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We present a study of angle-resolved photoelectron spectra from oriented, linear NiCO. We ad-
dress the question: How well do simple cluster models such as oriented NiCO simulate adsorbate
molecules with respect to photoemission? The photoemission cross sections are obtained using
Hartree-Fock electronic continuum orbitals. For the bonding 55 orbital, we find oriented NiCO
to be a better model than oriented CO. The large magnitude of the 5& photoionization cross sec-
tions relative to the 45 cross section cannot, however, be explained by our calculations without
consideration of backscattering of the photoelectrons ejected “downward” into the detector.

I. INTRODUCTION

Angle-resolved photoelectron spectroscopy (ARPES)
has evolved into a powerful probe of adsorbate-substrate
interactions. This technique provides detailed informa-
tion concerning both site geometry and electronic bond-
ing character. For example, ARPES can help determine
the orientation of adsorbed molecules and the orbital
symmetries associated with photoelectron spectra.! 3

The prototype adsorbate-substrate system for ARPES
studies has been CO on Ni.*~!2 Early continuum
multiple-scattering calculations by Davenport* were
helpful in establishing that, in most cases, CO bonds per-
pendicular to the Ni surface with the carbon end down.
In these studies it was originally assumed that the only
role of the surface was to orient the molecule, and
ARPES from an oriented CO molecule was taken as a
model for photoemission from adsorbed CO. For
ARPES from orbitals not directly involved in bonding to
the surface, e.g., 17 and 40, this approximation is a
good one, and good qualitative agreement between
theory and experiment is found for such cases.>® How-
ever, as expected, oriented CO is a poor model for
ARPES from orbitals directly involved in bonding to the
metal surface, e.g., the 5o orbital. A molecular frag-
ment such as NiCO can be expected to be a more realis-
tic model for photoemission from such orbitals. Recent
studies have shown that local cluster models, e.g., NiCO,
NiN,, Ni,CO, etc., can be good models for the chem-
isorption of N, and CO on Ni with regard to several
spectroscopic properties.!>!* Indeed, Davenport has
studied the angle-resolved photoemission from the
oriented, linear triatomic NiCO, again using the
multiple-scattering method.’

The principle objective of the present studies is to
answer the question, “How well do simple cluster mod-
els such as oriented NiCO simulate adsorbate molecules
with respect to photoemission?”” In an effort to assess
NiCO as a model for CO adsorbed on Ni, we have car-
ried out ab initio calculations of the ARPES spectra for
NiCO as a function of energy. In these calculations, we

37

use a Hartree-Fock wave function for the initial state of
NiCO and frozen-core Hartree-Fock continuum orbitals
in the final state. This method has been very successful
in predicting and explaining a wide variety of phenome-
na relating to gas-phase molecular photoionization dy-
namics.'> Our results indicate that oriented NiCO is a
better model than oriented CO for the bonding 50 orbit-
al, while CO itself is adequate for the nonbonding, 4o
and 17, orbitals. However, the magnitude of the mea-
sured 50 photoemission cross section relative to that of
the 40 along the surface normal cannot be accounted for
in our calculations without inclusion of backscattering of
“downward” ejected photoelectrons into the detector.

II. METHOD

The cross section for photoionization of an initial
bound state ¥, into a final state W, , by linearly polar-
ized light is proportional to the square of the dipole ma-
trix element (in the length approximation)

Ia=k"X ¥ | e [V, (1)

where 1 is the direction of polarization of the light and
k is the momentum of the photoelectron. The doubly
differential cross section in the molecular frame is then
given by

d’sc  4TE l
dﬂﬁdﬂﬁ - c | ki

(2)

In these studies we use the Hartree-Fock wave function
for ¥; in Eq. (1). For \l’(ffk’ we invoke the frozen-core
Hartree-Fock approximation in which the wave function
is represented by an antisymmetrized product of N —1
bound orbitals, constrained to be identical to those of
W¥,, and the photoelectron orbital. The determination of
these photoelectron or continuum Hartree-Fock orbitals
is a key step in the study of molecular photoionization.

In this approximation the photoelectron orbital
satisfies the one-electron Schrodinger equation
[—1V24Vy_y(r,R)—k?/2]®(1,R)=0, 3)
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where Vy _, is the molecular ion potential at internu-
clear distance R, k2/2 is the photoelectron kinetic ener-
gy, and P, satisfies the appropriate boundary condition.
To obtain @, it is convenient to work with the integral
form of Eq. (3), i.e.,

O, =D{+G VD, , )

where ®f is the Coulomb scattering wave function, V is
the molecular ion potential ¥, _, with the Coulomb po-
tential removed, i.e.,
1
V = VN —1 + 7 ) (5)

and G!~) is the Coulomb Green’s function with
incoming-wave boundary conditions, i.e.,

NTZI S A S YO (6)
2 roo 2| ¢ ’
Expansion of @, in a partial wave series about k,
5 12 4, ;
o= |=| 3 3 i, 0r5Lk, (7)
™ I=0m=-—1

and substitution of this expansion in Eq. (4) shows
that each ¥, satisfies its own integral or Lippmann-
Schwinger equation

\Pklm(r)=sklm +G§_)Vwklm ’ (8)

where S}, is a partial wave Coulomb function. In Eq.
(7) an infinite sum over [ has been truncated at / =1,.

To solve Eq. (8) we use two different methods both of
which rely on separable approximations to a potential U
of the form:

Ulr,f)=Ur,r')= 3 (r|U |, U ) a; |U |1},
ij
9)

where the matrix (U _‘),-j is the inverse of the matrix
with elements (a; | U | a g ). In one method, referred to
as method A, the entire potential V of Eq. (4) is approxi-
mated by the separable expansion of Eq. (9). With this
approximation the solutions of Eq. (8) are given by

W) =Sim(0)+ S (r|G7V e, }(D Y,

i
i

X(aj|V|Sk,,,,> ’ (10

where the matrix (D ~'); is the inverse of the matrix
with elements

Dj=(a; | V—VGV|a;) . (1

In the second method, referred to as method B, the po-
tential V of Eq. (4) is broken into its direct and exchange
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components, Vg, and V., respectively, the integral
equation associated with Vg is numerically integrated,
and only the exchange potential is approximated by the
separable expansion of Eq. (9). The full solution of Eq.
(4) can then be readily obtained.!® Since only the truly
short-range exchange potential is approximated by Eq.
(9), method B is particularly effective for obtaining solu-
tions of Eq. (8) for the long-range potentials associated
with strongly polar ions.

The basis functions ¢;(r) in Eq. (9) can be chosen to
be entirely discrete functions such as Cartesian Gauss-
ian, spherical Gaussian, or Slater functions. In these
studies we used a Cartesian Gaussian basis set centered
on the nuclei. Such basis functions have been used suc-
cessfully in electronic-structure calculations and are
known to be effective in representing the multicenter na-
ture of the scattering wave function in the near-
molecular region. It is important to note that with only
these discrete basis functions in the expansion of Eq. (9),
the approximate scattering solutions W3, of Eq. (10) do
satisfy scattering boundary conditions. With adequate
basis sets the continuum solutions W{J), can already pro-
vide quantitatively reliable and, at the Hartree-Fock lev-
el, variationally stable photoionization cross sections. In
addition, we have developed iterative techniques for ob-
taining converged solutions of Eq. (8) and the associated
cross sections.'® Details of these iterative techniques and
of the related numerical procedures which we have
developed for solving these equations are discussed else-
where. 1617

To obtain the ARPES spectra we expand the dipole
matrix element of Eq. (2) in spherical harmonics
172

S L Yo (KYLGE), (12)

Lm,u

Am

3

I

k,f

where the dynamical coefficients I, are defined as
L=k ®, |1, | Vis) (13)

for photoionization out of an orbital ®; and

F(x+iy)/V2 for p==1

z for u=0. (14)

ry=

In practice the summation over / in Eq. (12) is truncated
at some / =/_,. . To obtain the differential cross sections
of Eq. (2) we write |1, . |%as

2Imm 2 L

|1k,ﬁ|2= 2 X 3 BramYr_m(6i,4;)

L'=0L=0M=-L
XYiu(6,,8,), (15)

where

Brim=[QRL+DQ2L'+1)]73(1100|L0) 3 3 (=" 20 +1D)QI'+ D],

Lmpu U'm',u’

X (W00 | L'OYCI'—mm' |L'—M ){11—pyu' |LM) . (16)
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Here (64,4,) and (6,,4,) denote the polar angles for
electron collection and photon polarization, respectively,
in the molecular frame and (!,/,m m,|l3m;) denotes
a Clebsch-Gordan coefficient. The internuclear axis lies
along the z axis of the molecular frame. In these studies
we assume that the CO molecule is oriented along the
laboratory frame z axis, i.e., normal to the Ni surface,
and hence the laboratory and molecular frames coincide.
Equations (15) and (16) can be easily modified for cases
in which the two frames do not coincide. In general, for
a given orientation of the molecule and photon energy,
the B, .,y of Eq. (16) must be evaluated only once, after
which Eq. (15) can be used to readily obtain the ARPES
spectra for any experimental configuration of electron
collection and photon polarization.

1. CALCULATIONS

For the self-consistent field (SCF) wave function of
NiCO we used a contracted segmented [3s,2p, 1d] Carte-
sian Gaussian basis derived from a primitive (9s,5p, 1d)
basis'® on carbon and oxygen and an [8s,6p,2d] set on
the nickel contracted from a (14s,11p,5d) basis.'® This
basis set was augmented with diffuse s and p functions
with exponents of 0.1 and 0.05 at the center of charge of
the CO bond. These basis functions with smaller ex-
ponents were added in between the carbon and oxygen
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nuclei so as to assure the correct behavior in the tail of
the So¢ CO molecular orbital. Without such basis func-
tions earlier studies?® showed significant differences in
the photoionization cross section obtained using identi-
cal continuum functions and a 5o orbital expanded in a
Slater basis or the standard valencelike Gaussian basis,
e.g., [4s,3p]. Details of the CO calculations have been
given previously.”’ We take the CO bond distance to be
2.173 a.u. and the Ni—C bond distance to be 3.477 a.u.,
which are the lengths of these bonds in Ni(CO),.?! We
also choose the ground electronic state of NiCO to be a
IS+ state with a Ni 3d'° configuration. We assume this
configuration for the Ni atom because this is its
configuration in the ground state of Ni(CO),,?! and,
furthermore, studies of the electronic structure of both
NiN, and NiCO showed their ground states to be '3+
and characterized by a significant Ni 3d ' component in
the wave function.!> With this choice, basis sets, and
geometry, our SCF energy was —1618.7383 a.u.

The initial basis sets used in the solution of Eq. (8) for
the photoelectron continuum orbitals of NiCO are
shown in Table I. For these orbitals we used the pro-
cedure based on method B outlined above. The results
presented here have not been iterated, since we found in
previous work that iteration was often unnecessary in
producing converged cross sections with method B. For
the few checks we did perform, iteration showed no
significant changes from the uniterated results. From

TABLE 1. Gaussian basis sets used in obtaining the photoelectron orbitals for NiCO, defined as
$(r)=N(x — A4, )y —4,)"(z— 4,)"exp(—a|r— A|?.

Center (A4) I m n Exponent (a)
ko
Ni 0 0 0 32.0, 16.0, 6.0, 2.0, 0.6, 0.2
0 0 1 8.0, 2.0, 0.5
0 0 2 2.0, 0.5
C 0 0 0 10.0, 4.0, 1.5, 0.5, 0.1
0 0 1 1.0, 0.1
0 0 2 1.0
o 0 0 0 10.0, 4.0, 1.5, 0.5, 0.1
0 0 1 1.0, 0.1
0 0 2 1.0
km
Ni 1 0 0 32.0, 16.0, 6.0, 2.0, 0.6, 0.2
1 0 1 8.0, 2.0, 0.5
C 1 0 0 10.0, 4.0, 1.5, 0.5, 0.1
1 0 1 1.0, 0.1
O 1 0 0 10.0, 4.0, 1.5, 0.5, 0.1
1 0 1 1.0, 0.1
k&
Ni 1 1 0 32.0, 16.0, 6.0, 2.0, 0.6, 0.2
C 1 1 0 10.0, 4.0, 1.5, 0.5, 0.1
o 1 1 10.0, 4.0, 1.5, 0.5, 0.1




37 STUDIES OF ANGLE-RESOLVED PHOTOELECTRON SPECTRA . ..

our experience and such checks, the basis sets of Table I
should provide reliable estimates of the photoionization
cross section of NiCO. Several tests were also carried
out to determine values of the truncation parameters of
the partial wave expansions which would provide
reasonably converged cross sections. As expected, our
main concern here was the expansion parameters which
would be adequate for the 1s orbital of the Ni atom. At
the photoelectron kinetic energies in the studies, we
found that the photoionization cross sections for the
outer valence orbitals were insensitive to the actual con-
vergence of the partial wave expansion of the 1s orbital.
This, of course, assumes that the partial wave expansion
of this orbital is scaled so that the orbital used in the nu-
merical calculation is always renormalized to unity.
Such a renormalization is also carried out for the other
orbitals, including those for which the partial wave ex-
pansions are highly converged. For example, a partial
wave expansion of /3"=58 for the orbitals in the direct
potential of NiCO™ led to essentially the same photoion-
ization cross sections as using /#=29, even though the
normalizations for the lo orbital (essentially the 1s Ni
orbital) were about 0.68 and 0.3, respectively.”’ In many
of these calculations we consequently used the same
choice of truncation parameters for the partial wave ex-
pansions as in our earlier studies of CO,” including
18r=29. However, several checks on the convergence of
the associated cross sections were made by doubling the
partial wave expansions. Such studies indicated that the
cross section we present here are converged to within
5-10 %, which is appropriate for the present objectives.

All the cross sections presented here are obtained us-
ing the dipole-length approximation. As a check on the
possible uncertainties in these cross sections arising from
our use of approximate electronic wave functions, i.e.,
the Hartree-Fock form, we also obtained the cross sec-
tions in the dipole-velocity approximation. Although
the cross sections obtained with the length and velocity
forms do differ [e.g., in reference to Fig. 4, differential
cross section (Mb/sr) for the 5 peak at 6,=0°
(length/velocity), 6.02/4.98; at 6, =180°, 9.10/7.38; for
the 45 peak at 6,=0°, 6.75/6.40; at 6,=180°,
1.06/0.948], the conclusions we draw in this paper are
independent of the actual form chosen.

The photon energies referred to in these studies as-
sume the experimental values for the associated ioniza-
tion potentials. For CO these are 19.7, 16.9, and 14.0 eV
for the 40, 17, and 50 orbitals, respectively,8 while for
NiCO we use the experimental values for CO adsorbed
on Ni, i.e., 16.5, 11.9, and 13.5 eV.® However, in com-
paring the spectra of CO and NiCO, we want to look at
points in the spectra corresponding to the same photo-
electron kinetic energy and not necessarily the same
photon energy, since the former determines the photo-
electron dynamics. Hence, in Figs. 1 and 3, the photo-
ionization spectra for CO have been shifted down in
photon energy by 3.2, 5.0, and 0.5 eV for the 40, 17,
and 50 orbitals, respectively. Finally, although the 40,
17, and 50 levels of CO actually correspond to the 9o,
37, and 100 orbitals in NiCO, in our discussion we will
use the CO designations of 45, 17, and 55.
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IV. RESULTS AND DISCUSSIONS

In Figs. 1 and 2 we compare some of our calculated
cross sections for CO and NiCO with the experimental
data of Allyn et al.” for adsorbed CO. The CO is as-
sumed oriented perpendicular to the Ni surface with the
carbon end down. Here, and elsewhere, the angles
(6;,¢,) are standard polar angles where 6 is measured
relative to the z axis, ¢ =0° represents the positive x axis,
and ¢=90" the positive y axis. In these experiments’ po-
larized light was used with (6;,¢;)=(45°,0°) and the
photoelectrons were collected normal to the surface, i.e.,
(6,0, )=(0°0°). The experimental data have been nor-
malized by setting the peak value of the measured 4o
photoemission cross section to the calculated 45 (NiCO)
cross section. As expected, the “40” cross sections
change little in shape and magnitude in going from CO
to NiCO. Why the calculated 45 cross sections are
shifted down from the experimental data will be dis-
cussed later. Recall, however that our calculated 4o
(CO) spectra are shifted down in energy by 3.2 eV for
reasons discussed above.

Figures 1 and 2 also show that the calculated 5o (CO)
and 5 (NiCO) cross sections seriously underestimate
the magnitude of the measured values. The NiCO re-
sults are only a slight improvement over those of CO.
Although the experimental data also include contribu-
tions from photoionization of the 17 level, its contribu-
tion is expected to be negligible for electron collection
along the molecular axis.?> Calculations confirm this be-
havior. Why then do the experimental results show the
5 cross section much larger than the 45 cross section
while the calculations do not? This problem is especially
disturbing for the NiCO case in which the bonding CO
50 orbital should be fairly well described due to in-
clusion of the Ni atom. Of the many possible reasons
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FIG. 1. Differential cross section vs photon energy for
(6,,4,)=(45°,0°) and (6,4, )=(0°,0°). Present results for CO:
40 (— — —); 5o ( ). Experimental data of Allyn et al.
(Ref. 7): 47 (+ + +); 5+ 17 (X X X). See text for normal-
ization of experimental data and energy scale for CO results.
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12 T i T 1 ¥ ¥ T

Differential Cross Section (Mb/sr)

a4

Photon Energy (eV)

FIG. 2. Differential cross section vs photon energy for
6,,4,)=(45°,0°) and (6,0;)=(0°0°). Present results for
NiCO: 46 (— — —); 5 ( ). Experimental data of Allyn
et al. (Ref. 7): 45 (+ + +); 50 +17F (X X X). See text for
normalization of experimental data.

for the significant differences between theory and experi-
ment we have assessed two within the limits of our tria-
tomic model. The first involves the Ni—C bond length
used in our calculations. This distance, 3.477 a.u., is
that found in Ni(CO),.?'! However, as noted by Kao and
Messmer,'* low-energy electron diffraction studies of CO
adsorbed on Ni[100] suggest a bond distance of
3.25-3.40 a.u. For the s°%d'° configuration, Kao and
Messmer!® actually calculated a Ni—C bond length of
2.880 a.u. in NiCO, though they believe this value to be
too short. To assess the influence of a shorter Ni—C
bond distance on the 5 cross sections in NiCO, we re-
peated our calculations on NiCO with a Ni-C distance of
3.251 a.u. These results are not shown but retain the
same qualitative features of Fig. 2.

Some insight into this discrepancy between theory and
experiment could also be obtained by considering the

12 T T T T T T T

Differential Cross Section (Mb/sr)

4“

Photon Energy (eV)

FIG. 3. See Fig. 1. Also shown are cross sections at
(6k,¢:)=(180°0°) for CO: 40 (- - -); 50 (—--—).
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Differential Cross Section (Mb/sr)
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FIG. 4. See Fig. 2. Also shown are cross section at
(6x,¢,)=(180°,0°) for NiCO: 47 (- - -); 56 (—--—).

electrons photoejected downward from the adsorbed CO
toward the surface. The theoretical results in Figs. 1
and 2 totally neglect these downward ejected electrons
though, in reality, on an actual metal surface many of
these electrons could be reflected back upward into the
detector. In Figs. 3 and 4 we show the cross sections for
these downward ejected electrons (6, =180°) from CO
and NiCO, respectively. For convenience, the results of
Figs. 1 and 2 have also been included. Note that the
cross section for downward ejected electrons from the
“4g” orbital or either CO or NiCO is negligible relative
to the upward (6, =0°) flux. This result is consistent
with the fact that the 40 orbital is localized on the oxy-
gen end of CO and thus points away from the surface.

10 T I T T 1

Differential Cross Section (arb. units)

90

Collection Angle Oy (deg)

FIG. 5. Differential cross section vs the collection angle 6,
at ¢, =0° for unpolarized radiation. (See text.) Photon energy
equals 40.8 eV. Experimental data of Williams et al. (Ref. 8):
50 ( ;40 (— — =) 17 (= —- —-).
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However, the cross section for downward ejected elec-
trons from the “S¢” orbital of CO or NiCO is greater
than the upward cross section. This result is consistent
with the fact that the 5o orbital is located on the carbon
end of CO and points directly toward the surface. Al-
though with our simple NiCO model we cannot quantify
the fraction of electrons reflected by the surface, our re-
sults suggest that these reflected electrons could be re-
sponsible for the large experimental 55 cross section.
Note that even if all the downward CO electrons in Fig.
3 were reflected upward into the detector along with the
6, =0 electrons, our CO calculations would still not ac-
count for the large 5& cross section. Our NiCO calcula-
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1.5 ] 1] T T T
(b)

1.2 -
s
a
H
§ SN
g 0or y . -
] , \
"
H /) \ 4
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£ 4 7/
g P \ 4
£ . \ /
a e U
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Collection Angle By (deg)

FIG. 6. Differential cross section vs the collection angle 6,
at ¢, =0° for unpolarized radiation. (See text.) Photon energy
equals 40.8 eV. 50 ( ;40 (— — =) lr (—-—.—.). (a)
Present results for CO; (b) present results for NiCO.
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tion of Fig. 4 is more suggestive in this respect.

In addition to predicting the incorrect magnitude of
the 5 peak in Fig. 2, the NiCO calculation does not ac-
count for the correct peak position or width. These
latter discrepancies between the NiCO results and those
of experiment are most likely due to relaxation effects.’
As stated earlier, our studies used the frozen-core ap-
proximation, in which the orbitals of the ion are con-
strained to be identical to those of the neutral molecule.
The frozen-core approximation used here completely
neglects any screening of the molecular ion seen by the
photoelectron.?  Although this approximation may be
appropriate for photoionization of gas-phase molecules,
it can certainly be expected to work poorly for adsorbate

3.0 T T T T T
(a)
2.4+ 4
r" -~\~\
’l Y
1.8 .7 \\ —

Differential Cross Section (Mb/sr)

Differential Cross Section (Mb/sr)

Collection Angle O, (deg)

FIG. 7. Differential cross section vs the collection angle 6,
at ¢, =0° for unpolarized radiation. (See text.) Photon energy
equals 40.8 eV. 50 ( ); 40 (— — —); 1o (—-—.—.). (a)
Results of Ref. 5 for CO; (b) results of Ref. 5 for NiCO.
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molecules on metals where electrons from the metal can
very effectively screen and neutralize the adsorbate ion.

In addition to these energy-dependent studies, angle-
resolved studies are an important test of our model for
adsorbate photoemission. Figure 5 shows such data for
CO on Ni[111].% In this experiment, unpolarized He 11
(40.8 eV) radiation was used, and the photon incidence
angle was held fixed at 45° from the surface normal.
Here we treat unpolarized light as two orthogonal
linearly polarized components which contribute indepen-
dently to photoemission.!® One component is in the
plane of incidence (8,,4,)=(45°,0°) and the other is per-
pendicular to this plane, i.e., (6,,¢,)=(90°,90°). Photo-
electron collection was in the incident plane ¢, =0°. In
Fig. 5 the emission intensities for the 47, 1%, and 5& or-
bitals are shown as a function of the collection angle 6, .
These angular distributions agree qualitatively with the
prediction by Grimley for photoemission from atomic p
orbitals.?

In Figs. 6(a) and 6(b), our results for photoionization
from oriented CO and NiCO, respectively, are shown.
Our CO results have not been corrected for the
difference in ionization potentials between gas-phase and
adsorbed CO as was done in the energy-dependent stud-
ies shown in Figs. 1 and 3. This allows for a more-direct
comparison with the multiple-scattering calculations of
Davenport.” We do not consider surface-reflected elec-
trons in these angular distributions since we cannot
quantify this effect within our present model. Aside
from an overall change of scale, our CO and NiCO re-
sults are very similar, with the 45 peak shifted to slight-
ly higher angles in the NiCO case. However, while the
experimental results show the 5 peak cross section
greater in magnitude than that of the 45 peak, both our
CO and NiCO results show the 55 peak far less in mag-
nitude.

For comparison, Davenport’s results® for photoioniza-
tion from oriented CO and NiCO are shown in Figs. 7(a)
and 7(b). Davenport’s CO results are similar to our CO
and NiCO results. His NiCO results, on the other hand,
show some significant differences from those of CO.
Aside from an overall change of scale, the 55 peak has
increased in magnitude relative to the 45 peak, but, still
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in contrast to the experimental data, remains smaller. In
addition, the NiCO 17 spectrum is very different from
the CO results. Unfortunately, the experimental peak
which Williams er al. assign as 1# might actually be
substrate derived.'!

As a final note, our model does not include the contri-
bution from backscattering of downward ejected elec-
trons by adjacent surface atoms. Similarly, we exclude
the effects of photon reflection’~2¢ and electron refrac-
tion?® at the surface. These latter two contributions
should not be very important in the experiments con-
sidered here. In all studies, the photon is incident at 45°
from the surface normal, an angle at which reflection
effects should be minimal,?* especially at 40.8 eV where
the angular studies are performed.”” In the energy-
dependent studies, collection is normal to the surface,
where refraction effects should not be important.”’ We
do not find refraction effects to be very important in the
angular studies either (peaks are broadened and shifted
to slightly higher angle),”” and exclude them to make
easier a direct comparison with the calculations of
Davenport.’

In conclusion, we have performed ab initio calcula-
tions of angle-resolved photoelectron spectra from
oriented, linear triatomic NiCO as a function of energy.
For the orbitals not directly involved in bonding to the
surface, we find that oriented CO provides a satisfactory
model for CO adsorbed on Ni. However, for the 56 or-
bital directly involved in bonding, oriented NiCO is
better. The results of this cluster model cannot account
for the large 5& cross sections observed experimentally
unless we consider the scattering of “downward” ejected
photoelectrons into the detector. Our angular distribu-
tions for oriented CO agree reasonably well with those of
the multiple-scattering model. However, our NiCO re-
sults do not.
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