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Electronic structure of atomic adsorbates from x-ray-absorption spectroscopy:
Threshold effects and higher excited states
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Atomic C, N, and 0 chemisorbed on Ni(100) have been studied by x-ray-absorption spectroscopy.
The atomic 2p orbitals are shown to form hybrid orbitals with the Ni 3d and 4sp bands. The spectral
contributions from these hybrids are identified at the absorption threshold and in a region 6—12 eV
above this. Between those regions, states derived from atomic 3p and higher np orbitals are observed.
The threshold region shows vibrational and dynamical effects, which are discussed in connection with
the corresponding photoemission spectra. The substrate Ni 2p3~~ x-ray-absorption spectrum is also
presented. Its large similarity to the Ni 2p3/2 x-ray photoemission spectrum is discussed.

I. INTRODUCTION

Core-level spectroscopy provides a method to study the
local electronic structure around an atomic site. This is
particularly useful in studies of adsorbed atoms and mole-
cules on surfaces, since the electronic states on the adsor-
bate are often difficult to separate from the substrate
states. Using x-ray-absorption spectroscopy (XAS), also
denoted near-edge x-ray-absorption fine structure
(NEXAFS), the unoccupied states on the adsorbate are
probed. ' From core-hole decay processes such as ob-
served in soft x-ray emission spectroscopy and Auger
and autoionization spectroscopy the local occupied elec-
tronic states can be studied. Local valence excitations be-
tween these different states can be observed in the core-
level photoemission shake-up satellites.

XAS utilizing polarized synchrotron light has been
widely used to extract the orientation of molecules on
surfaces. ' In the case of adsorbed atoms the local
geometry has been derived by comparing x-ray-
absorption (XA) spectra taken up to 50 eV above thresh-
old with multiple-scattering calculations. In order to
fully use XAS as a method to obtain information regard-
ing the electronic structure of adsorbates there are a
number of effects which need to be understood in some
detail. These are, for example, the position of the Fermi
level in the spectra, core-hole-induced modification of the
density of states, dynamical effects at threshold due to
metallic screening, vibrational motion, multielectron sa-
tellites, existence of higher excited Rydberg-derived
states, and the perturbation upon these due to the pres-
ence of the surface. Recently, these phenomena have
been addressed in the case of molecular adsorbates on
various metallic substrates. ' ' The present paper deals
with these effects for atomic adsorbates from low Z ele-
ments. Contrary to many molecular adsorbates the
chemisorption bond strength is of the same order of mag-
nitude as the cohesive energy of the substrate. This

represents the case of extremely strong chemisorption.
We have chosen to study atomic C, N, and 0 on Ni(100)
since these adsorbates have been well characterized in the
past and the change in the XA spectra with atomic num-
ber and thereby the 2p occupation can be nicely followed.

The C, N, and 0 overlayers on Ni(100) have been ex-
tensively studied concerning the structure and vibrational
properties. ' All three atomic adsorbates form or-
dered surface structures at a coverage of one-half of a
monolayer. The adsorption of 0 leads to the formation
of a c (2 X 2) structure in which the 0 atoms occupy four-
fold hollow sites 0.9 A above the surface. The adsorption
of C and N leads to a reconstruction of the substrate, giv-
ing rise to a primitive (2X2) structure having p4g space-
group symmetry. The carbon and nitrogen atoms
penetrate the top Ni layer into hollow sites, which are lo-
cated only 0.1 A above the surface nickel atoms. The
space becomes available through an opening of the first
Ni layer by alternating clockwise and counterclockwise
rotation of the four Ni atoms surrounding the adsorbate
atoms.

The electronic structure of these strongly adsorbed
species has only to a limited extent been studied, and the
studies have mainly been concentrated on 0 adsorption.
A comparative study of the three adsorbates has recently
been performed by angular-resolved photoemission. '

The adsorbates show occupied 2p-derived levels with
band dispersions located from 5 to 7 eV below the Fermi
level. The adsorption of C and N show some additional
states in the region of the Ni d band close to the Fermi
level. The unoccupied states have only been studied for
0 using inverse photoemission, revealing the presence of
an 0-derived feature close to the Fermi level. A com-
parative core-level shake-up study of C, N, and 0 re-
vealed significant differences between the different adsor-
bates. It was shown that the satellites are due to local
excitations on the adsorbate, and not to excitations
within the substrate. The major satellites were assigned
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to 2p —+ np excitations.
In this paper we will first present a general discussion

of the various aspects of XAS known from studies in the
bulk and for free atoms and rnolecules. Particular atten-
tion is paid to the dynamical response to the creation of
the core hole, leading to a spectral singularity at thresh-
old, and vibrational effects. New high-resolution XA
spectra for C, N, and 0 on Ni(100) are presented. These
are interpreted in terms of hybrid states formed between
the atomic 2p and higher np Rydberg orbitals and the Ni
3d and 4s,p bands.

II. EXPERIMENT

The x-ray-absorption measurements were performed at
the MAX-I synchrotron radiation facility in Lund, using
a modified Zeiss SX-700 monochromator. ' The ab-
sorption spectra were measured in the partial electron
yield mode using a pulse-counting channeltron detector.
The retarding grid was set to —200, —300, and —400 V
for C 1s, N 1s, and 0 1s decay electrons. In the detailed
edge spectra, the photon-energy resolution was set to
about 0.2 eV for C 1s and N 1s and 0.3 eV for 0 1s. For
the more extended regions the resolution was set to 0.4,
0.3, and 0.5 eV for C 1s, N 1s, and 0 1s, respectively.
The absolute value of the photon energy was determined
using two different methods. First, the 2~* resonance po-
sitions for condensed CO rnultilayers were measured.
These positions are well known from electron-energy-
loss measurements in the gas phase and amount to 287.40
and 534.20 eV for C 1s and 0 1s, respectively.
Second, we used the fact that the difference in kinetic en-
ergies of photoelectrons excited by first- and second-order
light is exactly the photon energy of the first-order radia-
tion. The accuracy of these photon-energy determina-
tions are estimated to be about +0. 1 eV. The spectra
were normalized by dividing with spectra recorded for
the clean surface. The x-ray photoemission spectroscopy
(XPS) measurements were performed in Uppsala with an
overall resolution of 0.3 eV and absolute binding energies
within +0. 1 eV.

The Ni crystal was cleaned by Ar+ sputtering and an-
nealing in vacuum or oxygen. The cleanness of the sur-
face was monitored by Auger electron spectroscopy,
XPS, and XAS. The temperature was measured by using
a chromel-constantan thermocouple spot welded to the
edge of the crystal. The adsorbate layers were formed by
adsorption and thermal decomposition of CzH4, NH3,
and 02. The ordering of the adsorbate layers were moni-
tored by low-energy electron diffraction.

III. SPECTRAL SHAPES IN XAS

A. One-electron description

Before describing the x-ray-absorption process we will
present a schematic picture of the 2p density of states for
an atomic adsorbate, which could be carbon, nitrogen, or
oxygen on Ni. Figure 1 shows an illustration of the one-
electron 2p density of states with the occupied part to the
left and the unoccupied part to the right separated by the
Fermi level. Slab calculations using the local-density ap-

Adsorbate 2p - metal s,p Adsorbate 2p - metal d Adsorbate 2p - metal s,p

FIG. 1. Schematic one-electron 2p-derived local density of
states for an atomic (C, N, 0) adsorbate on the surface of a tran-
sition metal, such as nickel.

proximation and the linearized-augmented-plane-wave
method have been performed for 0 on Ni(100). ' The
results show bonding states 5.5 eV below the Fermi level.
These have a large 0 2p character, which is mainly hybri-
dized with Ni 4sp states. Antibonding states with 0
2p-Ni 3d character are found centered at the Fermi level.
The occupied part of these states have been observed ex-
perimentally using photoemission and x-ray emission,
while the presence of empty oxygen states at the Fermi
level has been suggested from an inverse photoemission
study. The calculations show some indication of 2p-
derived states well above the Fermi level. The presence
of such states is supported by comparison with studies of
various transition-metal oxides, which also indicate the
existence of 0 2p states extending up to 15 eV above the
Fermi level. These states have been attributed to anti-
bonding 0 2p-metal sp hybrid orbitals. Calculations of
the electronic structure of carbon on Ni(100) have been
performed using slab models. ' The gross features are
similar to those of oxygen adsorption.

From these considerations we can expect two different
regimes of empty 2p states: a relatively narrow band at
the Fermi level dominated by hybridization with Ni 3d
states and a broad band due to antibonding combinations
with Ni 4sp states high up in the continuum.

The XA spectral shapes are to a first approximation
given by the unoccupied part of the density of states.
Due to the local character of the transition only the pro-
jected density of states at the core excited site is probed.
Furthermore, since the transitions are due to dipole exci-
tations only certain substates of this projected density of
states contribute to the spectra. This can be formulated
in terms of more or less strict selection rules where it is
important to consider the total symmetry of the initial
and final state. However, since the absorption matrix
elements are much dominated by the character of the
valence orbitals close to the nuclei where the core orbitals
are located, the transitions can to a good approximation
be described in terms of the atomic character of the
valence orbitals, i.e., atomic dipole selection rules can be
used. Hence the photoabsorption from the 1s shell
should only project out those parts of the unoccupied
band which have atomic p symmetry in an expansion at
the excited site. Furthermore, since the important parts
of the wave functions are little affected by the chemical
environment atomic matrix elements can be used. This
approximation has been tested in the case of x-ray emis-
sion and has been found to give a reasonably good
description of the spectral intensities (within 70—80%).
For higher states with the same symmetry the transition
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matrix elements will be successively smaller as the princi-
pal quantum number increases. These contributions,
however, should be present somewhere in the spectra.
The 3p states especially could be visible since the much
smaller matrix elements for the 3p final states compared
to the 2p states are partly compensated by the fact that
3p is totally empty while the 2p orbital is largely occu-
pied.

The transition matrix elements are also sensitive to the
symmetry of the total adsorbate system, or less strictly on
the local symmetry of the core-excited site. For 1s to
valence-p excitations in atomic adsorbates only p and/or
p components can be reached with normal incidence of
the radiation. In grazing incidence with the polarization
vector nearly perpendicular to the surface, excitation to a
p, level will instead be enhanced (p, is perpendicular to
the surface).

When treating core-level processes in solids the final-
state rule has been found to apply. ' According to this
rule the observed states in XAS are eigenstates of the sys-
tem with the core hole present. The core hole may lead
to significant modifications of the spectra relative to the
initial-state electronic structure. In a static final-state
picture the spectrum is related to the (symmetry-
projected) partial density of empty states for the system
with a core hole. In metallic systems various schemes
have been used to treat the core-hole effects. A particu-
larly convenient treatment in some cases is to replace the
core excited atom by a Z+1 atom, i.e., the core hole is
simulated by an extra nuclear charge. This approxima-
tion is, in general, sufficiently good, although in some
cases there are coupling effects between the open core
shell and the outer valence electrons which are not in-
cluded in such a treatment and the atomic geometry may
be slightly different. The Z+1 approximation can be ap-
plied using both experimental spectroscopic data for the
Z + 1 element and calculations.

B. Dynamical eÃects

The fact that the core hole modifies the electronic
structure implies that a simple one-electron picture is not
sufficient even if it is based on a system with the core hole
present. It is important to consider the dynamic
response due to the creation of the core hole. Model cal-
culations have been performed for the case of a homo-
geneous electron gas. The calculations for these sys-
tems show that the dynamic response tends to build up a
singularity at the Fermi level which is tailing off towards
higher absorption energies. Based on these model calcu-
lations the final-state rule as formulated above has been
extended to claim also that the singular response near
threshold can be accurately described by multiplying the
one-particle result with power-law factors, one for each
angular-momentum channel contributing to the spec-
trum. There is also an important sum rule which states
that the integrated intensity of the dynamical spectrum is
equal to that of the static initial-state spectrum.

When XAS is used to investigate the empty valence
states of a system it is essential to establish which photon
energy corresponds to transitions to the Fermi level. For
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FIG. 2. Dynamic threshold effects in x-ray-absorption spec-
tra. The nonshaded area represents the unoccupied density of
states in the presence of a core hole. The observed spectrum is
modified by dynamical effects represented by the shaded area.

metallic systems the corresponding XPS core-level posi-
tions can be used. The totally screened XPS final state is
for all practical purposes identical to the lowest photoab-
sorption final state. The difference due to the fact that
one electron is actually removed from the system in the
XPS process but not in XAS is truly negligible because
this will only change the Fermi level by an amount in-
versely proportional to the total number of valence elec-
trons in the system. For metallic systems this effect can
be totally neglected. In practice, the experimental XPS
peak position can usually be used. However, the formally
correct binding energy refers to that particular state in
the XPS profile which corresponds to the totally screened
situation. The core electron lines in metallic systems are
always asymmetric due to shake-up processes. This has
been treated theoretically with the same type of method
as for the dynamical response in XAS and model line
profiles have been derived. Using such profiles the mea-
sured spectra can be fitted and the appropriate XPS posi-
tions can be derived. The inhuence of vibrations on this
procedure will be discussed in Sec. III C.

The essential inAuence of the dynamic effects is
schematically described in Fig. 2. The nonshaded part of
the figure shows the density of states in the presence of
the core hole. This gives to a first approximation the
spectral shape. However, more correctly the spectral
shape is obtained by considering for each possible fina1
state the dipole transition element between the initial-
state wave function and that particular final-state wave
function. Relative to the partial density of states this
may modify the spectrum, for instance, as illustrated in
Fig. 2 with the addition of the shaded region. The exact
form of the shaded area will depend on the density of
states. Provided that the sum rule, as discussed above,
applies, the area of the shaded region will be proportional
to the decrease in unoccupied density-of-states electron
count on the creation of the core hole. In other words,
the relative intensity of the shaded area will, in principle,
tell how much the population of the probed orbital in-
creases when a core hole is created. This relative intensi-
ty is (n; nf)/n;—, where n; and nf are the number of
empty states in the initial and final state, respectively, of
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the particular orbital probed. In the case of an essentially
unfilled band (n; large) the shaded fraction of the area in
Fig. 2 will be relatively small. However, in a system
which is close to having a filled band the situation is
different. If the creation of the core hole leads to a filled
band there are essentially no empty states (nf =0) in the
final state and the shaded region may completely dom-
inate the spectrum.

In order to demonstrate the effects discussed above it is
instructive to consider a system with close to one hole in
a valence shell. Ni metal is such a case with approxi-
mately a 3d valence electron configuration. The one-
electron initial-state spectral shape for the 2p-3d photo-
absorption process is given by the empty Ni 3d partial
density of states. In the presence of a core hole the Ni 3d
band will be. essentially full (3d' ) as it is in Cu (the Z + 1

element). In a static one-electron final-state picture the
2p-3d photoabsorption spectrum would then be practical-
ly nonexistent. If the 3d shell becomes totally closed in
the final state there is only one 2p-3d transition possible,
i.e., the transition is energetically well defined. All the
2p-3d spectral weight will then be contained in this tran-
sition, and a single peak will be seen in the photoabsorp-
tion spectrum. One may also express this in terms of a
singularity which is dominating the spectrum completely.
According to the intensity sum rule the intensity of this
transition is given by the number of empty 3d states be-
fore the core excitation. In this case, it is evident that the
Fermi level is not at all located halfway up on the leading
edge. Since the photoabsorption final state more or less
corresponds to one single state, this should be the Fermi
level, i.e., the Fermi level is more associated with the
peak position in the XA spectrum.

In Fig. 3 the 2p XP and XA spectra are compared for
Ni. Both spectra have been accurately calibrated. In the
XA spectrum the photon energy is given while the XP
spectrum is plotted on a binding-energy scale relative to
the Fermi level. It is immediately clear that the spectra

are very similar. The peak positions coincide and the
complete spectral shapes show the same characteristic
signatures including the well-known 6-eV core-level satel-
lite. The satellite intensities in the spectra are, however,
different. This is the case since the full processes are
different, i.e., in XPS the core electron is totally removed
from the system while in the XA final state the electron is
excited to the valence shell. Ni 2p XA spectra are
influenced by adsorbates. '

C. Vibrational excitations

The perturbation caused by the core excitation also
modifies the bonding of the excited atom to the lattice.
If the equilibrium bond distance changes, this leads to vi-
brational excitations which can be described by a
Franck-Con don —type of treatment. The vibrational
broadening will be similar for the XPS main line and the
photoabsorption edge, since the electronic states are simi-
lar, as discussed above. The edge will thus be broadened
by a function which corresponds to the XPS vibrational
profile. The higher final states in the photoabsorption
process will induce other changes in the potential-energy
surfaces and thereby other vibrational line profiles.

IV. RESULTS AND DISCUSSION

A. Threshold region

In Figs. 4—6 the threshold regions are shown for the 1s
photoabsorption spectra for C, N, and O adsorbed on
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FIG. 4. XA and XP spectra for p4g(2X2} C/Ni(100}. For
the spectra in Figs. 4—6 the sample was cooled by liquid nitro-
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FIG. 6. XA and XP spectra for c(2X2) 0/Ni(100). See also
Fig. 4.

FICx. 5. XA and XP spectra for p4g(2X2) N/Ni(100). See
also Fig. 4.

Ni(100), respectively. The spectra have been recorded
both for light which is incident normal to the surface and
at 20 grazing angle. The intensities for one pair of angles
are normalized against the background below the edge.
For molecular adsorbates this procedure was found to
give the angular intensity dependence expected from di-
pole selection rules. The spectra are furthermore com-
pared to the XP core-level spectra. The photon-energy
scales for the XA spectra are aligned to the binding-
energy scales relative to the Fermi level for the XP spec-
tra. In all the XA spectra there are strong features at the
Fermi level. The general appearance of the individual
edge peaks are, however, rather different. The peaks
have different line shapes and line positions relative to the
core-level binding energies. The threshold peaks are gen-
erally stronger for grazing incidence and, in addition,
they also show some other changes.

The edge peak for carbon is about 2 eV broad. The
corresponding C 1s feature in XPS has a full width at half
maximum (FWHM) of only 0.47 eV. The edge peak con-
tains several characteristic features. In the rising edge a
structure is clearly seen, which within the experimental
accuracy coincides exactly with the XPS C 1s position.
For grazing incidence this structure has higher intensity
than at normal incidence. This difference makes the
core-level binding-energy position in carbon fall halfway
up on the edge at grazing incidence and nearly at the bot-
tom of the edge for normal incidence. The relative inten-
sities of the other components are also polarization
dependent.

The edge peak for nitrogen is considerably narrower
than for carbon. The N 1s peak in XPS, however, is
broader (FWHM =0.79 eV) than the corresponding C ls
peak. No finer details in the XA peak are seen. The XP
peak position is in this case located rather high up at the
leading edge of the absorption peak. This is most pro-
nounced in grazing incidence.

The oxygen edge peak is about as broad as the nitrogen
peak. The 0 ls XPS peak (FWHM =1.07 eV), however,
is even broader than the N 1s peak. As in the other cases
the leading edge changes somewhat depending on the po-
larization. The XPS position falls almost at the top of
the edge at grazing incidence and at normal incidence the
XPS and XAS peak positions more or less exactly coin-
cide.

We interpret the peak at the Fermi level as due to ad-
sorbate unoccupied 2p-metal 3d hybrid states, see Sec.
III A. As discussed in Sec. III B this part of the spectrum
may be significantly perturbed relative to the unoccupied
adsorbate-p projected density of states due to dynamic
effects. In the static final-state picture the distribution of
final states can to a good approximation be obtained by
applying the Z+1 approximation. This implies in the
present case that the C 1s, N 1s, and 0 1s final states
behave very much like adsorbed nitrogen, oxygen, and
fluorine atoms, respectively. The XA spectral shapes
should thus be similar to the distribution of empty states,
as, e.g. , measured by inverse photoemission, for the next
element in the series. This means, for instance, that the
XA spectrum for adsorbed carbon should be compared to
the inverse photoemission spectrum for nitrogen, and the
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FICx. 7. XA spectra of C, N, and 0 on Ni(100) heated to
570 K and cooled by liquid nitrogen.

XA spectrum for nitrogen should be compared to the in-
verse photoemission spectrum for oxygen, etc.

As we go from carbon to nitrogen to oxygen the lead-
ing edges get successively broader. This is the same trend
as seen in XPS. The broadenings of the spectra are con-
sistent with the assumption that the XAS broadening at
threshold is almost identical to the XPS broadening. '

The XPS linewidths are dominated by vibrational
effects. ' The similar behavior of the XPS broadenings
and the broadening of the XA leading edges thus suggests
that the edges are influenced by the same type of vibra-
tional effects. In order to test this assumption, the XA
spectra were recorded at different temperatures.

In Fig. 7 the C 1s, N 1s, and 0 1s XA edge features
recorded at low and high temperature are compared.
The spectra are not calibrated to each other to high accu-
racy, so the relative positions of the spectra at the
different temperatures may be incorrectly reproduced. In
the nitrogen and oxygen spectra pronounced and reversi-
ble temperature effects are seen. For carbon the width of
the leading edge does not change significantly, whereas
the FWHM of the absorption feature increases slightly.
When compared to the previously measured temperature
effects in XPS core-level spectra, we find that the
temperature-dependent broadenings are consistent in the
two sets of spectra. This overall similarity clearly indi-
cates that the edges are vibrationally broadened in the
same way as the XP final states. '

For the presently investigated atomic adsorbates we

may expect the vibrational effects to be rather similar
over the edge peaks. The 1s core electron is excited to a
mainly antibonding (possibly nonbonding) 2p-derived
final state. The main difference for the excitations which
are situated further away from threshold but still within
the first resonance, is that the states may be somewhat
different in terms of the character of the 2p-3d hybridiza-
tion. From the comparison with the XPS line profiles
and from the magnitude of the observed temperature
effects, it is clear that C 1s XA spectrum is little affected
by vibrational effects, whereas the N 1s and 0 1s spectra
are significantly influenced.

As referred to above it is important to remember that
for metallic systems the lowest core-hole state is the same
for XAS and XPS. The exact relation between edge and
the XPS binding energy is modified by the broadenings
and dynamic effects discussed above (Sec. IIIB). This
will now be discussed with respect to the atomic adsor-
bates investigated. In an idealized case with a constant
density of states in the region close to the Fermi level, no
dynamic effects and a symmetric broadening due to the
core hole in the XA and XP spectra, the XPS peak (the
Fermi level) will be located halfway up on the edge.
However, as soon as the density of states (DOS) is not
constant this will be modified. Especially if the DOS is
narrow compared to the XPS line profile, the Fermi level
will correspond to the first peak in the XA spectrum.
One reason for sharp features in the XA spectrum may
be due to dynamical effects. Based on the XPS binding
energies, we locate the Fermi level for the XA spectra at
283.0, 397.3, and 530.1 eV for the C 1s, N 1s, and 0 1s
levels, respectively. In Figs. 4—6 there are obviously
different energy relationships between the XA and XP
spectra. Considering the widths of the XPS profiles it is
seen that the width of the 2p-3d hybrid state to which the
XA excitation is made is continuously getting narrower
as we go from carbon to oxygen.

In the case of carbon the spectrum seems to be well de-
scribed by an unoccupied density of states to which exci-
tations are made. The XPS binding energy also corre-
sponds to a distinct signature in the XAS edge giving fur-
ther support for the identity between the XPS and XAS
energy scales. The dynamic effects are probably of im-
portance for the shape of the spectrum, and it may be
that the kink at the Fermi level is inAuenced by this. In
the carbon adsorbate we expect the 2p band to be more
than half filled. With the type of discussion in the previ-
ous section in connection to Fig. 2, it is seen that if a car-
bon atom on the surface has approximately a negative
charge of one and the core hole is screened by almost
one 2p electron the part of the intensity which is connect-
ed to the dynamic effects is on the order of 30% (corre-
sponding to the shaded region in Fig. 2). As will be dis-
cussed below, the spectral feature around 10 eV also con-
tains empty 2p states. It is plausible that the dynamic
effects inhuence the edge peak more, which means that
the weight in this region may be much enhanced relative
to the projected p density of states for the final state
(which should be similar to the ground-state density of
states for nitrogen).

In the nitrogen spectrum it is seen that the XPS peak
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position has moved much higher up on the XAS profile.
Using the Z + 1 approximation, nitrogen with a core hole
should be compared with oxygen. Inverse photoemission
results for 0/Ni(100) show adsorbate-induced states in a
narrow range at the Fermi level. The widths of the
unoccupied 2p bands can be expected to decrease from
carbon to oxygen because they are getting successively
more filled. This also means that the spectral weight re-
lated to the dynamical effects are getting more pro-
nounced so that much of the intensity at the nitrogen ab-
sorption may be related to these effects. In both polariza-
tions, however, the XA peaks are broader than the XPS
peak demonstrating the presence of both 2p -3d and
2p, -3d hybrid states.

For oxygen, the XPS peak position almost coincides
with the peak position of the XAS edge feature. This is
most pronounced in the normal incidence spectrum
where they coincide totally. This part of the spectrum
looks much like the case which was demonstrated in Fig.
3 for Ni, where we have almost a complete closing of the
band when the core hole is created. When we create a
core hole on the oxygen the final state becomes Auorine-
like and we do indeed expect this final state to have essen-
tially a filled 2p band. If we first consider the normal in-
cidence spectrum it could be explained if it is assumed
that there are essentially no empty 2p -3d hybrid states
leading only to the appearance of a peak at the edge as in
Ni. The edge feature is somewhat broader than the XPS
peak but a large fraction of the total width is due to this,
i.e., to vibrations. The spectrum recorded at grazing in-
cidence is both broader and more intense. The width of
the peak implies that there is hybridization between the
2p, and the 3d orbitals leading to some empty 2p, -

derived states in the core-hole state. The intensity
enhancement in this polarization is partly due to this
empty density of states but it could also indicate that 2p,
is more involved in the screening of oxygen core hole
than are the 2p orbitals.

An important conclusion from the results in this sec-
tion is that the comparison between the spectra and cal-
culated density-of-states curves (from orbital energy cal-
culations or multiple-scattering calculations) may be
much inAuenced by dynamical effects. For these systems
in which the 2p band is close to being filled the relative
influence of these effects may even dominate certain parts
of the spectra. A quantitative study of the empty 2p-
derived states with photoabsorption especially may lead
to large relative errors if these effects are not taken into
account.

XAS
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cussed in the preceding section. A second region can be
discerned between 2.5 and 6 eV above the edge. The ob-
served structures decrease in intensity relative to the oth-
er parts of the spectra when going from C to O. A third
region extends towards higher energies, and contains
broad features between 6 to 12 eV. These features are
mainly observed for light incident normal to the surface.
Furthermore, very broad features are seen at higher ener-
gies.

Before proposing assignments to the states in regions 2
and 3, we will discuss some of the higher excited states
seen in free molecules containing C, N, and O. In CO
and N2 there exist three types of higher excited states
above threshold (which in this case corresponds to the
lowest unoccupied orbital, 2m. *). At high energies, well
above the ionization limit, a 2p-derived state of o symme-
try is observed. Since this state resides in the ionization
continuum, it has been denoted a shape resonance and
can be described as an antibonding orbital between the
two atoms. It is plausible that similar resonances can be

B. Higher excited states

In Fig. 8 XA spectra of C, N, and 0 in the region up to
20 eV or more above the edges are shown on a common
energy scale, formed by subtracting the XPS binding en-
ergies from the photon-energy scales. The spectra are
recorded both for grazing and normal incidence. The
spectral features show some similarities between the
different adsorbates, and can be divided into three re-
gions. The first region extends from threshold up to ap-
proximately 2.5 eV. This part of the spectra has been dis-

20'
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FICx. 8. XA spectra for C, N, and 0 adsorbed on Ni(100).
The zero of the energy scale corresponds to the respective XPS
binding energies.
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found in the atomic adsorbates related to the empty 2p-
Ni sp antibonding states depicted in Fig. 1 high above the
Fermi level.

In the free molecular spectra sequences of excitations
to Rydberg states are observed, which converge towards
the ionization limits. These molecular orbitals are de-
rived from 3p to np atomic orbitals. The intensity in the
absorption spectra related to these orbitals are to a first
approximation expected to remain constant independent
of chemical surrounding (see Sec. III B). In the adsorbate
case, the excitations to 3p and higher np states must give
rise to intensity in the spectrum. Even though the states
may be shifted and broadened due to hybridization with
the substrate orbitals, thereby no longer being pure Ryd-
berg orbitals, the states are not quenched.

The free molecular spectra also contain multielectron
states which do not correspond to simple orbital excita-
tions. These are attributed to valence excitations accom-
panying the main core excitation. Such processes where
low-energy excitations across the Fermi level take place
are the cause of the dynamical effects in the XA spectra
(Sec. III B) and is one source of asymmetry in XPS. In
addition to such low-energy excitations high-energy mul-
tielectron excitations, shake-up satellites, have been ob-
served in the core ionization (XP) spectra of the atomic
adsorbates. It is expected that similar processes also
occur in the core excitation (XA) spectra although their
intensities may be totally different.

We propose that the spectral structures seen in region
2 (2.5 —6 eV) can be attributed to excitations to higher p
states, i.e., 3p, 4p, etc. The large size of these higher
atomic orbitals makes them hybridize with Ni states, in
particular with the spatially more extended Ni 4sp states.
These np derived states therefore form a broad band.
Only the states below the ionization limit (vacuum level)
will be bound states, whereas the higher states are
transformed into continuum resonances. These reso-
nances will have a short lifetime due to the decay of the
excited electron into the free-electron continuum, in anal-
ogy with the above discussed strongly lifetime broadened
shape resonances. In the case of molecular-orbital shape
resonances, however, the lifetime is somewhat increased
due to the presence of a centrifugal barrier, allowing the
state to be observed. For the np states above the ioniza-
tion limit the lifetime will be shorter, resulting in very
broad, unobservable spectral features. The work function
of the clean Ni(100) surfaces is 5.5 eV (Ref. 45) (Godby
uses 5.1 eV) and the work-function change upon adsorp-
tion of 0 is about +0.35 eV. ' For carbon the increase
is smaller, 0.1 eV, and for nitrogen we are not aware of
any data. We estimate that the ionization limit is some-
where between 5 and 6 eV above the Fermi level. The
spectral features in region 2 should then correspond to
the bound part of the np derived states.

As pointed out earlier, the np derived states in region 2
become more di%cult to observe from C to Q. If the
atomic cross section for np states were constant for C, N,
and O the reverse would be observed, since the 2p intensi-
ty should diminish when the 2p-derived states become
more occupied when going from C to O. The observed
effect can be related to the fact that the 1s orbital is con-

siderably smaller in 0 than in C, causing a reduced inten-
sity of the np states due to smaller core to valence wave-
function overlap as discussed in Sec. III B. There is also
a variation in the np-derived intensity with the angle of
the incoming light. The states are sharper and more in-
tense for grazing incidence where we excite to np states
perpendicular to the surface. This effect is most clearly
seen in the case of C. This indicates that the perpendicu-
lar np, is less hybridized with the substrate. The ex-
istence of higher 3p and np states were predicted in a pre-
vious core ionization shake-up study of the C, N, and O
on Ni(100). The major satellites were assigned to 2p-np
excitations.

Region 3 can be related to the antibonding 2p-Ni 4sp
hybrid states which are located above the ionization limit
(see Sec. III A). The 2p„orbitals are probed in normal
incidence and the 2p, orbital in grazing incidence with
the polarization vector perpendicular to the surface. Fol-
lowing the description from free molecules, these states
can be denoted shape resonances. The shape resonance is
an antibonding state, and the intensity can thus be related
to the degree of participation of a specific 2p atomic or-
bital in the bonding of the surface.

The shape resonances are relatively strong in normal
incidence, and can be observed as broad structures cen-
tered at 8.3 eV for both 0 and N and at 9.6 eV for C in
Fig. 8. In grazing incidence there is no structure seen in
the oxygen spectrum, and only a very weak feature in the
N spectrum at 8.3 eV. The carbon spectrum, on the oth-
er hand, shows a stronger feature located at 8.6 eV which
is a shift of 1 eV towards lower energy compared to nor-
mal incidence.

The observation of an enhancement of the shape reso-
nance in normal incidence can be anticipated considering
the local adsorption site. Overlap of the adsorbate 2p or-
bitals with surrounding nickel atoms is necessary for the
formation of a centrifugal barrier in this case as well as
for bonding (and antibonding) interaction. The presence
of an enhancement of the absorption in normal incidence
therefore shows that mainly the 2p orbitals are in-
volved in the bonding to the substrate. In the case of O,
no shape resonance can be observed in grazing incidence
indicating a smaller participation of the 2p, component
in this type of O 2p-Ni 4sp bonding. Cluster calculations
of the atomic adsorbates on a Ni(100) surface have shown
that the O 2p, orbital can be conside"ed as a filled lone
pair orbital. The involvement of the 2p, orbital in the
bonding becomes slightly apparent in N and increases
further in C. In the latter case the energy shift of the
shape resonance in grazing incidence indicates the ex-
istence of a different antibonding state. The reconstruc-
tion of the Ni surface lattice upon adsorption of C and N
allows the adsorbate to be accommodated within the first
Ni layer. The 2p, orbital can then have a substantial
overlap with a fifth Ni atom, situated below the adsorbate
in the second Ni layer. Cluster calculations of N and C
adsorption show that it is the participation of the 2p, or-
bital in bonding to the fifth atom which increases the ad-
sorption energy, and is the driving force for the recon-
struction. These observations are consistent with the
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observation of sharper np states for grazing than for nor-
mal incidence (cf. above). However, for oxygen the peak
just above the threshold was found to be stronger and
broader at grazing incidence. According to the selection
rules this should be related to the O 2p, orbital and imply
a larger hybridization than for O 2p . It is plausible that
the 0 2p, lone pair orbital is mainly responsible for the
2p-Ni 3d hybridization, forming a band centered around
the Fermi level, as discussed in Sec. IV A. The apparent
weight of the 2p-Ni 3d hybridization may be enhanced by
the narrow width of this band.

The shape resonance state in 0 has previously been ob-
served in a low-resolution XAS (NEXAFS) study and in-
terpreted using multiple-scattering calculations. ' How-
ever, the state was not denoted a shape resonance, but
was instead attributed to multiple-scattering processes.
The two pictures may be made compatible; the multiple-
scattering calculation can be regarded as an approach to
obtain the band structure of the empty states, and in the
shape resonance picture, the 0 2p states do not only hy-
bridize with the nearest Ni neighbors in the hollow site,
but with the whole sp band which extends over several
substrate atoms. There are states, however, which can be
difficult to account for in a multiple-scattering calcula-
tion, such as the extended states made up of np atomic
orbitals and Ni 4sp states.

V. CONCLUSIONS

We have demonstrated the importance of considering
dynamical threshold effects in XA spectra of chemisor-
bates. Instead of the XA spectra simply rejecting the

unoccupied density of states, these effects redistribute
some of the intensity to form a spectral singularity at
threshold. The effects will be most important when there
is a low density of states just above the Fermi level, as in,
for instance, 0/Ni(100) and Ni metal. Furthermore, the
threshold will be broadened by vibrational excitations, re-
lated to similar phenomena in core ionization. The vibra-
tional broadening is seen to increase when going from C
to O.

Higher np-derived states are observed above the
threshold region. They are best seen at grazing incidence
and decrease in intensity when going from C to O. These
states are only observed as bound states below the adsor-
bate ionization limit. At higher energies, the presence of
2p-derived shape resonances is proposed. These consist
mainly of the 2p„y component parallel to the surface
plane. In the case of C/Ni(100), a contribution from the
2p, component can also be discerned. This can be related
to bonding to second-layer Ni atoms. The p„shape reso-
nance corresponds to x -y scattering paths in the
multiple-scattering picture of NEXAFS. The relative
contribution from 2p and 2p, orbitals of the bonding is
discussed.
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