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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 thisof@2)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 aidnitio 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.

[. INTRODUCTION ergy is selectively tuned to the absorption resonance of one
atomic center at a time, a core vacancy at this atomic center
The description of chemical bonding at surfaces on aris created and the resulting resonantly excited x-ray emission
atomic level has been the focus of modern surface sciencés an atom-specific probe of the local electronic structure of
and a detailed understanding of the surface chemical bonthe adsorbed molecules. A negligible contribution comes
requires the determination and interpretation of the adsorbafieom the much larger number of atoms in the substtate,
electronic structuré? X-ray fluorescence stimulated by elec- finally overcoming the limitations of UPS. Since the decay
tron bombardment or x-ray absorption has long been used ggocess in x-ray emission is dipole dominated and the tran-
a powerful method to probe the electronic structure of bulksition is governed by the overlap with the core orbital, only
samples due to the large mean free path of the emigad  information on specific angular momentum contributions is
incidend x-ray photons. For surface studies the large probebtainable; i.e., with an intermediate tore hole only the
depth was adverse to detecting and separating a signal obntributions to the occupied valence orbitals from the spe-
comparatively few adsorbed species from the much largecific atom are present.
number of substrate atoms. To study the electronic structure Parallel to the increasing availability of resonantly excited
of adsorbates, valence-band or ultraviolet photoemission-ray emission spectra on adsorbates, the computational de-
spectroscopyUPS became the method of choitén UPS  scription of the x-ray emission spectra of free molecules and
the mean free path of the outgoing photoelectron is signifiadsorbates has undergone a rapid evoluticgAThe calcula-
cantly shorter, thus allowing one to separate contributiongion of the x-ray emission transition moments from ground-
from adsorbed species from the substrate signal. Howevestate orbitals is in good agreement with experiment for a
UPS also often suffers from a dominating photoemission siglarge  variety of  systems, e.g., >MNi(100) 10
nal of the substratée.g., transition metals making a de- NH3/Cu(110)}* NO/RuU001),*® ethylene and benzene on
tailed analysis of overlapping adsorbate states difficult. Cu(110,%17 CO adsorptiort®=?° and formate, acetate, and
With the advent of tunable high brilliance third- glycine on C@110).2%%? This is somewhat surprising—and
generation synchrotron light sources of defined polarizationwill be discussed in detail—as these ground-state calcula-
previously impossible experiments with x-ray fluorescenceions represent just the most simple one-electron picture of a
on adsorbates became possible as the valence electromassive core hole into which the ground state valence elec-
structure of well-ordered chemisorption systems on metalgrons decay. The use of transition potentiéle., a half-
could be probed atom specifically and orbital symmetryoccupied core hofé?9 or fully relaxed core-hole states has
selectively?=?? X-ray fluorescence has been made surfacébeen shown not to necessarily improve the descripfion.
sensitive by performing in grazing-incidence resonant inelasFurthermore, for adsorbates on strongly correlated sub-
tic x-ray scattering at the x-ray-absorption edges of atomistrates, e.g., transition metals, density-functional theory
centers in the adsorbate species. As the incident photon ef®FT) has been found favorable to Hartree-Fock-based ap-

0163-1829/2000/623)/1622912)/$15.00 PRB 61 16 229 ©2000 The American Physical Society



16 230 A. FOHLISCH et al. PRB 61

proaches to calculate the ground-state electronic structure ussrm according to the same irreducible representation, where
ing, e.g., a cluster description. the total nuclear and electronic symmetry of the scatterer has
In this study we investigate and rationalize the one-to be considered, since the nuclear and electronic motion is
electron ground-state interpretation of resonant inelasticoupled.
x-ray scattering and resonantly excited x-ray emission on Resonantly excited x-ray emission is the special case of
adsorbates on transition- and noble-metal surfaces. Most inRIXS, where only a single core-hole intermediate s{de
portant in this discussion is the connection between the relds reached. Then RIXS can be described as an independent
tive intensities in the spectral distribution and the atomicx-ray-absorption step and subsequent radiative decay of the
populations in the adsorbate electronic structure. In additionzore-hole state, which we denote as resonantly excited x-ray
the ground-state interpretation of the spectroscopic obsenemission (XE). The x-ray emission cross section is then
ables in a one-electron picture requires a thorough discussiagiven by Fermi’s golden rule:
of the spectroscopic process, investigating the role of core-
hole creation and annihilation and the presence of valence- / _ 3 W= 2
vacancies, vibrational excitations, and the long-range order xe(w )oc; (Bw—Ep)[(FID- M)
of the adsorbate.
We have choser(2X2)CO/Cu(100) as the prototype XS(Ey—Ep—fiw’) 2

system from the large number of systems investigated by o aysorhate systems RIXS is the valid description in

422 o it - -
uﬁ' Aas It s V\Ile" knfc')m(/jn ﬁxperlmentally and cfor::putatloné generalt’?* However, depending on the particular system,
ally. As a result we find that many aspects of the groundy,e qimpjer description of resonantly excited x-ray emission

state interpretation of resonantly excited x-ray emissiong ogen applicable. The underlying reason for this is that the
spectroscopy are directly linked to the metallic character of,gjence-electronic structure of chemisorbed molecules on
the adsorbate systent(2 X 2) CO/Cu(100) is rather weakly

) y ) metal surfaces is in many aspects metallic, with a character-
coupled (adsorption energy 0.7 eV/molecéfg but its va- istic screening response towards ionization and

lence electronic structure still has metallic character and it%xcitation“‘?"‘ In these systems, independent of excitation
:ynam!c respo”r]se o Co.r%hﬁ!& cLeatmn IS char:_;xctenzlgéj B¥hergy, locally the same fully screened core-excited interme-
ynamic metallic screening:=*"The argumentation valid 516 state is reached, as the excited electron will couple to

for ¢(2x2)CO/Cu(100) as the limiting, weakly coupled o continuum of the delocalized metal states during the
case is therefore certainly applicable to all the adsorbate syg e_nole lifetime?®303133This fully screened and relaxed

tems with stronger coupling. core-hole state dominates, and therefore represents a single
state|M) in the RIXS proces$Eq. (1)]. This allows one to
Il. GENERAL CONSIDERATIONS use the simple case of the XE descriptj@&y. (2)], although

more than one virtual orbital was involved in the absorption

step. The energy difference between the electronic ground

state and the fully screened core-hole stdde is the x-ray
The concept of resonant inelastic x-ray scatteiRXS)  photoemission spectroscopXPS) core-level binding en-

in general and the specific case of resonantly excited x-ragrgy, which in metallic systems is equivalent to the mini-

emission(XES) play central roles in our discussion gearedmum energy required to promote a core electron to just

toward adsorbates. RIXS describes the inelastic scattering @fhove the Fermi level.

x rays, with the photon energy tuned to the x-ray-absorption On c(2x2)CO/Cu(100) we performed resonantly ex-

resonance of the scatterer, where the resonant inelastic scgfted XES into the lowest-lying absorption resonance of the

tering cross section is given in perturbational treatment byadsorbatdthe broadened molecular lowest unoccupied mo-

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

the modified Kramers-Heisenberg formafe® lecular orbita), combining a high absorption cross section
. o 5 with a small shake-up probability in the absorption step. Al-
, <F|D-E’|M><M|D-E|G>\ though c(2x 2)CO/Cu(100) is rather weakly couplédd-
lrixs(@ *“’)‘x; % hw_(EM_EF)+iFM/2‘ sorption energy 0.7 eV/molecdle, its valence electronic
structure still has metallic character, and its dynamic re-
XS(hw—ho'+Eg—Eg). (1) sponse to core-hole creation is characterized by dynamic me-

_ _ _ ~_tallic screening®3! thus making the description of reso-
The energy of the incoming and outgoing phcltons IS giVerhantly excited x-ray emission applicable.
by fiw and7iw’, with the electric-field vector& and E’, However, for adsorbates with very small differences in
respectively. The scattering process consists of x-ray absorgore-level binding energies or with indistinguishable atomic
tion from the ground stat¢G) to intermediate stateM),  centers, leading to the near-degeneracy of the symmetry-
and x-ray emission to all final stat¢g) with energiesEg, adapted core orbitals, a full RIXS description is necessary.
Ewm, andEg, respectively. The core-hole intermediate statesThe implementation of RIXS for these systems, based upon
have a lifetime broadening), . For different core-hole in- ground-state orbitals, has been developed for adsorbed eth-
termediate states with an energetic separation comparable ytene and benzend:?* A full RIXS description is also nec-
their lifetime broadenind™y,, the multiple-scattering chan- essary for many periodic systems, i.e., crystals. Here the
nels interfere, making the x-ray absorption and x-ray emisatomic symmetry-selection rules transform keselection
sion inseparablé The interfering intermediate states are duerules, and the energy dependence of the RIXS spectral dis-
to closely spaced absorption resonances or vibrational exciribution contains band-structure information on the joint
tations. In the RIXS process the initial and final states transeensity of states as momentum is conserved in the coupled
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absorption and emission steffs® In metallic systems the focus is~ 10310 photons/s.
relaxed core-hole intermediate state is a localized state with- The experimental station, built at Uppsala University,

out dispersior(impurity mode}, encompassing ak values.  consists of two UHV chambers with a base pressure of 5
Consequently, valence states spanning the whole momentug1g-11 torr. The preparation chamber contains equipment
space contribute equally to the XE spectral distribution. Vi-¢ . sample preparation and characterization: an ion-sputter
brational excitation plays an important role in the coupling of un, gas inlet, evaporators, a mass spectrometer and a low-

the absorption and emission steps. From free molecules, Vg'nergy electron-diffraction(LEED) system. The copper

brationally excited intermediate states are known to lead t%ingle crystal was mounted on the sample holder where tem-
channel interference, making a full RIXS description

necessar§*3¢On adsorbates, vibrational excitation has beer .
found to be highly photon energy dependent, and indications The Cy100 crystal was cleaned by cycles of argon-ion

of full vibrational quenching have been found toward thresh-SPultéring and annealing to 900 K, until a well-ordered

old excitation®” LEED pattern was obtained and XPS and x-ray absorption

In summary, for adsorbates which have atomic center§PECrosScopy(XAS) showed no contamination. The(2
with well-separated core-level binding energies, and where<2) CO overlayer on Q00 was prepared by dosing 2-L
the valence states are strongly coupled to the metal substrafe© at 80 K, and was monitored with LEED and the known
a single core-excited intermediate state is reached due to the>S binding en.erg|e§8. The CO molecules are known to
fast screening response in metallic systems. In this situatioACCUPY on-top site®’ .
RIXS can be simplified to a two-step process of x-ray ab- 1he analyzer ghamber houses an electron anali&eir
sorption and resonantly excited x-ray emission in a sponta€Nta SES 200" a grazing-incidence x-ray emission
neous radiative decay. Then the x-ray emission cross sectigipectrometéf and a partial electron yield detectbrfor
is given according to Fermi’s golden rulEq. (2)] between ~XAS measurements. The XPS and XES detectors are confo-
the relaxed core-hole intermediate stade., and the cal, with their optical axes perpendicular to the incoming
valence-hole final state¥, . beam, which impinges onto the sample surface in grazing
incidence at 5%2° to maximize surface sensitivity. The
chamber is rotatable around the optical axis of the incoming
beam, allowing for angle-resolved measurements.

As pointed out in Sec. I, ultraviolet photoemission spec-  The radiation from the undulator has almost complete lin-

troscopy(UPS is the most common method for the determi- o5 polarization with the electric-field vect@rin the plane

nation of the occupied electronic states of surface adsorbatief? the storage ring. The orientation Ef relative to the sur-

B. X-ray emission and valence-band photoemission

on metals. In particular, angle-resolved UPS allows one t ; . .
determine the dispersion of electronic bands in momentu ace is variable, as the sample can be rotated around the axis
of the incoming light. The direction of detection is further-

space’ However, angular-resolved UPS usually cannot iden- i ) _ . -
tify the atomic contributions to a specific valence state. Inmore variable relative to the orientation of the sample &nd
particular, it is not possible to separate adsorbate valenc@s the analyzer chamber is rotatable independently around
states overlapping with strong substrate states. On the oth#e axis of the incoming beam. We denote as normal-
hand, XES probes the local electronic structure at a specifigmission geometry the situation where the direction of detec-
atom, and provides an atom-specific and symmetry-selectiviéon is about 5° off the surface normal. In grazing-emission
projection of the occupied valence-electronic structure. XEgeometry the direction of detection is switched to 80° off the
can therefore be seen as the experimental equivalent to buil§urface normal, with an otherwise unchanged alignment.

ing up the electronic structure as a linear combination of ~EXxcitation into the adsorbater2 resonance is chosen to
atomic orbitals. XES and angular-resolved UPS emphasiz&aximize the absorption cross-section, and in order to mini-
different aspects of the electronic structure, and are in thi§lize many-electron excitatiof!$.Highly monochromatic x
respect complementary techniques: XES resolves atomi@ys from a tunable source are therefore needed. On the car-
contributions to the valence-electronic structure, but inteon atom a core hole is created through the <td 27*
grates over momentum space, whereas UPS resolves the nigansition at 287.5 eV, and an oxygen core-hole is created
mentum but integrates over all atomic contributions. Indeedthrough the O & to 27* transition at 533.7 e¥! To deter-

the information from UPS and XES is easy to relate to eactinine the excitation energy, XAS measurements are per-
other as both spectroscopies reach a similar valence-hole fiormed. The photon energy of the incoming radiation was
nal state. In UPS this is reached in direct photoionizationcalibrated from the difference in kinetic energy of photoelec-

and in XES via the radiative decay of the intermediate coreirons excited by light monochromatized in first and second
hole state. orders of the monochromator. The high primary flux neces-

sary to generate a sufficiently strong XES signal can induce
Il EXPERIMENT modifications of the adsorbate layer, i.e., desorption, change
of the bonding site or dissociation. These changes can be
The XES experiments were carried out at beamline 8.0 amnonitored as a change of the XPS signal with time. We
the Advanced Light Source at the Lawrence Berkeley Natherefore scan the sample through the beam at a pace such
tional Laboratory. The 89-period undulator with 5-cm periodthat no modifications of the adsorbate layer can be seen in
length produces synchrotron radiati®R) between 120 and XPS before and after the XES measurement. The energy
1500 eV at a ring energy of 1.9 GeV. The SR is monochro+esolutions of both the XES spectrometer and the beamline
matized with a spherical grating monochromator and focusedhonochromator have been matched in order to have suffi-
to a spot size from 0.01 to 0.02 mniThe flux within this  cient flux at reasonable resolution. The resolution is set by
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the XES spectrometer with a bandwidth of 0.5 eV for carbon

XES
and the oxygerK-edge spectra. ¢(2x2)CO/Cu(100)
CK oK
IV. THEORETICAL TOOLS hw = 267.7 &V hw=533.7 eV

A. Cluster model — normal

-------- grazing

Intensity (arb. units)

The theoretical calculations of the XES spectra were
based on CO adsorbed on cluster models of th€l@
substrate, and were carried out with themoN progrant®
which implements orbital-based density-functional theory
(DFT). The surface was modeled by adgeluster'® where
the central Cysubunit was described at the all-electron level
and the surrounding atoms described using a one-electron FIG. 1. Resonantly excited x-ray emission spectra af@
effective core-potentigECP) developed by Mattssoet al 46 X 2)CO/Cu(100). Each spectrum consists of elastically scattered

In the ECP description of the Cu atoms the core, includdight, conserving the photon energy, and inelastically scattered
ing the 31 shell, is described by a static potential, which light.
includes the effects of relaxation and polarization of the 3
orbitals, but which only treats thes4alence electrons ex- spectra we relate the highest occupied one-electron Kohn-
plicitly. The all-electron copper atoms were described usingSham orbital to the experimental Fermi edge, and apply
the Wachter¥ basis set in afi8s5p3d] contraction with  Gaussian broadening of 0.5 eV full width at half maximum
one diffusep function and onel function added. The carbon (FWHM) to the calculated discrete spectra.
and oxygen are represented in these DFT calculations by the To discuss core-hole effects, we also use XES transition
IGLO-Il basis set of Kutzelnigeget al*® The Perdew and elements calculated previously in a Hartree-Fock implemen-
Wang (PW91)*° gradient-corrected functional was used totation between the fully relaxed core-hole wave function and
describe the exchange and correlation potentials. the ground-state wave functidf.The Hartree-Fock imple-

A critical point of the cluster model is the description of mentation was chosen for this particular study of relaxation
the metal valence band. In particular, the description of theeffects as this computational scheme has not been imple-
delocalized sp-bands is known to be highly dependent omented in the DFT codeemoN; all other calculations are at
cluster sizé®°° whereas the description of the localizdd the DFT level. In Ref. 18 the geometry was obtained through
band is good. In previous publicatidi$®a good description energy minimization of CO on a Gycluster model with one
of thesp band was ensured by systematically studying,Cu all-electron copper and the remaining metal atoms described
Cuy, and Cuy clusters. by ECP’s. The resulting geometry wa&C-O) 1.18 A and

To estimate the influence of adsorbate-adsorbate intera®(Cu-C) 1.73 A, which differs slightly from theR(C-O)
tions we have used a representation where five CO moleculdgs15 A andR(Cu-C) 1.86 A obtained by optimization on an
are chemisorbed on a Gucluster model, simulating the all-electron Cy, cluster. For consistency in the comparison
c(2x2) overlayer. The Cy cluster was treated in an all- we have performed the DFT XES calculation at both geom-
electron description of the copper atoms. etries.

x10

250 260 270 280 290 300 490 500 510 520 530 540
Photon Energy (eV)

B. Calculation of x-ray emission spectra V. RESULTS AND DISCUSSION

As described in Sec. Il A, the XE spectral distributions for
the adsorbate system should be calculated according to Fer-
mi's golden rule[Eq. (2)] as spontaneous dipole transitions In Fig. 1 the experimental XES spectra oo(2
between all possible valence-hole final stades, and the X2)CO/Cu(100) are shown. To the left XES spectra ob-
core-hole state¥ - . In this picture each state must be fully tained at the carboi edge are displayed, and to the right
optimized in the appropriate valence- and core-vacancy pcspectra obtained at the oxygkredge. The solid lines are the
tentials, respectively. However, this scheme leads to difficulspectra measured in normal emission to the surface, and the
ties with nonorthogonal and interacting final states unless alllashed lines are the spectra obtained in grazing-emission ge-
valence-hole states are obtained from the same operator. Tonetry. All spectra contain both inelastically and elastically
simplify the calculations we thus replace both the initial andscattered light. The spectral features at 287.7 and 533.7 eV
different final-state potentials with a single potential. In thisare the elastic contributions, preserving the chosen excitation
investigation the ground state potential and the relaxed coresnergy of the C & to 2#* transition and the O 4to 27*
hole transition potential DRTP) (half-occupied core hoje  transition, respectively. In particular a strong variation of the
have been considered. Thus the Kohn-Sham orbitals of thelastically scattered light with photon energy and angle is
respective potential are used to represent both the initigflound according to the Fresnel description of reflectivity.
core-hole state and the final valence-hole states and the tran- Each spectrum is energy calibrated by measuring elasti-
sition is treated as an explicit one-electron transition. Thecally scattered light from the sample at two different photon
evaluation of the dipole transition moments then simply re-energies(The x-ray spectrometer has a linear dispersion in
quires the computation of one-electron stagigs which in  wavelength, and the photon energy is determined according
the present case is done using the gradient-corrected DR® Sec. Ill) In the next step we subtract the elastic peak from
formalism. To compare experimental and calculated XEShe inelastic contributions, where the peak of the elastically

A. Experimental x-ray emission spectra
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FIG. 2. States ofr ando symmetry are separated by switching 1;5 —— '1'0' — '5 —— (') :

the direction of observation between grazing and normal emission. g
This is illustrated for the Q< spectra ofc(2x 2)CO/Cu(100). Binding Energy (sV)

FIG. 3. Compilation of experimental and theoretical results on
scattered light is modeled with a Voigt function, approximat-c(2x 2)CO/Cu(100) for states of symmetry:(1) Experimental
ing the convolution of the monochromator function and thex-ray emission spectr42) Calculated x-ray emission spectra in the
spectrometer function. ground-state approximation on CO/§uwith a Gaussian broaden-

Due to the adsorbate order and the symmetry-selectioimg of 0.5 eV FWHM.(3) UPS spectra from Ref. 51.
rules of the dipole XE transition, angle-resolved XES spectra

yield information on the symmetry of the involved valence gios regpectively. The spectra are normalized within each

states. FoK-shell XES on CO/C(100), the maximum emis- ;¢ symmetry to unit area to facilitate the comparison of

sion is found perpendicular to the spatial orientation of th&gative intensities within each spectrum and of the line pro-
involved valence orbitals. Thus switching the direction Offiles between carbon and oxygen states

detection between grazing emission and normal emission re- In the experimental Q< XES representing states of

sults in the detection of light fronp states with different symmetry (Fig. 3 two distinct features are found on the

tsr|]oat|ztil or_|ent?t|?n. _Intrs]ormalfemlssllon, radlattlve dlecayI fr(i xygen side at 9.0 and 11.8 eV. These are theahd 4r
€ atomicp states in he surtace plane are strongly Selected,,iqq respectively. Their intensity ratia/&o is ~0.9, with
(moleculars stateg. In grazing emission, XES from atomic

p states in a plane containing the surface normal are detected
(moIec_uIaro and 7 states. _ ¢(2x2)CO/Cu(100)
In Fig. 2 we demonstrate the separation of states ahd - symmetry

o symmetries schematically, and for experimentakK ES
spectra measured in normal- and grazing-emission geom-
etries. Assuming a linear superposition of the and
o-derived emissions, a simple subtraction of the scaled
normal-emission spectrum from the grazing emission spec-
trum reveals states @f-symmeties only. The scaling can be
either based on the calculated angular anisotropy of XES, or

Intensity (arb. units)

must be done empirically using known states of parand XES: Calc.
o symmetry. Ground

In Figs. 3 and 4 the experimental and calculated XES State
spectra(the DFT ground stajefor the oxygen and carbon n I
atoms are shown. Good overall agreement between the UPS in
ground-state DFT calculations and experiment is found Ao A /o
which is the center of the present discussion. The remaining ‘ ,,./' 4
differences will also be discussed in great detail. As our dis- hw =358V eetd
cussion will to some extent treat the relationship between 1'5 — '1'0' — '5 e (') :

XES and UPS binding energies, we have also included UPS
spectra of thec(2x2)CO/Cu(100) from Ref. 51 in direct
comparison, but we will begin by concentrating on the ex- FiG. 4. Compilation of experimental and theoretical results on
perimental XES spectra in Figs. 3 and 4; these have beef2x2)C0O/Cu(100) for states ofr symmetry:(1) Experimental
obtained from the raw spectra in Fig. 1 using the procedur&-ray emission spectr42) Calculated x-ray emission spectra in the
outlined above, and share a common valence binding-energytound-state approximation on COi/gu (3) UPS spectra from
scale by subtracting the XPS G &and O I binding ener-  Ref. 51.

Binding Energy (eV)
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a variation of+0.05, depending on the method of determi- (MND) x-ray edge divergence or threshold singularity’>
nation (peak heights, areas, curve fitSome additional in- As a matter of fact the spectral distributions obtained for the
tensity extending to the Fermi level is found below 5-eVlong and short-time limits are related directly, as the spectral
binding energy. The most prominent statescoSymmetry on  distribution obtained in the long-time limit is the spectral
the carbon side is thedbstate at 8.1 eV accompanied by the distribution of the short-time limit modified by multiplicative
weak 4o state at 11.5 eV. The FWHM of thes5and 40  exponential threshold singularities, varying for each angular
states on the carbon and oxygen sites is about 1.6 eV. In Fignomentum.

3, the inner-valence transitions 3 are not included for

clarity. However, from the raw data in Fig. 1 we see directly 2. Final-state rule

that intensity from the inner-valence region is observed be- The treatment of dynamic core-hole effects as outlined
tween 25- and 30-eV binding energy in both carbon andypove led to the formulation by von Barth and Grossmann in
oxygen XES(magnified section Large differences between 1979 (Ref. 54 of the “dynamic” final-state rule and the
the carbon and oxygen XES are found, which will be dis-«static” final-state rule for the relative XES intensities.
cussed in detail later. . (@) The dynamic final-state rul@he energetic positions
_Inthe m-system the % state dominates. In the K-XES  anq relative intensities in the spectral distribution of XES
its binding energy is 7.5 eV, with a FWHM of 1.8 eV, and in gpectra on simple metals are given by the one-particle tran
the OK spectrum itis 7.8 eV with a 1.4-eV FWHM. Toward sition elements calculated from orbitals in the final-state po-
lower binding energies significant differences are found begential of the x-ray process and multiplicative singularity
tween the carbon and oxygen sites. In the carbon spectrumgnctions at the Fermi level for each angular momentum,
weak intensity extends from a cutoff at the Fermi level to-\hjch take care of the dynamic core-hole effeS85

ward higher binding energy, showing a minimum around 5 (b) The static final-state ruleAs an extension of the dy-
eVv. On the oxygen side a broad distribution of states isyamic final-state rule, von Barth and Grossmann found that
found, with a local maximum around 6.6-eV binding energy.the XES spectra generated by their dynamic calculations are
This distribution becomes weaker toward the Fermi leveljn many cases mimicked rather well by static one-particle

but preserves an intensity comparable to the carbon statgnsition elements only, calculated from orbitals in the final-

between 2 and 0 eV. state potential of the x-ray process.
Within this thinking the final-state rule was extended to
B. Interpretation of x-ray emission intensities narrow-band metals and varying core-hole strergffi.The

. . . influence of dynamic core-hole effects can be categorized
In order to interpret experlmentgl XES spectra in terms O.depending on the occupation of the valence band. The sin-
the ground-state yale_nce e_Igctromc_structure, a reI""t'ons‘h'Qularity behavior increases with decreasing occupancy. This
between the relative intensities within the XES spectral dis'means that for nearly empty bands the dynamic effects be-
tribution at each atomic center and the calculated ground; . large. In the case of highly occupied bands dynamic
state orbital populanons a_md XES transition elements MUSkftects are negligible, and the spectral distribution is given
be found. The interpretation of XES spectral features is q)y the one-electron descriptia?reo
longstanding issue originating from the application of this '

; to determine the bulk electronic struct As these rules are based on model calculations for a ho-
;F’;;IFSOSCODY 0 determine the bulk electronic structure 0Fnogeneous and noninteracting electron gas, their applicabil-

ity depends on how well an interacting electron system is
approximated by this model. The valence electronic structure
of simplesp metals is well approximated by a noninteracting

In the interpretation of XES intensities core-hole creationelectron gas. Therefore, the final-state rule is directly appli-
and annihilation play important roles. In particular, the dy-cable to the XES spectroscopic results on these systems. For
namic response due to the creation of the core hole must badsorbates on transition metals a description of the valence-
considered, as this can lead to substantial effects on the speglectronic structure based on an independent-electron model
troscopic observables. The term “dynamic effects” has beens questionable; here the adsorbate atoms and the localized
coined to summarize the equilibration response of valencetates in transition and noble metals are expected to cause
electrons to the sudden core-hole creation or annihilationlarge deviations.
For homogeneous systems, model calculations on an inde- With this in mind let us return to the interpretation of the
pendent electron gas have been perforifetf In this treat-  XES relative intensities for CO/Cu. In the top panel of Fig. 5
ment two extreme cases are computationally accessible: Treecomputed & XES of 7 symmetry is shown, calculated at
first case is the short-time limit where the interaction be-the Hartree-Fock level as the dipole transition between the
tween the core hole and the electron gas is infinitely short. Imelaxed core-hole wave functio#fcy and the ground state
this case the effects of the presence of the core hole amgave functionWgs.2® In this calculation a significant en-
negligible, and the final-state electronic configuration deterhancement of states close to the Fermi level is observed
mines all spectral features which are then calculated as th&hich is not seen in the experimental spectrum that is shown
one-particle transition elements obtained from orbitals calcufor direct comparison in the lower panel of Fig. 5. The poor
lated in the final-state potential of the x-ray process. Theenergy position of the & state relative to the Fermi level
other scenario is the long-time limit. Here the core hole is(taken as the highest occupied orbital for the adsorption
also annihilated suddenly, but it was present before as mode) in the Hartree-Fock calculations is due to the failure
static state. Spectroscopically the latter case is characterized Koopmans' theorem for @ levels; the more appropriate
by the occurrence of the Mahan—Nozieres—de Dominicigreatment of dynamic correlation in the DFT leads to a more

1. Dynamic core-hole effects
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Hartree-Fock level for the CO/Gu(Ref. 61) model system,

and may be characterized as follows: the metll@vel is

very large(5—-8 e\), the adsorbate valence levels are large
(around 3 eV, and the metal conduction levels are small
(0.2-1 eV. It should be noted that the large difference be-
tween the 8 and adsorbate level relaxations is mainly due to
the failure of Koopmans’ theorem in the Hartree-Fock calcu-
lation, but the trend is intuitively clear, as the relaxation due

CO/Cu(100)
C-K XES, w-symmetry

Hartree-Fock CO/Cuso:
Rel. Core-Hole
<CH|D|GS>

Hartree-Fock CO/Cuso:

_ Frozen to a vacancy in an outer-valence staigost extreme, in the

2 <GS|D|GS> a5 highest occupied molecular orbitaé much smaller than for

2 A an inner-valence vacancy.

3 ! ! : For the discussion of valence-relaxation effects we con-
-‘g DFT CO/Cuso: " sider three different approaches, using the experimental and
E Eg§f3|<35> computed K XES of = symmetry. All the spectra are sum-

gr x5 marized in Fig. 5. To allow an easy comparison of the rela-
tive intensities within each spectrum we have normalized the
respective 4r to equal height. The following spectra are pre-
sented in Fig. 5.

(1) The already discussed Hartree-Fock calculatitmp
pane), where the transition moments are calculated between
the relaxed core-hole wave functiob.y and the ground
state wave functionV .

(2) The frozen-orbital approach. Here both the initial- and
final-state wave functions have been calculated within the

FIG. 5. Comparison of relative intensities in thekCx-ray ~ ground-state potential. In this case core-hole relaxation and
emission spectra of symmetry for the experimental spectrum and valence-hole relaxation are both neglected. This model has
computed spectra, which are calculated in different approximationshbeen implemented in both Hartree-Fock and DHjoth
The CO/Cy, cluster has the same geometry in all calculations.  middle panelscalculations. The latter includes electron cor-

relation.
balanced description of the relaxation effects in the different (3) The experimental spectruttower panel. We assume
levels and a strongly improved energy separation betweethat the experimental spectrum coincides with the hypotheti-
levels. All valence-hole final states are described usingal exact solution, where the transition moments are obtained
ground-state molecular orbitals in the calculation. This isfrom the relaxed core-hole wave functidn., and all pos-
correct for independent-electron models and a good approxgible relaxed valence-hole wave functiofs .
mation for simple metals, and consequently represents the |t is directly seen that the calculations which give best
calculation in the long-time limit or the dynamic final-state agreement with the experimental relative intensifiease
rule with a threshold singularity as discussed above. How(3)] are obtained in the frozen orbital approdaase(2)].
ever, for interacting electrons valence-hole relaxation may bjere we do not observe the significant enhancement of states
sizable, and may cause orbital changes similar to those duggse to the Fermi level which dominate the calculated spec-
to the relaxed core hole; using ground-state orbitals to deg,, betweenV ., and W s in case(1). This suggests that

fSC””be ':he f(ljnal(valt;:]ncl:e-holbe st';]ate It:] combination W't.h tr;? the dynamic core-hole effects are balanced by a variation in
ully rélaxed core nole may then be a poor approximationg ., qare relaxation, which is not included in independent-

Therefore, it can be anticipated that the neglect of Valenceélectron models and case 1, or that the excitation-

hole relaxation could be the reason for the obvious discrep- L .
. _"deexcitation process is a true one-step process where relax-
ancy between experiment and the Hartree-Fock calculation,: -
with a relaxed core-hole onl ation effects are minimal.
y: Let us now investigate the notion of balance between dy-
namic core-hole effects and varying valence-hole relaxation
3. Role of valence hole relaxation by considering the general structure of the XES transition
In CO/Cu the valence electronic structure involves, to a€léments according to Fermi's golden rykq. (2)]. The
large extent, the Cu@states which have large electron cor- matrix elements between respective initial- and final-state
relation effects. One main difference between anVave funcuons_]F} and||\/!)_ are conveniently s_pllt into the
independent-electron gas and a correlated electron systemQg€-electron dipole transition between the actigecdre or-
the response to a valence vacancy. The valence-hole relaital ¢1s and each valence orbitg, . The orbital overlap of
ation in CO/Cu should vary significantly, and increase withall other orbitals, WhICh are not |n.volved in the one-particle
the energy of the valence vacancy. If we consider the energlf@nsition, results in the codeterminant factor Codet for each
difference between the ground state and the real valence-hot# -
final state, the valence-hole relaxation can be seen as a cor-
rection to the ground-state calculation. The energetics asso- R R
ciated with final-state relaxation was calculated at the (F|DIM)~(¢,|D| 1) * Codet.

Binding Energy (eV)
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If both the initial and final states are calculated in the same TABLE I. Experimental and computed spectral data for CO
potential, Codet is constant for all valence-hole final stateschemisorbed on Ga00). DFT results at optimized geometry for
and the relative intensities are given by the one-electron trarf=O on a Cy, cluster modekexperimental values from Ref. 79 in
sition elements. This is the case in the frozen orbital calcuParenthesesrco=1.15 A(1.15 A) andrc,c=1.86 A (1.90 A.
lations[case(2)].
The difference between the frozen-orbital calculation and
the transitions calculated betwe#. and¥ ¢ in case(1)
is a modification of all one-electron transition elements dueExperiment ~090+005% -b11.82 75P-782 g81b.gQa
to the core-orbital contraction and the response of the vag-1 5 0und 0.90 10.9 8.1 8.4
lence orbitals to the created core vacancy in the relaxed cores-+ .. tp 277 115 85 92
hole wave function®y in case(1). More important, a i i ' :
strong variation of the Codet toward threshold emphasizesy-k XES
transitions from threshold valence levels strongly overrck XES
lower-lying valence levels, thus forming a threshold singu-
larity. Note that for gas phase CO the differences betweement shows that the experimental XES intensities are a good
the relaxed and frozen-orbital calculations are very sifall, representation of the ground-state valence electronic struc-
while they become very large for CO adsorption on largeyre.
(polarizable¢ metal cluster models where electrons for |n summary, For a balanced treatment of dynamic core-
screening the initial- and final-hole states are easily availhole effects and valence-hole relaxation either the full calcu-
able. lation of core- and valence-hole relaxation should be
Let us now consider the hypothetical case of calculatingperformed—if computationally possible—or should not be
the XES transition between all possible relaxed valence-holéhcluded at all. In this case the initial and final states must be
final states¥, and the relaxed core-hole stadecy [case calculated in the ground state potential.
(3)]. Here we have not only core-hole effects, but also
valence-hole relaxation. The valence-hole relaxation will 4. Is RIXS a true one-step process?

modify the energetic positions of all valence stafelis- Our interpretation of the XES relative intensities has cen-

cussed in Sec. V I but we consider now only the relative : :
. o K y tered around a cancellation of dynamic core-hole effects and
intensities. If we assume small changes of the one-electron

fransition elements in comparison to &g where only the valence-hole relaxation. This cancellation, as presented, is
P y rather coincidental and therefore conceptually unsatisfying,

core-hole relaxation is included, the difference between thes .
wo calculations must be determined by Codet. Conseggspemally as the one-electron ground-state model works sur-

. : prisingly well for a large range of systems, from metals via
?Su)erwzicﬁoiie}nsr;ﬂsavg){ol'tggsfg) thﬁhfglgcgggg“sgr?;seinsulators to free molecules. Experimentally, the core-hole

stronaly towards the Eermi level. The reason behind thi intermediate state is not an observable. We only know that
shoul%lybe that toward threshold Codet is large due to the IXS leads to a valence excitation of an electronic system

. 9 with an enhanced cross section at core-level thresholds. The
x-ray edge divergence, but toward deeper valence hole

where the influence of the threshold singularit decreaseiormulation of the core-hole intermediate state is, strictly
Y Y eaking, the construction of the second-order perturbation

the increasing valence-hole relaxation keeps the r.n"’lgn'tmfeatment of the photon-electron interaction. In a true one-

of gggicgzﬁfriﬁf ea; aegggﬁg?ssa“ergr;a;ia the hvoothe step description of the valence excitation in the x-ray scat-
d Y, P P yp tfering process, the agreement with the ground-state model

l‘::(le%x?g:ec_?‘lg:g%\tl':ce%:]hcfidr;am);g:jemgrgisffgreetmeree?ag; "€which _neglects both core-hok_a relaxation and va[ence-hol_e
. CH . relaxation would be less puzzling as no core-hole intermedi-
valence-hole wave functiong,, [case(3)] are approximated
) . oo , ate state would be formed.

very well by calculations with the initial and final states cal-
culated in the same potential, i.e., the ground dtzdse(2)].
In this case Codet is constant for different valence-hole final
states. In XES the energy scale is given by the energy difference

Another possibility is to use a transition potential ap-between the core-excited state and the valence-hole final
proach(DFT-TP), where the initial and final states are cal- state. The energy needed to reach the core-excited interme-
culated in the same core-hole potential. In the DFT-TP caldiate state from the ground state is in general the energy of
culation the initial core-ionized state is representedthe absorbed photon. However, as outlined in Sec. Il A me-
accurately, but all valence orbitals in the final state are evalutallic screening always leads, independent of photon energy,
ated in the presence of the core hole. As in the frozen, orbitab a fully screened core-excited intermediate state. The XAS
approactcase(2)] Codet is also constant. However, in con- onset thus coincides with the XPS core-level binding
trast to the ground state calculation the/Bo ratio in the  energy?® Subtracting the XPS core-level binding energy
DFT-TP calculation deviates significantly from experimentfrom the XES energy scale therefore yields a valence
(see Table)l As in both the ground-state picture and the binding-energy scale which measures the energetic differ-
relaxed-core-hole picturéDFT-TP) Codet is constant, the ence between the ground state and the valence-hole final
difference in the /50 ratio must be directly related to the states. Consequently, we can put XES spectra from different
final-state wave function. Therefore, the good agreement beatomic centers onto a common valence binding-energy scale,
tween the one-electron ground-state calculation and experwhere the Fermi level is given by the respective XPS core-

Int. ratio Binding energyeV)
Ao/50 Ao 1w 50

C. Interpretation of x-ray emission energies
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level binding energies. The intermediate core-hole state in 2. Final-state configuration interaction
XES has therefore no influence on the valence binding ener- A¢ seen in Figs. 3 and 4, differences in binding energies
gies. Assuming that the same final state is reached in dire‘btetween the experimental XES and UPS spectra are ob-
valence ionizatiofUPS and via the core-hole intermediate served, as well as differences fortCand OK XES spectra.
state in XES, valence states share a common binding energy,q influence of the core hole should be negligible for the
scale n UPS and XES. . binding energy position of spectral features in XES, as rea-
In Figs. 3 and 4 the XES spectra are directly compared tQ,neq apove. Furthermore, the ground-state calculations ex-
valence photoelectron specfiaGenerally, the overall ener- i g energetic splittings for states projected onto the car-
getic ordering of spectral features in UPS and XES is cOMpqn gng oxygen atomic centers. Therefore, the question is
parable. However, there are significant deviations betweefyather the properties of the valence-hole final state can
the bmdmg energies in UPS and XES, mpst nota_lbly mathe generate such a splitting. In the experimental XES spectra
channel(Fig. 3). For example, the & state in XES is shifted (Fig. 1, magnified pajt we observe that the &8 inner-
~0.5 eV toward lower binding energy than in UPS. We also, 4jence level differs significantly for & XES and OK
observe that the “same” spectral feature has different bindy g |n the ck spectrum a double-peak structure is ob-
ing energies for XES on the carbon and oxygen atoms. Theg e spanning 10 eV: in the OK spectrum we observe a
1w state for CK XES and OK XES d|ﬁer§ by~0.3.eV, single structure, spanning6 eV. As an inner-valence state
and the o state even by-1.0 eV. These discrepancies are yhe 3, state has a negligible dispersion which excludes any

the subjects of the following sections. band-structure effects, and the large differences must there-
fore solely be due to the fact that ther alence vacancies
1. Band dispersion differ whether they have been created by a dipole decay into

XES resolves atomic contributions to the valence-the C 15 or O 1s core hole.

electronic structure, but integrates in a metallic system over 1€ 3 valence vacancy in the CO gas molecule is known

valence-hole final states spanning the whole momentuntl0 he dominated by final-state configuration_ interactio,
where the one-electron molecular-orbital picture cannot de-

space. Angle-resolved UPS, on the other hand, separates . X ; 9 )
valence-hole final states of different mome&AtaS but inte- S@ribe the experimental observables in JP$°In this case

; I X . the one-electron transitions are accompanied by equally
grates over all atomic contributions. Therefore dlscrepanmegtrong multielectron excitations involving the energetic

are expected between the momentum-averaged XES binding, e ying outer-valence levels. The UPS spectrum of the
energies an.d the UPS binding energies, selecting a certafyn gas ¥ region consequently has an energy spread of
momentum interval unless the UPS dgta have peen m_eaSF”SBproximately 10 eV, which is preserved upon adsorption
integrating over momentum space, i.e., the first Brillouingnd has been observed in UPS measurements of CO on
zone. The dispersion of valence states is strongly dependepiy100).7° The ClI picture can also be seen as the decay of
on the CO-CO lattice distance, andd(2x2)CO/Cu(100) the initial one-electron valence vacancy into lower-lying va-
is approximately 0.5 eV for & and 5 and approximately |ence states, leading to a substantial lifetime broadening. For
0.2 eV for 1, whereas dispersion is negligible for lower- metals the probability for the initial valence hole to decay is
lying levels®® In our computational modeling band disper- approximately proportional to the number of occupied states
sion was investigated by calculations with periodic boundanbetween the Fermi level and the valence hole. In copper the
conditions or by using a Gu cluster model with five CO lifetime broadening of a vacancy is of the order of 100
molecules, representing thog2 X 2) overlayer. Here a split- meV at the top of thel band, and increases toward the bot-
ting of valence levels by less than 0.5 eV has been found itom of the band?
comparison to the cluster model with a single adsorbed CO When the initial one-electron valence vacancy cannot de-
molecule. Thec(2X2)CO/Cu(100) UPS spectra from Ref. cay further via lower-lying valence states, the lifetime be-
51 in Fig. 4, curve 3 have been taken in the “forbidden” andcomes very long, leading to a sharp one-electron state. For
“allowed” geometries at 65° off-normal emission. They this reason the CO gas outer-valence stalesadd 5 are
well-defined one-electron spectral features in UPS.

=T . In the adsorbate all valence levels are coupled to the metal
tor parallel to thel’X direction O.f the C(@0Q crystal. Th!s substrate. Due to the absence of a band gap, all one-electron
geometry and energy selects,d(2x2)CO/Cu(100) emis- \ 510nce states can decay further into multiply excited states
sion, the vicinity of thel” point of the second Brillouin zone  jnyolving metal states. Consequently, the adsorbate valence
in the adsorbate, and is moreover characterized by compgeyels are substantially broadened up to 1 eV in both the UPS
rable intensities forr and states. At thd” point the bottom  and XES spectra. On the computational side the simulation
of bands arising fromr states and the top of bands arising of final-state configuration interaction in an adsorbate ex-
from 7 states are found. Although band dispersion can leadeeds the available capabilities. Even for isolated CO the
to different binding energies in UPS and XES, this cannotinner valence calculations are difficult.
explain the observed differences in Figs. 3 and 4. In com- How are the discussed CI effects manifested in the UPS
parison to the UPS features the XBSand 7 states lie at and XES binding energies? In UPS similar photoionization
higher and lower binding energies, respectively, which iscross sections are found for the atomics Z2nd 2
opposite to the shifts expected from the band dispersiorcontributions’? whereas in XES selectively final states of
Consequently other contributions should cause the observeatomic 2o character are probed. Thus different aspects of the
differences between XES and UPS binding energies. adsorbate valence-electronic structure are selected in the two

were recorded in normal incidence at 35 eV with Bigec-
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spectroscopies. Assuming that the relative atonsi@@d 2»  with the experimentally observed shifts which suggests a
contributions vary across the width of the lifetime- or Cl- shake-up interpretation for the adsorbdieband. Indeed the
broadened & and 5 levels, the respective peak maxima probability of reaching a localized or itineragitvalence hole
should differ in binding energy, since UPS probes both thds element specific. With increasing contraction of thehell
atomic X and 2 characters whereas XES probes only thegoing along the transition-metal row the electron correlation
local atomic 2 character. and the probability ofl hole localization increase. Cu is the
A similar mechanism could explain the differences be-first noble metal after thedBtransition metals. The probabil-
tween the OK and CK XES binding energies. The assump- ity of d-hole localization is therefore higher in Cu than in Ni,
tion is that the relative atomicf®2contributions vary within  and the XE spectral distribution deviates more strongly from
the broadened valence levels for the different atomic centershe partial density of states, represented by the itinedant
namely, the carbon and oxygen atoms. As XES is a localholes. In the molecularlike statesr] 50, and 4r, these
atom-specific probe of the local atomip 2ontributions, dif-  effects are expected to be much smaller.
ferent parts within the broadened valence level will be pro-
jected out and XES spectra measured on the carbon and oxy- 4. Vibrational excitation

gen atomic centers will have different emphases, resulting in - g tar we have discussed the observed spectral features
binding-energy shifts. This interpretation is also supportedsgie|y in terms of electronic transitions and excitations. Ad-
by XES spectra from the two chemically inequivalent nitro- iionajly, vibrational motion has to be taken into account
gen atoms inN,/Ni(100), where no binding-energy shifts \ynich is excited due to the rapid change of the molecular

are found in correspondence to the much Sma'Iejzi)teIeCtm”‘?)'o'[ential in the photon-electron interaction. Although our ex-
gativity difference within the homonuclear adsorbte. periment is far from resolving vibrational fine structure on

adsorbates, vibrational excitation is expected to influence the
width and energetic position of the spectral features through
Closely related to the discussion of configuration interac-different vibrational envelopes. Different vibrational enve-
tion are shake-up features. Multiple excitations or shake-ujfopes are due to the fact that, in UPS, the potential-energy
are possible in the initial x-ray-absorption step but also in thesurfaces of the ground state and the valence-hole final state
subsequent XES step. To minimize the former, threshold exdefine the vibrational excitation or the vibrational envelope,
citation has been used, effectively creating a single corewhereas in XES additionally the potential-energy surface of
excited state as discussed previously in Sec. Il A. Shake-ufhe respective C 4 or O 1s core-hole intermediate state is
processes in the XE step lead to final-state satellites, whicimvolved, leading to deviations between UPS andk Gnd
occur toward lower photon energies relative to the oneO-K XES spectral features. In general, the degree of vibra-
electron transitions. In general, final-state satellites are a sp@onal excitation varies considerably for the different atomic
cial case of configuration interaction, where the one-particleeenters which is, e.g., seen in the ®dnd C 1 XPS vibra-
main line is discernible from the multielectron Cl lines. The tional envelopes with full widths at half maximum of 1.7 and
probability for final-state satellites in XES on bulk metals 0.7 eV, respectivelj®>! As pointed out in Sec. Il A, vibra-
has been found to be very lo{f¥whereas in UPS final-state tional excitation in the absorption-step makes in general a
satellites are commonly observed. In contrast to the bulkull RIXS description necessary due to the occurence of life-
metal, in adsorbed CO we monitor valence vacancies whickime vibrational interferencéLVI) between the vibrational
were created by the XES decay into the €dr O 1s core  states reached in the core-hole intermediate state. In gas-
holes located on the adsorbate. The question is whether ishase molecules LVI leads to a strong redistribution of spec-
this case the final-state shake-up probability becomes higheral intensity toward higher binding energies which is seen as
than in bulk metal. In this context we focus onto the adsorthe vibrational envelopes deviate from the Franck-Condon
bate states derived from the methband between 0- and behavior?**® Similar effects for the adsorbate can modify
7-eV binding energies. These states are nearly pure metallite XES binding energies between carbon and oxygen, and
states with only small molecular contributions. The lower-can also introduce deviations in comparison to UPS. How-
lying valence-states@, 4o, 50, and lr have already been ever, for adsorbed CO there are indications of vibrational
discussed in terms of Cl and lifetime broadening as no disquenching for threshold-excitatid,making a simple XE
crete shake-up features to them are obseffags. 1, 3, and  description applicable. In the calculated XE spectra, vibra-
4). In general, ad-band vacancy can be itinerafdelocal- tional effects have not been included.
ized or localized to a particular sité-"® Spectral features
due to itinerant valence holes mimic tdeband partial den-
sity of states. In contrast, localizetivacancies lead to de-
viations in energy, forming satellites. The d-vacancy local- In summary we have reviewed the experimental, analyti-
ization energies are 3.6 and 3.1 eV for Cu and Ni,cal, and theoretical tools associated with resonantly excited
respectively’® In the OK XES spectra ofr symmetry a x-ray emission spectroscopy on CO adsorbed ofi1QW.
shoulder at 6.6 eV is observed which is not seen in the calfhis system stands as an example for adsorbates with no
culated ground-statet, band which lies between 3 and 5 eV equivalent atomic centers on transition and noble metals,
(Fig. 4). A similar structure was also seen in thekOXES of ~ where the valence electronic structure is characterized by
7 symmetry in CO on Ni at 4.5 eV, which is also not seen instrong interaction with the metal substrate. Here the spectral
the ground-state calculatioft$® A possible interpretation of ~distribution of resonant inelastic x-ray scattering is well de-
these features could be final-state shake-up imtheand. In  scribed as spontaneous resonantly excited x-ray emission.
both cases these energies are approximately in agreemehite absorption and emission steps become independent of

3. Shake-up

VI. SUMMARY
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each other due to the fast screening response in the metallies on a large number of diverse adsorbate syst8ris??it
system and the symmetry properties of these adsorbates. By clear that the frozen ground-state orbitals give the best
switching the direction of observation the symmetry of therepresentation so far of the spectral features of XES. Under
involved states is revealed. The experimental spectral distrihese circumstances XES is a measure of the valence-
bution can be modeled successfully by frozen-orbitalelectronic structure in an atom-specific and orbital-
ground-state calculations which represent just the mostymmetry-selective projection onto the respective core orbit-
simple one-electron picture of a passive core hole into whiclals. Finally, agreement between experimental and calculated
the ground-state valence electrons decay. The observeXES can be used to assess the quality of theoretical models
agreement suggests that relaxation effects have a negligiblehich are the basis to interpret the ground-state electronic
influence in this spectroscopy, which could be due to a canstructure of the adsorbate and local bond characteristics.
cellation of dynamic core-hole effects and valence-hole re-
laxation; this can only be tested by further development of
the theoretical techniques to include the fully relaxed
valence-hole final states. This, however, is beyond the This work was supported by the Swedish Natural Science
present capabilities for surface adsorbed systems. Anoth&esearch CounciNFR) and by the Gman Gustafsson Foun-
interpretation is that the inelastic x-ray scattering process is dation for Research in Natural Science and Medicine. The
true one-step process without the formation of a relaxedzaluable support of N. Méensson, J. Nordgren, and J. to
core-hole intermediate state and small differential final-statés gratefully acknowledged. H. Agren is acknowledged for
effects. From the present investigation, and from earlier studmany valuable discussions.
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