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Shape resonances in photoemission for CO molecules adsorbed on metallic surfaces:
A model including backscattering
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The photoionization di6'erential cross section and the circular dichroism in the angular distribution
(CDAD) have been calculated for the case of a theoretical model of on-top chemisorption of CO mole-
cules on Ni(111) and Ni(100) surfaces. The results show a stability with respect to the atomic basis set
used provided one includes the polarization functions and are sensitive to orthogonalization to the first o.

or m valence virtual orbitals having, respectively, predominant 4s character of the Ni atom or 2m* char-
acter of the CO molecule. The backscattering of photoelectrons modifies the results only slightly. This
theoretical model gives, for valence shell ionization of adsorbed CO on metals, 4o. and 5o excitation
cross section and 4o. /5o. branching ratio in agreement with experiment. For s polarization of light the o
transitions to the well known acr resonance are forbidden and we show that an unknown c,m shape reso-
nance, corresponding in particular to the 5o.~em transition, can explain the experimental spectrum.
This interpretation is in contradiction with the usual picture based on o.~co. resonant and 1~—+c,m non-
resonant transitions, corresponding to orthogonal electron emission directions. The selection rules for
the transition of oriented-in-space molecules should explicitly incorporate the presence of two degen-
erate co. and cm continua. We also show that the normalization procedure used in the measurements of
CDAD can sometimes give spurious results.

I. INTRODUCTION

The study of the photoionization of adsorbates either
using photoelectron spectra (PES) or photoionization
spectra (PIS) vvas, since the beginning, based on a theoret-
ical model of oriented-in-space molecules' derived
from gas-phase calculations. For physisorbed species, the
molecule-surface interaction is of van der Waals type and
the electronic cloud of the adsorbate is not significantly
perturbed. The oriented-in-space model would be ideal if
the adsorbate nuclear motion would not play an essential
role. In a reasonable theoretical model for physisorbed
species, one has to introduce simultaneously the electron-
ic and nuclear motions particularly hindered rotation.
For chemisorbed species, one should take into account
the electronic adsorbate-surface interaction and the nu-
clear motion seems to be less important. The currently
used models restrict the electronic interaction to one me-
tallic atom in interaction with the adsorbate. Recently
we have used, for an oriented-in-space model, a step po-
tential function to model the backscattering of the photo-
electrons by the surface after photoionization (Budau,
Biichner, and Raseev, hereafter referred to as BBR).
The model implies two stages in the calculation. First,
we obtain the photoionization transition moment for an
oriented-in-space molecule or a cluster including atoms
from the surface. We then modify this moment by per-
forming interference between contributions from direct
electrons and those backscattered on a step potential
representing the surface. In BBR, the calculations were
done for CO without including the chemical interaction
with the metal. They showed a very strong inhuence of
the backscattering but were in disagreement with the ex-

perimental data. The step potential was adapted from
standard quantum mechanics ' and is justified for low-
kinetic-energy electrons. The two-stages approach is
standard when introducing the backscattering, and was
used for example in the single-scattering formalism (see,
e.g. , Ref. 11). To introduce the backscattering of elec-
trons, one can also use a smooth step function that will
eventually avoid spurious resonances. (See, e.g., Jen-
nings, Jones, and Weinert' and Leung and George. '

)

In the last 25 years many experiments have been per-
formed for the photoionization of CO molecule adsorbed
on a variety of metals (Ni, Cu, Co, Pt, Pd, etc. ' ' ).
When interpreting the experimental spectrum, one usual-
ly compares the PES/PIS in the gas phase with the corre-
sponding spectrum of adsorbed molecules. This compar-
ison would be meaningful if the change originating from
the surface mainly had a single or a predominant origin.
First, among the changes at adsorption, one should con-
sider the orientation in space of the adsorbed molecule
and the modification of the strength of the electronic
transition moment usually introduced in the framework
of a local axial symmetry model (e.g. , linear cluster of
molecule-surface atom). To take into account the orien-
tation in a qualitative way, the simplest approach is the
use of selection rules for dipole transitions of oriented-in-
space molecules discussed in detail by Plummer and
Eberhardt. ' For example, an ionization from a o orbital
accesses two energy degenerate electronic continua,
namely vcr and cm. Depending on the particular strength
of the transition moment, one or both continua mill con-
tribute to the di6'erential cross section. Usually one con-
siders only o.~c.o. resonant and lm~c~ nonresonant
transitions and neglects the o —+a~, m —+c,o., and m —+c,5
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ones. In this paper, we show that for s-polarized light
this is a crude approximation. Second, the selection
rules' can be used only for molecules lying or standing
on surface when the axial symmetry of the overall system
is conserved. The introduction of full local symmetry of
the adsorption site, that for on-top diatomic adsorbates
can be nonaxial, modifies these rules. (See, e.g., Kuznet-
sov, Raseev, and Cherepkov see also the gas-phase
study of nonlinear molecules by Chandra. ) Finally, the
nuclear motion of an adsorbed molecule like, for exam-
ple, libration (called also hindered rotation) can change
the direction of the molecular axis and significantly modi-
fy the spectra particularly for the physisorbed species.

A more elaborate procedure of interpretation of experi-
mental data consists in the incorporation of results of
theoretical models, like the oriented-in-space one, in the
experimental analysis, for example, to normalize the data
or to obtain the value of the light polarization. The use
of the theoretical information in the interpretation of the
experimental data is sometimes ambiguous. An example
is the orientation of adsorbed CO molecular axis about
the surface normal. To obtain this information one usu-
ally replaces the surface normal with the incident direc-
tion of light and assimilates the angle between the rnolec-
ular axis and the photon direction to that between the
molecular axis and the surface normal. In fact, an accu-
rate model should introduce three directions (photon,
surface, and molecule) as it was done by Buchner and
Raseev.

In this paper, we combine the one metallic atom-
adsorbed molecule linear-cluster model, similar to Dubs,
Smith, and McKoy, with the backscattering model based
on a structureless step potential that we have recently
adapted (BBR) from the e-molecules collisions. ' The
approximation of a linear cluster is justified, at least to
the first order for on-top sites, because it is the local per-
turbation generated by the nearest metallic atom that
changes the interactions in the adsorbed molecule and
modifies the ionization potential and the escaping direc-
tion of the photoelectron. The simple approximation of
the structureless surface in backscattering is justified for
low-kinetic-energy electrons that have their associate
wave spreading among many surface atoms. Consequent-
ly the electron feels an average structureless potential as
our step function. The present model was designed for
molecules adsorbed normal to the surface on on-top sites,
like CO on Ni, having the highest-order local-symmetry
axis in this direction. The surfaces considered in this pa-
per are Ni(100) and Ni(111) having fourfold and sixfold
local-symmetry axes. The normal position of the CO
molecule is supported by the experimental analysis,
which considers an upright position of CO molecule with
an uncertainty of the order of 15'. ' The above picture
is valid provided the inAuence of electrons from the band
structure of the metal is not significant. Also, one
neglects here the nuclear motion of the adsorbate, of the
surface and bulk atoms. For the adsorbate itself, there
are several such motions: the internal vibration that will
not change the present picture giving rise only to some
srnoothening of observables, the libration and precession
(called also hindered rotation) of the adsorbate that will

inQuence the ejection direction of the electron, and the
translation of the adsorbate parallel to the surface. The
libration and precession have been taken into account in
a recent model but, as the emphasis in this paper is on
electronic interaction and backscattering, they will be
neglected in the following. Other nuclear degrees of free-
dom like molecule-surface and internal vibrations can be
introduced but were not considered here. The inQuence
of surface and volume phonons can be thought as intro-
ducing some nonspecific average over the results and was
not introduced either.

In the framework of the described model, we have cal-
culated the di6'erential photoionization cross sections for
5o, 1m., and 4o excitations, 5cr/4o branching ratio, and
circular dichroism in the angular distribution ' '

(CDAD is the difference between right and left light po-
larized differential cross sections. ) The calculations were
done in the region of shape resonances for two experi-
mental set ups corresponding to p and s polarization
light. The relative contributions of the chemical bond
and backscattering of the electrons to these observables
and the changes in the CDAD spectrum due to its nor-
malization to the total intensity will be discussed.

Through this paper, we will use in our discussions, but
not in the calculations, the gas-phase ordering of the CO
molecule orbitals namely So., 1m, and 4o. corresponding
to the final ionic states of CO X X+, 3 II, and 8 X+
states. The reason is that this order is unambiguous and
does not depend on the surface on which CO is adsorbed.

In the next section we give a summary of the model
and the details of the method of calculation of the cross
section. The cluster calculations are standard and the
backscattering method have been presented in a preced-
ing paper (BBR). Section III presents the results of the
calculations and compares them to the experimental data.
Section IV discusses the obtained results and summarizes
our findings.

II. SUMMARY OF THE METHOD
AND THE DETAILS OF THE CALCULATION

The study of photoionization of adsorbates requires
measurements and calculations of the dift'erential cross
section. The expression of the cross section is usually
written in laboratory frame defined with the z axis per-
pendicular to the surface. In our physical problem, there
are three preferential directions (see Fig. 1): the incident
direction of light (angles 0 and p~; this direction corre-
sponds to propagation direction for circularly polarized
light and to the direction of the polarization vector for
linearly polarized light), the direction of the molecular
axis of the adsorbate, and the ejection direction of the
electron (8 and q&). The CO molecule is normal to the
surface; therefore, the laboratory and molecular frames
are superposed on each other. In the present paper, con-
cerned with on-top adsorption sites, we represent the
molecule-surface interaction by the interaction between
the molecule and a single atom of the surface. If the elec-
tron is escaping in the direction of the surface [Fig. 1(b)],
then it will undergo collisions with the atoms of the metal
and will be reffected (backscattered) or refracted by the
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surface. As mentioned in the Introduction, we model this
phenomenon by a phenornenological step potential
(BBR). In the framework described above, the expression
of the cross section has been derived by several authors
(see Refs. 4—6). The difference between these derivations

and the present model is the additional term originating
from backscattering of electrons. The detailed derivation
was given in 8 BR and the final expression of the
differential cross section including backscattering reads
(atomic units are used in this paper)

der (k, Qq) =3o~ (k)
dQk

l&kikflpk2kf

A, r !II

Ti, x, x"(k)Ti, x,x"(k)Dq~ ~h(Qq )Dq~' v„(Qq) Y; ~(k ) Y;*~ (k ),

where Qk = [8,qrj, o&"=(4n. /3)aE~h8& ~ is the total
cross section in the gas phase, a is the fine-struc-
ture constant, E~h the photon energy, and 8&-

,I(g,z{r)IF&~I/&-{r)) I is the sum of squares of
the unnormalized transition moments. In (1) T&z&-(k) is
the normalized transition moment defined below,
D'„'~',h(Q ) is the Wigner rotational function connecting
the photon and molecular frames (with the convention of
active rotations, see, e g , Zare. . ), and I'&z(k ) the spheri-
cal harmonics associated with the momentum of the es-
caping photoelectron. The normalization transition mo-
ment reads

(2)

+P{k )exp j ~ [2k,& qr(l+ A, )]] .— (3)

In (3), the first term corresponds to the direct [(d) in Fig.
1]and the second term to the backscattered [(b) in Fig. 1)
electron and p(k, ) is equal to (Ik, I

—k,')/(Ik, I+k,').
Ft p.( k ~ 8 ) and R ( k, 8) are complex numbers, k is
momentum of the electron with k, =k cos8 (see Fig. 1).

I

where f'
~ is the dipole transition-moment operator. The

backscattering factor F&z(k, 8) can be expressed in two
ways:

F(g(k, 8) = 1+( —1)'+ R {k, 8)

In the bulk, the z component of the momentum is
k,'=Qk, 2m—Vo/R, where k='{/2mE/A, E is the
kinetic energy of the electron, m is its mass, Vo is the
inner potential of the solid, and A is the Planck constant.
This expression, derived for a step potential, ' is valid for
a structureless surface and low-energy electron that will
have the associated wavelength too large to distinguish
between the different atoms of the surface. The factor
F&z(k, 8) can be written as a complex number in polar
form and one can easily show that the backscattering
contribution appears in the module and phase of the tran-

A,rsition moment T~zz (k) in a complicated way. The de-
tailed analysis of the direct and baekscattering terms for
a step potential has been given in BBR.

More general expressions (see, e.g. , Refs. 12 and 13),
mainly having a smooth variation with z, can be derived.
Also one can include the backscattering directly in the
calculation of the electronic wave function using a large
or imbedded cluster or by solving asymptotically a
Schrodinger equation with a modified potential including
backscattering. As mentioned in the Introduction, the
present model is based on an intermediate two-step pro-
cedure. We first calculate a small cluster built from the
adsorbate and one atom of the surface, a cluster that
takes into account the local chemisorption forces: We
then add a step potential to include all the other atoms of
the surface that will backscatter the photoelectron.

The CDAD (Refs. 3—6) is the difference between left
and right circularly polarized light differential cross sec-
tions. One can derive two forms of CDAD:

do '(k, Q )
CDAD

k

—3crz. (k)

'(k, Q, )

dQk

~'@+i"—~ —i 8q)"g )(8 )Bi, —~,(8)B~,g,(8)»n[(q, —y)]
r~/ k]iL] l2 kzA(

—Ar
X IT g ~,~ (k)IITg ~ ~-(k)Isi [(pn« —p, )]

and

der+'(k, Qq ) do '(k, Qq )
CDAD CDAD

k k

where 5 ~, is the Kronecker symbol selecting the
1'

molecular symmetries differing by 1, i.e., o. and m; m and
6, etc. The function dz", »(8q) is real and a part
of Wigner rotational function, i.e., D z'~' ~~ (Qq )

=exp( —ig~p )d"~~ ~„(8 )exp( im~"y ). — Finally,
B&~(8) is a part of the spherical harmonics function
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FIG. 1. Backscattering of photoelectrons using a model of a
step potential (BBR). The system of coordinates is normal to
the surface. Its origin C is located at the center of mass of the
adsorbed molecule. The arrows (d) and (b) correspond to direct
and backscattered electrons, respectively. The photon is in-

cident with the angles Oq and yq. The standard assumption is
made about the z direction of the photon coordinate system: for
circularly polarized light (m ~"=+1), the photon spin is parallel
to the propagation direction; for linearly polarized light
(m "=0), the electric vector is perpendicular to the propagation
direction of the photon.

& i(O, p) =Bid(8)exp(i kg) i&2mIn (4..), the complex
A,rtransition-moment T&ii, (k) defined in (2) is expressed in

r
polar form (~ T&ii. (k) ~, module; p&i, phase). In expression
(5), we have normalized IcD~D to the sum over the
differential cross sections corresponding to right and left
polarizations. This is very convenient from an experi-
mental point of view because one can hardly obtain abso-
lute CDAD. But, because the two quantities of expres-
sion (5) can have very different angular behaviors, this ra-
tio can generate significant distortions. It will be shown
in the next section that A CDAD can give spurious peaks
that sometimes mask the true angular dependence of
ICDAD. The backscattering is hidden here in the transi-
tion moments kiri-(k) and its relation to CDAD is not
explicit. One has to refer to the analytical analysis per-
formed in BBR showing that backscattering wi11 not give
qualitatively new contribution to CDAD except if it de-
pends explicitly on azimuthal angle difference yq
This is not the case with the present backscattering step
potential [see Eqs. (3) and (4)]. However, containing only
the om cross term of the differential cross section and de-
pending on the sine of the phase difference of the transi-
tion moments, the CDAD can give supplementary infor-
mation about the mechanism of ionization and the origin
of the measured Aux of electrons: from the adsorbate or
from the bulk metal.

To obtain the transition moment ( Pkii(r) I ~qy l i)'ji, (r) ~~

we have separately calculated the initial @&-(r) and final

Pz&i(r) wave function. (For details see the calculation of
CO photoionization in gas phase. ) As discussed
above, we represent the adsorbed CO molecule by a
linear NiCO cluster. The initial state is bound and it has

been obtained at the self-consistent-field (SCF) level using
the Slater basis functions version of the Alchemy-SCF
program. The atomic basis set is of 2 —g quality ' and it
was augmented by unoptimized polarization basis func-
tions (jd functions for C and 0 atoms having the ex-
ponents 1.582, 1.238, and 1.913, 1.636, respectively; 4d
functions for Ni atoms having the exponents 2.5 and 1.5)
and diffuse s and p functions located at the center of mass
of the NiCO cluster [3s and 4s with the quantum defect
0.94, 3po. and 4po. with the quantum defect 0.58, and
finally 3@m and 4pvr with the quantum defect 0.68 (Ref.
27)j. Following Kao and Messmer, see also Dubs,
Smith, and McKoy, we choose the ground state of NiCO
to be 'X+ state with Ni corresponding to the 3d '

configuration. This electronic configuration corresponds
to Ni(CO)4 cluster ground state and better describes the
o. donation and m backdonation processes as compared to
3d 4s ' stable configuration of the Ni atom. In the
present work we use the Ni(CO)4 geometry, namely 3.471
and 2.173 a.u. for Ni-C and C-O bonds. The CO bond
distance is slightly larger than the value used in BBR but
does not inhuence significantly the results presented here.

In Table I we display the SCF energies for different
atomic basis sets of the initial state iti (r) (corresponding
to the state 'X+) of the NiCO cluster. As expected, all
the present SCF energies obtained with Slater-type basis
sets are lower than those obtained using Gaussian-type
basis sets. Comparing the energy levels of CO and
NiCO and using the results of population analysis related
to the bond character of orbitals, we have made the fol-
lowing identification: 4o. , 1m, and 5o. orbitals of CO cor-
respond to 9o., 3~, and 10o. orbitals of NiCO. This as-
signment is in agreement with the one given by Dubs,
Smith, and McKoy. As mentioned in the Introduction,
we will continue to use for different orbitals the labels of
the gas-phase CO molecule.

The final-state wave function gi (r) is calculated in the
frozen-core static-exchange (FCSE) approximation by the
method developed by one of us. The molecular basis is
the same as the one used for the initial state. (see Table
I). To calculate explicitly the continuum electron wave
function, we first use a one-center expansion of molecular
orbitals and build the corresponding one-center X —1

electrons potential. Then, we solve numerically a close-
coupling system of equations. ' Our method includes
exchange exactly and consists in a transformation of the
original system of integrodifferential equations
(integrodifferential because of electron exchange) in a
larger system of differential equations where the addition-
al equations correspond to the unknown exchange in-
tegral. (See the original method by Hartree efficiently
adapted for molecules by one of us. ) To handle a sys-
tem of equations of reasonable size, one should limit the
number of terms in the expansion of the potential, bound
orbitals, and exchange interaction functions. We have
chosen the following maximum values for the expansions:
I =10 for the expansion of continuum function, l&=30
for the bound electron, y„=50 for the electron-electron
interaction, and y„=4 with / = 10 and 1b = 10 for the ex-
change interaction. The crucial point concerns the ex-
change because the number of the corresponding equa-
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TABLE I. Atomic and molecular basis functions and SCF energies of the NiCO cluster corresponding to the 'X+ state having
3d ' electronic configuration.

Name

(2 —g)
(2—(+diff

(2—(+pol)

(2—g+ po1+ orth)
(2—g+ diff'+ pol)

(2—g+ diff+ pol+ orth)
(Gauss)

Atomic basis set

Slater double-/basis set (Refs. 31 and 32)
Slater double-g and diffuse 3s and 3p at the
center of mass of NiCO
Slater double-g and polarization functions
3d for C and 0 and 4d for Ni atoms
Same atomic basis as (2—(+pal)
Combination of (2 —(+dif) and (2—g+pol)
bases
Same atomic basis as (2 —g+diff+pol)
Gaussian double-g with diffuse and
polarization functions (Ref. 5)

SCF energy
(a.u. )

—1619.2311
—1619.2336

—1619.4115

—1619.4115
—1619.4120

—1619.4120
—1618.7383

Molecular basis set
for FCSE

12o.5~'
11o.4m

12o.5m'
11o.4n

'The first two valence virtual molecular orbitals are used in the orthogonalization procedure when calculating the FCSE continuum

electron wave function (see text).

tions rises rapidly with y,„. For the maximum of the
(4cr )

' shape resonance, we raise y,„ to 10, with lb = 10
and I =10, without significant difference in the photoion-
ization differential cross section. The need of few ex-
change functions in our method is probably related to the
flexibility of these functions that are recalculated for each
kinetic energy of the electron.

In the FCSE equations, one usually introduces an or-
thogonalization constraint between the continuum and
discrete functions of the same symmetry (see, for exam-
ple, Burke, Chandra, and Gianturco ). This constraint is
usually restricted to the occupied molecular orbitals but
can be extended, as it was done for the gas-phase continu-
um function of CO (see, e.g., Lucchese and McKoy ), to
the low-lying-valence virtual orbitals. In the case of
NiCO, the reason for such an extended orthogonalization
is that for o. symmetry the energy of the 4s virtual orbital
of Ni is very close to that of 3d (In other words, the 3d'
and 3d 4s' configurations are very close in energy, see
above). For the m symmetry this orthogonalization elimi-
nates the 2m" orbital (having CO molecule character)
from the low-energy region of the shape resonances. In
the language of electronic configuration interaction, the
valence virtual orthogonalization discussed above corre-
sponds to inclusion in the calculations of the monoexcit-
ed configurations. From the point of view of rnolecular-
orbital theory, a shape resonance corresponds to an anti-
bonding molecular virtual orbital having its energy in the
region of shape resonances. The orthogonalization pro-
cedure consists precisely in inclusion of some virtual-
orbital antibonding character in the continuum function
and shifting the virtual orbital to higher energies. The
different molecular basis sets, including valence virtual
orbitals, are also presented in Table I. In the calculation
of the differential cross section, we have used the ioniza-
tion potentials corresponding to the Ni(111) surface taken
from Williams et al. , respectively, of 13.5, 11.95, and
16.5 eV for 5o., 1~, and 4o. ionizations. We have taken
the work function equal to 4.85 eV.

In our simple physical model, based on the reAection of
the electron on a step potential representing a structure-

less surface, we locate the step potential at the distance zo
from the center of mass of the CO molecule (Fig. 1). This
step represents an effective plane whose position is deter-
mined by the interaction of the photoelectron with the
electrons and atoms of the surface. The inner potential
Vo= —12.5 eV corresponds to a surface of Ni(111) (see
Nagano et al. and also BBR). The distance zo is viewed
as a phenomenological parameter and to fix its value we
first calculate the cross section as function of zo and
kinetic energy of the electron for an incident linearly po-
larized light at 0 =45', a normal ejection of the electron
(8=0), and a zero azimuthal angle difference

(Pq
—/=0). We have also fixed the Ni-C and CO

internuclear distances to 3.471 and 2.173 a.u. , respec-
tively, in agreement with low-energy-electron-diffraction
and electron-energy-loss-spectroscopy measurements. 39

Therefore, the only varying distance is zo between the
center of mass of CO and a fictive plane of the step poten-
tial. This distance was varied between 1.5 and 5.5 a.u.
two extreme values either close to the C atom or located
in the bulk. The calculations were done with the basis set
(2 —(diff pol+ orth) of Table I and the results are
presented in Fig. 2. The direct (d) and backscattered (b)
waves interfere giving, depending on the distance zo and
the wavelength of the electron, constructive or destruc-
tive interference. The best fit with the experimental data
is obtained for zo=4 a.u. We neglected the refraction
effects at the surface barrier because, at least for normal
emission (BBR), these effects are not too important. We
have also neglected the inner potential corresponding to
the CO overlayer, a reasonable approximation for the
low-coverage experiments discussed here. As the experi-
mental photoionization cross section is not given in abso-
lute units, the above choice will mainly inhuence the
branching ratio between 5o. and 4o. excitation channels.

III. RESULTS

In this section we present the photoionization
differential cross section and CDAD in the region of 4o.
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and 5o. shape resonances. The calculations correspond to
two experimental arrangements with the linearly polar-
ized light: incident angle 0 =45 about the normal to the
surface, normal ejection of the photoelectron (8=0), and

da 4
dQ.

(Mb/sr)

de
dA

(Mb/sr)

1.5
da 1
dQ

IMbgsr)
'

zo(nu)

FICx. 2. DN'erential photoionization cross section as a func-
tion of the distance zo (zo is the distance between the center of
mass of the CO molecule and the location of the step potential)
and photon energy. The distances between the di6'erent atoms
are kept fixed (see text). The light is linearly polarized (m""=0)
and the angles with respect to surface normal are 0~=45',
0=0, and tpq

—y =0 . (a) ( 5o. )
' ionization channel; (b)

(4a )
' ionization channel, (c) (1m) ' ionization channel.

the azimuthal angle difference yq
—y equal to 0; in-

cident angle 8 =90 (s polarization), 8=45 ', and

y —y=0 . A third experimental set up was used for
CDAD: circularly polarized light with Oq =45' and az-
imuthal angle difference of tp

—y=45'. The first ques-
tion we asked ourselves concerns the inAuence of the
atomic and molecular basis set and backscattering on the
resulting differential cross section. This analysis was
done using the first geometrical set up. In Fig. 3, we
present calculations of the photoionization cross section
for the ejection angle of the electron normal to the sur-
face (8=0,y~

—
tp =0) and study its sensitivity to

different basis functions sets used in the ab initio calcula-
tion (see Table I). There are some changes in the intensi-
ty at the maximum of the photoionization cross section
but qualitatively the shape of this cross section is the
same for all the calculations presented in Fig. 3. The
essential ingredient in the atomic basis function set are
the d atomic polarization functions. This is in contradic-
tion with Lucchese and McKoy and Dubs, Smith, and
McKoy who consider that diffuse functions are essential
for an accurate calculation. If one adds to the 2 —

g
atomic basic only difFuse functions [Table I, (2 —/+dif),
not presented in Fig. 3] without orthogonalization to the
valence virtual orbital, then one obtains cross sections
that are different from the ones presented in Fig. 3. A
qualitative agreement with these graphs is reached pro-
vided one orthogonalizes the wave function of the contin-
uum electron to all bound orbitals and the first valence
virtual one. In the preceding section, we discussed in de-
tail the origin of the procedure that suggested the orthog-
onalization of the continuum function and valence virtual
orbital. From our discussion, one see that its use is an
essential ingredient that stabilizes the cross section. The
results presented in Fig. 3 are in good qualitative agree-
ment with Dubs, Smith, and McKoy and very different
from the one presented in BBR even including back-
scattering. In the calculations of Dubs, Smith, and
McKoy the 40. and 5o excitation channels are of nearly
equal intensity. In our calculations, the (4cr) ' channel
is weaker than the (5cr) ' one and results in better agree-
ment with the experimental data. The main difference
between the calculations of Dubs, Smith, and McKoy
and ours is the atomic basis set of Gaussian type in the
first case and of Slater type in the second case. We do not
believe that this change of the atomic basis set can ex-
plain the difference in the cross sections. This is probably
due to orthogonalization to valence virtual orbitals of o.
and m. symmetry and to photoelectron backscattering.
For the (4o )

' channel (Fig. 3), there is a secondary
maximum appearing around 25 eV, a maximum that was
never obtained in a theoretical calculation before but
seems to appear in the experim. ental results. This max-
imum is probably a result of an implicit interaction be-
tween 5o.—+c,o. and 4o.~co shape resonances, an in-
teraction obtained through orthogonalization procedure
to the occupied and virtual orbitals in the FCSE calcula-
tion. The orthogonalization to the first valence orbital
modifies the height of the maximum of the shape reso-
nances (diminish 5cr by about I Mb/sr but leave 4o near-
ly unchanged) changing the branching ratio between 4o.
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FIG. 3. Photoionization
differential cross section of
NiCO cluster in the region of
the shape resonances as a func-

tion of photon energy. The light
is linearly polarized (m "=0)
and the angles are the same as in

Fig. &. (a), (b), (c), and (d) corre-
spond, respectively, to calcula-
tions with the molecular basis

(2—g+ pol), (2—g+ pol+ orth),
(2 —g+ diff'+ pol), and (2 —

g
+diff'+pol+orth) (see Table I).
In (d) we have also represented
the excitation from 1~ channel.
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and 5o. cross sections. Cross sections including back-
scattering have not been plotted in Fig. 3 but will be
displayed in Fig. 9 when comparing our results to the ex-
perimental spectra. The strong influence of orthogonali-
zation on the 5o. excitation channel can be explained as
follows. In a free CO molecule, the 5o. orbital corre-
sponds to a lone pair located on the C atom. At adsorp-
tion, 5cr interacts not only with occupied 3d but also with
low-lying virtual 4s orbitals of Ni atom (see discussion
preceding section) and the lone pair is deplaced towards
the 0 atom. These interactions justify the orthogonaliza-
tion to 3d and 4s orbitals, which also acts as local back-
scattering of electrons. The backscattering from the
whole surface is obtained when adding out step potential.

In Figs. 4 and 5, we present a polar plot of the
differential cross section at the maximum of the 5o. and
4o shape resonances (29.5 and 35.8 eV) discarding back-
scattering and using the same molecular basis sets as in
Fig. 3. We display the differential cross section towards
the vacuum (the upper-half plane of the figure) as well as
the one corresponding to refraction/absorption (lower-
half plane of the figure) by the metal. The refracted elec-
tron cannot be measured experimentally but, until back-
scattering is introduced, we keep it for reference to have
an idea of the penetration direction of the electron in the
metal. The angular behavior of the 5o shape resonance,
obtained using the oriented-in-space model of the CO
molecule calculated in BBR, is very different from the
one obtained here. Owing to the electrons of the Ni
atom, particularly 4s, the photoelectron is now mainly
ejected towards the vacuum even in the case 5o. excita-
tion channel. If the polarization functions are present,
the effect of adding diffuse functions is minor. [Compare
4(a) and 5(a) with 4(c) and 5(c), or 4(b) and 5(b) with 4(d)
and 5(d) in Figs. 4 and 5.] Angular analysis at the max-
imum of the resonances confirms the conclusion reached
for normal emission: the orthogonalization including the

first valence virtual orbitals changes the ratio between 4o.
and 5o. intensities, namely, it diminishes the first and
enhances the last. In Fig. 4(e), we have represented for
reference the ionization from ( lm) ' channel at 29.5 eV.
Except at threshold [see Fig. 3(d)], this channel is very
weak and its angular behavior is very different from o. ex-
citation channels and dominated by E~ continuum with a
major contribution from the dm wave.

In Fig. 6, we present the angular behavior at the max-
imum of our shape resonances discarding (dotted line) or
including (full line) backscattering of the electron by the
surface. As in Figs. 4 and 5, and for the same reasons, we
display also the photoelectron intensity towards the bulk.
For 5o. excitation, the backscattering displaces the lobe
of the differential cross section to larger angles but the in-
tensity is not changed in a significant way. The initial 5o.
orbital is located close to the surface and it participates
to the adsorbate-metal bond. The reorganization of the
5' electronic cloud due to the presence of the Ni atom in
our model cluster, penetration and backscattering are al-
ready taken into account in the direct term of the transi-
tion moment (2). This explains the relatively weak
influence of the photoelectron backscattering second
term. We have also identified that the angular displace-
ment of the resonance maximum is due to electron ex-
change related to m electrons. The 4o. orbital does not
participate to the above-mentioned bond and it is located
at the oxygen end, i.e., farther from the backscattering
step potential. This difference in location and participa-
tion in the bond with the metal explains the difference in
the influence of the backscattering on the differential
cross sections clearly appearing on Figs. 6(a) and 6(b).

In Figs. 7 and 8, we present the differentia cross sec-
tion for circularly polarized light [m i'"= + l and
mi'"= —I; Figs. 7(a) and 8(a), and 7(d) and 8(d)], the un-
normalized circular dichroism in the angular distribution
[I&D&D Eq. (4); Figs. 7(b) and 8(b), and 7(e) and 8(e)), and
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normalized one [ACDAD Eq. (5); Figs. 7(c) and 8(c), 7(f)
and 8(f)] at the maximum of the shape resonances. The
two columns correspond to discarding and including the
backscattering in the model. The differential cross sec-
tions, given here for reference, are similar to that for
linearly polarized light (Figs. 4 and 5) and, because the
incident photon arrives at 45, show no symmetry with
respect to the x or y axis. Because IcD~D-sin(8) (Refs.
4 and 6), the Figs. 7(c) and 8(c) display antisymmetric
IcD~D about the vertical z axis (i.e., the normal to the
surface). The two shape resonances behave very
differently: 5o displays a strong variation with the ejec-
tion angle of the electron 0, whereas in the case of 4o.

0—
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FIG. 5. Polar plots of the difFerential cross section of the 4o.,
at the maximum (35.8 eV) of the (4o. )

' shape resonance, as a
function of 0, the ejection angle of the photoelectron. The same
two-dimensional representation, photon incident angles and po-
larization, and correspondence between the molecular basis and
graphs as in Fig. 4.
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there are only two lobes towards the vacuum. This
difference cannot be inferred from the differential cross
section and is related to the cancellation of many contri-
butions of same sign appearing in the cross section that
are absent from CDA.D. Now if one calculates AcDAD
instead of IcD&D [see Eqs. (4) and (5) of the preceding
section and Figs. 7(c) and 7(f), and 8(c) and 8(f)], a quanti-
ty usually measured in the experiments, one observes a
dramatic change in the angular behavior that is not an-
tisymmetric anymore with respect to the surface normal
(z axis). Obviously this is related to the definition of
A CDAD as a ratio between an antisymmetric term,
displayed in Figs. 7(b) and 8(b), and 7(e) and 8(e), and a
nonsymmetric term [the sum of two graphs displayed in
Figs. 7(a) and 8(a), and 7(d) and 8(d). To understand this

-().5
-0.25 0.25 0.5

FIG. 4. Polar plots of the difFerential cross sections of the So.
and 1m excitations, at the maximum (29.5 eV) of the (So.)
shape resonance, as .a function of 0, the ejection angle of the
photoelectron. (a) —(d) correspond to (50.)

' excitation whereas
(e) corresponds to the ( Im. ) excitation. The light is linearly
polarized (mp"=0), the incident angle of the photon polariza-
tion is 0~=45', and y~

—cp=O . The difFerential photoioniza-
tion cross section has the amplitude that is a point in the xy
plane of the page. The 8=0 corresponds to a positive vertical
axis and the surface is represented by a plane having as a projec-
tion the horizontal axis. For the right-hand side of the graph,
y=O', and the left-hand side, y=180 . The backscattering is
discarded and consequently we display the intensity towards the
bulk. (a), (b), (c), and (d) have been calculated, respectively,
with the molecular basis sets (2+g+pol), (2 —g+pol+orth),
(2 —g+ diff+ poli, and (2 —g+ diff+ pol+ orth) (see Table I).

-4
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FIG. 6. Polar plots of (So.)
' (a) and (4o. )

' (b) excitations
discarding (dashed line) or including (full line) backscattering.
The molecular basis set (2—(+

diff+

pol+

ort) was used in the
calculations. Same two-dimensional representation, photon in-
cident angles, and polarization as in Fig. 4. For reference, we
display also the lobe towards the bulk (see text).
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behavior, a detailed analytical analysis, related to the
photon frame transformation, can only be done in the
framework of the CDAD formulation of Cherepkov and
Kuznetsov or Raseev. This analysis shows that the
asymmetry in the denominator of 3 cDAD appears due to
a part of the o.~ interference term of the cross section
diferent from the one associated to IcDAD. Finally the
backscattering changes [Figs. 7(e) and 7(f), and 8(e) and
8(f)] the amplitudes of diFerent lobes in the case of 5o.
channel but modifies only slightly 4o. one. As discussed
in BBR, the structureless step potential used to simulate
backscattering does not depend on azimuthal phase
dift'erence (y —y) and consequently can only change the
amplitude of CDAD lobes. (See, also, the next section. )

Let us now turn to the comparison with the experi-
ment. In Figs. 9 and 10, we present the differential cross
section for two geometrical set ups. In Fig. 9, the linearly

polarized light is incident at 45' and the electron is es-
caping normal to the surface. This geometry does not
correspond to strict selection rules of oriented-in-space
molecules discussed by Plummer and Eberhardt' but the
ejection of the electron normal to the surface favors the o.

excitation. The best (2 —g+ diff+ pol+ orth) molecular
basis was used in the calculation and the ionization and
inner potentials correspond to Ni(111) surface (Ref. 38,
see preceding section). We have plotted our theoretical
results of the linear NiCO cluster together with the ex-
perimental results for Ni(l 1 1) (first column) and Ni(100)
(second column) surfaces. " ' " The theoretical model
corresponds to the on-top CO molecule adsorbed normal
to the surface having axial symmetry. For Ni(111) and
Ni(100) surfaces, the adsorption site corresponds to a C6
and C4 local-symmetry axis, respectively. Obviously, the
C6 axis is closer to the axial symmetry we use in our
model. One sees that the experimental and theoretical re-
sults of the first column of Fig. 9 are in better agreement
with each other that those of the second column. Note
particularly the inversion of the branching ratio [Fig.
9(c)] of 5cr as compared to the 4o. channels that appear in
the theoretical as well as in the experimental [Ref. 14 (p.
626)] results. One should also note a larger discrepancy
near the photoionization threshold. This is probably due
to the presence of electronic autoionizations in this re-
gion and may be related to the 2~* low-lying unoccupied
orbital.

In Fig. 10, the forbidden-geometry experimental set up

Scale=2.08

Scale=0.96

d 1r

g (e)

Scale=1.00
a)

Scale=0.51 =0.68

(c}

e)

FIG. 7. Polar plot of differential cross section and CDAD at
the maximum of the 5o. shape resonance. The molecular basis

set (2—g+ditf+pol+ orth) was used in the calculation. The

photon is circularly polarized with the incident angle Oq =45
and y —y=45'. The maximum value of the cross section is

q

taken as unity and tQe scale factor given in the figure relates this

amplitude to the actual one. The calculations in the first

column discard backscattering; those in the second one include

it. (a) and (d) correspond to the differential cross sections for

rn "=1 (full line) and II'"= —1 (dashed line); (b) and (e) to the

absolute CDAD [Ico~o of Eq. (4)]; and (c) and (f) to the normal-

ized CDAD [Acorn of Eq. (5)]. In the CDAD graphs, full

curves correspond to a positive dichroism, whereas the dashed

curves correspond to the negative dichroism.
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FICi. 8. Polar plots of differential cross section and CDAD at
the maximum of the 4' shape resonance. Same captions as in

Fig. 7.
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(s-polarized light) was used that discards the o —o excita-
tion. Therefore, the resonant c.o. continuum cannot be
reached by the excitation of 5o. and 4o channels. How-
ever, for experimental data corresponding to both
Ni(111) [Fig. 10(a)] and Ni(100) [Fig. 10(b)] surfaces, one
sees a resonance in the energy region of the 5o. excitation
channel. The usual explanation of this abnormal intensi-
ty is related to ionization from 1n that have an ionization
potential close to that of 5o. orbital. The allowed excita-
tions are now lvr~Ecr, E5. (The forbidden excitation for
this orbital is lvr~Evr )Bu. t, the transition probability to
these channels is very low. (See the discussion in gas
phase by Leyh. ) In fact, the theoretical calculations for
1m. ionization [see the amplitude of (lm) ' in Figs. 3(d)
and 5(e)] show a weak cross section with a nonresonant

structure near the threshold and a Hat behavior between
30 and 40 eV that cannot explain the feature seen in the
experimental spectrum of Fig. 10. The experimental
cross section was measured for an ejection angle of the
electron of 45 ' that does not correspond to the forbidden
geometry for excitation to either co. or c~ continuum.
But the co. shape resonance will be very weak and the
enhancement in the cross section, appearing at higher en-
ergy (40 eV compared to 36 eV in Fig. 9), can be related
to an unknown em shape resonance. Let us comment fur-
ther on this c~ shape resonance appearing in the 5o. exci-
tation channel. First, we have verified that there is a
strong variation in the eigenphase of the final continuum
electron wave function corresponding to the c.m continu-
um. This variation corresponds to a 0.60m jump and ap-
pears in the p, d, f, and h partial waves around 40 eV. It
can be associated to a cd resonance known to appear in
the c~ continuum in e-molecule collisions. One can
verify that an cm. structure is really present in the photo-
ionization spectrum also by looking at the angular distri-
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FIG. 9. Photoionization difFerential cross section including
backscattering compared to the experimental data. The molec-
ular basis set (2 —/+dif'+pol+orth) was used in the calcula-
tions. The incident angle of the linearly polarized photon is 45'
with yq

=~p=0' and the ejection angle of the electron is O'. The
two columns of the figure display the same theoretical data ob-
tained using normal to the surface NiCO cluster and the experi-
mental geometry. In the first column, the experimental points
are for CO on Ni{111)taken from Plummer and Eberhardt {Ref.
14) (the experiments were performed by Allyn in his Ph.D
thesis) and in the second column those for CO on Ni{100) {Refs.
40 and 41). The first line corresponds to the 5o. ionization chan-
nel [(a) and (d)], the second line to the 4cr channel [(b) and (e)],
and the last line to the branching ratio [(c) and (f)]. The upper
curve in {c)and {f) corresponds to the theoretical branching ra-
tio of cross sections {5o.+ 1~)/{5o.+ 1m+4o. ), whereas the
lower one to the 4o /(5o. + 1~+4o. ).
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FICx. 10. Photoionization difFerential cross section including
backscattering compared to the experimental data. In the ex-
perimental set up, the incident angle of the linearly polarized
photon is Oq =90' {s polarization) and the ejection angle of the
electron is 45'. The theoretical calculations correspond to the
same polarization but the electron ejection angle is 30' and
pq

—+=0' {see text). In the first column, the experimental
points are for CO on Ni(111) taken from Plummer and
Eberhardt' {the experiments were performed by Allyn in his
Ph.D thesis), and in the second column, those for CO on Ni{100)
{Ref. 14 same reference as above). Same captions as in Fig. 9.
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bution of the ejected electrons presented in Fig. 11. This
distribution is characteristic for a dm orbital. Turning
now to the 40. ionization channel, one sees experimental-
ly a weak resonant structure around 40 eV at least for the
CO on Ni(100) surface [Fig. 10(e)]. If real, this structure
should also be related to the dm shape resonance.

Plummer and Eberhardt' have presented the experi-
mental spectrum of Fig. 10 as appearing because the CO
molecule adsorbed on-top on Ni-surface is tilted with
respect to the normal to the surface. The analysis of ex-
perimental data ' usually concludes that the uncertain-
ty in the angle estimation is of the order of 15 . The
present model does not permit the calculation of a bent
NiCO cluster. The uncertainty in the experimental re-
sults, corresponding to nonzero tilt angle, can be simulat-
ed by choosing an ejection angle of the photoelectron of
the 30' (45' —l5') instead of the experimental one of 45'.
The comparison between theory and experiment present-
ed in Fig. 10 is much less convincing than for Fig. 9. One
of the reasons can be that the ionization potentials used
in our calculation correspond to normal emission of the
electron and they will change for 45 because there is a
dispersion in k vector originating from the surface.

Scale = 3.36

Energy = 36.5 eV

Another reason can be related to the tilt angle of CO
molecule about the surface. Even for small tilt angles,
the o.~co. transition is allowed and generates a strong
mixing between vcr and c~ resonances shifting the max-
imum of the cross section to lower energies. Unfor-
tunately, for the moment, we cannot verify this hy-
pothesis. The above analysis does not apply exactly to
the experimental set up of Fig. 9 because the incident an-
gle of the photon is 45 ', which does not correspond to a
strict selection rule. Even for a linear cluster, both tran-
sitions to c.o and cm are allowed and the two resonances
discussed above merge in a single structure in the experi-
mental spectrum. Finally, as explained for allowed
geometry cross section (Fig. 9), the influence of electronic
autoionization related with 2m' unoccupied orbital can-
not be ruled out. In fact this inhuence should in principle
be stronger for present forbidden geometry because it
concerns an electronic interaction between 2m orbital
and a shape resonance associated with cm continuum,
both having a large contribution from the d wave.

The conclusion of the analysis of the results presented
in Figs. 9 and 10 shows that it is dangerous to reduce the
argumentation in the interpretation of the experimental
spectra to the selection rules only. ' The presence of
many resonances in molecular adsorbates, that eventually
do not appear in the gas phase, could complicate the sim-
ple and elegant analysis based on selection rules. One
should remember that from a o. bound orbital two transi-
tions, to co. and c.vr degenerate continua, are accessible in
photoionization; we demonstrate that the transition to c.m

continuum usually neglected can explain the features seen
in the forbidden-geometry spectrum.

IV. DISCUSSION AND CONCLUSION
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FICr. 11. Polar plots of difFerentia1 cross section at the max-
imum of the c,~ continuum shape resonance corresponding to
So. and 4o excitation channels. The energy of the lm excitation
channel was chosen at the maximum of the corresponding struc-
ture in the cross section. The molecular basis set
(2 —g+diff+pol+orth) was used in the calculation. The max-
imum value of the cross section is taken as unity and the scale
factor given in the figure relates this amplitude to the real one.
The photon is linearly polarized with the incident angle 8~ =90'
(s polarization) and yq

—y =0'.

Let us discuss in more general terms our model. First
there are recent calculations of metallic atom CO mole-
cule clusters by Fournier. " He has used a density-
functional approach to obtain the energies corresponding
to the ground states of NiCO, CrCO, and CuCO clusters
as a function of the bending metallic atom-CO angle.
The conclusion was that NiCO has a linear structure and
this supports our model of on-top CO adsorbed on Ni
surfaces. There are also several studies in the literature
that calculate a large cluster of metallic atoms (e.g., Ni or
Cu) interacting with a single CO molecule, ' but these
studies do not consider the photoionization process.
They consider the ground state of the cluster and find the
stable geometrical configuration which, when reduced to
metallic atom-CO molecule cluster, is close to the one
considered here. The only photoionization calculations
with a large cluster use the X-o; multiple-scattering
method. But this method is approximated and we think
that it is better to calculate at a high level of precision the
local interaction between the metallic atom and the CO
molecule.

Our cross sections are the first reproducing closely the
experiment and our theoretical branching ratios follow
the experimental ones at least for normal to the surface
ejection of the electrons (see Fig. 9). The agreement is
probably due to the orthogonalization to the first valence
virtual orbital and to electron backscattering introduced
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in our model. The experimental spectra of CO adsorbed
on metallic surfaces show an enhancement of 5o. shape
resonance, whereas the cross section of 4o. and 1~ excita-
tions are only slightly perturbed by it. One explains (Ref.
48, see the Appendix) that the two 5o and 4o. orbitals
mix and give rise to a shifting of the electron density to-
wards the oxygen end of CO, which affect mainly the 5o.
excitation. The qualitative explanation given by Greuter
et al. is verified theoretically by comparing our Figs.
6(a) or 7(a) and Fig. 7 of BBR both displaying the angular
behavior of (5o )

' excitation. One really sees the shift of
the electron density towards the oxygen end. From the
above discussion, one concludes that 5o. excitation is very
sensitive to metal-adsorbate interaction and can be used
to probe it. Application of the present linear model to
CO adsorbed on other surfaces for which there exist ex-
perimental results like CO/Al(111), CO/Cu surface,
CO/Co(0001), CO/Pt surface, ' CO/Ir surface, and
CO/Fe(110) (Ref. 51) will show if the present model cor-
responds to an appropriate representation of the adsor-
bate metal interaction sum, cient to reproduce the experi-
mental results particularly for sensitive 5o. excitation.

%'hen we started our calculation of 1m excitation, we
knew that for gas-phase CO one calculates a co. shape
resonance in e-ion collisions but not in photoionization.
We thought that the perturbation by the metal will give
rise to appearance of a shape resonance in photoioniza-
tion of adsorbed CO. As seen from Figs. 10 and 11 and
the discussion in the preceding section, this is not the
case. Instead in the forbidden geometry (i.e., s polariza-
tion) we found that 5o +svr transit—ion is responsible for
the enhancement in the spectrum. This example shows
that restricting the use of the selections rules' for
oriented-in-space molecules only to known resonances
can sometimes be misleading. In experimental work,
enhancements of the 5o. cross section in forbidden
geometry have been seen not only for the CO/Ni sur-
face ' " but also by Rieger, Schnell, and Steinmann '

for CO/Pt(111) and Miranda et al. for CO/Pd(ill).
But, these authors concluded in a nonresonant feature
originating from 1~ excitation.

As discussed in the preceding section, one should also
keep in mind the discrepancy that appears in the branch-
ing ratio at threshold in Fig. 9 (allowed geometry) and for
all energies in Fig. 10 (forbidden geometry). This
discrepancy can possibly be explained by the presence of
2m* autoionization or interaction between electronic con-
tinUa, which will mix the shape resonances associated to
the three ionic cores. (See, also, the discussion in BBR.)
These interactions, and more generally the electronic
correlation, are neglected in our model. %'ork in this
direction, using the method applied to Rydberg autoioni-
zations of oriented-in-space CO molecules, is in pro-
gress.

Other phenomena like neutralization are neglected in
the present approach but we think that they are unimpor-
tant in the case of valence ionization.

We have also shown spectra for CDAD (see Figs. 7
and 8) and their sensitivity to the normalization as
defined in Eq. (5). More careful investigation in close re-
lation with the experimentalists is needed to understand

how the experiments and calculations should be per-
formed to eliminate the possible origin of spurious effects.

In the present, model backscattering is calculated
through a two-step procedure where the transition mo-
ment and the backscattering term both fulfill the axial
symmetry. For such a model, the backscattering will
only lead to quantitative but not qualitative changes in
the cross section. Qualitative changes will appear in a
two-steps model if the symmetry assumed in the calcula-
tion of the direct and backscattering terms is different.
In first approximation, the axial symmetry corresponds
to molecules adsorbed on on-top sites having high-order
local-symmetry-rotation axis. For example, the local-
symmetry axis for CO/Ni(111) adsorbate-surface system
is C6. If the direct term is calculated in the axial symme-
try approximation and the backscattering term fulfills the
local C6 symmetry, then the sixfold symmetry in the
cross section will appear only after including backscatter-
ing in the calculation. These considerations are related to
the model used and have noting to do with the underlying
physics.

The use of a step potential to introduce the back-
scattering of photoelectrons seems to be a crude approxi-
mation that can be justified for low-energy electrons
where the associated wave spreads over several atoms.
For higher kinetic energies, one should use a formulation
where the surface atoms have to be explicitly introduced
(see, e.g. , Refs. 11 and 54). Moreover, one should include
the nuclear motion of the substrate atoms and adsorbate
that, particularly in normal emission damp the modula-
tions due to backscattering of electrons emitted in a given
direction.

Backscattering played an important role for the
oriented-in-space model of CO (BBR) and a secondary
role in the linear-cluster model of the present work. Be-
cause the chemical bond is weak in physisorbed species,
the oriented-in-space model is appropriate for description
of these adsorbates. Unfortunately, following Buchner
and Raseev, the hindered rotation strongly modifies the
calculated purely electronic photionization cross section.
For example, for an ejection direction of the electron
nearly parallel to the surface, the hindered motion of the
internuclear axis can reduce the cross section by as much
as a factor of 10 (see, e.g., Ref. 7). This hindered rotation
is important for very low coverages where the precession
of the adsorbate is nearly free; but, when the coverage is
risen to a full monolayer, the precession is stopped by a
potential barrier (see, e.g., Ref. 53). One speaks about
rigidification that will give rise to an intermediate situa-
tion between the oriented-in-space model without nuclear
motion and a free precession associated to hindered rota-
tion of a single adsorbed molecule. For chemisorbed
species the above-mentioned effects, due to the nuclear
motion and neighbors, should be less important. In this
case, the chemical bond is strong, the adsorbate is closer
to the surface, and the possibility for the adsorbate elec-
tron to be delocalized in the bulk significant. For metal-
lic surface, the step potential function is attractive and
the electron, instead of being rejected, can easily
penetrate in the metal. For physisorbed species located
at larger distances from the surface, these effects are
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weaker. One should carry detailed calculations on a
series of systems to verify the above qualitative discus-
sion.

The present linear model is an approximation to the
reality and is appropriate only for photoionization of on-
top adsorption sites. As explained above, if the hindered
nuclear motion is important and the mean angle between
the molecular axis and the surface normal is large, then
the model breaks down. Another unfavorable situation
appears when one considers bridge sites. These sites have
a twofold local symmetry instead of fourfold or sixfold
symmetries associated the with on-top sites considered
here. For these bridge sites, one should first calculate a
model cluster including at least two atoms of the surface;
a cluster that, of course, is not linear. We are presently
developing a method allowing such a calculation of the
transition moments. Then one should generalize the

cross-section formula (1) along the lines presented in
Refs. 4, 19, and 20. Only after these developments will
one be able to answer the question about the inAuence of
the hindered-rotation motion and the adsorption site
(on-top or bridge) on the e1ectronic transition moment
and cross section.
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