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High-resolution x-ray-excited core-level shake-up and valence-electron spectra of CO adsorbed
on Ni(100) in the ¢(2X?2) structure are presented. A number of newly resolved structures are re-
ported. The C 1s and O 1s shake-up spectra show pronounced differences. The shake-up transitions
are treated as local molecular excitations in the presence of the core hole. It is proposed that transi-
tions from the 27* screening orbital into 3p and other higher states with Rydberg character give
rise to the most intense shake-up peaks in adsorbed CO. In the C ls spectrum a low-energy satellite
is identified as an excitation from bonding to antibonding 27*-3d combinations. The high-energy
shake-off continua reveal several broad structures which are interpreted as autoionizing or shape
resonances in the shake-off continua. These features are compared with thresholds observed in
photon-stimulated-ion-desorption spectra for adsorbed CO. The difference spectrum between the
valence region of Ni with and without adsorbed CO reveals several features over an energy range of
40 eV. The 30 state and the correlation satellites are compared with features in the autoionizing
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spectra at the core-level thresholds.

I. INTRODUCTION

When a molecule is adsorbed on a solid surface its elec-
tronic structure is modified by the interaction with the
electronic states of the substrate. A new set of electronic
levels is obtained which is characteristic of the adsorbate
complex. The electronic structure is of central impor-
tance for the understanding of adsorption energies, local
coordination properties, adsorbate-adsorbate interaction,
chemical properties, etc.

The electronic levels of an adsorbate can be studied by
valence-band photoemission.?> The adsorbate-related
emission is then obtained simultaneously with the sub-
strate emission. Core-level spectroscopy is a more local-
ized probe for the electronic structure since it selects one
atomic species at a time. In core-level spectra there are
shake-up satellites due to valence-electron excitations in
connection with the creation of the core hole.®> The local
character of the shake-up transitions makes it possible to
use core-level spectroscopies to study various local as-
pects of the electronic structure of the adsorbate-
substrate complex. For this reason it is of fundamental
importance to have a detailed understanding of the pho-
toionization process in adsorbed molecules.

Photoionization is a complex dynamical process. In a
high-photon-energy excited spectrum each electron line is
associated with a rich satellite spectrum. The creation of
satellites can be related to the different time scales in-
volved in the photoionization process. The characteristic
time for the removal of a photoelectron is much shorter
than the time required for the rearrangement of the
valence-electron charge distribution. This implies that
the Hamiltonian of the system can be considered to
change abruptly upon ionization  whereas the valence-
electron charge distribution is continuous as a function of
time. The wave function of the remaining electrons after
the removal of the core electron is therefore not an eigen-
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state of the final-state Hamiltonian. It has to be ex-
pressed as a linear combination of eigenstates of the new
Hamiltonian. These eigenstates are observed as separate
peaks in the spectrum.

The assumption of an infinitely short time for the re-
moval of the photoelectron is called the sudden approxi-
mation. This approximation, which is generally quite ap-
propriate in x-ray-excited photoelectron spectroscopy
(XPS), is the basis for most theoretical treatments of the
photoionization process.*”® Some important sum rules
can be derived within the sudden approximation. As
mentioned above one cannot directly observe the energy
of removing an electron from the system while letting all
the other electrons remain in their original states. This
hypothetical state would be observed if the final-state or-
bital wave functions would be the same as the initial-state
wave functions. This energy is generally called the
Koopmans energy. The deviation from this situation de-
pends on how much the orbitals relax as a function of the
removal of the core electron. However, within the sud-
den approximation it can be shown that the Koopmans
energy is the center of gravity of the complete spectrum
with its main and satellite lines. In general the main line
corresponds to the energetically lowest accessible eigen-
state of the core ionized system. If the relaxation energy
is large for the lowest state, the sum rule implies that
there is considerable intensity for the higher excited final
states. These are denoted shake-up and shake-off pro-
cesses. In general it is found that shake-up spectra are
dominated by monopole excitations, i.e., excitations from
an occupied orbital (n!) to a higher orbital with the same
angular momentum (r'l).

When a core electron is ionized in an adsorbed mole-
cule, a previously unoccupied valence orbital in the mole-
cule may be pulled down below the Fermi energy by the
attractive core-hole potential. The filling of this level in-
creases the relaxation energy compared with the free
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molecule, which leads to large satellite intensities in
core-level spectra from many adsorbates.” !* In some
cases like CO on Cu (Refs. 9 and 10) and N, on transition
metals'®!"13 there are individual satellite lines which
may be as intense as the main lines.

In previous studies of shake-up excitations of adsorbed
CO and N, strong satellites at about 6 eV from the main
line have been identified for all core levels.” '3 The main
line in these spectra has been interpreted as due to a
“screened” state whereas the satellite state is considered
to be ‘“unscreened.” The screened state is attributed to
the filling of the 27* orbital on the adsorbate by charge
transfer and the unscreened state corresponds to a final
state for which no charge transfer from the substrate to
the adsorbate takes place.!!*~!7 This model has been
further developed concerning the role of the 27* orbital
in the screening of the adsorbate core hole.!3~2° The 27*
orbital is considered to form bonding and antibonding
combinations with the metal d states. In the initial state
the occupied bonding orbital mainly consists of metallic
states with a small contribution from the adsorbate
whereas the unoccupied antibonding orbital is essentially
a pure molecular 277* orbital. However, in the presence
of a core hole the 277* contribution increases considerably
in the bonding orbital, which corresponds to a charge
transfer to the adsorbate. The unoccupied antibonding
level has a much larger metal character in the final state
than in the initial state. Within this model the satellite is
interpreted as an excitation from the bonding to the anti-
bonding state. Due to the assumed character of the or-
bitals this resembles to a certain extent a situation with a
fully screened state as the main transition and an un-
screened state as the satellite.

Another type of a shake-up process has been proposed
in order to explain the fact that the core-level linewidths
are larger for adsorbed CO than for the free mole-
cule.??2 The unoccupied 27* orbital of the free mole-
cule is considered to be broadened into a resonance due
to the interaction with the surface and this resonance is
partially filled. The creation of a core hole gives rise to
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electron-hole pair shake-up excitations within the 27*
resonance leading to broad and asymmetric adsorbate
core-level lines. On the other hand, it has recently been
proposed that the major broadening effect in adsorbed
CO is due to vibrational excitations in the final core ion-
ized state.?>?* The vibrational broadening is caused by a
strong site dependence of the final-state energy for the ad-
sorbate which gives rise to excitations of mainly frustrat-
ed translation vibrations.

In the present paper high-resolution XPS measure-
ments of the C 1s, O 1s, and valence levels for the
CO/Ni(100)c (2X2) phase are reported. It has previous-
ly been noted that there are important analogies between
the electronic structure of adsorbed CO and metal car-
bonyls. In the analysis of the spectra comparisons are
therefore made with results from a gas-phase investiga-
tion of Cr(CO)4.% In particular various multielectron ex-
citations are considered. The core-level shake-up transi-
tions are treated as local excitations within the adsorbed
final-state molecule. The previous shake-up models do
not explicitly take into account the core-hole induced
rehybridization of the valence electrons. The importance
of this effect can be seen from the fact that there are pro-
nounced differences between the C 1s and O 1s shake-up
spectra. Several structures or resonances in the high-
energy shake-off continuum are shown for the first time.
These resonances may have implications for the interpre-
tation of surface extended x-ray-absorption fine-structure
(SEXAFS) and photon-stimulated desorption (PSD) spec-
tra. A high-energy excited-valence-electron spectrum is
presented which includes both the outervalence and in-
nervalence regions. The 30 state and a number of corre-
lation satellites are reported and discussed in comparison
with other experiments.

II. EXPERIMENT

The experimental system is schematically reproduced
in Fig. 1. It consists of two interconnected UHV
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FIG. 1. Outline of the experimental system.
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chambers with a base pressure of 1X107!° torr. The
sample is transferred between the manipulators of the
two chambers by a magnetically coupled rod. The first
chamber is equipped with a low-energy electron
diffraction (LEED) optics, a cylindrical-mirror analyzer
with an integral electron gun used for Auger-electron
spectroscopy (AES) measurements, and an ion gun for
sample cleaning. The sample was heated by radiation
from a tungsten filament on the manipulator and the tem-
perature was measured with a. Cromel-Alumel thermo-
couple spot welded to the side of the crystal. The Ni(100)
crystal was cleaned by Ar* sputtering and annealing in
vacuum or oxygen. The clean surface was characterized
by AES.

The second chamber is used for high-resolution XPS.
The x-ray source consists of a fine-focused high-power
electron gun, a water-cooled high-speed rotating anode,
and a wide-angle crystal monochromator mounted on a
Rowland circle (40-cm diameter) arrangement. The elec-
tron gun is a two-stage Pierce-type gun. Emission
currents of 0.23 A at 11 kV were used in the present mea-
surements. The electron beam focus has a diameter of
1.5 mm. The disk of the rotating anode has a diameter of
30 cm and the outer periphery is water cooled. The wa-
ter is led in and out of the anode through the shaft. For
the presently used x-ray power a rotational speed of
about 2000 rpm was sufficient. Both the water seal and
the vacuum seal are contact free. This is achieved by a
series of narrow cylindrical slits with an engraved mul-
tithread system. The slits are actively pumping them-
selves and they also allow for efficient two-stage
differential pumping. The x-ray monochromator consists
of 25 spherically bent quartz single crystals, each of 36
mm diameter. The crystals are mounted in three rows on
a large spherical concave surface formed in a large block
of optical glass.

The emitted photoelectrons enter through a four ele-
ment electrostatic lens into a large hemispherical electro-
static analyzer. These components are enclosed in a dou-
ble py-metal magnetic shield. The mean radius of the
analyzer is 36 cm. The gap between the spherical elec-
trodes is 15 cm which allows for a large area multidetec-
tion system. The detector consists of two channel plates
in tandem and a phosphorus screen. The light pulses are
registered by a CCD camera and the readout system is in-
terfaced to a computer.

An overall resolution of at least 0.3 eV can be obtained
with the present system. However, the resolution was re-
duced to 0.4 eV in order to increase the intensity from
the weak adsorbate core levels. The spectra shown in the
present work represent several individual runs which
have been added. The time for each run was around 5 h
without any observable changes in the spectra. The sam-
ple was newly prepared between each successive run.

The adsorption of 5 L CO (I L=1 langmuir=10"¢
torr sec) on the clean Ni(100) surface at room tempera-
ture resulted in the formation of a c(2X2) structure.
Great care was taken in order to avoid any overexposure
since this leads to small regions of CO in a compression
structure.?® The appearance of this phase distorts the re-
sults slightly. All preparations were monitored by
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LEED. The LEED investigations were made after the
XPS measurements to avoid any electron beam damage
of the CO overlayers.

III. RESULTS

It has previously been shown that the adsorbate core-
level spectra from CO/Ni(100) depend on the geometrical
site of the adsorbed molecule.?>?* Furthermore, it seems
likely that part of the core-level shifts between the
different adsorbate positions are due to differences in the
final-state relaxation energy. It is therefore possible that
the shake-up spectra are site dependent. For this reason
all measurements were performed on the ¢ (2X2) struc-
ture (coverage 0.5 relative to the substrate). In the
¢(2X2) structure the molecule adsorbs in on top sites
with the molecular axis perpendicular to the surface.?”%®

Figure 2 shows the C ls and O 1s spectra for the
CO/Ni(100)c (2X2) structure recorded at room tempera-
ture. The spectrum from the clean Ni(100) surface has
been subtracted. The main C 1s and O 1s lines appear at
285.9 and 532.1 eV, respectively. The shake-up regions
up to 20 eV above the main line are enlarged in the
figure. Three shake-up structures are observed in this re-
gion in both the C 1s and O 1s spectra, although the
shake-up features appear at quite different energies. For
comparison the corresponding shake-up spectra for
Cr(CO)g are included in the figure.?* The spectra have
been aligned according to the main lines. There is a
striking resemblance of the positions of the main features
for adsorbed CO and for the carbonyl. The energies of
the C 1s and O 1s satellite features from both spectra are
given in Table I.

In the C 1s spectrum there is a weak shoulder at 2.1 eV
which we denote structure 1. This structure has not been
reported before. This shoulder was present in all record-
ings. The presence of this satellite is also supported by
the Cr(CO)¢ spectrum which shows a similar satellite at
2.3 eV. Previous discussions of satellite spectra for ad-
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FIG. 2. XPS spectrum of the C ls and O 1s regions for
CO/Ni(100)c (2X2) and Cr(CO)s. The clean Ni background
spectrum has been subtracted. The different shake-up features
in the spectrum are numbered. The energy scale of the Cr(CO)g
spectra have been shifted by 7.3 eV (C 1s) and 7.5 eV (O 1s) in
order to allow the main lines to coincide.
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sorbed CO have been based on the identification of a sa-
tellite at 6 eV. In the present spectrum it is seen that this
satellite consists of at least two well-separated states at
5.5 and 9.5 eV. The comparison with the Cr(CO)4 spec-
trum indicates that this satellite may be split into even
more states. In a previous investigation of the CO/Co
system a relatively strong satellite further away from the
main line was also reported.”° However, we see no state
at a higher shake-up energy with a comparable intensity.
The features in the O 1s spectrum appear to be consid-
erably broader than in the C 1s spectrum. For the main
lines it has previously been shown that this difference is
due to a much larger vibrational broadening for the O 1s
line.?»?* It is most reasonable to assume that there is
also a similar broadening of the satellite structures. The
first O 1s shake-up feature appears at 5.5 eV. Consider-
ing the additional broadening of the O ls spectrum it is
not possible to completely exclude from the spectrum
that there is also a state at lower energies. However, it
can be noted that there is no low-energy satellite in
Cr(CO)s. Based on the general resemblance of the
shake-up spectra in the adsorbate and the carbonyl this
gives further strong support for the absence of this satel-
lite for adsorbed CO. The second state in the O 1s spec-
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trum is seen at 8 eV as a shoulder on the high-energy side
of the first state. Furthermore, a high-energy state at 15
eV is clearly seen which has been observed in some other
related studies. %1220

Figure 3 shows extended parts of the shake-up and
shake-off regions of adsorbed CO. For comparison the
shake-up spectra for CO in the gas phase have been in-
cluded in the figure.?® The satellite spectra lie on top of a
large background of inelastically scattered electrons and
weak Auger transitions. In order to subtract this intensi-
ty, a background function was generated by recording the
spectra corresponding to the C 1s and O 1s regions in the
presence of a monolayer of nitrogen. This background
function should be somewhat better than one obtained
from a clean Ni surface. The presence of the adsorbate
has some importance for the background function in the
O 1s region, since this region contains a number of weak
Ni Auger transitions which are somewhat attenuated by
the presence of an adsorbate. This procedure is shown in
more detail elsewhere. *

Figure 3(a) shows the complete C 1ls shake-up spec-
trum up to 75-eV shake-up energy. A broad structure
centered around 33 eV from the main line is observed
which is labeled no. 4. Figure 3(b) shows the O 1s spec-
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FIG. 3. (a) C 1s and (b) O 1s high-energy satellite spectra of free and adsorbed CO. The spectra are normalized to give the same
area under the main peak. The upper part of the figure shows the CO/Ni(100)c (2X2) spectra and the lower part the free CO mole-
cule spectra from Ref. 29. Structures in the adsorbate spectra are numbered, see text.
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TABLE 1. 1s shake-up energies relative to the main line for CO/Ni(100)c (2X2) and Cr(CO); (Ref.

25).
Approximate shake-up energies (eV)
C s O Is
Structure no. CO/Ni Cr(CO)¢ CO/Ni Cr(CO),
1 2.1 2.3 5.5 5.0
2 5.5 5.5 8.5 9.5
3 9.5 8.9 15 15.8
4 33 33 26 23
5 36 36
6 45
7 55

trum. The cross section of oxygen is 3 times larger which
may partly explain why more details in the spectrum be-
come visible. Several high-energy structures, labeled 4-7,
are seen in this energy range. Their energies are given in
Table I. The weak high-energy structures are visible also
in the raw data and are not due to the background sub-
traction procedure.

The spectra in Fig. 3 have been normalized to equal
areas of the main lines. There is a substantial increase in
the satellite intensity of the adsorbate compared to the
free molecule. It is not only the low-energy shake-up
transitions that have obtained intensity from the main
line in the adsorbate but also the intensity in the high-
energy shake-up and shake-off region has increased. The
relative satellite intensities have been estimated and the
results are presented in Table II. The exact numbers are
somewhat uncertain due to difficulties in determining the
shape of the high-energy tail of the shake-off continuum.
Furthermore, the separation into main line and satellite
intensity for the adsorbate is not unambiguous. Howev-
er, it seems that the satellite intensity is larger in the C 1s
than in the O 1s spectrum for the adsorbate. The extra
intensity in the C 1s spectrum occurs mainly in the strong
satellite region between O and 10 eV shake-up energy and
in the energy range around structure 4.

Figure 4 shows the difference spectrum between the
valence regions of CO/Ni(100)c(2X2) and the pure
Ni(100) surface. The spectrum is shown down to 45-eV
binding energy which covers also the so-called inner-
valence region. Before subtraction of the spectra a back-
ground was removed in each case. The background func-
tion was of a simplified Tougaard type.3! The exact na-
ture of the background function was not crucial and
affected only the slope of the difference spectrum at high
binding energies. The spectra were normalized to each
other according to the maximum intensity of the Ni 3d
band. In the lower part of the figure the valence-electron

TABLE II. Relative intensities (%) of the main line and sa-
tellite part of the 1s spectrum.

Main line Satellite
C l1s O 1s C 1s O 1s
CO gas phase 67 60 33 40
CO adsorbate 29 36 71 64

spectrum of Cr(CO)g is shown.

The peaks at 7.5 and 10.7 eV binding energy have
been identified in several ultraviolet-photoelectron-
spectroscopy (UPS) measurements and have been inter-
preted as due to the 50 /17 and 40 states, respectively. 2
Extra emission appears in the Ni 3d band at a binding en-
ergy of 1 eV. This structure is relative broad and asym-
metric towards higher binding energies. The exact posi-
tion of the peak depends somewhat on the subtraction
procedure. The presence of this structure is, however,
unquestionable. Adsorbate-induced emission in this ener-
gy range has been identified also in angle-resolved photo-
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FIG. 4. Difference between valence spectra for the
CO/Ni(100)c (2X2) phase and the clean Ni surface. Peak as-
signments are marked and valence satellites numbered in the
figure. The valence-electron spectrum of Cr(CO)s is shown for
comparison. The energy scale of the Cr(CO)s spectrum has
been shifted by 7.2 eV to give agreement for the sharp feature at
10.7 eV.
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emission studies.? The spectral range below 11 eV bind-
ing energy is often referred to as the innervalence region.
A broad feature at a binding energy of 28 eV due to the
30 level is dominating the innervalence spectrum. Weak
structures, denoted satellites 1 and 2, are seen between
the 40 and 3o states at 15.2 and 22.2 eV binding energy,
respectively. These structures are not artifacts of the
subtraction procedures.

1IV. DISCUSSION

There are several types of shake-up processes for free
or adsorbed molecules which can be more or less strictly
separated. The low-energy region of a shake-up spectrum
is dominated by single shake-up processes. At higher sa-
tellite energies multiple excitations appear and a consid-
erable intensity in a photoelectron spectrum may be due
to double shake-up processes. The single shake-up transi-
tions may be divided into three different classes. Firstly,
there are excitations from occupied to unoccupied mo-
lecular orbitals. These are of the highest occupied mo-
lecular orbital-lowest unoccupied molecular orbital
(HOMO-LUMO) type and are normally the strongest ex-
citations observed in the spectra especially for 7-electron
systems.? Secondly, there are excitations into Rydberg
states. This corresponds to, for instance, the 2p-np tran-
sitions in the Ne 1s shake-up spectrum.3® Thirdly, there
are shake-up transitions from innervalence states (gen-
erally of 2s character) to states of ns type. These are
influenced by the fact that they lie in the shake-off con-
tinua from the outervalence levels. The interaction be-
tween the discrete states and the continua leads to Fano
resonance shapes of the satellites. This has been observed
in the 2s-ns shake-up spectrum of the Ne 1s level.*
These shake-up states could be described as autoionizing
resonances in the shake-off continua. For a molecular
system there is also the possibility of shape resonances in
the shake-off continua. Shape resonances have, e.g., been
observed as enhancements of the valence-level photoion-
ization cross sections for CO. These are caused by virtual
bound states in the continua due to the molecular poten-
tial. 3

Even if it is possible to make a distinction between
different types of shake-up processes it should be noted
that configuration interaction most often leads to a mix-
ing of the various types of excitations. Especially for the
higher shake-up states one would for a correct descrip-
tion have to consider all types of processes simultaneous-
ly.

Shake-up transitions have often been discussed in
terms of valence-electron excitations in the ground-state
system. This could, however, lead to most misleading
conclusions. The potential set up by the core hole
influences the valence-electron structure considerably
which may alter the orbital ordering in the molecule or
cause a complete rehybridization of the molecular orbit-
als. It is therefore important to consider the effect of the
core hole explicitly when treating shake-up processes.
The core-hole effects imply, in particular, that the shake-
up spectra for different atoms in the same molecule have
to be discussed separately.
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In the interpretation of shake-up spectra it is often
helpful to use the Z +1 approximation. This approxima-
tion is based on the observation that the valence electrons
of a molecule respond to the creation of a core hole in the
same way as if an additional positive charge was added to
the nucleus of the ionized atom. For a core ionization of
an adsorbed molecule there is a complete electronic
screening of the final state (at least for a chemisorbed
molecule). Within the (Z +1) approximation for ad-
sorbed CO the C 1s and O 1s ionizations lead to adsorbed
NO- and CF-like adsorbed species, respectively. The
shake-up transitions may be viewed as valence-electron
excitations in these final-state species. NO and CF have
quite different valence-electron properties that should be
expected to lead to differences between the C 1s and O 1s
shake-up spectra.

The Z +1 approximation gives a reasonable first esti-
mate of the shake-up energies. The exchange interaction
between the core-hole and the open valence shells gives
rise to splittings of the shake-up transitions. These split-
tings are not taken into account in the Z +1 approxima-
tion. The magnitude of the exchange splitting depends
on the overlap between the orbitals involved. The in-
teraction between a core hole and a 17 hole in Co leads,
for instance, to a splitting of several eV. For more ex-
tended valence orbitals, however, the splittings should be
rather small.

Another method to identify shake-up transitions is to
compare the molecular core-to-valence excitation spectra
in free molecules as seen, for instance, by inner-shell
electron-energy-loss spectroscopy. The core ionization in
the adsorbate corresponds to a first approximation to a
core-to-valence excitation process in the molecule due to
the valence-electron screening of the ionized site. The
main difference is that the valence orbitals are modified
due to the chemical bonds to the surface. This may cause
some shifts and other modifications of the transitions in
the adsorbate.

For high incident energies in electron-energy-loss spec-
tra, dipole selection rules apply. By considering the exci-
tation as a two-step process a direct comparison with
shake-up transitions is made possible. In the case of CO,
the first step involves the dipole excitation to the 27*
state and the second step can be viewed as a monopole
excitation from this state to higher bound states. The ex-
citations in the last step are directly related to shake-up
transitions from the screening orbital to higher excited
states in the adsorbate. These processes could also be
viewed as screening in different orbitals.

A. C 1s low-energy shake-up

In the C 1s spectrum the lowest shake-up feature ap-
pears at an energy of 2 eV. NO, which represents C 1ls
ionized CO within the Z +1 approximation, has a single
occupation of the 27* level. The interaction with the Ni
surface will cause a splitting of this level into bonding
and antibonding combinations. The highest occupied or-
bital in adsorbed NO is the 27, level which is bonding
with respect to the surface. This state has been identified
in UPS at a binding energy of 2 eV.3®37 The lowest unoc-
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cupied 2, state has been observed by inverse photoemis-
sion at 1.5 eV above the Fermi level.*® The binding ener-
gy of the 27, level should be a lower limit for the 27,-to-
2w, excitation energy. Due to the potential of the 27,
hole the 27, level will be pulled down in energy and
2+1.5=3.5 eV should be an upper limit for the excita-
tion energy. It therefore seems most reasonable to assign
the feature at 2 eV to a 2m,-to-27, shake-up process (of
type HOMO to LUMO).

A similar final-state situation should be obtained for
N, adsorbed on Ni. Core ionization of the outer nitrogen
atom leads within the Z +1 approximation to a final-
state species similar to adsorbed NO. One should, there-
fore, expect similarities between the shake-up spectrum
corresponding to this N 1s ionization and the C ls ioniza-
tion in CO. The core-level spectrum from N, has previ-
ously been investigated and a satellite was identified at 2
eV from the N 1s peak corresponding to the outer nitro-
gen atom. !> This N 1s satellite was interpreted as due to
an exchange splitting between the N 1s hole and the un-
paired 27* screening electron. This splitting in molecu-
lar N, is 0.88 eV.*’ When the molecule adsorbs on a sur-
face, one would expect this splitting to decrease rather
than increase which would be necessary in order to ex-
plain the observed splitting for adsorbed N,. An alterna-
tive interpretation is that it corresponds to a 2, -to-27,-
like shake-up transition in the final state in the same way
as discussed above for the C 1s spectrum in CO.

For the assignment of the second shake-up peak in the
C 1s spectrum a comparison is made with the inner-shell
excitation spectrum of free CO molecules as obtained
from electron-energy-loss measurements.*' ~** The main
peak in the C 1s excitation spectrum corresponds to tran-
sitions to the antibonding 27* orbital. In the photoion-
ization process for the adsorbate the corresponding orbit-
al is populated by electron screening from the substrate.
In the excitation spectrum there are a number of transi-
tions to Rydberg states with the major peaks at 5.0 eV
(3s0), 5.9 eV (3pw), and 7.4 eV (4pm) above the 27* )l
peak.*>* The excitation to the 3p state has the largest
intensity. Similar valence-electron excitation energies
have been observed in the analogues Z +1 molecule,
NO.# It is quite plausible that related excited states are
produced as shake-up satellites in the adsorbate photo-
ionization spectrum. There will, however, be some dis-
tortion of these states when the molecule adsorbs on a
surface since the substrate atoms can be expected to
influence the large radius Rydberg orbitals. From studies
of Rydberg transitions in polyatomic molecules it is
known that the interaction with the surrounding atoms
leads to small perturbations of the Rydberg states.*® The
shake-up structure labeled 2 is a rather broad peak, indi-
cating the presence of several states in this energy range.
We therefore interpret peak 2 as a series of Rydberg tran-
sitions of the 27* screening electron to higher 3s and np
states of the adsorbed molecule. It is reasonable to ex-
pect the transitions to the 3p state to be dominating.
This interpretation is also supported by comparison with
the Cr(CO)¢ spectrum which shows three separate
features at 4.6, 5.6, and 7.1 eV with maximum intensity
for the 5.6-eV feature.
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Further support for the presently proposed interpreta-
tion is obtained from low-energy electron-energy-loss
data for NO adsorbed on Ni(100). These spectra show a
broad electronic transition centered around 5.5 eV.*’
This peak has been assigned to transitions into Rydberg
states. Due to the tail of a loss peak from the substrate it
is difficult to see if there is also an adsorbate-induced
transition at 2 eV, corresponding to peak 1 as discussed
above.

It has been proposed by cluster calculations that
screening in a Rydberg-type orbital takes place after core
ionization of NH; adsorbed on Ni.***’ The lowest unoc-
cupied orbital in NH; is a diffuse Rydberg orbital which
is pulled down in energy due to the core potential in a
manner similar to the 27* orbital in CO and N,. It was
also proposed that Rydberg screening would influence
the shake-up spectrum of N, adsorbed on Ni.* Howev-
er, this possibility was only considered to give an asym-
metry and broadening of the shake-up peak which these
these authors denote unscreened.

Peak 3 in the shake-up spectrum appears as a shoulder
on the preceding broad peak. The energy of this shoulder
is =9.5 eV. There is also a corresponding peak at 9 eV in
Cr(CO)¢. The energy of the first C 1s shake-up state in
free CO is 8.3 eV. This transition has been assigned to a
l7-27* transition.?’ The intensity of peak 3 is similar to
the intensity of the 17-27* transition in the gas phase.
Peak 3 is therefore assigned to a 17-27* shake-up transi-
tion.?® The exchange splitting between the C ls and the
unpaired 7 electrons is several eV. The first shake-up
state in free CO has, according to calculations, 80% 11r-
27* character with a triplet (S=1) coupling of the 7 elec-
trons.?’ The second shake-up state in free CO is ob-
served at an energy of 17.1 eV and assigned to the singlet
(S=0) state. However, this state has only 50% 17-27*
character. There is a strong admixture of other states, in
particular, 17-27* double excitations.?’ This implies
that the l7-27* (S=0) character is distributed over a
number of states. This configuration interaction may be
even larger in the adsorbate due to the appearance of new
shake-up states involving excitations from the 27* state.
This probably explains why there is no peak identified in
the spectrum which can be ascribed to 17w-27* (S=0)
shake-up states. Note that there are no intense features
in this energy region in Cr(CO)¢ either. There is only a
very weak and broad feature which possibly corresponds
to this type of process.

B. O 1s low-energy shake-up

The completely screened O 1s state of a CO molecule
can be approximated by a CF molecular radical. Due to
a large difference in electronegativity between C and F,
the 17 orbital is contracted towards the fluorine atom
while the 27* orbital is more localized on the carbon
atom.’® The carbon part of the molecule contains three
unpaired electrons available for bonding, while the
fluorine part of the molecule is completely saturated.
This radical molecule is expected to react strongly with a
metal surface in a manner similar to a carbidic carbon
atom.
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We may tentatively use CH,F as a molecular analogue
for certain aspects of adsorbed CF. The lowest excitation
energy in CH,F is 9.3 eV.%! This may be used as an indi-
cation that there are no low-lying excitation in adsorbed
CF and therefore no low-energy shake-up excitations of
HOMO-LUMO type in the O 1s spectrum. The reason is
that the strong carbon character of the 27* screening or-
bital and the strong bonding of the final-state molecule to
the surface leads to a large HOMO-LUMO splitting in
the O ls ionized final state.

The first shake-up peak in the O ls spectrum is as-
signed to the same type of transition as the second peak
in the C ls spectrum, i.e., to transitions from the screen-
ing orbital to Rydberg states. Inner-shell excitation at
the O 1s edge of CO in the gas phase using electron-
energy-loss spectroscopy shows states at 4.7 and 5.7 eV
above the main 27 level.*? These excitations have been
assigned to transitions to 3s- and 3p-derived states. Simi-
lar excitation energies are found in the (Z +1) free-
radical CF molecule. >

The peak labeled no. 2 in the O 1s spectrum in Fig. 2 is
a weak shoulder 3 eV from the first shake-up peak. This
structure could be due to shake-up transitions into higher
Rydberg shells. The Rydberg series converges towards
the ionization limit of the 2p-derived states forming the
shake-off onset. For comparison it can be noted that the
second shell of Rydberg states in CH;F is =2 eV above
the first shell.

For the interpretation of shake-up peak 3 we note that
the energy of this peak is essentially identical to the ener-
gy of the main shake-up feature in free CO. In molecular
CO, the first shake-up state in the O 1s spectrum appears
at an energy of 15 eV,?° compared to 8.3 eV in the C 1s
spectrum. The interpretation of the shake-up spectrum
of CO has been discussed based on Green’s-function cal-
culations® including higher-order excitations. It should,
however, be noted that these calculations use unrelaxed
orbitals for the expansion of the configuration state func-
tions in the ionized molecule. An expansion in relaxed
orbitals could be significantly different and even the lead-
ing terms could be altered. This difference may influence
the shake-up assignments (which should be in terms of re-
laxed orbitals) considerably. The calculations give for the
triplet coupled (S =1) 17-27* shake-up an energy of 15
eV. The calculated intensity of this transition is, howev-
er, very small. At higher energy there should be a singlet
(S =0) l7-27* transition. However, there is strong
configuration interaction between these 17-27* excita-
tions and 5o0-no valence-Rydberg transitions. It is, at
present, difficult to give a simple and straightforward as-
signment of the first shake-up structure in the O 1s gas-
phase spectrum, other than it seems to contain both 17-
27* and So-no character. The third peak in the O 1s
shake-up spectrum of the adsorbate in Fig. 2 has a similar
energy and intensity as the first shake-up peak in gaseous
CO. 1t is, therefore, reasonable to assume that these
transitions are of similar origin. However, due to the
screening process and the strong bonding to the surface
the orbital character could be quite different compared to
the free molecule. The most likely excitation is from a
2p lone-pair state (CO-derived 1) to an npm Rydberg-
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valence state. [In CH;F a similar excitation from le
(fluorine lone pair) to 3s- and 3p-derived states has been
proposed for an absorption at 14 eV.’! The 3a,-to-
Rydberg excitations are expected at a similar energy.]

C. High-energy shake-up and shake-off continuum

The larger overall shake-up and shake-off intensity
from adsorbed CO compared with the free molecule as
seen from Table II is a result of the larger relaxation en-
ergy in the adsorbate. This increased intensity is not only
affecting the low-energy satellite region involving shake-
up transitions of the screening electron but also the high-
energy. region involving shake-off and double shake-up
events. Furthermore, Fig. 3 shows that the high-energy
shake-off tail extends rather far in energy with an appre-
ciable intensity even 70 eV above the main line. The
range of the shake-off continuum is a major complication
in the utilization of the energy sum rule to obtain the
Koopmans energy.>® In order to determine the frozen
orbital binding energy from the spectrum, the complete
shake-off continuum has to be included in the analysis.
Some efforts to derive frozen orbital energies have, how-
ever, been made although detailed knowledge of the
shape of the shake-off continuum is still lacking. >3

The structures observed in the high-energy region of
Fig. 3 are resonances within the shake-off continua relat-
ed to the additional ionization of the 27* screening elec-
tron and the other valence shells. Resonances, which ap-
pear in the photoionization cross section of molecules,
are classified as shape resonances or autoionizing reso-
nances. Resonances in the shake-off continua could be
classified in the same manner. For autoionizing reso-
nances, there are discrete shake-up transitions with ener-
gies larger than the shake-off thresholds, which leads to
configuration interaction between the discrete and the
continuum states. A shape resonance denotes multiple
scattering of the shake-off electron within the molecular
potential. The cross section for the shake-off process may
in this way be enhanced at energies corresponding to
transitions to quasibound states in the continuum. It
could be noted that most of the shake-up structures in
the presently discussed adsorbate spectra are indeed reso-
nances since the shake-off thresholds have rather low en-
ergies.

In PSD the ejection of ions is studied as a function of
photon energy.>* Excitations occur in the adsorbate-
substrate complex leading to electronic states which are
repulsive in terms of certain dissociation channels. In
many cases the dissociation occurs after additional elec-
tronic deexcitation processes. It is of considerable in-
terest to investigate the character of the dissociating
states. In a comparison between the XPS satellite spectra
and the PSD yield curves above the C 1s and O 1s core
thresholds in CO on Ru(001) some similarities were
found.®> The comparison was restricted to a structure
corresponding to structure 3 in the present O ls shake-up
spectrum since no higher satellite states were identified in
the photoelectron spectra. This comparison can now be
extended.

There is only little structure in the high-energy C ls
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shake-up spectrum. The broad structure 4 in the C ls
shake-up spectrum in Fig. 3 probably contains a number
of unresolved states. In the CO molecule, o0-no* transi-
tions and double excitations appear in this energy
range.?’ These excitations are likely to persist in the ad-
sorbate. However, there is also the possibility of double
excitations involving the 27* screening electron in the
same energy range. The 3o binding energy in NO (which
is the Z +1 analogue of C ls ionized CO) is 40 eV.>®
From this it can be estimated that shake-up excitations
involving the 30 level in the adsorbate should have ener-
gies in the range 30-40 eV, i.e., around structure 4.
Note, however, that the 30 orbital has mainly oxygen
character and this is why these contributions to the
shake-up spectrum may be rather weak. It will be more
sensitive to oxygen ionization. The PSD yield curves
above the C 1s threshold show only CO™ ions. This yield
curve follows essentially the photoabsorption cross sec-
tion without extra structures. >’

The O 1s spectrum from adsorbed CO shows several
structures in the high-energy satellite region. The struc-
tures are relatively broad and weak. Also the PSD curves
above the O 1s threshold reveal several resonances.>® Us-
ing the polarization of the synchrotron light the symme-
try of the resonances were furthermore determined. Two
strong resonances with 7 symmetry appear at 16 and 35
eV above the lowest absorption state. These resonances
are observable both in the CO™ and O™ yield curves.
Furthermore, the 35-eV resonance coincides with the on-
set of the 02" and C* curves.

The large degree of fragmentation of the adsorbate in-
dicates the involvement of strongly bonding orbitals in
these excitations. In the desorption spectra two weak
structures with o symmetry were also seen. The first one
appears as a weak function in the O yield at around 25
eV. The second structure is seen as an onset in the O™
yield which starts at roughly 45 eV.

The first 7 resonance at 16 eV in the PSD spectrum
was assigned to a O 1s-27* excitation with a simultane-
ous resonant 17-27* shake-up transition.>> This agrees
with the interpretation of shake-up structure 3 in the O
1s spectrum, see above.

The shake-up structure 4 at 26 eV has a similar energy
as the o symmetry PSD resonance. In order to have o
symmetry, the photoexcitation must have a final state
which involves an excited o state instead of the 27* state.
A possibility is an excitation from the 1 level. It could
be a double excitation or a shape resonance in the 17
shake-off continuum. However, due to configuration in-
teraction it may be impossible to make a clear distinction
between the two types of resonances.

The peak labeled 5 in Fig. 3(b) coincides with the 35-eV
threshold in the PSD spectrum. At this threshold there
is a large yield of fragmented and multiply charged ions.
This indicates excitations which are repulsive with
respect to the CO bond. The resonance has been assigned
to a 30 shake-up excitation simultaneous with the filling
of the 27* state in order to give 7 symmetry.>®> A broad
structure at 36-eV shake-up energy is also observed in the
spectrum from the free molecule, see Fig. 3. The 30 or-
bital is expected to collapse in the presence of the O 1s
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hole. Comparing the final-state adsorbed molecule with
CH,F, the innervalence orbitals appear at 23- and 38-eV
binding energy for the C 2s and F 2s, respectively.’’ The
F 2s level has a similar binding energy as the major 3o
peak in free CO (Ref. 58) and excitations of the F 2s
would be in the range between 30 and 38 eV in the mole-
cule. In the innervalence region the breakdown of the in-
dependent particle pictures occurs due to strong
configuration interaction between a large number of
closely lying states. Furthermore, the shake-up excita-
tions involving the 2s states should give rise to autoioniz-
ing resonances with the continuum as observed in Ne.**

The resonances (numbers 6 and 7) at 45 and 55 eV in
Fig. 3(b) have too high energies to correspond to single
shake-up events. The state at 45 eV could correspond to
the weak feature in the PSD ion yield with o symmetry.
This could be interpreted as shape resonances or other in-
tramolecular scattering resonances in the shake-off con-
tinuum. In order to give o symmetry the 27* screening
electron is involved in the shake-off process. Finally, the
resonance at 55 eV is assigned to a scattering resonance
in the continuum. However, for the detailed interpreta-
tion of these structures one has to be somewhat careful
since this part of the spectrum is more sensitive to the
background subtraction procedure due to the appearance
of Ni Auger transitions.

It should also be pointed out that resonances in the
shake-off continuum could influence the interpretation of
adsorption-edge measurements. In particular when per-
forming SEXAFS analysis of adsorbates close to the edge
these many-body effects could play a role which has to be
taken into account.

D. Valence-electron spectrum

UPS valence-electron spectra have been reported for
CO adsorbed on various transition-metal surfaces. "> The
general picture of the bonding to the surface which has
emerged is the so called donor-acceptor model, originally
proposed by Blyholder. *° Within this model the 50 or-
bital, which has the character of a carbon lone pair,
mixes with empty states in the metal and the empty anti-
bonding 27* CO orbital is forming d-m hybrid states.
This leads to a reduction of the 5o character and a par-
tial filling of the 27* orbital (50 donation and 27* back-
donation). However, the exact nature of the bonding be-
tween CO and metals is still controversial.

The Al Ka excited-valence-electron spectrum of CO
on Ni(100) in Fig. 4 is dominated by an intense, rather
broad and asymmetric feature at 1 eV binding energy.
This feature has no counterpart for the free CO molecule
and it is interpreted as due to CO 27*-Ni 3d states.
Adsorbate-induced features in the Ni 3d band have previ-
ously been identified for the CO/Ni(100) system using
polarization-dependent photoemission.®® For a specific
polarization of the incident light a weak structure was
observed at 1.3 ¢V which corresponds to the energy of
the presently identified peak in Fig. 4. For a different po-
larization and other emission angles a second feature ap-
pears at 2.2 eV.% The presence of a second peak agrees
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with the shape of the x-ray excited spectrum which is
asymmetric towards higher binding energies. The inten-
sity of the CO 27*-Ni 3d feature is large compared to the
other CO states, which indicates that it has mainly Ni 3d
character. The cross section for the Ni 3d emission is
calculated to be about an order of magnitude larger than
for the C and O 2p states. ¢!

Using angle-resolved photoemission, the dispersion and
symmetry of the CO-induced features in the Ni 3d band
has been investigated for the (2 X 1) p2mg phase of CO on
Ni(110).62% It was found that the Ni d-band emission is
modified strongly upon CO adsorption and that new
states appear in the spectrum. The new states were
shown to arise from two-dimensional CO 27*-Ni 3d sur-
face bands at energies between 1 and 2.7 eV below the
Fermi level.

These results for the Ni(100) and Ni(110) surfaces are
in contradiction with the 27* resonance model for the
CO adsorption.?? Within this model the 27* molecular
level is broadened into a resonance. This resonance is in-
tersected by the Fermi level which leads to a partial
filling of the resonance. However, there is no indication
of 27* derived states at the Fermi energy as required by
this model, neither in the high-energy spectrum in Fig. 4,
nor in the previous angle-resolved photoemission spec-
tra, 60:62,63

The main valence levels of CO/Ni have previously
been identified using polarization-dependent angle-
resolved photoemission.® % Using selection rules for
the photoemission cross sections the symmetries of the
different CO derived states have been determined. For
the c(2X2) structure, binding energies of 7.5, 8.0, and
10.6 eV were obtained for the 17, 50, and 40 hole states,
respectively.®® The spectrum in Fig. 3 shows the 40 level
at 10.7 eV and the unresolved 17 /50 peak at 7.5 eV.
The high-energy gas-phase spectrum of CO recorded
with a similar spectrometer shows cross-section ratios of
4.5:1.5:1 between the 40, 50, and 17 levels.’® The most
intense peak in the adsorbate spectrum corresponds to
the 40 state in agreement with the gas-phase spectrum.
Its binding energy furthermore agrees well with the re-
sults from the low-photon-energy photoemission spectra.

Based on the gas-phase cross sections one would expect
the unresolved 17 /50 peak to have an intensity of 0.55
relative to the 40 peak. However, the area of the 17 /50
peak is nearly the same as for the 40 peak. Furthermore,
the binding energy of this feature corresponds rather
closely to the 17 energy in the low-photon-energy photo-
emission spectrum. These observations could be ex-
plained if one assumes an increase of the 1 cross section
by a factor of 2.5 when the CO molecule adsorbs on a Ni
surface due to a small Ni 3d admixture in the 17 level.
Such effects have been observed in transition-metal car-
bonyls.®” However, there are also other possible explana-
tions for the enhancement of the 17 /50 intensity. The
background subtraction in this energy region is very criti-
cal due to the appearance of a Ni satellite at 6 eV binding
energy.®® The monochromator could also induce some
polarization of the x rays which together with an oriented
adlayer of CO could give a different intensity ratio com-
pared to the free CO molecule.
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The part of the valence-electron spectrum below the
40 level is called the innervalence region.®® This region
is of considerable interest due to the breakdown of the in-
dependent particle picture.’®’! Strong configuration in-
teraction occurs between single ionizations in the inner-
valence shell and ionizations with simultaneous shake-up
excitations in the outervalence shells. This interaction
leads to a multitude of correlated final ionic states distri-
buted over a large energy region which removes spectral
weight from the inner valence orbital.

There are only very few reported studies of inner-
valence spectra from adsorbed molecules.?®’%7® This is
mainly due to the low intensity of these levels and the
high background from the metal valence states in this en-
ergy range. For CO adsorbed on a stepped Pt(111) sur-
face the innervalence spectrum was measured at a photon
energy close to the Cooper minimum in the Pt 5d emis-
sion.”> The 3¢ state was observed at a binding energy of
28.5 eV and correlation satellites were identified at 22 and
16 eV. This is in close agreement with the spectrum in
Fig. 4 which shows corresponding structure at 28, 22,
and 15 eV.

Further information on the character of the valence-
electron states can be obtained from autoionization spec-
tra. In this spectroscopy an intermediate neutral state is
excited which decays into valence ionized final states by
Auger-like processes. For free CO the autoionization of
the C 1s—to-27* excited state shows the same spectral
features as the direct photoionization process. The inten-
sities are, however, completely different in the two spec-
troscopies.*®’*7> This has important consequences for
the interpretation of the valence-electron final states. In
a one-electron picture for the autoionization spectra the
27* electron either participates in the decay or it remains
as a spectator. In the first case the final state contains
one hole in a valence level, i.e., it corresponds to an ordi-
nary valence ionized state as seen by photoemission. In
the latter case the final states have two holes in the ini-
tially occupied levels and one electron in the 27* orbital.
These states correspond to configuration interaction sa-
tellite states which are also present in the ordinary photo-
electron spectrum but with a considerably lower intensi-
ty. The autoionization spectra also give information on
the atomic character of the valence states. The intensi-
ties of the transitions depend on the overlap between the
initial core-hole and the valence-hole states. This implies
that the intensities of the various final states depend on
the site of the core hole.

Autoionization spectra have also been studied for CO
adsorbed on different metals.>’%7¢~7° However, the as-
signment of these spectra has been rather different in
different investigations. This may in part be due to
discrepancies in the energy calibration of the spectra. In
two studies of CO adsorbed on Cu, the kinetic energy
scales seem to differ by 4 eV.””7° The determined
valence-electron binding energies also depend on the ac-
curacy of the used core-level binding energies. However,
one autoionization study of CO/Ni(110) has been report-
ed which shows the complete valence-electron spectrum
including the Ni 3d band.? In this way the binding-
energy scale can be obtained directly and the single-hole
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states can be identified. These states give rise to small
shoulders on the low-energy side of the main autoioniza-
tion features and correspond to the 17 /50 and 40 ioniza-
tions, respectively.

In the innervalence region structures are observed at
14-, 20-, 23-, and 29-eV binding energy in both the C Is
and O ls autoionizing spectra of CO/Ni(110).2 By a
comparison with the spectrum in Fig. 4 the state at 29 eV
can be assigned to the 3o level and the states at 14 and 23
eV correspond to the satellites labeled 1 and 2. The
strong autoionizing state at 20 eV, however, has no visi-
ble counterpart in the photoelectron spectrum.

The assignment of the 3o state is based on the compar-
ison with the gas-phase CO spectrum. The energy
difference between the 30 and 40 states is 19 eV in the
free molecule®® and 17.5 eV for the adsorbate according
to Fig. 4. This difference could reflect a larger increase in
the relaxation energy for the more deeply lying (mainly 2s
derived) state. However, it should also be noted that the
30 feature corresponds to a number of closely spaced
correlated states which makes the one electron picture
less relevant. A different bonding situation may then
modify the configuration interaction and cause an ap-
parent shift of the peak.

The three observed correlation satellites in the adsor-
bate can be identified from a comparison with the corre-
sponding gas-phase spectrum. These states are resonant-
ly enhanced by an order of magnitude in the autoioniza-
tion compared to the direct photoemission. The first sa-
tellite at 15 eV in Fig. 4 is mainly enhanced at the C 1s
threshold in the autoionization spectrum.? This shows
that the hole states are mainly located at the carbon
atom. A tentative assignment is that it is due to holes in
the 50 orbital, which is mainly a free-electron pair on the
carbon atom (although interacting with the surface). The
second satellite at 20 eV is not observable in the direct
photoemission spectrum. However, it is strongly resonat-
ing in both the C ls and the O ls excited autoionizing
spectra.? For CO in the gas phase a similar effect is seen
for a satellite at 28 eV binding energy. This state has a
low intensity in both the high- and low-photon-energy
photoelectron spectra, >®%’ whereas it shows a large inten-
sity at the C s threshold in the autoionization spectrum.
The O 1s autoionization spectrum has not yet been mea-
sured for free CO.”*7> The valence orbital with the larg-
est population on both the carbon and oxygen atoms is
the 17 orbital. A possible interpretation for this state is
that to a large extent it involves holes in the 17 orbital.

The satellite at 22 eV in Fig. 4 appears in the C 1s au-
toionizing spectrum as a weak shoulder on the intense
structure at 20 eV. The resonance is considerably
stronger at the O 1s threshold.? A plausible assignment
is that it corresponds to hole states involving the 40 or-
bital.

As has been pointed out above, the satellite states are
strongly mixed. The assignments above are therefore
only tentative. The suggested 5o ~ 227! state for the first
satellite mixes with states like So 17 27! and
50 '40 727! as has been suggested in the gas-phase
spectrum.>®%%7475 The same applies for the other satel-
lites as well as for the 30 state. '
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It is found that the innervalence features are generally
broader for the adsorbate than for the free molecule.
This is due to two effects. Firstly, the many-body charac-
ter of the photoionization leads to more possible final
states in the adsorbate due to screening effects involving
the substrate (compare the discussion of the core-level sa-
tellite spectra above). Secondly, additional vibrational
broadening is expected due to the presence of new vibra-
tional modes of the adsorbate-substrate complex. Such
effects have been shown to give broadenings of the order
of 2 eV in core-level spectra of adsorbed CO.%

The presence of vibrational effects will also affect the
comparison between the energies of spectral features ob-
tained at an autoionizing resonance and by direct photo-
emission. If there are large difference between the verti-
cal and adiabatic core-excitation energies, this will lead to
vibrational excitations in the intermediate state. The sub-
sequent decay into a single-hole state will in this case lead
to a different population of vibrational states compared to
the direct photoemission. This could probably introduce
shifts of the order of 1 eV for adsorbed CO and these
shifts may furthermore be different for the C 1s and O 1s
spectra. This offers a possible explanation for the
differences between the binding energies in Fig. 4 and in
the autoionization spectra. In those cases when the spec-
tral features contain several states due to configuration
interaction the relative intensities of these may further-
more depend on the excitation mechanism. Also this
effect could introduce shifts between the peaks in the
photoemission and the autoionization spectra.

V. SUMMARY AND CONCLUSIONS

Multielectron excitations in core- and valence-level
photoelectron spectroscopy of adsorbed CO have been in-
vestigated using high-resolution XPS. The importance of
performing the measurements for well-defined CO ad-
layer structures such as Ni(100)c (2 X2) is stressed.

The core-level satellite spectra reveal several newly
resolved shake-up states. The spectra are found to de-
pend on the atomic site of the core ionization. In the
low-energy shake-up region, states are observed in the C
1s spectrum at 2.1, 5.5, and 9.5 eV and in the O 1s spec-
trum at 5.5, 8.5, and 15 eV. These results disagree with
the original Gunnarsson and Schonhammar model which
interpreted the main line as the screened state and the
shake-up peak as the unscreened state. It is important to
discuss the shake-up excitation energies in terms of the
relaxed electronic states of the core-hole species. The
shake-up processes are treated as local molecular excita-
tions of the adsorbate-substrate complex in the presence
of the specific core hole. By considering the ionized ad-
sorbed molecule within the Z +1 approximation a direct
comparison with results from valence excitation spectra
of the Z +1 species can be made. The shake-up transi-
tions in the C 1s and O 1s spectra can be compared with
valence excitations in NO and CF, respectively. The
most intense features, both in the carbon and oxygen
shake-up spectra, are assigned to Rydberg transitions of
the screening 27 orbital into 3p-derived states. In the C
Ls spectrum there is also a shake-up state at 2.1 eV which
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is interpreted as an excitation from bonding to antibond-
ing 27*-3d combinations. This state is not present in the
O 1s spectrum.

Structures in the high-energy shake-up and shake-off
regions of the adsorbate are observed for the first time.
These are interpreted as resonances in the shake-off con-
tinua which can be of two different types. Autoionization
resonances involve interaction between discrete shake-up
transitions and some underlying shake-off continua.
Shaped resonances lead to enhancements at certain ener-
gies in the shake-off continuum due to multiple scattering
of the shake-off electron within the molecular poten-
tial. From a comparison with polarization-dependent
photon-stimulated-ion-desorption above the core thresh-
old a tentative assignment of the shake-off resonances can
be given.

The high-energy valence-electron spectrum of ad-
sorbed CO was obtained as the difference between the
spectra for the CO covered and clean Ni(100) surfaces.
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In the outervalence region the 27*-Ni 3d hybrid is ob-
served at 1 eV and the CO derived 50 /17 and 40 orbitals
are observed at 7.5- and 10.7-eV binding energy, respec-
tively. The innervalence region shows an extended broad
structure centered at 28 eV binding energy which is as-
signed to the 30 state. There are weak correlation satel-
lites at 15 and 22 eV binding energy. The valence-
electron spectrum is compared with autoionization spec-
tra of adsorbed CO. These are due to the decay of states
with one C 1s or O Is electrons excited to a 27* orbital.
The valence satellites are assigned to two-outervalence-
hole—one excited-27*-electron states.
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