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Relation between x-ray photoemission binding energies and absorption resonance
energies for CO adsorbates
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We present a comparison of x-ray-photoemission-spectroscopy (XPS) binding energies and x-

ray absorption resonance energies (Is 2tr) for various CO states, in particular adsorbates. We
show that the energetic position of the bound x resonance of adsorbed CO molecules is equal for
weakly chemisorbed CO on Cu(100) and on Cu(110), and that it coincides with the lowest-

energy peak observed in photoemission. This is at variance with earlier results and theoretical
predictions for CO adsorbates, and it is different from the results obtained for strongly chemi-

sorbed CO species, which show a 1-2 eV lower XPS threshold energy. The new results will be
discussed with emphasis on the influence of charge-transfer screening on the relation between

peak positions in near-edge x-ray absorption fine-structure (NEXAFS) and x-ray-photoemission

spectroscopy. Important conclusions are that only for strongly chemisorbed CO, not for CO/Cu,
the lowest-energy XPS peak represents the "adiabatic" final state of the core-hole system, and

that XPS threshold energies should not be generally taken as reference for NEXAFS peaks.

Near-edge x-ray absorption fine-structure spectroscopy
(NEXAFS) is a powerful tool for the determination of the
geometric orientation and of trends in the intermolecular
bond lengths' of adsorbed molecules. Very recently the
line shape and the exact energetic position of the observed
molecular absorption resonances have attracted greater
interest mainly because of the availability of more intense
synchrotron light sources and monochromators with

higher resolution. This electronic information allows a
more detailed consideration of the dynamics of the photo-
absorption process and the adsorbate-substrate interac-
tion. In this respect the exact determination of the energy
position of the resonances in relation to the ionization
threshold of the respective core level is especially impor-
tant for the understanding of fundamental processes such
as screening dynamics, ' lifetime of excited states, and
the use of empirical correlations to determine the inter-
molecular bond length from resonance positions, ' for
which the question of an appropriate reference level has to
be settled.

We wish to point out that there is an important differ-
ence between core-excited states of isolated and adsorbed
molecules. For isolated molecules, the lowest possible
core-ionized state is determined by the position of the
lowest unoccupied molecular orbital with respect to the
continuum limit, i.e., the ionization potential. In contrast,
for adsorbed molecules a nonzero possibility for a core-
ionized (charge-transfer screened) final state with a delo-
calized hole at the Fermi edge exists which can be lower in

energy than corresponding neutral core-excited states.
This fully screened state —which need not necessarily be
observable in a particular system —now takes on the role
of the continuum limit, while the external continuum limit
(same screened hole, but electron removed to infinity in

vacuum) loses importance.

It has turned out that a crucial factor in comparing the
excitation energies for different species and their ioniza-
tion thresholds is the accurate calibration of the photon
energy scale. To shed some light on the inIIuence of
adsorbate-substrate interaction on relaxation phenomena
we have investigated a series of CO-adsorption systems
representing different strengths of the adsorbate-substrate
coupling [CO/Cu(100) and CO/Cu(110), CQ/Ni(111),
and (CO+K)/Ni(111)). We have put special emphasis
on the calibration of the photon energy scale to ensure the
compatibility of the data from different runs.

The experiments were performed at the Berliner Elek-
tronenspeicherring GmbH BESSY using the HETGM
monochromator. The NEXAFS spectra were recorded in
the partial-yield mode using a VG-CLAM spherical sec-
tor analyzer at a constant-energy window representing the
main peak of the corresponding KLL Auger spectrum.
Great care was taken in calibrating the photon energy
scale to an accuracy of + 0.3 eV by measuring the
Fermi-edge position and a substrate core level in the
constant-final-state (CFS) mode. To guarantee the accu-
racy of the energy window in the CFS mode we also cali-
brated the energy analyzer (~0.1 eV) with a convention-
al x-ray source (Mg Ka, Al Ka) using a standard pro-
cedure, prior to taking the NEXAFS spectra. In the case
of CO/Cu(100) and CO/Cu(110) for which differences
have been reported in the literature we mounted both
samples on the same manipulator and measured the reso-
nance positions in the same run changing nothing but the
sample position to assure absolute compatibility of the re-
sults for the two crystal faces. The samples were prepared
using standard procedures, and the data were taken for
saturated CO layers.

Figure 1 shows two NEXAFS spectra for CQ/Cu(110)
and CO/Cu(100), respectively, taken at the C K edge
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FIG. l. C E-edge absorption spectra for CO/Cu(100) and
CO/Cu(110) taken in the Auger yield mode (CFS energy: 267
eV) with normal incidence of the incoming light (s polariza-
tion). The position of the XPS peak with lowest binding energy
is marked by a vertical line.

(Auger partial-yield mode; CFS energy 267 eV) with the
polarization vector of the incoming light parallel to the
surface, i.e., normal incidence. The position of the lowest
binding energy x-ray photoemission spectroscopy (XPS)
peak is marked by a vertical line. Both spectra show a
very pronounced x-resonance reflecting the well-known
fact that CO is adsorbed with the molecular axis oriented
normal to the surface. ' One can clearly see that the two
m resonances line up almost perfectly in contrast to previ-
ously published results. 9 It is also obvious that their en-

ergy positions coincide with the measured XPS energies of
the "well-screened peak,

" i.e., the peak with the lowest
binding energy, within experimental accuracy.

Figure 2 shows NEXAFS spectra taken under the same
conditions at the 0 K edge (Auger partial yield mode;
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FIG. 2. 0 K-edge absorption spectra for CO/Cu(100) and
CO/Cu(110) taken in the Auger yield mode (CFS energy: 512
eV); other details as in Fig. l.

CFS energy 512 eV). The position of the lowest binding
energy XPS peak is again marked by a vertical line. In
complete agreement with the carbon edge data the spectra
at the 0 edge show a very similar energy position of the z
resonance for the two systems. The XPS energies are
again close to, or slightly higher than [by 0.3 eV for
CO/Cu(100)], the x-resonance energies. To summarize
the experimental results for the two Cu samples we con-
clude that CO on both substrates shows almost identical
absorption energies of the x resonances. For both edges
we measure a s-resonance energy which is equal or even
smaller than the photoionization energy referenced to EF
measured for the XPS peak with the lowest binding ener-

gy.
This result is in contrast to our observations for strongly

bound CO adsorption systems [CO/Ni(111) or
(CO+K)/Ni(111)). In these cases we have shown that
the photoemission process far from threshold leads to a
core-ionized state which is lower in energy than the corre-
sponding resonantly excited state (bound z resonance), al-
though the latter and the final states in the adiabatic limit
of the photoemission process are usually considered to be
very similar (having a partially occupied 2z orbital). "
This energy difference disappears for the weakly bound
CO/Cu systems. This is in disagreement to a recently
published theoretical model, ' according to which the on-
set of the absorption spectrum should in all cases coincide
with the XPS energy, i.e., with the centroid of the "adia-
batic" XPS peak. The theoretical results are based on a
resonance model for the interaction between the 2rr orbital
of adsorbed CO and the metal substrate which is basically
derived from local-density theory considerations of chem-
isorption. ' In this model the CO-2z orbital is shifted to
lower energies due to the effective metal substrate poten-
tial and broadened due to the possibility of resonant tun-
neling of electrons between adsorbate and substrate.
These hybridization effects are considered to be small so
that no splitting of the 2z level occurs as one would have
expected according to conventional models of CO chemi-
sorption. ' Consequently, the relaxation of the core-
ionized state is characterized by a partly filled 2n reso-
nance, i.e., by the filling of that part of the resonance
which is pulled below the Fermi level by the Coulomb at-
traction of the Is hole, while the resonantly excited state is
characterized by electron transfer from the core level to
the empty part of the resonance above EF. Hence the core
ionization threshold (i.e., the lowest-binding-energy XPS
peak with respect to the Fermi level) should always be po-
sitioned at the onset of the absorption spectrum. The en-
ergy difference between the x peak in the NEXAFS spec-
trum and the threshold XPS energy in this model is given
by the position of the maximum of the 2z-resonance level
with respect to the Fermi level and should be determined
by the strength of the adsorbate-substrate interaction.
Consequently, one ~ould expect that the energy difference
is largest for weakly chemisorbed systems. This is clearly
at variance with our results.

In the following we therefore try to give an explanation
for the observed trends in the relation between XPS core-
ionization threshold and resonance position with special
emphasis on the weakly chemisorbed species. We propose
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that the different behavior observed for weakly chem-
isorbed CO on Cu, as opposed to the strongly bound CO
systems, is in fact due to a less well-screened XPS final
state whereas the photoabsorption final states appear to be
fairly equivalent for all systems studied; the latter are
even comparable to the bound resonance state of the iso-
lated CO molecule. '

An alternative explanation for the observed trends of
the differences between absorption energies and photoion-
ization energies could be based on the fact that the ab-
sorption process is governed by the dipole matrix element
thus projecting out the local p density of states. In this
model the position of the x resonance would be deter-
mined mainly by the maximum of the p density of states
at the site of the core hole. The lowest screened core-
ionized state could, however, involve large contributions
from the metal d states thus being sensitive to the position
of the metal d band (which of course is different for Ni
and Ru as compared to Cu). A static model like this can-
not be ruled out on the basis of our data set. We favor,
however, a model which includes the dynamics of the
screening process and can also account for observed trends
in the core hole decay spectra. In the following we will
therefore concentrate on a dynamic screening model.

To further elucidate the role of screening and its
influence on relative energy positions we summarize
trends in the XPS spectra of CO molecules with different
adsorbate-substrate coupling. Figure 3 shows 0 Is XPS
spectra for a variety of adsorption systems representing
different chemisorption bond strengths. In addition to the
well-known fact that the shape of the photoelectron spec-
trum changes drastically for the weakly chemisorbed sys-
tems CO on Cu (Ref. 16) and Ag (Ref. 17) exhibiting the
so-called "giant" satellites, one observes a clear trend for
the peak with the lowest binding energy ("adiabatic"
peak) which is believed to correspond to a well-screened
final state in all cases. This peak is shifted by more than 2
eV towards higher binding energy when comparing the
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FIG. 3. 0 1s XPS spectra for CO on different substrates rep-
resenting decreasing chemisorption bond strengths from top to
bottom. The CO/Ag(110) spectrum was taken from Ref. 17.

two extremes CO on Ni(111) [or coadsorbed to K on
Ru(001) or on Ni(111)] with CO on Ag. This shift is by
far larger than the respective shift of the 2z-resonance en-
ergies which is about 0.6 eV indicating the importance of
final-state screening in the photoionization compared to
the resonant-excitation process. In the latter case relaxa-
tion effects should be less important as the resonant ab-
sorption process always ends up with a similar neutral,
i.e., well-screened, final state. Hence it can be concluded
that the tr-resonance energies are less dependent on the
chemical environment than the XPS energies due to the
difference of screening effects.

Whereas for strongly chemisorbed systems [(CO
+K)/Ni, Ru, and CO/Nil the core-hole final state with the
lowest energy is reached via complete charge-transfer
screening, this apparently does not apply in the same way
to weakly chemisorbed CO on Cu, for which the resonant-
ly excited final state has a comparable or even lower ener-

gy than the lowest-energy XPS peak. Auger decay spec-
tra also indicate that in the case of weakly bound species
neither the lowest-energy XPS peak nor the resonantly ex-
cited 2z-state represent the core-hole ground state of the
system which is preferentially reached before the Auger
decay takes place. 's' This and the present result imply
that for CO/Cu (and probably also for CO/Ag) a core-
hole ground state exists that is not observed as peak in the
XPS spectrum. The reason is likely the weak coupling of
CO to Cu or Ag which leads to a negligible probability of
this ground state to be reached as XPS final state on the
time scale of the photoionization process.

The same conclusion can be applied to the case of car-
bonyls. It has recently been established2 that for car-
bonyls the z-resonance energy is very similar to that of the
isolated CO molecule while the XPS photoemission ener-
gy is shifted by several eV to lower binding energies due to
partial occupancy of the 2x-derived level of the carbonyl
in the core-ionized state. Nevertheless this XPS state still
has a higher energy than the resonantly excited state.
This result can also be derived from the Auger decay spec-
tra of the two different Auger initial states. ' Finally, the
trivial extension of this trend is the isolated or condensed
CO molecule for which the energy difference between the
(lower) resonantly excited final state and the core-ionized
(XPS) state is largest due to the complete lack of charge-
transfer screening. '"

It is thus plausible that the resonantly excited (Is
2z) state which represents a neutral and hence "self-

screened" final state shows very small energy variations
for different CO environments whereas the XPS final
state is much more sensitive due to the large influence of
external screening contributions. Thus the energy
difference between the resonantly excited state and the
"well-screened" XPS final state mostly depends on the re-
laxation of the photoionized final state being of course
largest for the free CO molecule with evidently no exter-
nal screening. The difference becomes smaller and disap-
pears for improved external charge-transfer screening
(isolated CO carbonyls CO/Cu). Finally, for
strongly chemisorbed systems the energy difference even
changes sign because relaxation is so effective that the
"well-screened" XPS final state with screening charge in
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the 2tr-derived orbital is lower in energy than the tr-

resonant state. The weakly chemisorbed systems ap-
parently have to be considered as an interesting intermedi-
ate case. Here the lowest-energy XPS peak clearly repre-
sents a partially screened final state because the coupling
to the substrate is too weak to allow for an equally
effective rearrangement of charge as in the case of the
strongly bound systems, at least on the time scale of the
XPS process, although some charge-transfer apparently
occurs.

In conclusion, we emphasize the importance of consid-
ering the relaxation process as major source of the ob-
served changes in the photoemission spectra of adsorbed
CO (and probably many other) molecules whereas the
neutral final state of the resonant ls 2tr photoabsorp-
tion process apparently shows only minor dependence on
the strength of the chemisorption bond. We also note that
final-state screening is most effective for photoionization
of strongly chemisorbed molecules, in this case leading to
a state which is lower in energy than the resonantly
(ls 2tr) excited state. As a consequence the energy of
the lowest binding energy peak observed in photoemission
shifts from energies below the resonantly excited state
(for strong coupling) to equal or higher energies for inter-

mediate coupling (CO/Cu, carbonyls) ending up with a
much higher energy in the unscreened final state of isolat-
ed CO. For the understanding of the inter-relationship
between the different final states of the photoabsorption
process, and especially the evolution of these states in
time, theoretical models are needed which explicitly in-
clude the dynamics of core-excited states. A static picture
like the one proposed by Gumhalter et al. ' is certainly
not adequate to completely describe the observed phenom-
ena.

It is stressed that for a discussion of shifts of resonance
energies, like that of the tr resonance, as a function of
bonding strength and bond length it is unsuitable to take
the ionization threshold ("adiabatic" XPS peak) as a
reference since this is largely determined by final-state re-
laxation, at least in the case of adsorbed CO (and prob-
ably other adsorbates). The problem is less crucial but
still important if the main infiuence on XPS shifts is due
to initial state, i.e., chemical, changes.
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