do) orbital with a 16% mixture of Ni 4s char-
acter. The NiCO 4w orbital which arises from
Ni(3d,,) and Ni(3d,,) orbitals (its contour plot is
not given) shows 6% charge contributions from C
and O. This means that, in this cluster, there is
some Ni(3d)-CO(27*) “backbonding” taking place.
The singly occupied NiCO 120 orbital [Fig. 1(e)]
which arises from the Ni 4s orbital -becomes a
4s-4p hybrid with 66% Ni 4s, 26% Ni 4p, 4% Ni 3d,
and 3% C (both 2s and 2p) character. The 26% Ni
4p admixture is such as to direct this orbital away
from CO and, in effect, removes charge from the
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FIG. 1. (Continued)

region between Ni and C. The center of the grav-
ity of the charge distribution (z),,,, is 1.59 bohrs
from the Ni center on the side opposite to C. (The
plot of this orbital overemphasizes the small d con-
tribution which has a strongly varying shape in the
region shown.)

Altogether the bond between Ni and CO in the
NiCO cluster is determined by the interaction be-
tween the Ni 3d orbitals with the 5¢ orbital of the
CO molecule. From the gross atomic population
analysis, the configuration of the Ni atom in the
cluster is described as 3d® 7 45%% 45036 yielding

TABLE I. Calculated orbital energies, in hartree, of
the CO like orbitals in the NiCO cluster and in Ni(CO),.
The values for free CO are given for comparison. Orbi-
tal assignments in parenthesis refer to the Ni(CO); mole-
cule.

Orbital € (NiCO) e [Ni(CO),] ? € (CO)
10(2ty,3ay) —20.7093  —20.657 —20.669
20(3ty,4ay) —-11.4218 _11.419 -11.370
30(5ty,6a4) -1.5473  -1.530 -1.510
10(6ty, Tay) —0.8456  —0.793,-0.809 —0.801
50(8ty,8ay) —0.6849  _0.644,-0.693 —~0.557
in(le,7t,,1¢4)  —0.6716  —0.665,-0.662;,  —0.692

-0.653

®The values for Ni(CO), are taken from Ref. 32.

an essentially neutral CO molecule. The latter re-
sult agrees with the usual experimental interpre-
tation of work function changes in the CO-Ni ad-
sorbate system 3!

It is interesting to note that the orbital energies
of NiCO are quite similar'to those found for nickel
carbonyl *? Ni(CO),. In Table I, we give the values
for the CO-like levels in NiCO, the Ni(CO), mole-
cule, and the free CO molecule. It is clear from
the data that NiCO and Ni(CO), are much closer
to each other than to free CO; this is most obvious
for the valence levels, 40, 50, and 17. The dif-
ferences between NiCO and Ni(CO)4 arise from two
effects. First, the bonding in the two systems will
be somewhat different. Second, our basis set for
NiCO is considerably larger than the one used for
Ni(CO),.** This latter fact probably explains why
the NiCO orbital energies are generally lower than
those for Ni(CO),. The analogy between the beha-
vior of CO levels in carbonyls and chemisorbed on
Ni has been used to propose an assignment of the
UPS spectra of the chemisorbed system.3® Our
results are consistent with the use of this analogy
and provide support for it.

B. Electronic structure of the Ni, and Ni, CO clusters

We have also performed calculations for a linear
Ni,CO cluster. This was done in order to deter-
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mine the effect on various properties of interest

of allowing the CO molecule to interact with more
then one Ni atom. In particular, we are interested
in the effect of this second atom on the IP’s of the
CO-like orbitals to be discussed below in Sec. HIC.

To get a better understanding of the Ni-CO inter-
action in linear Ni,CO, it is useful to study the
Ni, diatomic cluster first. Itturnsoutthat the ener-
getically lowest state of Ni, at its metal nearest-
neighbor distance is a triplet with open-shell struc-
ture 6}, (Ni 3dA) 8%, »(Ni 3d B) (the z axis coin-
cides with the internuclear axis). The notation
3dA and 3dB is used to indicate that the o, or-
bital is localized on one of the two equivalent Ni
atoms and 8,2_» is localized on the other. How-
ever, the total charge on each atom is the same
and is 3d®°4s'+°4p°! as given by a Mulliken pop-
ulation analysis. The 4s electrons are in a doubly
occupied 4s0, orbital. The general picture of the
structure is one in which the 3d electrons are local-
ized about each Ni atom and the 4s electrons form
a delocalized covalent bond. The same results
have been obtained in a more extensive study of
Ni, by Melius et al.3* The SCF binding energy of
this state is 1.15 eV. (We note that we have used-
real rather than complex functions for the open-
shell d orbitals. Hence, the SCF wave function
does not possess spatial symmetry but is, in fact,
a combination of °T" and 3Z° symmetries. The en-
ergy difference between these states is given by a
combination of two center Coulomb and exchange
integrals involving the d6 orbitals 3®* These inte-
grals are very small. Melius ef al .3 have shown
that all the states which arise from the 35,0%_ .,
configuration are within 0.0006 eV of each other.)

The ground-state configuration in Ni,CO is found
to be a triplet with thé same open-shell structure
as Ni,. It is energetically stable (D=0.23 eV) with
respect to the ground states of the separate sys-
tems CO(*Z*) and Niy(triplet). As for NiCO, the
CO-like orbitals in the cluster retain their mole-
cular character. In fact, they are almost identical
to the corresponding orbitals in NiCO; the contour
plots of these orbitals in Ni,CO are almost indis-
tinguishable from those given in Fig. 1 for NiCO.
In sum, the presence of a second Ni atom in the
linear arrangement does not influence the charact-
er of the CO-like orbitals and the Ni-CO bond is
formed principally by the CO 50 orbital admixing
some 3do character of the nearest Ni atom.

The 180 orbital which arises from atomic Ni 4s
orbitals and formed the o, orbital in Ni, that deter-
mined the Ni-Nibond becomes strongly asymmetric
in Ni,CO since some charge is shifted towards the
Ni atom further away from CO. In addition, com-
pared to Ni,, this orbital has larger 4p character
at the Ni center nearest to CO. In effect, this

moves charge from the Ni-CO bonding region to
the Ni-Ni bonding region. This behavior is equi-
valent to that of. the 120 orbital in NiCO discussed
above. In the case of Ni,CO this charge reorgani-
zation leads to an increase of the Ni-Ni bond which
can be seen from the fact that the Ni-Ni bond en-
ergy in Ni,

Eg(Ni,Ni,) = | Eyoo(NL,) - 2E,,(Ni)|=1.15 eV
is smaller than the Ni-Ni bond energy in Ni,CO
Eg(Ni,Ni,CO) = | E,,(Ni,CO) - E,,,(Ni)
- E,,(NiCO) |=1.37 eV.

The gross atomic population analysis gives a pop-
ulation 3d®:% 45%844°35 for the Ni atom nearest
to CO and 3d®:%74s'-23 4p°-% for the Ni atom further
away from the CO. This leads, as in the NiCO
cluster, to an essentially neutral CO molecule.

C. Ionization potentials of the CO-like levels:
adsorbate energy level shifts

As we have discussed earlier, the shifts of the
adsorbate photoemission peaks with respectto
those of the free molecule are used to interpret
the adsorbate spectra.!™° In order to understand,
in a quantitative way, the origins of these shifts
for the various CO-like levels, we have performed
calculations of the IP’s of these levels in NiCO
and Ni,CO. These are compared with the calcul-
ated values for free CO.

Since the initial states of both NiCO and Ni,CO
are open shells with triplet spin, there are mul-
tiplet split final ionized states with quartet and
doublet spin.3® (This is roughly equivalent to re-
moving either a majority, spin up, or a minority,
spin down, electron from the CO-like level) We
shall concern ourselves almost entirely with the
quartet, high spin, final states. However, the
size and significance of the multiplet splittings
will be discussed briefly later in this section.
When a i7 electron is removed, final states with
different spatial symmetry are also obtained. This
leads to a further multiplet splitting. We consider
only the averages of these states described by
open-shell configurations constructed from real
orbitals:

P(NiCO) =16,,(Ni 3d)120(Ni 4s)i7,, (1)
P(Ni,CO) =8, (Ni 3dA)d,2_2(Ni 3dB)in, . )

[Clearly, some other open-shell configurations
constructed from different orbitals, iw, instead of
ivr,, for example, are exactly degenerate with the
configurations of Egs. (1) and (2).] The energies of
the different spatial states are separated by com-
binations of two center integrals involving 17 and
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TABLE II. Calculated ionization potentials, in eV, of the CO-like orbitals of linear NiCO
and Ni,CO. The notation I(Koopmans) refers to the frozen orbital IP to a high spin final state
(see text); I(Relaxed) is obtained by taking differences of the Hartree-Fock total energies of

the initial and final (high-spin) states.

NiCO Ni,CO
Orbital I1(Koopmans) I(Relaxed) I(Koopmans) I(Relaxed)
10 (O 1s) 563.532 541.988 563.508 541.573
20 (C 1s) 310.782 297.685 310.806 297.276
3¢ 42.091 38.496 42.080 38.150
ic 22.973 20.986 22.985 20.742
50 18.423 16.400 18.572 16.372
ir 18.259 16.007 18.245 15.676

the Ni open-shell orbitals which are expected to be
very small. No final-state splittings arise for CO
which has a 1=+ closed-shell ground state.

The IP’s are computed in two ways. In the first,
we obtain the ionized final-state wave functions
and energies using the initial-state orbitals. We
refer to this as I (Koopmans) even though, for
open-shell systems,?? this is not exactly equivalent
to using I'=-€. In this frozen orbital approach,
the orbitals are not allowed to relax to respond to
the removal of the ionized electron. In the second.
way, we compute SCF wave functions for the ion-
ized states. I (relaxed) is the difference of the
initial- and final-state SCF energies. For the analy-
sis of the adsorbate shifts, it is appropriate to
define the following shifts, AE:

AE,,, =I(Relaxed; CO) - I(Relaxed; cluster),

(3)
AE, =I(Koopmans; CO) - I(Koopmans; cluster),

)
AEp=AE,, - AE,. (5)

Clearly, only the total shift AE, ; may be ob-
served in an experiment. The initial-state contri-
bution AE; is due to two mechanisms. First, a
level may be shifted because it becomes involved
in a bond to the Ni (bonding shift). Second, a level
may be shifted by the changed environment in the
cluster (environmental or chemical shift). The
second is the only mechanism to affect nonbonding
levels. The relaxation shift AE, arises because of
the different final-state behavior between the free
and “adsorbed” CO molecule. This decomposition
of shifts is commonly used in the analysis of chem-
ical shifts in core-level photoemission spectra.®®
It has also been used, most often qualitatively, for
the analysis of adsorbate shifts.!®*""2° Qur theo-
retical approach permits us to obtain quantitative
estimates of the magnitudes and behavior of the in-
dividual terms for different adsorbate levels.

The IP’s for the CO-like levels in NiCO and
Ni,CO are given in Table II. The final states of
NiCO and Ni,CO, for both I (Koopmans) and I (Re-
laxed) are the high-spin quartet states as discussed
above. The CO IP’s are given in Table ITI. They
are calculated for d(CO)=2.173 bohrs, the CO dis-
tance in Ni(CO),, and are compared to values ob-
tained from x-ray*® and uv®® photoemission experi-
ments. The I (Relaxed) for CO agree fairly well
with the experimental values. If the experimental
CO internuclear separation is used, the computed
relaxed IP’s change slightly towards a better
agreement with the experimental values.?* From
the significant differences between the IP’s calcu-
lated with and without orbital relaxation in both CO
and NiCO, it is clear that relaxation effects cannot
be neglected in calculations of this kind as has
been done quite often in the past.

The vertical IP’s reported in Tables II and III are
the appropriate quantities to compare with the
maxima of the observed peaks or (in the case of
free CO) bands. Geometry changes in the relaxed
final state lead, through Franck-Condon overlap,
to vibrational broadening of these peaks. The cal-
culated values of the adsorbate shifts as defined
in Egs. (3)-(5) are given in Table IV. Before we
discuss these AE, we shall consider briefly the
effects of multiplet splitting in the final states.

TABLE III. Computed and experimental ionization po-
tentials, in eV, of the free CO molecule.

Orbital I(Koopmans) I(Relaxed) I(exp)
1o (O 1s) 562.424 541.947 542.32
20 (C 1s) 309.390 297.550 296.2 2
30 41.076 38.311 38.92
40 21.799 19.867 19.7°
50 15.149 13.525 14.0°
17 17.123 14.960 16.9°
2See Ref. 38.

YSee Ref. 39.
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TABLE 1IV. Calculated level shifts, in eV, of the CO
orbitals due to the interaction with nickel. AE;and AEg
are, respectively, initial- and final-state contributions to
the total shift A Eyy.

AEo AE; AEg
State  NiCO Ni,CO NiCO Ni,CO NiCO Ni,CO

1o (O 1s) —0.04 0.37 —1.11 -1.08 1.07 1.45
3¢ (C1s) —0.13 0.27 —1.39 —1.42 1.26 1.69

30 —0.19 0.16 -1.01 -1.00 0.82 1.16
io ~1.12 -0.87 -1.17 -1.19 0.05 0.32
50 —2.88 -2.85 -3.27 -3.42 0.39 0.57
ir -1.05 —0.68 —1.14 —1.12 0.09 0.44

The final states of NiCO and Ni,CO have three
open shells. It is possible to form three distinct
final states with this open-shell structure: one
quartet and two doublets. A convenient measure
of the multiplet splitting among these final states
is the energy difference between the quartet state
and the center of gravity of the three photoemission
peaks. With some reasonable assumptions about
intensities,>”**! this energy difference, AE,y, is
42,43

given by
AEys =5{ K[@,(Ni), (CO)]+ K[@,(Ni), »(CO)] } ,
(6)

where the K are exchange integrals between the
Ni-like open-shell orbitals and the open-shell
(ionized) CO-like orbital (CO). For NiCO, the
Ni-like orbitals are ¢,(Ni)=120(Ni 4s) and ¢,(Ni)
=19, (Ni 3d); for Ni,CO, ¢,(Ni)=3,(Ni 3dA) and
©,(Ni)=5,2_,2(Ni 3dB). For each »(CO) ionization,
the value of AE,q is given in Table V. These val-
ues are calculated from Eq. (6) using the initial-
state (frozen) orbital values for the exchange in-
tegrals. From the table, we see that the AE, for
NiCO are always larger than those for Ni,CO.
Further, for either NiCO or Ni,CO, the largest
value of AE, is for 50 ionization. In fact, for
Ni,CO, AEy, is essentially zero except for this
case. This behavior of the multiplet splittings is
not at all surprising. Of the integrals involved in
Eq. (6), it is clear that K[120(Ni 4s), ®(CO)] will
be the largest. The NiCO 120(Ni 4s) orbital is the
most diffuse of all the Ni-like open-shell orbitals
and has a reasonable density in the regions where
the CO-like orbitals are large, cf. Fig. 1. It is
also clear from Fig. 1 that the exchange integrals
involving 5¢ will be larger than those involving any
other »(CO).

It is not reasonable to expect that diffuse Ni 4s-
like orbitals will have unpaired spin density for
atoms in the bulk or at the surface of Ni metal.
The relatively large values of AE,; for NiCO are
most likely to be artifacts of that cluster. Hence,

they do not correspond to multiplet splittings which
would be observed in photoemission for CO ad-
sorbed on Ni.

The results of several spectroscopies which di-
rectly measure the d-level behavior in Ni metal
appear to require an analysis based on localized
d electrons.**"*® Both our Ni, and Ni,CO clusters
have this localized d character. Hence, the AE,q
for Ni,CO may provide a reasonable basis for an
estimate of the multiplet splitting to be expected
for CO adsorbed on Ni. As seen from Table V,
AE, is negligible except for the 50 level where
it is only 0.06 eV. Clearly, multiplet splitting ef-
fects can be expected to be very small and do not
contribute significantly to the observed'>*” ~2 eV
widths for the valence region, 4o, 17, and 50,
resonances.

The multiplet splittings do have some effect on
the calculated values of the adsorbate shifts for
the 50 level. The large AEy, for 50 in NiCO means
that the quartet final state lies below the center of
gravity more than is reasonably expected. Thus,
AE,(50) for NiCO will be too negative (too large in
absolute value). In fact, AE(50) for NiCO is 0.15
eV lower than the value for Ni,CO. This is just the
difference between the values of AE,(50) given in
Table I. In order to determine the effect of multi-
plet splitting on AE, , and AE, for 50 ionization,
we have performed final-state SCF calculations for
the center of the gravity of the multiplet for NiCO
and Ni,CO. The final state AE,4(50) are the same
as theinitial-state valuesgivenin Table V. Hence
AER(go) is unaffected by the multiplicity of the
final state and both AE, ,(50) and AE,(50) for NiCO
are artifically too small (negative) by ~0.15 eV.
For the other CO-like levels, the multiplet split-
ting is too small to merit any further considera-
tion.*®

We consider now a detailed analysis of the ad-
sorbate shifts given in Table IV. The initial-state
shifts AE; are essentially the same for NiCO and
Ni,CO except for AE,(50) which, as discussed

TABLE V. Final-state multiplet splitting for ionization
from the CO-like orbitals of NiCO. The splitting is char-
acterized by AEyg which is defined in the text. Initial
state (frozen) orbitals are used to evaluate the AZ‘NS
Values are given in eV.

Orbital AE5(NiCO) AE)5(Niy CO)
is (O 1s) 0.003 0.000
30 (C 1s) 0.024 0.000
3o 0.014 0.000
ic 0.040 0.006
5¢ 0.214 0.065
ir 0.017 0.006
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above, is effected by the relatively large final-
state multiplet splitting in NiCO. This means that
the bonding of CO to Ni is the same in both clusters
and, as noted earlier, that the CO-like orbitals are
almost identical in both clusters. It also means
that the second (more distant) Ni atom is sufficient-
ly screened that it does not cause a significant
chemical shift of the CO levels in Ni,CO. The AE,;
have negative values of ~~1 eV for all but the bond-
ing 50 orbital. This orbital is the most strongly
bonding one with respect to Ni and therefore it is
plausible that its bonding shift is larger compared
to the other states. For the CO core orbitals io,
30, and also the 3o orbital (which determines the
CO bond), AE; is exclusively a chemical shift.

This shift is smaller for the 1o orbital (corres-
ponding to O 1s) than for the 2o orbital (corres-
ponding to C 1s). The oxygen center is further
away from Ni than the carbon center and, there-
fore, the io orbital experiences a weaker influence
from the Ni atom than the 30 orbital. For the val-
ence orbitals 40 and 117 thereis no rigorous way
to make a quantitative separatlon between the bond-
ing and the chemical contribution to AE,. However,
the charge distributions of 40 and 17 shown in Figs.
1(b) and 1(d) and the orbital characters discussed
in Secs. III A and III B strongly suggest that the
dominant contribution to AE; is a chemical shift.
The fact that AE,(40) and AE,(11r) are very nearly
the same as the AE, for the core and 30 levels also
supports this idea.

The physical origin of the final-state relaxation
shifts AE, arises from the response of the Ni elec-
trons to the removal of a (dominantly) CO electron
from the cluster. These shifts, for both NiCO and
Ni,CO, show different behavior for different sets
of Cq-like orbitals. The values of AER(io) and
AEg(20) corresponding to K- shell core ionization
are the largest; ~1 eV in NiCO and ~1.5 eV in
Ni,CO. These large values can be understood from
the nature of the core orbitals. The removal of a
1o (20) electron occupying a very contracted orbi- -
tal may be regarded as increasing the effective
charge of the oxygen (carbon) nucleus by one.*®
Thus, the ionization out of a core orbital leads to
a reorganization of charge over the entire cluster,
including the Ni electrons, and yields large values
of AE,. The relatively large AE, value for the 3¢
orbital can be understood in a similar way. Since
30 determines the strong CO bond, the ionization
out of this orbital leads to a major reorganization
of electrons within the CO system which in turn re-
sults in a spatial redistribution of Ni electrons.

In this sense 3¢ may be considered a core level.
The nonbonding valence levels, 40 and in, have the
smallest AE,, ~0.1 eV for NiCO and ~0.4 eV for
Ni,CO. These rather diffuse orbitals are distri-

buted mainly about the O atom, cf. Figs. 1(b) and
1(d). Thus, the Ni electrons, screened by C, con-
tribute less to AE,. Since the 50 orbital is bonding
with respect to Ni, the Ni electrons will partici-
pate to a larger extent in the electronic relaxation
when this orbital is ionized. This explains the
larger value of AE,, 0.4 eV for NiCO and 0.6 eV
for Ni,CO, relative to the other (nonbonding) val-
ence orbitals. Because of the physical origin of
AE,, this quantity should increase in going from
NiCO to Ni,CO since the number of Ni electrons
increases. The main effect of the addition of an-
other Ni atom to the NiCO cluster is a roughly con-
stant shift of AE for all levels by ~0.3-0.4 eV
towards larger values (cf. Table IV).

On the whole, the behavior of AE; and AE in
NiCO and Ni,CO indicates a grouping of the CO-
like orbitals into three categories. First, the core
orbitals 10 20 and the CO bonding orbltal 30
which have a AE, value of ~1 eV (due to chemical
shifts) and large AE values. Second, the nonbond-
ing valence orbitals 40 ir which again have AE,
~1 eV but also the smallest AE, values. And,
third, the bonding valence orbital 50 which has a
very large AE,; value of ~3 eV (due to the bonding
shift) and a somewhat larger AEj than 40 and I7.
This grouping into three sets of orbltals core
(including 50), nonbonding valence, and bonding
valence, is also reflected in the behavior of AE, ;.
This is particularly important since this is the
only shift which is an observable quantity in a
photoemission experiment.

In order to determine the effect of the geometry
variation on these conclusions about level shifts,
we have, for NiCO, performed SCF calculations
for a few different values of dy, . (The d._ has
been kept fixed). We find that, within a reasonable
range of dy,_. about its Ni(CO)4 value, both I i mans
and I, ,..q Vary parallel to each other. That is
I — Ine1axeq 1S roughly constant within this

Koopmans
range. That is, the relaxation shift,

= = (o]
AER _AEtot - AEI - (Igéognans Igz(l:a?(ed

co
(IRelaxed IKoonma.ns)

is roughly independent of dy, . Thus, the conclu-
sions about the behavior of AE; for the different
CO-like orbitals in NiCO are, within reasonable
limits, independent of the cluster geometry. Fur-
thermore, the variation of AE; and AE,, is such
that the qualitative conclusions made about the be-
havior of these level shifts still remain valid,
even though the numerical values of the shifts
change somewhat. We believe that it is likely that
in Ni,CO the level shifts are similarly independent
of the cluster geometry.

It is possible that the actual bonding of CO on a
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TABLE VI. Experimental values of the IP’s and total energy-level shifts, AE.q, for CO ad-
sorbed on Ni. The IP’s are referenced to vacuum level by adding a work function to the ob-
served values. The shifts are calculated using the free CO IP’s given in Table III. Our cal-

culated A Eyy for Ni,CO is included for comparison. All values are in eV.

Experiment Experiment
Gustafsson et al. Brundle and Carley This work
(Ref. 10) (Ref. 47) Ni,CO cluster
Orbital 1? AE I® AEo " AEgot
ig (O 1s) 536.9 5.4 0.37
30 (C 1s) 291.1 5.1 0.27
§0. .o . . e e ce. 0‘16
ic 16.6 3.1 16.6 3.1 —0.87
ir 13.6 3.3 13.6 3.3 -0.68
50 12.3 1.7 11.8 2.2 -2.85

2Work function of 5.8 eV was used as reported in Ref. 10.
®Work function of 5.5 eV was used as suggested .in Ref. 47.

Ni surface is somewhat different from that found
here. A different surface geometry, a bridge or
fourfold adsorption site, for example, could lead
to a modification of the bonding contributions of
AE,. [Note, however, the close similarity of our
results with those for the quite different geometry
Ni(CO), shown in Table I.] We do believe, how-
ever, that the essential mechanisms which cause
the level shifts seen in photoemission of CO ad-
sorbed on Ni surfaces are already contained in
our model clusters. Calculations on larger Ni,CO
clusters where # is increased until the cluster
properties become independent of the size would
provide a somewhat deeper understanding of the
local binding situation between CO and Ni and of
the level shift behavior. (Unfortunately, such
Ni,CO calculations using ab initio Hartree-Fock
methods without further approximations or limita-
tions in the atomic basis sets are rather difficult
to perform.) It is certainly clear that the relaxa-
tion contribution AE, is still strongly underes-
timated in Ni,CO. The number of Ni atoms in the
neighborhood of an adsorbed CO molecule—for
any possible adsorption site—is much larger than
two. From the discussion above one could specu-
late that adding further Ni atoms to Ni,CO merely
results in an increase of the relaxation shift AE,.
The initial-state contributions AE, would remain
approximately the same as long as the additional
Ni atoms did not directly modify the Ni-CO bond.
This would lead to a correction of the Ni,CO (or
NiCO) values for AE,,, towards larger values for
all CO-like orbitals.

In this spirit, we compare, in Table VI, our
computed AE, , for Ni,CO with experimental values
obtained by Gustafsson et al.'° (valence levels only)
and by Brundle and Carley*’ (valence and core lev-
els). The gas phase CO IP’s used are those given

in Table III. The experimental IP’s for CO ad-
sorbed on Ni are referenced to vacuum by adding
a work function of 5.8 eV to the results of Ref. 10
and of 5.5 eV to those of Ref. 47. These are the
work function values suggested in Refs. 10 and 47,
respectively. The experimentally determined AE,
differ from our values in that they are ~4-5 eV
larger for all levels which have been observed.
This is consistent with our belief that our calcula-
tions strongly underestimate AE,. The experi-
mental results support our grouping of the CO-like
levels into three sets. The 3¢ level, which has not
been observed so far, would provide a very useful
test of our predictions of this grouping.

D. Order of the 50 and 1w ionization potentials

As noted in the introduction, there has been dis-
cussion about whether the order of the 50 and 17
ionization potentials of CO [in the gas phase I(1m)
>1(50)] is reversed when this molecule is adsorbed
on Ni. Gustafsson et al.!° assign the adsorbed IP’s
in the same order as observed in the free CO mole-
cule and Brundle and Carley*” have also used this
order. Williams et al.'' make the reverse assign-
ment, I(50)>1(I7), based on an analysis of angle
resolved uv photoemission experiments. From
Table I, we note that for Ni,CO, I (Relaxed; 50)
is 0.7 eV larger than I (Relaxed; 1m). This would,
at first glance, appear to support the assignment
of Williams et al.'* However, it is important to
recall that the SCF calculations do not treat the
i7 and 5o ionized states with the same accuracy.
In other words, there are different correlation
errors®® in the SCF energies of these two states.
This is clearly seen in the free-CO results; cf.
Table III. The calculated I (Relaxed, 17) is 1.4
eV larger than I (Relaxed, 50) but from the experi-
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FIG. 2. Relaxed ionization potentials (IP) of the CO

valence orbitals 40, 50, and Ir in NiCO as a function of
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at 2.173 bohrs.
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mental results® we find that I(17) is actually 2.9
eV larger than I(50). Thus, the relative error of
the SCF I(1m) with respect to I(50) is 1.5 eV. Since
the electronic structure of CO in Ni,CO is very
much like that of free CO, it is reasonable to esti-
mate that the relative error of the SCF cluster
I(i7) is also ~1.5 eV. If this correction is applied
to the calculated cluster IP’s, then I(in) >I(50) in
agreement with the gas phase ordering.1%?

The relative position of the CO-like IP’s is af-
fected by the cluster geometry. The dependence of
the IP’s on the Ni-C distance was first discussed
by Waber et al.> Based on the results of discrete
variational method, local density (X&) molecular-
orbital (MO) calculations which madeled the ap-
proach of CO to Ni(100), they found that the 50
and 17 levels crossed for CO at ~3 bohrs above the
surface. In Fig. 2, we plot our values for the
3o, 17r and 50 I (Relaxed) of the NiCO cluster as
a functlon of dy, . The curve shows that I(50) is
decreasing more rapidly, with decreasing dy, ¢,
than is I(17). Taking account of the crude 1.5 eV
correlation correction discussed above, we also
estimate that the 1r and 50 IP curves should cross
at dy;.c ~3 bohrs. Even for this rather short Ni-C
distance, we are still rather far from the assign-
ment of Williams et al. ! where I(50) is placed
1.6 eV larger than I(1w).

An analysis of the energy-level shifts provides
even more compelling arguments against the re-
ordering of these levels from their free molecule
order. If the assignment of 17 and 50 to the ex-
perimental peaks in Table VI is reversed, very
different values of AE, (i) and AEM(BG) are ob-
tained. For the reverse assingment, AEm(Sa)
~0.4 eV (Refs. 10 and 47) and AEm(”n) 4.5 ev, 10
or ~5.0 eV.*" (Similar AE,,, are obtained if we
use the slightly different peak positions of Williams
et al.1) We consider first the 50 shift and then

turn to 1n. If we assume that our calculated
AE,(50)~-3 5 eV (Table IV) is roughly correct,
then AER(5O') would have to be ~1.5 eV smaller
than AE,(40) to be consistent with AEM(SG) 0.4
eV. This seems rather unlikely especially since
our calculations indicate a somewhat larger AE,
for bonding than for nonbonding orbitals. If we
assume that our result that the valence orbitals
AE, are roughly equal is correct, then AE; would
have to be ~-5 eV or ~1.5 eV smaller (more nega-
tive) than our calculated value. This is possible
but the larger bonding shift would suggest,'® al-
though it does not require, that the adsorption en-
ergy of CO on Ni would be larger than ~1.3 eVv.*
It is even harder to make AE,(17)~5 eV consis-
tent with our results. As we have shown in Figs.
1(b) and 1(d), the 17 and 40 orbitals are both dom-
inantly centered about the O atom. Thus they
should be expected to have similar AE; and AE,
and hence AE, ;. Indeed, this is exactly the case
for our calculated ShlftS However, reversmg the
assignment of i and 50 requires that AEm(lw)

be 1.5-2.0 eV larger than AEm(4o) Further, if
the adsorption were at a bridge or fourfold site
(rather than head-on as in our model), we would
reasonably expect there to be more 7 bonding.
This 7 bonding would mean that AE,(11T) would be
more negative than AE,(4<7) Our results also sug-
gest that AE; is somewhat more negative for bond-
ing than for nonbonding valence orbitals. Thus

we would expect AE, (1) <AE,,,(40) if there were
significant 7 bonding. However, this is exactly
opposite to the order of shifts required by the
assignment™ I(5¢)>I(17). In sum, while our cal-
culated shifts are quite consistent with the order-
ing 1(50) <I(i7), they do not support the reverse
assignment.

E. CO bond length

Much of the analysis above depends on the as-
sumption that the CO bond distance for CO adsorbed
on Ni is not too different from its value in free CO.
Or, equivalently, that any changes in bond distance
upon adsorption do not have a significant effect
on the IP’s of the CO-like orbitals. This assump-
tion is required particularly for the assignment
of the orbitals into three groups (core, nonbonding
valence, and bonding valence) according to their
energy-level-shiftbehavior and for the assignment
of the order I(im)>1(50).

Cotton and Wing*° have shown that the CO bond
distance in various bonding situations (character-
ized by the “bond order”) is not changed signifi-
cantly until the bonding is very different from that
in free CO. (More specifically, it does not in-
crease significantly until the bond order is reduced
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TABLE VII. Variation of the Koopmans-theorem ionization potentials —e with changes in
bond length for the free CO molecule. The difference of the ionization potentials, denoted AI,
are given with respect to the values for dg.o=2.15 bohrs. The values of I(Keopmans)=—¢ are
given for this distance. All values are taken from the results of Ref. 52. Energies are in eV

and distances in bohrs.

dcoo AlI(lo) AI(20) AI(30) Al(4o) AI(50) AI(lm
2.00 -0.112 -0.990 +1.524 +0.194 -0.279 +0.993
2.05 -0.063 -0.659 +1.009 +0.129 -0.179 +0.648
2.10 -0.030 -0.327 +0.500 +0.063 -0.085 +0.317
2.15 0 0 0 0 0 0
2.20 +0.019 +0.322 -0.490 -0.061 +0.075 -0.303
2.25 +0.028 +0.641 -0.969 -0.117 +0.140 -0.595
2.30 +0.034 +0.947 ~1.433 -0.167 +0.192 -0.873
—€(R=2.15) 562.330 309.251 41.230 21.873 15.132 17.311

to ~1.5 from the 3 characteristic of free CO.) For
practically all metal carbonyls,*® d,_, is between
that of free CO, 2.13 bohrs, and 2.20 bohrs, or
0.07 bohrs larger. The value used in our clusters,
2.16 bohrs, is halfway between these two limits.
By analogy with the carbonyls, we expect the CO
bond distance to change (increase) only slightly
upon adsorption. This expectation is supported by
our calculation which shows (see Fig. 1) that the
CO orbitals are not greatly changed in the clusters.
It is further supported by the fact that the chemi-
sorption bond energy for CO on Ni is fairly small®°
indicating that the CO bond will not be greatly per-
turbed upon adsorption.

An estimate of the effect of changes in d,_, on
the IP’s may be made by examining the changes of
the CO orbital energies, €’s, for free CO. These
are, of course, just the Koopmans -theorem IP’s.
It is reasonable to expect that this geometry effect
for free CO will be very similar to that for ad-
sorbed (perturbed) CO. Demuth and Eastman®
used, in a similar way, the results of free-mole-
cule SCF calculations to determine possible geo-
metry changes from the photoemission spectra of
adsorbed hydrocarbons. The free CO €’s, taken
from extended Slater type basis set?® near Hartree-
Fock limit SCF calculations,®® are shown in Table
VII for several values of d,_, between 2.0 and 2.3
bohrs. Since we wish to focus ‘on changes rather
than absolute values, the €’s il Table VII are
given as differences with respect to. the values for
de_o=2.15 bohrs. It is clear that any variation of
dg_o Within, or even somewhat outside, the reason-
able range 2.13 to 2.20 bohrs will not affect the
conclusions drawn above. The effect of a change in
do_o, will be largest for the 30 level (which has not
been observed in adsorption). This is quite under-
standable since the 30 is the most strongly bonding
orbital. Here, assuming that d._, for adsorbed
CO is larger than for free CO, the effect will be

to decrease IP(§0) and to increase AEcot(-éU)-

(For free CO, Franck-Condon and correlation ef-
fects lead to a very broad 3o photoemission peak.53
A broad 30 peak for adsorbed CO is also to be ex-
pected.) ' )

The calculated and observed values of the K-shell
(io and 20) energy-level shifts also provide addi-
tional and independent support that d._, does not
increase significantly when CO is adsorbed in Ni.
Our computed result, for bgth NiCO and Ni,CO
(cf. Table 1V), is the AE, (10) and AE,,(20) are
nearly equal, AE, ,(10) being 0.1 eV larger than
AEM(io). As we have noted, the cluster calcula-
tions do not take account of any possible variation
of d._o. From Table VII, we note that €,, increases
by ~0.65 eV for each 0.1 bohr increase in d._,; the
increase of €,  is an order of magnitude smaller.
Thus, if dq,-o increased significantly upon adsorp-
tion AEm(lo) would be significantly larger than
AE,,(20). However, the observed value*’ of
AE,,,(10) is only ~0.3 eV larger than AE, ,(20).
This near equality is consistent with a small in-
crease, <0.05 bohrs, indq_,.

IV. CONCLUSIONS

The present Hartree-Fock SCF calculations on
NiCO and Ni,CO show that the bond being formed
between CO and nickel arises dominantly from an
interaction of the CO 50 orbital with 3d orbitals
of the nickel and that the Ni 4s electrons do not
participate directly in the bond. In the real situa-
tion of CO adsorbed on a Ni surface one could ex-
pect changes in the Ni-CO binding, particularly if
CO does not adsorb directly above a surface Ni
atom (bridge, threefold or fourfold coordination
site). However, the close similarity of our NiCO
results with those* for Ni(CO), suggest that the
changes may be small. On the whole, we believe
that the local binding situation in the real CO-Ni
adsorption system is qualitatively described in
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our linear NiCO or Ni,CO models.

This binding situation is reflected in the energy-
level shifts of the CO orbitals when the molecule
interacts with Ni. It is suggested that these shifts
consist of three contributions: (i) an environmen-
tal (chemical) shift, (ii) a bonding shift, and (iii)

a relaxation shift. On this basis it is possible,
from the NiCO and Ni,CO data in Table IV, to
assign the adsorbate CO-derived levels to three
groups with the levels in edch group behaving in a
similar way. The first group contains the core
level 10 (O 1s), 20 (C 1s) and the CO bonding level
30. These levels, which are nonbonding with re-
spect to Ni show, a relatively large initial-state
shift AE, which is exclusively a chemical shift.
In addition, they show a large relaxation shift
AE,. The valence levels 40 and i7 which are
also essentially nonbonding with respect to the

Ni form the second group. Here AE; is comparable
to those found for the first group but AE, is much
smaller, Finally, the third group consists of the
50 level which behaves differently from all others
for both AE; and AE,.

A comparison of the energy-level shifts obtained
for NiCO and Ni,CO shows that the major effect
of the second Ni atom is to increase AE, by a
roughly constant amount for all the CO-like or-
bitals. The values of AE, are essentially the same
for both clusters. Thus AE, , increases by ~0.4
eV for all CO levels in going from NiCO to Ni,CO
(For the 50 level, the behavior of AE; and AE,,,
is masked by the different multiplet splitting in the
two clusters.) This increase brings the calculated
shifts closer to the experimental results'®*” for
CO adsorbed on Ni. However, we believe that the
calculations strongly underestimate AE, because
of the small number of Ni atoms in the clusters.

Two general conclusions concerning the inter-
pretation of the uv photoemission spectta of chemi-
sorbed molecules'®!5:17+475¢ capn he drawn from our
analysis of the contributions to the energy-level
shifts. First, the relaxation shift AE, need not to
be constant for all valence levels.!”**"5* Second,
chemical shifts can contribute significantly to

~ E; and therefore yield nonvanishing values for the

nonbonding valence levels.2® Both points have been
made before; however, the present results give

a direct theoretical justification that these effects
must be taken into account in the analysis of pho-
toemission spectra.

The detailed analysis of the energy-level shifts
also leads to specific conclusions for the Ni-CO
system. Our results are consistent with and
strongly support the assignment'***? that I(im) is
greater than I(50). They cannot be easily recon-
ciled with the reverse assignment proposed by
Williams et al 11 The near equality of the 1¢(O 1s)
and 20(C 1s) shifts provides independent evidence
that the CO bond distance for adsorbed CO is not
much larger than that for the free molecule.

The multiplet splitting arising from the inter-
action of the singly-occupied (ionized) CO-like
orbital with the unpaired Ni electrons has also
been considered. The relatively large values for
NiCO occur because there is an unpaired Ni 4s
electron and are, almost certainly, an artifact
of this cluster. The Ni,CO values form a reason-
able basis for estimating the splitting for adsorbed
CO since only Ni 3d electrons are unpaired in this
cluster. The Ni,CO multiplet splittings are neg-
ligible for all CO-like levels except 5¢ where it is
quite small, of order 0.1 eV. Clearly, this effect
does not account for the large observed'?*” widths
of the valence level resonances.
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Tu Clausthal, 3392 Clausthal-Zellerfeld, West Germany.
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