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Ground-state interpretation of x-ray emission spectroscopy on adsorbates: CO adsorbed
on Cu„100…
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The application of resonant inelastic x-ray scattering and resonantly excited x-ray emission to adsorbates has
evolved into a powerful technique to investigate the valence electronic structure of adsorbates in an atom-
specific and orbital-symmetry-selective way. A surprisingly simple interpretation of spectral features in a
one-electron ground-state interpretation has been found empirically. In this workc(232)CO/Cu(100) is used
as a prototypical system to investigate and rationalize the ground-state interpretation for adsorbates on metal
surfaces, employing experimental data andab initio calculations in different approximations. We conclude that
the observed agreement between experiment and the one-electron ground-state interpretation could be due to a
cancellation of dynamic core-hole effects and valence-hole relaxation. This hypothesis should be tested further
by improving theoretical techniques to include the fully relaxed valence-hole final states, not possible for
adsorbate systems at present. An alternative interpretation is that the inelastic x-ray scattering process is a true
one-step process without the formation of a relaxed core-hole intermediate state and small differential final-
state effects. In any case, resonant inelastic x-ray scattering and resonantly excited x-ray emission applied to
adsorbates can be interpreted as an atom-specific and orbital-symmetry-selective projection of the ground-state
electronic structure.
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I. INTRODUCTION

The description of chemical bonding at surfaces on
atomic level has been the focus of modern surface scie
and a detailed understanding of the surface chemical b
requires the determination and interpretation of the adsor
electronic structure.1,2 X-ray fluorescence stimulated by ele
tron bombardment or x-ray absorption has long been use
a powerful method to probe the electronic structure of b
samples due to the large mean free path of the emitted~and
incident! x-ray photons. For surface studies the large pro
depth was adverse to detecting and separating a sign
comparatively few adsorbed species from the much lar
number of substrate atoms. To study the electronic struc
of adsorbates, valence-band or ultraviolet photoemiss
spectroscopy~UPS! became the method of choice.3 In UPS
the mean free path of the outgoing photoelectron is sign
cantly shorter, thus allowing one to separate contributi
from adsorbed species from the substrate signal. Howe
UPS also often suffers from a dominating photoemission
nal of the substrate~e.g., transition metals!, making a de-
tailed analysis of overlapping adsorbate states difficult.

With the advent of tunable high brilliance third
generation synchrotron light sources of defined polarizat
previously impossible experiments with x-ray fluorescen
on adsorbates became possible as the valence elect
structure of well-ordered chemisorption systems on me
could be probed atom specifically and orbital symme
selectively.4–22 X-ray fluorescence has been made surfa
sensitive by performing in grazing-incidence resonant ine
tic x-ray scattering at the x-ray-absorption edges of ato
centers in the adsorbate species. As the incident photon
PRB 610163-1829/2000/61~23!/16229~12!/$15.00
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ergy is selectively tuned to the absorption resonance of
atomic center at a time, a core vacancy at this atomic ce
is created and the resulting resonantly excited x-ray emis
is an atom-specific probe of the local electronic structure
the adsorbed molecules. A negligible contribution com
from the much larger number of atoms in the substra4

finally overcoming the limitations of UPS. Since the dec
process in x-ray emission is dipole dominated and the tr
sition is governed by the overlap with the core orbital, on
information on specific angular momentum contributions
obtainable; i.e., with an intermediate 1s core hole only thep
contributions to the occupied valence orbitals from the s
cific atom are present.

Parallel to the increasing availability of resonantly excit
x-ray emission spectra on adsorbates, the computationa
scription of the x-ray emission spectra of free molecules a
adsorbates has undergone a rapid evolution.23,24The calcula-
tion of the x-ray emission transition moments from groun
state orbitals is in good agreement with experiment fo
large variety of systems, e.g., N2 /Ni(100),10

NH3 /Cu(110),14 NO/Ru~001!,15 ethylene and benzene o
Cu~110!,16,17 CO adsorption,18–20 and formate, acetate, an
glycine on Cu~110!.21,22 This is somewhat surprising—an
will be discussed in detail—as these ground-state calc
tions represent just the most simple one-electron picture
passive core hole into which the ground state valence e
trons decay. The use of transition potentials~i.e., a half-
occupied core hole25,26! or fully relaxed core-hole states ha
been shown not to necessarily improve the descriptio16

Furthermore, for adsorbates on strongly correlated s
strates, e.g., transition metals, density-functional the
~DFT! has been found favorable to Hartree-Fock-based
16 229 ©2000 The American Physical Society
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proaches to calculate the ground-state electronic structure
ing, e.g., a cluster description.

In this study we investigate and rationalize the on
electron ground-state interpretation of resonant inela
x-ray scattering and resonantly excited x-ray emission
adsorbates on transition- and noble-metal surfaces. Most
portant in this discussion is the connection between the r
tive intensities in the spectral distribution and the atom
populations in the adsorbate electronic structure. In addit
the ground-state interpretation of the spectroscopic obs
ables in a one-electron picture requires a thorough discus
of the spectroscopic process, investigating the role of co
hole creation and annihilation and the presence of valen
vacancies, vibrational excitations, and the long-range o
of the adsorbate.

We have chosenc(232)CO/Cu(100) as the prototyp
system from the large number of systems investigated
us,4–22 as it is well known experimentally and computatio
ally. As a result we find that many aspects of the grou
state interpretation of resonantly excited x-ray emiss
spectroscopy are directly linked to the metallic character
the adsorbate systems.c(232)CO/Cu(100) is rather weakly
coupled~adsorption energy 0.7 eV/molecule27!, but its va-
lence electronic structure still has metallic character and
dynamic response to core-hole creation is characterized
dynamic metallic screening.28,31,34 The argumentation valid
for c(232)CO/Cu(100) as the limiting, weakly couple
case is therefore certainly applicable to all the adsorbate
tems with stronger coupling.

II. GENERAL CONSIDERATIONS

A. Resonant inelastic x-ray scattering and resonantly excited
x-ray emission

The concept of resonant inelastic x-ray scattering~RIXS!
in general and the specific case of resonantly excited x
emission~XES! play central roles in our discussion gear
toward adsorbates. RIXS describes the inelastic scatterin
x rays, with the photon energy tuned to the x-ray-absorpt
resonance of the scatterer, where the resonant inelastic
tering cross section is given in perturbational treatment
the modified Kramers-Heisenberg formula:24,29

I RIXS~v8,v!}(
F

U(
M

^FuDW •E8W uM &^M uDW •EW uG&
\v2~EM2EF!1 iGM/2 U2

3d~\v2\v81EG2EF!. ~1!

The energy of the incoming and outgoing photons is giv
by \v and \v8, with the electric-field vectorsEW and E8W ,
respectively. The scattering process consists of x-ray abs
tion from the ground stateuG& to intermediate statesuM &,
and x-ray emission to all final statesuF& with energiesEG ,
EM , andEF , respectively. The core-hole intermediate sta
have a lifetime broadeningGM . For different core-hole in-
termediate states with an energetic separation comparab
their lifetime broadeningGM , the multiple-scattering chan
nels interfere, making the x-ray absorption and x-ray em
sion inseparable.24 The interfering intermediate states are d
to closely spaced absorption resonances or vibrational e
tations. In the RIXS process the initial and final states tra
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form according to the same irreducible representation, wh
the total nuclear and electronic symmetry of the scatterer
to be considered, since the nuclear and electronic motio
coupled.

Resonantly excited x-ray emission is the special case
RIXS, where only a single core-hole intermediate stateuM &
is reached. Then RIXS can be described as an indepen
x-ray-absorption step and subsequent radiative decay of
core-hole state, which we denote as resonantly excited x
emission ~XE!. The x-ray emission cross section is the
given by Fermi’s golden rule:

I XE~v8!}(
F

~EM2EF!3u^FuDW •E8W uM &u2

3d~EM2EF2\v8! ~2!

For adsorbate systems RIXS is the valid description
general.17,24 However, depending on the particular syste
the simpler description of resonantly excited x-ray emiss
is often applicable. The underlying reason for this is that
valence-electronic structure of chemisorbed molecules
metal surfaces is in many aspects metallic, with a charac
istic screening response towards ionization a
excitation.30–34 In these systems, independent of excitati
energy, locally the same fully screened core-excited interm
diate state is reached, as the excited electron will coupl
the continuum of the delocalized metal states during
core-hole lifetime.28,30,31,33This fully screened and relaxe
core-hole state dominates, and therefore represents a s
stateuM & in the RIXS process@Eq. ~1!#. This allows one to
use the simple case of the XE description@Eq. ~2!#, although
more than one virtual orbital was involved in the absorpti
step. The energy difference between the electronic gro
state and the fully screened core-hole stateuM & is the x-ray
photoemission spectroscopy~XPS! core-level binding en-
ergy, which in metallic systems is equivalent to the min
mum energy required to promote a core electron to j
above the Fermi level.

On c(232)CO/Cu(100) we performed resonantly e
cited XES into the lowest-lying absorption resonance of
adsorbate~the broadened molecular lowest unoccupied m
lecular orbital!, combining a high absorption cross sectio
with a small shake-up probability in the absorption step. A
though c(232)CO/Cu(100) is rather weakly coupled~ad-
sorption energy 0.7 eV/molecule27!, its valence electronic
structure still has metallic character, and its dynamic
sponse to core-hole creation is characterized by dynamic
tallic screening,28,31 thus making the description of reso
nantly excited x-ray emission applicable.

However, for adsorbates with very small differences
core-level binding energies or with indistinguishable atom
centers, leading to the near-degeneracy of the symme
adapted core orbitals, a full RIXS description is necessa
The implementation of RIXS for these systems, based u
ground-state orbitals, has been developed for adsorbed
ylene and benzene.17,24 A full RIXS description is also nec-
essary for many periodic systems, i.e., crystals. Here
atomic symmetry-selection rules transform tok-selection
rules, and the energy dependence of the RIXS spectral
tribution contains band-structure information on the jo
density of states as momentum is conserved in the cou
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absorption and emission steps.24,35 In metallic systems the
relaxed core-hole intermediate state is a localized state w
out dispersion~impurity model!, encompassing allk values.
Consequently, valence states spanning the whole momen
space contribute equally to the XE spectral distribution.
brational excitation plays an important role in the coupling
the absorption and emission steps. From free molecules
brationally excited intermediate states are known to lead
channel interference, making a full RIXS descriptio
necessary.24,36On adsorbates, vibrational excitation has be
found to be highly photon energy dependent, and indicati
of full vibrational quenching have been found toward thre
old excitation.37

In summary, for adsorbates which have atomic cen
with well-separated core-level binding energies, and wh
the valence states are strongly coupled to the metal subs
a single core-excited intermediate state is reached due to
fast screening response in metallic systems. In this situa
RIXS can be simplified to a two-step process of x-ray a
sorption and resonantly excited x-ray emission in a spo
neous radiative decay. Then the x-ray emission cross sec
is given according to Fermi’s golden rule@Eq. ~2!# between
the relaxed core-hole intermediate stateCCH and the
valence-hole final statesCv .

B. X-ray emission and valence-band photoemission

As pointed out in Sec. I, ultraviolet photoemission spe
troscopy~UPS! is the most common method for the determ
nation of the occupied electronic states of surface adsorb
on metals. In particular, angle-resolved UPS allows one
determine the dispersion of electronic bands in momen
space.3 However, angular-resolved UPS usually cannot id
tify the atomic contributions to a specific valence state.
particular, it is not possible to separate adsorbate vale
states overlapping with strong substrate states. On the o
hand, XES probes the local electronic structure at a spe
atom, and provides an atom-specific and symmetry-selec
projection of the occupied valence-electronic structure. X
can therefore be seen as the experimental equivalent to b
ing up the electronic structure as a linear combination
atomic orbitals. XES and angular-resolved UPS empha
different aspects of the electronic structure, and are in
respect complementary techniques: XES resolves ato
contributions to the valence-electronic structure, but in
grates over momentum space, whereas UPS resolves the
mentum but integrates over all atomic contributions. Inde
the information from UPS and XES is easy to relate to e
other as both spectroscopies reach a similar valence-ho
nal state. In UPS this is reached in direct photoionizati
and in XES via the radiative decay of the intermediate co
hole state.

III. EXPERIMENT

The XES experiments were carried out at beamline 8.
the Advanced Light Source at the Lawrence Berkeley N
tional Laboratory. The 89-period undulator with 5-cm peri
length produces synchrotron radiation~SR! between 120 and
1500 eV at a ring energy of 1.9 GeV. The SR is monoch
matized with a spherical grating monochromator and focu
to a spot size from 0.01 to 0.02 mm2. The flux within this
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focus is;1013–1014 photons/s.
The experimental station, built at Uppsala Universi

consists of two UHV chambers with a base pressure o
310211 torr. The preparation chamber contains equipm
for sample preparation and characterization: an ion-spu
gun, gas inlet, evaporators, a mass spectrometer and a
energy electron-diffraction~LEED! system. The coppe
single crystal was mounted on the sample holder where t
peratures between 40 and 1500 K can be achieved.

The Cu~100! crystal was cleaned by cycles of argon-io
sputtering and annealing to 900 K, until a well-order
LEED pattern was obtained and XPS and x-ray absorp
spectroscopy~XAS! showed no contamination. Thec(2
32) CO overlayer on Cu~100! was prepared by dosing 2-L
CO at 80 K, and was monitored with LEED and the know
XPS binding energies.38 The CO molecules are known t
occupy on-top sites.39

The analyzer chamber houses an electron analyzer~Sci-
enta SES 200!,40 a grazing-incidence x-ray emissio
spectrometer41 and a partial electron yield detector42 for
XAS measurements. The XPS and XES detectors are co
cal, with their optical axes perpendicular to the incomi
beam, which impinges onto the sample surface in graz
incidence at 5°62° to maximize surface sensitivity. Th
chamber is rotatable around the optical axis of the incom
beam, allowing for angle-resolved measurements.

The radiation from the undulator has almost complete
ear polarization with the electric-field vectorEW in the plane
of the storage ring. The orientation ofEW relative to the sur-
face is variable, as the sample can be rotated around the
of the incoming light. The direction of detection is furthe
more variable relative to the orientation of the sample andEW
as the analyzer chamber is rotatable independently aro
the axis of the incoming beam. We denote as norm
emission geometry the situation where the direction of de
tion is about 5° off the surface normal. In grazing-emissi
geometry the direction of detection is switched to 80° off t
surface normal, with an otherwise unchanged alignment.

Excitation into the adsorbate 2p* resonance is chosen t
maximize the absorption cross-section, and in order to m
mize many-electron excitations.43 Highly monochromatic x
rays from a tunable source are therefore needed. On the
bon atom a core hole is created through the C 1s to 2p*
transition at 287.5 eV, and an oxygen core-hole is crea
through the O 1s to 2p* transition at 533.7 eV.44 To deter-
mine the excitation energy, XAS measurements are p
formed. The photon energy of the incoming radiation w
calibrated from the difference in kinetic energy of photoele
trons excited by light monochromatized in first and seco
orders of the monochromator. The high primary flux nec
sary to generate a sufficiently strong XES signal can ind
modifications of the adsorbate layer, i.e., desorption, cha
of the bonding site or dissociation. These changes can
monitored as a change of the XPS signal with time. W
therefore scan the sample through the beam at a pace
that no modifications of the adsorbate layer can be see
XPS before and after the XES measurement. The ene
resolutions of both the XES spectrometer and the beam
monochromator have been matched in order to have s
cient flux at reasonable resolution. The resolution is set
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the XES spectrometer with a bandwidth of 0.5 eV for carb
and the oxygenK-edge spectra.

IV. THEORETICAL TOOLS

A. Cluster model

The theoretical calculations of the XES spectra w
based on CO adsorbed on cluster models of the Cu~100!
substrate, and were carried out with theDEMON program45

which implements orbital-based density-functional theo
~DFT!. The surface was modeled by a Cu50 cluster,16 where
the central Cu5 subunit was described at the all-electron lev
and the surrounding atoms described using a one-elec
effective core-potential~ECP! developed by Mattssonet al.46

In the ECP description of the Cu atoms the core, inclu
ing the 3d shell, is described by a static potential, whi
includes the effects of relaxation and polarization of thed
orbitals, but which only treats the 4s valence electrons ex
plicitly. The all-electron copper atoms were described us
the Wachters47 basis set in an@8s5p3d# contraction with
one diffusep function and oned function added. The carbo
and oxygen are represented in these DFT calculations by
IGLO-III basis set of Kutzelnigget al.48 The Perdew and
Wang ~PW91!49 gradient-corrected functional was used
describe the exchange and correlation potentials.

A critical point of the cluster model is the description
the metal valence band. In particular, the description of
delocalized sp-bands is known to be highly dependent
cluster size,18,50 whereas the description of the localizedd
band is good. In previous publications16,18a good description
of thesp band was ensured by systematically studying Cu14,
Cu26, and Cu50 clusters.

To estimate the influence of adsorbate-adsorbate inte
tions we have used a representation where five CO molec
are chemisorbed on a Cu14 cluster model, simulating the
c(232) overlayer. The Cu14 cluster was treated in an al
electron description of the copper atoms.

B. Calculation of x-ray emission spectra

As described in Sec. II A, the XE spectral distributions f
the adsorbate system should be calculated according to
mi’s golden rule@Eq. ~2!# as spontaneous dipole transitio
between all possible valence-hole final statesCv , and the
core-hole state,CCH . In this picture each state must be ful
optimized in the appropriate valence- and core-vacancy
tentials, respectively. However, this scheme leads to diffic
ties with nonorthogonal and interacting final states unless
valence-hole states are obtained from the same operato
simplify the calculations we thus replace both the initial a
different final-state potentials with a single potential. In th
investigation the ground state potential and the relaxed c
hole transition potential DFT~TP! ~half-occupied core hole!
have been considered. Thus the Kohn-Sham orbitals of
respective potential are used to represent both the in
core-hole state and the final valence-hole states and the
sition is treated as an explicit one-electron transition. T
evaluation of the dipole transition moments then simply
quires the computation of one-electron statesf i , which in
the present case is done using the gradient-corrected
formalism. To compare experimental and calculated X
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spectra we relate the highest occupied one-electron Ko
Sham orbital to the experimental Fermi edge, and ap
Gaussian broadening of 0.5 eV full width at half maximu
~FWHM! to the calculated discrete spectra.

To discuss core-hole effects, we also use XES transi
elements calculated previously in a Hartree-Fock implem
tation between the fully relaxed core-hole wave function a
the ground-state wave function.18 The Hartree-Fock imple-
mentation was chosen for this particular study of relaxat
effects as this computational scheme has not been im
mented in the DFT codeDEMON; all other calculations are a
the DFT level. In Ref. 18 the geometry was obtained throu
energy minimization of CO on a Cu13 cluster model with one
all-electron copper and the remaining metal atoms descr
by ECP’s. The resulting geometry wasR(C-O) 1.18 Å and
R(Cu-C) 1.73 Å, which differs slightly from theR(C-O)
1.15 Å andR(Cu-C) 1.86 Å obtained by optimization on a
all-electron Cu14 cluster. For consistency in the compariso
we have performed the DFT XES calculation at both geo
etries.

V. RESULTS AND DISCUSSION

A. Experimental x-ray emission spectra

In Fig. 1 the experimental XES spectra onc(2
32)CO/Cu(100) are shown. To the left XES spectra o
tained at the carbonK edge are displayed, and to the rig
spectra obtained at the oxygenK edge. The solid lines are th
spectra measured in normal emission to the surface, and
dashed lines are the spectra obtained in grazing-emission
ometry. All spectra contain both inelastically and elastica
scattered light. The spectral features at 287.7 and 533.7
are the elastic contributions, preserving the chosen excita
energy of the C 1s to 2p* transition and the O 1s to 2p*
transition, respectively. In particular a strong variation of t
elastically scattered light with photon energy and angle
found according to the Fresnel description of reflectivity.

Each spectrum is energy calibrated by measuring ela
cally scattered light from the sample at two different phot
energies.~The x-ray spectrometer has a linear dispersion
wavelength, and the photon energy is determined accord
to Sec. III.! In the next step we subtract the elastic peak fro
the inelastic contributions, where the peak of the elastica

FIG. 1. Resonantly excited x-ray emission spectra onc(2
32)CO/Cu(100). Each spectrum consists of elastically scatte
light, conserving the photon energy, and inelastically scatte
light.



at
he

tio
tr

ce

th
o
r

om
te
c
c

om

le
e
e
,

E

t
n
in
is
e
P

t
x
e
u
er

ach
of
ro-

e

g
io

on

e
-

on

e

PRB 61 16 233GROUND-STATE INTERPRETATION OF X-RAY . . .
scattered light is modeled with a Voigt function, approxim
ing the convolution of the monochromator function and t
spectrometer function.

Due to the adsorbate order and the symmetry-selec
rules of the dipole XE transition, angle-resolved XES spec
yield information on the symmetry of the involved valen
states. ForK-shell XES on CO/Cu~100!, the maximum emis-
sion is found perpendicular to the spatial orientation of
involved valence orbitals. Thus switching the direction
detection between grazing emission and normal emission
sults in the detection of light fromp states with different
spatial orientation. In normal emission, radiative decay fr
the atomicp states in the surface plane are strongly selec
~molecularp states!. In grazing emission, XES from atomi
p states in a plane containing the surface normal are dete
~moleculars andp states!.

In Fig. 2 we demonstrate the separation of states ofp and
s symmetries schematically, and for experimental O-K XES
spectra measured in normal- and grazing-emission ge
etries. Assuming a linear superposition of thep- and
s-derived emissions, a simple subtraction of the sca
normal-emission spectrum from the grazing emission sp
trum reveals states ofs-symmeties only. The scaling can b
either based on the calculated angular anisotropy of XES
must be done empirically using known states of purep and
s symmetry.

In Figs. 3 and 4 the experimental and calculated X
spectra~the DFT ground state! for the oxygen and carbon
atoms are shown. Good overall agreement between
ground-state DFT calculations and experiment is fou
which is the center of the present discussion. The remain
differences will also be discussed in great detail. As our d
cussion will to some extent treat the relationship betwe
XES and UPS binding energies, we have also included U
spectra of thec(232)CO/Cu(100) from Ref. 51 in direc
comparison, but we will begin by concentrating on the e
perimental XES spectra in Figs. 3 and 4; these have b
obtained from the raw spectra in Fig. 1 using the proced
outlined above, and share a common valence binding-en
scale by subtracting the XPS C 1s and O 1s binding ener-

FIG. 2. States ofp ands symmetry are separated by switchin
the direction of observation between grazing and normal emiss
This is illustrated for the O-K spectra ofc(232)CO/Cu(100).
-

n
a

e
f
e-

d

ted

-

d
c-

or

S

he
d
g
-
n
S

-
en
re
gy

gies, respectively. The spectra are normalized within e
orbital symmetry to unit area to facilitate the comparison
relative intensities within each spectrum and of the line p
files between carbon and oxygen states.

In the experimental O-K XES representing states ofs
symmetry ~Fig. 3! two distinct features are found on th
oxygen side at 9.0 and 11.8 eV. These are the 5s and 4s
states, respectively. Their intensity ratio 4s/5s is ;0.9, with

n.

FIG. 3. Compilation of experimental and theoretical results
c(232)CO/Cu(100) for states ofs symmetry:~1! Experimental
x-ray emission spectra.~2! Calculated x-ray emission spectra in th
ground-state approximation on CO/Cu50, with a Gaussian broaden
ing of 0.5 eV FWHM.~3! UPS spectra from Ref. 51.

FIG. 4. Compilation of experimental and theoretical results
c(232)CO/Cu(100) for states ofp symmetry:~1! Experimental
x-ray emission spectra.~2! Calculated x-ray emission spectra in th
ground-state approximation on CO/Cu50. ~3! UPS spectra from
Ref. 51.
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a variation of60.05, depending on the method of determ
nation ~peak heights, areas, curve fits!. Some additional in-
tensity extending to the Fermi level is found below 5-e
binding energy. The most prominent state ofs symmetry on
the carbon side is the 5s state at 8.1 eV accompanied by th
weak 4s state at 11.5 eV. The FWHM of the 5s and 4s
states on the carbon and oxygen sites is about 1.6 eV. In
3, the inner-valence transitions (3s) are not included for
clarity. However, from the raw data in Fig. 1 we see direc
that intensity from the inner-valence region is observed
tween 25- and 30-eV binding energy in both carbon a
oxygen XES~magnified section!. Large differences betwee
the carbon and oxygen XES are found, which will be d
cussed in detail later.

In thep-system the 1p state dominates. In the C-K XES
its binding energy is 7.5 eV, with a FWHM of 1.8 eV, and
the O-K spectrum it is 7.8 eV with a 1.4-eV FWHM. Towar
lower binding energies significant differences are found
tween the carbon and oxygen sites. In the carbon spectru
weak intensity extends from a cutoff at the Fermi level
ward higher binding energy, showing a minimum around
eV. On the oxygen side a broad distribution of states
found, with a local maximum around 6.6-eV binding energ
This distribution becomes weaker toward the Fermi lev
but preserves an intensity comparable to the carbon s
between 2 and 0 eV.

B. Interpretation of x-ray emission intensities

In order to interpret experimental XES spectra in terms
the ground-state valence electronic structure, a relation
between the relative intensities within the XES spectral d
tribution at each atomic center and the calculated grou
state orbital populations and XES transition elements m
be found. The interpretation of XES spectral features i
longstanding issue originating from the application of th
spectroscopy to determine the bulk electronic structure
metals.

1. Dynamic core-hole effects

In the interpretation of XES intensities core-hole creat
and annihilation play important roles. In particular, the d
namic response due to the creation of the core hole mus
considered, as this can lead to substantial effects on the s
troscopic observables. The term ‘‘dynamic effects’’ has be
coined to summarize the equilibration response of vale
electrons to the sudden core-hole creation or annihilat
For homogeneous systems, model calculations on an i
pendent electron gas have been performed.52–56 In this treat-
ment two extreme cases are computationally accessible:
first case is the short-time limit where the interaction b
tween the core hole and the electron gas is infinitely shor
this case the effects of the presence of the core hole
negligible, and the final-state electronic configuration de
mines all spectral features which are then calculated as
one-particle transition elements obtained from orbitals ca
lated in the final-state potential of the x-ray process. T
other scenario is the long-time limit. Here the core hole
also annihilated suddenly, but it was present before a
static state. Spectroscopically the latter case is characte
by the occurrence of the Mahan–Nozieres–de Domin
ig.
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~MND! x-ray edge divergence or threshold singularity.53,57,58

As a matter of fact the spectral distributions obtained for
long and short-time limits are related directly, as the spec
distribution obtained in the long-time limit is the spectr
distribution of the short-time limit modified by multiplicative
exponential threshold singularities, varying for each angu
momentum.

2. Final-state rule

The treatment of dynamic core-hole effects as outlin
above led to the formulation by von Barth and Grossmann
1979 ~Ref. 54! of the ‘‘dynamic’’ final-state rule and the
‘‘static’’ final-state rule for the relative XES intensities.

(a) The dynamic final-state rule.The energetic positions
and relative intensities in the spectral distribution of XE
spectra on simple metals are given by the one-particle t
sition elements calculated from orbitals in the final-state
tential of the x-ray process and multiplicative singular
functions at the Fermi level for each angular momentu
which take care of the dynamic core-hole effects.54–56,59

(b) The static final-state rule.As an extension of the dy
namic final-state rule, von Barth and Grossmann found t
the XES spectra generated by their dynamic calculations
in many cases mimicked rather well by static one-parti
transition elements only, calculated from orbitals in the fin
state potential of the x-ray process.

Within this thinking the final-state rule was extended
narrow-band metals and varying core-hole strength.59,60 The
influence of dynamic core-hole effects can be categori
depending on the occupation of the valence band. The
gularity behavior increases with decreasing occupancy. T
means that for nearly empty bands the dynamic effects
come large. In the case of highly occupied bands dyna
effects are negligible, and the spectral distribution is giv
by the one-electron description.59,60

As these rules are based on model calculations for a
mogeneous and noninteracting electron gas, their applica
ity depends on how well an interacting electron system
approximated by this model. The valence electronic struct
of simplesp metals is well approximated by a noninteractin
electron gas. Therefore, the final-state rule is directly ap
cable to the XES spectroscopic results on these systems
adsorbates on transition metals a description of the vale
electronic structure based on an independent-electron m
is questionable; here the adsorbate atoms and the localizd
states in transition and noble metals are expected to c
large deviations.

With this in mind let us return to the interpretation of th
XES relative intensities for CO/Cu. In the top panel of Fig
a computed C-K XES of p symmetry is shown, calculated a
the Hartree-Fock level as the dipole transition between
relaxed core-hole wave functionCCH and the ground state
wave functionCGS.18 In this calculation a significant en
hancement of states close to the Fermi level is obser
which is not seen in the experimental spectrum that is sho
for direct comparison in the lower panel of Fig. 5. The po
energy position of the 1p state relative to the Fermi leve
~taken as the highest occupied orbital for the adsorpt
model! in the Hartree-Fock calculations is due to the failu
of Koopmans’ theorem for 3d levels; the more appropriat
treatment of dynamic correlation in the DFT leads to a m
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balanced description of the relaxation effects in the differ
levels and a strongly improved energy separation betw
levels. All valence-hole final states are described us
ground-state molecular orbitals in the calculation. This
correct for independent-electron models and a good appr
mation for simple metals, and consequently represents
calculation in the long-time limit or the dynamic final-sta
rule with a threshold singularity as discussed above. Ho
ever, for interacting electrons valence-hole relaxation may
sizable, and may cause orbital changes similar to those
to the relaxed core hole; using ground-state orbitals to
scribe the final~valence-hole! state in combination with the
fully relaxed core hole may then be a poor approximati
Therefore, it can be anticipated that the neglect of valen
hole relaxation could be the reason for the obvious discr
ancy between experiment and the Hartree-Fock calcula
with a relaxed core-hole only.

3. Role of valence hole relaxation

In CO/Cu the valence electronic structure involves, to
large extent, the Cu 3d states which have large electron co
relation effects. One main difference between
independent-electron gas and a correlated electron syste
the response to a valence vacancy. The valence-hole re
ation in CO/Cu should vary significantly, and increase w
the energy of the valence vacancy. If we consider the ene
difference between the ground state and the real valence-
final state, the valence-hole relaxation can be seen as a
rection to the ground-state calculation. The energetics a
ciated with final-state relaxation was calculated at

FIG. 5. Comparison of relative intensities in the C-K x-ray
emission spectra ofp symmetry for the experimental spectrum a
computed spectra, which are calculated in different approximati
The CO/Cu50 cluster has the same geometry in all calculations.
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Hartree-Fock level for the CO/Cu14 ~Ref. 61! model system,
and may be characterized as follows: the metal 3d level is
very large~5–8 eV!, the adsorbate valence levels are lar
~around 3 eV!, and the metal conduction levels are sm
~0.2–1 eV!. It should be noted that the large difference b
tween the 3d and adsorbate level relaxations is mainly due
the failure of Koopmans’ theorem in the Hartree-Fock calc
lation, but the trend is intuitively clear, as the relaxation d
to a vacancy in an outer-valence state~most extreme, in the
highest occupied molecular orbital! is much smaller than for
an inner-valence vacancy.

For the discussion of valence-relaxation effects we c
sider three different approaches, using the experimental
computed C-K XES of p symmetry. All the spectra are sum
marized in Fig. 5. To allow an easy comparison of the re
tive intensities within each spectrum we have normalized
respective 1p to equal height. The following spectra are pr
sented in Fig. 5.

~1! The already discussed Hartree-Fock calculation~top
panel!, where the transition moments are calculated betw
the relaxed core-hole wave functionCCH and the ground
state wave functionCGS.

~2! The frozen-orbital approach. Here both the initial- a
final-state wave functions have been calculated within
ground-state potential. In this case core-hole relaxation
valence-hole relaxation are both neglected. This model
been implemented in both Hartree-Fock and DFT~both
middle panels! calculations. The latter includes electron co
relation.

~3! The experimental spectrum~lower panel!. We assume
that the experimental spectrum coincides with the hypoth
cal exact solution, where the transition moments are obtai
from the relaxed core-hole wave functionCCH and all pos-
sible relaxed valence-hole wave functionsCv .

It is directly seen that the calculations which give be
agreement with the experimental relative intensities@case
~3!# are obtained in the frozen orbital approach@case~2!#.
Here we do not observe the significant enhancement of st
close to the Fermi level which dominate the calculated sp
trum betweenCCH andCGS in case~1!. This suggests tha
the dynamic core-hole effects are balanced by a variatio
final-state relaxation, which is not included in independe
electron models and case 1, or that the excitati
deexcitation process is a true one-step process where r
ation effects are minimal.

Let us now investigate the notion of balance between
namic core-hole effects and varying valence-hole relaxa
by considering the general structure of the XES transit
elements according to Fermi’s golden rule@Eq. ~2!#. The
matrix elements between respective initial- and final-st
wave functionsuF& and uM & are conveniently split into the
one-electron dipole transition between the active 1s core or-
bital f1s and each valence orbitalfv . The orbital overlap of
all other orbitals, which are not involved in the one-partic
transition, results in the codeterminant factor Codet for e
fv :

^FuDW uM &;^fvuDW uf1s&3Codet.

s.
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If both the initial and final states are calculated in the sa
potential, Codet is constant for all valence-hole final sta
and the relative intensities are given by the one-electron t
sition elements. This is the case in the frozen orbital cal
lations @case~2!#.

The difference between the frozen-orbital calculation a
the transitions calculated betweenCCH andCGS in case~1!
is a modification of all one-electron transition elements d
to the core-orbital contraction and the response of the
lence orbitals to the created core vacancy in the relaxed c
hole wave functionCCH in case ~1!. More important, a
strong variation of the Codet toward threshold emphas
transitions from threshold valence levels strongly ov
lower-lying valence levels, thus forming a threshold sing
larity. Note that for gas phase CO the differences betw
the relaxed and frozen-orbital calculations are very sma18

while they become very large for CO adsorption on lar
~polarizable! metal cluster models where electrons f
screening the initial- and final-hole states are easily av
able.

Let us now consider the hypothetical case of calculat
the XES transition between all possible relaxed valence-h
final statesCv and the relaxed core-hole stateCCH @case
~3!#. Here we have not only core-hole effects, but a
valence-hole relaxation. The valence-hole relaxation w
modify the energetic positions of all valence states~dis-
cussed in Sec. V C!, but we consider now only the relativ
intensities. If we assume small changes of the one-elec
transition elements in comparison to case~1!, where only the
core-hole relaxation is included, the difference between th
two calculations must be determined by Codet. Con
quently, Codet should vary little for the full calculation ca
~3!, which is in contrast to case~1!, where Codet varies
strongly towards the Fermi level. The reason behind t
should be that toward threshold Codet is large due to
x-ray edge divergence, but toward deeper valence ho
where the influence of the threshold singularity decrea
the increasing valence-hole relaxation keeps the magni
of Codet comparable at a compensating rate.

Consequently, the experimental spectra and the hypoth
cal exact calculation of the matrix elements between the
laxed core-hole wave functionCCH and the different relaxed
valence-hole wave functionsCv @case~3!# are approximated
very well by calculations with the initial and final states ca
culated in the same potential, i.e., the ground state@case~2!#.
In this case Codet is constant for different valence-hole fi
states.

Another possibility is to use a transition potential a
proach~DFT-TP!, where the initial and final states are ca
culated in the same core-hole potential. In the DFT-TP c
culation the initial core-ionized state is represen
accurately, but all valence orbitals in the final state are ev
ated in the presence of the core hole. As in the frozen, orb
approach@case~2!# Codet is also constant. However, in co
trast to the ground state calculation the 4s/5s ratio in the
DFT-TP calculation deviates significantly from experime
~see Table I!. As in both the ground-state picture and t
relaxed-core-hole picture~DFT-TP! Codet is constant, the
difference in the 4s/5s ratio must be directly related to th
final-state wave function. Therefore, the good agreement
tween the one-electron ground-state calculation and exp
e
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ment shows that the experimental XES intensities are a g
representation of the ground-state valence electronic st
ture.

In summary, For a balanced treatment of dynamic co
hole effects and valence-hole relaxation either the full cal
lation of core- and valence-hole relaxation should
performed—if computationally possible—or should not
included at all. In this case the initial and final states must
calculated in the ground state potential.

4. Is RIXS a true one-step process?

Our interpretation of the XES relative intensities has ce
tered around a cancellation of dynamic core-hole effects
valence-hole relaxation. This cancellation, as presented
rather coincidental and therefore conceptually unsatisfyi
especially as the one-electron ground-state model works
prisingly well for a large range of systems, from metals v
insulators to free molecules. Experimentally, the core-h
intermediate state is not an observable. We only know t
RIXS leads to a valence excitation of an electronic syst
with an enhanced cross section at core-level thresholds.
formulation of the core-hole intermediate state is, stric
speaking, the construction of the second-order perturba
treatment of the photon-electron interaction. In a true o
step description of the valence excitation in the x-ray sc
tering process, the agreement with the ground-state m
which neglects both core-hole relaxation and valence-h
relaxation would be less puzzling as no core-hole interme
ate state would be formed.

C. Interpretation of x-ray emission energies

In XES the energy scale is given by the energy differen
between the core-excited state and the valence-hole
state. The energy needed to reach the core-excited inte
diate state from the ground state is in general the energ
the absorbed photon. However, as outlined in Sec. II A m
tallic screening always leads, independent of photon ene
to a fully screened core-excited intermediate state. The X
onset thus coincides with the XPS core-level bindi
energy.28 Subtracting the XPS core-level binding ener
from the XES energy scale therefore yields a valen
binding-energy scale which measures the energetic dif
ence between the ground state and the valence-hole
states. Consequently, we can put XES spectra from diffe
atomic centers onto a common valence binding-energy sc
where the Fermi level is given by the respective XPS co

TABLE I. Experimental and computed spectral data for C
chemisorbed on Cu~100!. DFT results at optimized geometry fo
CO on a Cu50 cluster model~experimental values from Ref. 79 in
parentheses!: r CO51.15 Å ~1.15 Å! and r CuC51.86 Å ~1.90 Å!.

Int. ratio Binding energy~eV!

4s/5s 4s 1p 5s

Experiment ;0.9060.05a - b-11.8a 7.5 b -7.8 a 8.1b-9.0a

DFT-Ground 0.90 10.9 8.1 8.4
DFT-core TP 2.77 11.5 8.5 9.2

aO-K XES
bC-K XES
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level binding energies. The intermediate core-hole state
XES has therefore no influence on the valence binding e
gies. Assuming that the same final state is reached in d
valence ionization~UPS! and via the core-hole intermedia
state in XES, valence states share a common binding en
scale in UPS and XES.

In Figs. 3 and 4 the XES spectra are directly compared
valence photoelectron spectra.51 Generally, the overall ener
getic ordering of spectral features in UPS and XES is co
parable. However, there are significant deviations betw
the binding energies in UPS and XES, most notably in ths
channel~Fig. 3!. For example, the 4s state in XES is shifted
;0.5 eV toward lower binding energy than in UPS. We a
observe that the ‘‘same’’ spectral feature has different bi
ing energies for XES on the carbon and oxygen atoms.
1p state for C-K XES and O-K XES differs by;0.3 eV,
and the 5s state even by;1.0 eV. These discrepancies a
the subjects of the following sections.

1. Band dispersion

XES resolves atomic contributions to the valenc
electronic structure, but integrates in a metallic system o
valence-hole final states spanning the whole momen
space. Angle-resolved UPS, on the other hand, sepa
valence-hole final states of different momenta62–65 but inte-
grates over all atomic contributions. Therefore discrepan
are expected between the momentum-averaged XES bin
energies and the UPS binding energies, selecting a ce
momentum interval unless the UPS data have been meas
integrating over momentum space, i.e., the first Brillou
zone. The dispersion of valence states is strongly depen
on the CO-CO lattice distance, and inc(232)CO/Cu(100)
is approximately 0.5 eV for 4s and 5s and approximately
0.2 eV for 1p, whereas dispersion is negligible for lowe
lying levels.66 In our computational modeling band dispe
sion was investigated by calculations with periodic bound
conditions or by using a Cu14 cluster model with five CO
molecules, representing thec(232) overlayer. Here a split-
ting of valence levels by less than 0.5 eV has been foun
comparison to the cluster model with a single adsorbed
molecule. Thec(232)CO/Cu(100) UPS spectra from Re
51 in Fig. 4, curve 3 have been taken in the ‘‘forbidden’’ a
‘‘allowed’’ geometries at 65° off-normal emission. The
were recorded in normal incidence at 35 eV with theEW vec-
tor parallel to theḠX̄ direction of the Cu~100! crystal. This
geometry and energy selects, inc(232)CO/Cu(100) emis-
sion, the vicinity of theḠ point of the second Brillouin zone
in the adsorbate, and is moreover characterized by com
rable intensities fors andp states. At theḠ point the bottom
of bands arising froms states and the top of bands arisin
from p states are found. Although band dispersion can l
to different binding energies in UPS and XES, this can
explain the observed differences in Figs. 3 and 4. In co
parison to the UPS features the XESs and p states lie at
higher and lower binding energies, respectively, which
opposite to the shifts expected from the band dispers
Consequently other contributions should cause the obse
differences between XES and UPS binding energies.
in
r-
ct

gy

to

-
n

-
e

-
er
m
tes

s
ng
in

red

nt

y

in
O

a-

d
t
-

s
n.
ed

2. Final-state configuration interaction

As seen in Figs. 3 and 4, differences in binding energ
between the experimental XES and UPS spectra are
served, as well as differences for C-K and O-K XES spectra.
The influence of the core hole should be negligible for t
binding energy position of spectral features in XES, as r
soned above. Furthermore, the ground-state calculations
hibit no energetic splittings for states projected onto the c
bon and oxygen atomic centers. Therefore, the questio
whether the properties of the valence-hole final state
generate such a splitting. In the experimental XES spe
~Fig. 1, magnified part!, we observe that the 3s inner-
valence level differs significantly for C-K XES and O-K
XES. In the C-K spectrum a double-peak structure is o
served, spanning;10 eV; in the O-K spectrum we observe
single structure, spanning;6 eV. As an inner-valence stat
the 3s state has a negligible dispersion which excludes a
band-structure effects, and the large differences must th
fore solely be due to the fact that the 3s valence vacancies
differ whether they have been created by a dipole decay
the C 1s or O 1s core hole.

The 3s valence vacancy in the CO gas molecule is kno
to be dominated by final-state configuration interaction~CI!,
where the one-electron molecular-orbital picture cannot
scribe the experimental observables in UPS.67–69In this case
the one-electron transitions are accompanied by equ
strong multielectron excitations involving the energe
lower-lying outer-valence levels. The UPS spectrum of
CO gas 3s region consequently has an energy spread
approximately 10 eV, which is preserved upon adsorpt
and has been observed in UPS measurements of CO
Pd~100!.70 The CI picture can also be seen as the decay
the initial one-electron valence vacancy into lower-lying v
lence states, leading to a substantial lifetime broadening.
metals the probability for the initial valence hole to decay
approximately proportional to the number of occupied sta
between the Fermi level and the valence hole. In copper
lifetime broadening of ad vacancy is of the order of 100
meV at the top of thed band, and increases toward the bo
tom of the band.71

When the initial one-electron valence vacancy cannot
cay further via lower-lying valence states, the lifetime b
comes very long, leading to a sharp one-electron state.
this reason the CO gas outer-valence states 4s and 5s are
well-defined one-electron spectral features in UPS.

In the adsorbate all valence levels are coupled to the m
substrate. Due to the absence of a band gap, all one-ele
valence states can decay further into multiply excited sta
involving metal states. Consequently, the adsorbate vale
levels are substantially broadened up to 1 eV in both the U
and XES spectra. On the computational side the simula
of final-state configuration interaction in an adsorbate
ceeds the available capabilities. Even for isolated CO
inner valence calculations are difficult.

How are the discussed CI effects manifested in the U
and XES binding energies? In UPS similar photoionizat
cross sections are found for the atomic 2s and 2p
contributions,72 whereas in XES selectively final states
atomic 2p character are probed. Thus different aspects of
adsorbate valence-electronic structure are selected in the
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spectroscopies. Assuming that the relative atomic 2s and 2p
contributions vary across the width of the lifetime- or C
broadened 4s and 5s levels, the respective peak maxim
should differ in binding energy, since UPS probes both
atomic 2s and 2p characters whereas XES probes only t
local atomic 2p character.

A similar mechanism could explain the differences b
tween the O-K and C-K XES binding energies. The assum
tion is that the relative atomic 2p contributions vary within
the broadened valence levels for the different atomic cent
namely, the carbon and oxygen atoms. As XES is a lo
atom-specific probe of the local atomic 2p contributions, dif-
ferent parts within the broadened valence level will be p
jected out and XES spectra measured on the carbon and
gen atomic centers will have different emphases, resultin
binding-energy shifts. This interpretation is also suppor
by XES spectra from the two chemically inequivalent nitr
gen atoms inN2 /Ni(100), where no binding-energy shift
are found in correspondence to the much smaller electro
gativity difference within the homonuclear adsorbate.10

3. Shake-up

Closely related to the discussion of configuration inter
tion are shake-up features. Multiple excitations or shake
are possible in the initial x-ray-absorption step but also in
subsequent XES step. To minimize the former, threshold
citation has been used, effectively creating a single co
excited state as discussed previously in Sec. II A. Shake
processes in the XE step lead to final-state satellites, w
occur toward lower photon energies relative to the o
electron transitions. In general, final-state satellites are a
cial case of configuration interaction, where the one-part
main line is discernible from the multielectron CI lines. Th
probability for final-state satellites in XES on bulk meta
has been found to be very low,73 whereas in UPS final-stat
satellites are commonly observed. In contrast to the b
metal, in adsorbed CO we monitor valence vacancies wh
were created by the XES decay into the C 1s or O 1s core
holes located on the adsorbate. The question is whethe
this case the final-state shake-up probability becomes hi
than in bulk metal. In this context we focus onto the ads
bate states derived from the metald band between 0- and
7-eV binding energies. These states are nearly pure met
states with only small molecular contributions. The lowe
lying valence-states 3s, 4s, 5s, and 1p have already been
discussed in terms of CI and lifetime broadening as no
crete shake-up features to them are observed~Figs. 1, 3, and
4!. In general, ad-band vacancy can be itinerant~delocal-
ized! or localized to a particular site.74–78 Spectral features
due to itinerant valence holes mimic thed-band partial den-
sity of states. In contrast, localizedd vacancies lead to de
viations in energy, forming satellites. The d-vacancy loc
ization energies are 3.6 and 3.1 eV for Cu and
respectively.78 In the O-K XES spectra ofp symmetry a
shoulder at 6.6 eV is observed which is not seen in the
culated ground-statedp band which lies between 3 and 5 e
~Fig. 4!. A similar structure was also seen in the O-K XES of
p symmetry in CO on Ni at 4.5 eV, which is also not seen
the ground-state calculations.7,19 A possible interpretation o
these features could be final-state shake-up in thedp band. In
both cases these energies are approximately in agree
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with the experimentally observed shifts which suggest
shake-up interpretation for the adsorbatedp band. Indeed the
probability of reaching a localized or itinerantd valence hole
is element specific. With increasing contraction of thed shell
going along the transition-metal row the electron correlat
and the probability ofd hole localization increase. Cu is th
first noble metal after the 3d transition metals. The probabil
ity of d-hole localization is therefore higher in Cu than in N
and the XE spectral distribution deviates more strongly fr
the partial density of states, represented by the itinerand
holes. In the molecularlike states 1p, 5s, and 4s, these
effects are expected to be much smaller.

4. Vibrational excitation

So far we have discussed the observed spectral feat
solely in terms of electronic transitions and excitations. A
ditionally, vibrational motion has to be taken into accou
which is excited due to the rapid change of the molecu
potential in the photon-electron interaction. Although our e
periment is far from resolving vibrational fine structure o
adsorbates, vibrational excitation is expected to influence
width and energetic position of the spectral features thro
different vibrational envelopes. Different vibrational env
lopes are due to the fact that, in UPS, the potential-ene
surfaces of the ground state and the valence-hole final s
define the vibrational excitation or the vibrational envelop
whereas in XES additionally the potential-energy surface
the respective C 1s or O 1s core-hole intermediate state
involved, leading to deviations between UPS and C-K and
O-K XES spectral features. In general, the degree of vib
tional excitation varies considerably for the different atom
centers which is, e.g., seen in the O 1s and C 1s XPS vibra-
tional envelopes with full widths at half maximum of 1.7 an
0.7 eV, respectively.30,31 As pointed out in Sec. II A, vibra-
tional excitation in the absorption-step makes in genera
full RIXS description necessary due to the occurence of l
time vibrational interference~LVI ! between the vibrationa
states reached in the core-hole intermediate state. In
phase molecules LVI leads to a strong redistribution of sp
tral intensity toward higher binding energies which is seen
the vibrational envelopes deviate from the Franck-Cond
behavior.24,36 Similar effects for the adsorbate can modi
the XES binding energies between carbon and oxygen,
can also introduce deviations in comparison to UPS. Ho
ever, for adsorbed CO there are indications of vibratio
quenching for threshold-excitation,37 making a simple XE
description applicable. In the calculated XE spectra, vib
tional effects have not been included.

VI. SUMMARY

In summary we have reviewed the experimental, anal
cal, and theoretical tools associated with resonantly exc
x-ray emission spectroscopy on CO adsorbed on Cu~100!.
This system stands as an example for adsorbates with
equivalent atomic centers on transition and noble met
where the valence electronic structure is characterized
strong interaction with the metal substrate. Here the spec
distribution of resonant inelastic x-ray scattering is well d
scribed as spontaneous resonantly excited x-ray emiss
The absorption and emission steps become independe
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each other due to the fast screening response in the me
system and the symmetry properties of these adsorbates
switching the direction of observation the symmetry of t
involved states is revealed. The experimental spectral di
bution can be modeled successfully by frozen-orb
ground-state calculations which represent just the m
simple one-electron picture of a passive core hole into wh
the ground-state valence electrons decay. The obse
agreement suggests that relaxation effects have a negli
influence in this spectroscopy, which could be due to a c
cellation of dynamic core-hole effects and valence-hole
laxation; this can only be tested by further development
the theoretical techniques to include the fully relax
valence-hole final states. This, however, is beyond
present capabilities for surface adsorbed systems. Ano
interpretation is that the inelastic x-ray scattering process
true one-step process without the formation of a rela
core-hole intermediate state and small differential final-s
effects. From the present investigation, and from earlier s
o
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ies on a large number of diverse adsorbate systems,10,14–22it
is clear that the frozen ground-state orbitals give the b
representation so far of the spectral features of XES. Un
these circumstances XES is a measure of the vale
electronic structure in an atom-specific and orbit
symmetry-selective projection onto the respective core or
als. Finally, agreement between experimental and calcul
XES can be used to assess the quality of theoretical mo
which are the basis to interpret the ground-state electro
structure of the adsorbate and local bond characteristics
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