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Interpretation of x-ray emission spectra: NO adsorbed on Ru (001)
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A density functional investigation of the x-ray emission spectrum of NO adsorbed @0Rtnas

been carried out using model cluster calculations. The dipole matrix elements governing the
emission probability were evaluated in the frozen ground-state approximation. The resulting
simulated spectra exhibit all characteristic features of the experimental data. A detailed analysis of
the electronic structure of the model clusters permits a complete rationalization of all observed
trends. Furthermore, a picture of the surface chemical bond results in which the classical Blyholder
frontier orbital model is extended to a three-orbital description for bothatteand o interactions.
Comparison of different adsorption sites reveals that threefold coordinated NO features a stronger
orbital interaction with the substrate than NO adsorbed in an on-top positiorl999 American
Institute of Physicg.S0021-960809)01434-§

I. INTRODUCTION established description of adsorption properties such as bind-
ing energies, adsorption geometries, or vibrational frequen-
While x-ray emission spectroscogXES) has been in  cjes which, in a certain sense, only provide an averaged view
use for free molecules and crystals quite a long tifehe  of an adsorption system. In fact, by a careful analysis of the
availability of third-generation synchrotron light sources pro-one-particle wave functions which result from conventional
moted the application of this technique to adsorbates oguantum chemistry or density functional calculations, deep
surfaces™® The core hole creation process which precedesnsight into the surface chemical bond can be achieved; simi-
the actual x-ray emission allows the selective excitation ofar insight is now, in principle, also accessible via experi-
individual atoms of an adsorbate. This has been demonment.
strated recently even for the two atoms of a iolecule Actually, x-ray emission from a strongly coupled adsor-
adsorbed on ND01).'* If measured in angular resolved pate corresponds to a transition from a fully charge transfer-
fashion, the emitted photons finally yield energy-, atom-, ancscreened adsorbate core hole state to an equally fully
symmetry-resolved information about the electronic structurgcreened adsorbate valence hole state. Calculations which
of the systems under study. Thus, x-ray emission spectrogake full account of all these relaxation processes are not yet
copy provides insight into adsorption systems at a level ofeasible. In previous studi€s**®various one-particle ap-
detail which up to now had been reserved for quantum chemproximations were applied. The frozen ground-state orbital
istry methods. In fact, XES can be employed as a kind ofpproach, though certainly a strong approximation, was
experimental population analysis, as will be demonstrated ifound to lead to the best agreement with symmetry-resolved
this study, at least to the extent that the salient features founglperimental spectra. In any case, this frozen ground-state
experimentally can be interpreted in a frozen orbital modelnodel is closer to reality than any model that takes into
as advocated here and by similar model calculations:  account relaxation phenomena on either the initial or the
X-ray emission intensities are very sensitive to the charactefing| state alone. We therefore used this approach here as
and shape of the electronic wave functions involved. Therege|| and arrived, as will be shown, at the same overall posi-
fore, the correct determination of x-ray emission spectra byiye conclusion.
means of electronic structure calculations is quite a challenge Tpe adsorption system NO/RID1) has recently been
to quantum chemistry methods. Yet, it has beengjnyestigated experimentally using x-ray emission
demonstratetd~*®and will be confirmed by the present work spectroscopy’ Stimulated by these measurements, a de-
that electronic structure calculations are capable of revealingjjeq analysis of the electronic structure of this ads’orption
such subtle details. Thus, they are well suited for a detailegystem has been performed with special emphasis on the
interpretation of XES data which goes far beyond the well-gjmjation of the x-ray emission intensities as a function of
adsorption site and of the initial core hole state. The simu-
dElectronic mail: roesch@theochem.tu-muenchen.de lated spectra are first discussed at the effective one-particle
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picture adopted for the calculation. Then, it will be demon-
strated that most of the features of the experimental XES
data are indeed very nicely reproduced by the frozen ground-
state simulation. The adequacy of this one-particle approach
to the interpretation of x-ray emission spectra will be dis-
cussed in more detail elsewhérfedere, we focus solely on NO/Ru+3 (on top)
the overall agreement that can be achieved by such a theo-
retical approach.

NO/RuU00Y) has already been the subject of a combined
experimental and theoretical stuti/That investigation was
mainly dedicated to a rationalization of the vibrational spec-
tra which had been recorded by means of high-resolution
electron energy loss spectroscogiifREELS measure-
ments'® Below 200 K NO exists as a molecularly adsorbed
species, either on top of substrate atoms or in threefold hOll:IG. 1. Schematic representation of the cluster models. The substrate atoms
low sites'®2° |t was found?® that the two types of adsorption are shown as gragsurface layerand open(subsurface laygrcircles. The
complexes exhibit quite different electronic structures whichposition of the adsorbate is marked by the small black circle. NO is bound
are manifested through a significantly lower NO stretching"'a the nitrogen center and with its molecular axis oriented normal to the
frequency for the threefold specié$400 cm ') compared surface.
to the on-top specied800 cm 1). In the case of the hollow
site adsorption, this large vibrational frequency shift was ra-
tionalized by a negatively charged NO species. Yet, arineasurement of the XE_S spec_tra, the sample was cooled to
analysis of the electronic structure of the adsorption comple$© K- The two NO species of interest were prepared sepa-
was not the main issue of that work, especially because rd@t€!y in two different adsorption layers with oxygen as de-

tionalizations in terms of one-particle orbitals may appeaSc'i0€d in detail in Refs. 19 and 20. There is evidence that
somewhat arbitrary or even a matter of taste without an)}he presence of the coadsorbate doe; not significantly influ-
direct comparison to experimental data. Now that x-raySNce the XES spectra of the NO species.
emission data are available for NO/RQJ) it is worthwhile
to reinvestigate this adsorption system with special emphasi
on the individual molecular orbitaldOs) of the adsorption ll?l COMPUTATIONAL DETAILS
complexes. A. General

A consistent picture of the surface chemical bond will The calculations were performed with the program
arise from this analysis. Although NO ang Narry different

5  oloct d different substrat ol qPARAGAUSSSO’Sla parallel implementation of the scalar rela-
numbers of electrons and ditterent substrates aré INVOIVeq, iqtic jinear combination of Gaussian-type orbitals density-

the bonding mechanism of NO/RaD1) will turn out to be functional (LCGTO-DF) method®233
quite similar to that found previously for Nand CO on For ruthenium, a (1511p,8d) Gaussian orbital basis
Ni.112122This provides strong evidence for the general Varg o 7435 a5 extended by o’nsee’xponent(o 2045, two p ex-

lidity of the extended interaction scheme advocated here. ponents(0.1634, 0.0635 and oned exponent(0.080 004.
For nitrogen and oxygen, basis sets of the sizg 59,1d)
were usetf with the d exponents taken from Ref. 37. All
Since a detailed description of the experiments will bebasis sets were subject to generalized contractiaizained
presented elsewheté,only a brief summary of the most from spin-restricted atomic calculations. The resulting con-
important experimental aspects shall be given here. The exracted basis sets ar¢8s,6p,4d] for ruthenium and
periments were carried out at Beamline 8.0 of the Advance(l5s,4p,1d] for oxygen and nitrogen. The local density func-
Light Source at Lawrence Berkeley National Laboratoriestional in the form suggested by Vosko, Wilk, and Nusgir,
which is equipped with a modified spherical grating mono-together with the generalized gradient correctig@GA)
chromator covering the energy region between 100 and 130proposed by Perdew and Waffywere applied throughout
eV. The high-level surface physics end station used at thithis study.
beam line was constructed at the University of Uppsala; fora  In accordance with experimental resdit€’three differ-
detailed description, see Refs. 23—25. It consists of a prepant adsorption sites were considered. The corresponding
ration chamber containing low-energy electron diffractionmodel clusters are shown in Fig. 1. The geometry of the
(LEED) optics, a mass spectrometer, and a gas doser systemyjsorption complexes was taken from a quantitative LEED
and an analyzer chamber equipped with a Scienta SES-2CGalysis of the (2X2)-3NO/RU001) adsorption system
electron spectrometéf,an x-ray absorption detectéfand a  where all three possible adsorption sites are reafi2é4The
grazing-incidence multiple-grating spectromé®é? for the  surface layer relaxation and buckling found for this system
detection of reflected and emitted soft x-ray photons. was also included in the cluster models. However, to facili-
For the procedures for sample and adlayer preparatiotate the computation, the slight deviation from the idég)
and definition, see Ref. 17. Care was taken to exclude angymmetry configuration observed experimentéiageral dis-
degradation of the layers during data accumulation. For thelacement of up to 0.08 JAwas not taken into account.
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Il. EXPERIMENTAL DETAILS
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To simulate metallic behavior, fractional occupation TABLE I. Calculated properties of various NO/R®1) adsorption com-
numbers were adopted for the finite substrate model clustéyexes: Mulliken charge of the adsorbate NO and contributions andq,,
in all of the calculationg2 To this end. the occupation num- from theo and 7 interaction channel_s, dynamic dipole mqmépﬂ&z for

e ’_ L the Ru—NO stretch mode, induced dipole momept, and shiftAE of the
bers were chosen according to Fermi statistics by formally-ermi energy with respect to the bare substrate clustetop: —4.03 eV,
employing a temperature which corresponds kiTavalue of ~ hcp and fec:—4.01 eV.

0.07 eV. The calculations were performed in spin-polarized

fashion. Nevertheless, for all cluster models the spin differ- (2) ?é; ?e’; ‘?’(Léfz ?g (Ae%/)F
ence turned out to be negligible once self-consistent field
hep -049 025 -0.74 -0.06 —076 —0.09
fce -036 025 -061 -010 -035 -0.16

B. XES spectra

Within the dipole approximation, the recombination of a
valence orbitalf) and a previously generated core hpleis

; ) final-state orbitals with locgb-character around the nucleus
described by Fermi’s golden rule

in question are able to contribute to the transition matrix
I(E)=(E;—Ep)*i|x|f)2. (1) element. Using a linear combination of atomic orbitals

Following the strategy of recent successful simulations of the(LCAO) description of the fm_a I-state_ orbitals, some
XES spectra of CO and Nadsorbed on NLOO™-3 the p-character from _each atomlc_ basis functlon_ gt the ot_her ad-
transition matrix elementi|x|f) is evaluated in a one- sorbate atoms will always exist at thfa specifie dore s@e.._

particle approximation as a matrix element between approl_-lowever, pecause of the ;mgll spat!al extent .Of th_e initial-
priate Kohn—Sham orbitals which are taken from a ground-state k orbital, these contributions W!” bq of minor impor-
state calculation. Here, thesbrbital of either the nitrogen or tance only and a one-center approximation is highly accu-

L rate. For that reason, XES spectra have sometimes been
the oxygen center serves as the initial state, whereas for the . :
. . . . : considered as an experimental analog to an atom-resolved
final state the entire set of valence orbitals is considered.

. . ) rbital lation analysi$!* On the other hand, one alw
It is experimentally well established that the initial state0 bital population analysis: On the other hand, one always

of the actual x-ray emission process is a fully relaxed Corehas to keep in mind that the XES transition matrix elements
- ) L are sensitive to the direct vicinity of the core region only.
hole staté}*? For a given XES spectrum it is the same for Y 9 y

Thus, XES intensities of a specific Tore hole do not fully

all emission ProCesses. Core hp le relaxation effects thereforr%flect the overall character of a given final-state valence
do not affect the relative energies of the XES signals. Morebrbital

)C:Vrzg} ghgie?ii;?gnoggggrgzz &?3'98) ﬁ;a;ikifagggs}%ﬁi by To facilitate comparison with the experimental data, the
- : - ) ) I I . . .
the energies of the emitted XES photons, the resulting blnd(-:a culated discrete spectra were subjected (o a Gaussian

ing energies should equal the valence orbital ionization enl_:)roadenmg procedur@®.3 eV full width at half maximur
ergies as measured by direct photoemission. It has also been
demonstrated repeatedly that Kohn—Sham ground-state onbl: RESULTS AND DISCUSSION
particle energies are well suited for providing a reasonable, General remarks
qualitative description of photoemission speéft&®Hence,
we adopt this procedure and identify the binding energie
obtained in this way for the various valence orbitals with the  According to the Blyholder modéf, bonding of a NO
corresponding Kohn—Sham one-particle energies. molecule to a transition metal species can be divided into
Photoemission in the normal direction corresponds to amonation andw back donation. The amount of electronic
orientation of the polarization vector parallel to the surfacecharge transferred from the adsorbate to the substrate and
Assuming localCj, symmetry of the adsorption complexes, vice versa can roughly be estimated by a Mulliken popula-
only orbitals which belong to the twofold representation tion analysis(see Table)l o electron charge donation from
are dipole active in this case. Grazing emission involiles NO to the substrate is found to amount to about 25 is
equal parts polarization both perpendicular and parallel to almost the same for all three adsorption sites. On the other
the surface. By subtraction, a spectrum solely for polarizahand, the amount of back donation shows a significant site
tion along the surface normal can be extractéhly those dependence. Compared to on-top adsorption, hollow site ad-
orbitals which belong to the totally symmetrég represen- sorption complexes feature a substantially stronger back do-
tation contribute to this spectrum. For convenience,dhe nation, with the charge transfer at the hexagonal-close-
and e representations will be referred to as theand 7 packed (hcp site being slightly higher than at the face-
representations of theé.., symmetry group of free NO in the centered-cubidfcc) site. As a consequence, at the hollow
following. sites the adsorbate exhibits a significant negative net charge
Since in the one-particle picture adopted here the transitsee Table)lin accordance with previous assignments of the
tion intensity is determined by the matrix elements between adsorbed specigé At the on-top site, NO exists as an almost
1s orbital of nitrogen or oxygen and the valence orbitals, ancheutral species. To account for possible shortcomings of the
since these 4 orbitals are strongly localized at the corre- Mulliken procedure, in the previous density functiofBF)
sponding center and exhibit almost perfect spherical symmestudy'® the substrate—adsorbate charge transfer was also in-
try, the interpretation of XES spectra is rather simple. Onlyvestigated by means of static and dynamic dipole moments

Sl. Adsorbate —substrate interaction
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n DOS n DOS

FIG. 2. Electron density difference between the model clustesNRdl for
on-top adsorption and its isolated constituents,;Rund NO, shown in the
(100 plane. o and 7 contributions are displayed separately. Solid lines
represent electron accumulation, dashed lines electron depletion. The value
of the contour lines are-0.032, =0.010, =0.0032, and+ 0.0010 a.u. The
positions of the various atoms are indicated by horizontal bars. A
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as well as by adsorbate-induced shifts of the Fermi energy qFfle(f;t ;éniilgﬁ? ‘ﬁfp‘(’r?g”ﬁ{tg;;;“;f;?;ﬁ;??;’fpgﬁ’afj {Eft,dﬁfdfffn’ﬂfp

the model clusters. For comparison, the corresponding dattion channels and projected onto adsorlfateded grayand substrate.

obtained in the present GGA investigation are also giveﬁl'he projection is based on a Mulliken po_pulation analysis. The line spectra

(Table ). They are in good agreement with the results re-"3/e Peen broadened by a Gaussaalf width 0.3 V.

ported previously® which were calculated in th&Xa ap-

proximation, corroborating these earlier local density ap-, Density of states (DOS)

proximation (LDA) results. There are several uncertainties . .

related to the criteria employed to characterize the charge In Fig. 3, the densities of states of the on-top and the hcp

distribution, e.g., the influence of intraadsorbate and intramc’del clusters are displayed. The mesal band starts at

substrate polarizations on ttidynamig dipole moments or bg‘dmg r(]aneligles_ ?f at:OL_jl:[hlo e\N/Oar:jd e)ftendj to aEOUI 4 ebV
the effect of direct orbital interaction between adsorbate ang?°Ve the Fermi level. Three -dominated peaks can be

substrate on the energy of the highest occupied orbital whicﬁeg’.? Iln tk;e;(ghz;nnel;tt:ey derive Iflrom the?3d4fo', ant(:] o al
serves as the Fermi level in a model cluster. Nevertheless, nals o - >Ince they are well separated from the meta

are convinced that the overall qualitative picture derivedth‘lnd ec?gr?r?gﬁc% tgi?;ferre]tSfter(;?l?rlgsagfgrg;tcee?r?imgn%t;g;,\:n
from these criteria is correct: for hollow-site adsorption, a ™ ’

negatively charged NO species is found, whereas at the oﬁhe Fermi level, a single isolated NO dominated peak yvell
. . . .below the metal band at about 13 eV, and a broad manifold
top site, the NO fragment carries noticeably less electronic - . .
charge and exists as an essentially neutral species oH‘ states within the metal band with rather small NO contri-
Ru(O%l) y P %unons. The former peak derives from the adsorbateot-
" . 3 . bital, whereas the latter feature is commonly referred to as
Previously, it has been argu€d®that the different net . . =
. the 7r resonance, associated with back donation; these levels
charges of on-top and hollow-site NO speéiesre caused . .
; . arise from metal-dominated states. NO related peaks above
by an inverse Blyholder scheme in the channel for the . o
S the Fermi level also exist in the DOS of the and thesw
on-top species, i.e., electrons are transferred from the adsor; . .
- channel. Altogether, the DOS for the two adsorption sites
bate to the substrate. However, examination of th

S Sook very similar. The main difference in the present context
adsorption-induced charge rearrangement by means of elec-

L . . IS that in the case of hollow-site adsorption, the metal con-

gggsdﬁgtsgglg'gﬁﬁg%?&tggg' (ZJ)br\i\c/)iZl:; tir;]atthter];sc?]w;)rc]j_el tribut?on Fo the X state is larger gnd that., in turn, the N©
. ' ' .__.contributions to the back bonding orbitals are more pro-

nel the electron density of the adsorbate decreases S'gmﬁ'ounced.
cantly, whereas in ther channel electron accumulation
around the nitrogen and oxygen centers is clearly discernible. _ _ -
Note that there exists no charge conservation within indiB- Interpretation of the XES intensities
vidual symmetry channels. According to the Blyholder ; 1he o channel

model, back donation to the adsorbate should directly lead to ike the DOS plots di d bef h lculated XES
a weakening of the NGr bond and to an elongation of the Like the DOS plots discussed before, the calculated XE

N—O distance. However, the LEED analy&i® yields a spectra for ther channel(Fig. 4) exhibit three major signals
marginal shortening of the NO bond length for the on-topbelow 10 eV and one small signal at about 7.5 eV; they will

site by 0.02 A compared to the gas phase. This can be r&e denoted as@to 60, respectively. Inspection of t~he elec-
garded as a harbinger for necessary modifications to the clagionic structure of the model clusters reveals that the tBe
sical Blyholder model of adsorbate—substrate bonding. Thde, and the % signals can actually each be assigned to
small decrease of electronic charge between the atoms of thsingle cluster orbitals. Some of these orbitals of the adsorp-
adsorbate discernible in Fig. 2 provides further indication fortion complex turn out to be quite different from those of the
a more complex bonding mechanism. We will return to thisunperturbed reference molecular NO orbitals & 50; a
point in Sec. IV B 2. different designation is therefore helpful.
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FIG. 4. Calculated N-edge and O-edge XES spectra of three model clusterafats channels(a) on-top adsorption complex RNO, (b) hcp adsorption
complex RuysNO, (c) fcc adsorption complex RYNO. The line spectra have been broadened by a Gaudsadinwidth 0.3 eV). The spectra for both types
of core holes and all three adsorption sites are normalized to the same owepdlis(w channel intensity.

a. Analysis of the orbitalsA fragment orbital analysis contribute to the transition matrix elements, the intensity of
has been used for examining the formation and shape of newe 45 and 5 signals in the N-edge spectra will thus exclu-
orbitals within an adsorption complex. To this end, the mo-sjvely depend on the amount off5admixtures to the cluster

lecular orbitals of the clusters are expressed as linear combisypitals 4r and 5. These admixtures are found to amount

nations of the molecular orbitals of the bare substrate clustert% roughly 20% and 60%, respectively, for all three adsorp-
and the NO moleculéboth in the geometry of the corre- yion sjtes investigatedTable I). The resulting ratio, 1:3,

sponding adsorption complexand a Mulliken population  44rees very nicely with the observed relative intensities in

analysis is applied to this decomposition. the N-edges channel XES spectréFig. 4).

This fragment analysi¢Table 1) reveals that the mo- The major difference between the O- and the N-edge
lecular NO 3r orbital does not interact with any other orbital . . . ~ .
pectra is the remarkably low intensity of ther 4ignal in

nd th ntirely k its molecular char r. In contr .
and thus entirely keeps its molecular characte contras he O-XES spectra. This finding is due to the particular su-

the 40 and 5 orbitals of NO strongly rehybridize upon . ) ; .
interaction with the substrate. The final shape of these hybrigerposmon of the NO & and 5 orbitals in the formation of

orbitals will provide the key to analyzing the relative inten- the 4o orbital of the adsorption complex. Both adsorbate
sities of the observed XES signal. As evident from Fig. 6 and¥IOS interact in a bonding fashion with the substrate. Thus,
Table 111, the NO 4 molecular orbital does not exhibit any the 4o and 5 orbitals carry the same phase at the nitrogen

nitrogen p contribution. Since only atomi@ populations site of the NO molecule, but opposite phases at the oxygen
site (see Fig. 6. As a consequence, the oxygprcontribu-

tions of the two orbitals cancel each other to a large extent in
TABLE II. Fragment orbital analysis of various adsorption model clustersthe final 45- cluster orbital. For thefi orbital of the adsorp-
for the clustero orbitals. Contributions of the NO reference orbitais tion complex the phase relationship between theabd 40
percent to the cluster orbitals. Contributions below 1% are not shown. ; . .
Energies in eV. MOs of NO is reversed. Therefore, constructive superposi-
tion of the p contributions results at the oxygen site which

leads to the more pronounced Seature in the O-edge spec-

Free NO contributions

Orbital Site Energy 30 40 50 tra (see Fig. 4

= b. Site specific difference3he spectra for the fcc site

3o :::p 2#'22 18; 1 resemble very much those calculated for the hcp site, indi-
fcg 28.62 100 cating a rather similar adsorbate—substrate interaction at the

45 top 17.58 75 17 two hollow sites. Thus, we will focus our discussion on the
hcp 17.47 1 74 17 differences between the two hollow sites and the on-top site.
fee 17.41 1 76 16 The most significant distinction is the stronger reduction of

50 top 1351 26 60 the oxygen 4 intensity for hollow-site adsorption. The frag-
?gf 1121_'533 2?2 §§ ment orbital analysis shows that the composition of the 4

orbital in terms of NO MOs is almost identical for all sites.
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(a) (2x2)-NO+20/Ru(001) (b) (2x1)-NO+O/Ru(001) (c) simulation (1.2 eV)
o 2 nxes| |o 2% NXES T
H on-top

intensity

O-XES N-XES

/ J\\__ | / -\ O-XES

3 30 26 20 15 10 &5 O 35 30 25 20 15 10 5 O 35 30 26 20 15 10 &5 O

binding energy [eV] binding energy [eV] binding energy [eV]

FIG. 5. Experimental N-edge and O-edge XES spectrddpo(2x 2)-NO+20/Ru001) (on-top and(b) (2X1)-NO+O/Ru001) (hollow site. The spectra

for both types of core holes and the two adsorption sites are normalized to the same oveta ¢ channel intensity. The experimental binding energies
are corrected by the respective work functions, 6.5 eMdpand 7.2 eV for(b). In (c), the = channel of the calculated N-edge and O-edge XES for all three
model clusters is presented. A Gaussian broadening with a half width of 1.2 eV is applied to the theoretical raw data. The two peaks visible inaeery simu
spectrum represent therland the 2r signals.

However, as a consequence of different values of the NQ. The = channel
bond length, the shape of the free NO orbitals involved is
site dependent. In the hcp site structure, tectbital of the

noninteracting NO exhibits a lower @population, whereas
in the 50 orbital the Op population is higher than in the NO

The 7 interaction of diatomics such as COy,Nor NO
with transition metal species is often reduced to an interac-
tion of the 27* with an appropriate metal state. This
_ i : model—commonly referred to as a Blyholder model, even
orbitals in the on-top site geomet(gee Table Il. These  hqough Blyholder originally applied a three-orbital picture to
slightly different compositions of the# and 5 molecular  ine 7+ channel” —neglects &—27* rehybridization. How-
orbitals obviously lead to a more perfect cancellation of theever the importance of such effects for the adsorption of NO
O p contribution in the resultlngd: cluster orbital in case of on nickel was already demonstrated a long time Zgo.
the hollow-site adsorption complex. Hence, a three-orbital mod@lsually illustrated for an allyl

c. Comparison with the experimental spect@ompari-  radicaf® or H;°%) which also takes into account the occupied
son between the experimental XES spectra and the calcu- orbital of the adsorbatés in Blyholder's original con-
lated transition probability-weighted densities of stdféig.
4) is complicated by the very large broadening of the &hd
4 signals in the experimental specfigigs. 5a), 5(b)]. In
part, this broadening is caused by lifetime and many-body
effects which are not included in the theoretical description
adopted here. Apart from these missing effects in tise 3
signals, all qualitative characteristics of the experiment are
reproduced by the simulated spectra. The calculated relative
intensities of the & and the % orbitals show the same trend
as in experiment. Also, the site dependence is predicted cor-
rectly by the simulations.

TABLE Ill. Atomic Mulliken p populations of ther orbitals of a free NO
molecule with the N—O distance as observed at the various adsorption sites.

30 4o 50
. FIG. 6. f th itals of the free N lecul
Site d(NO) o N o N o N G. 6 CoEtour m~aps of t eo4‘and 5 orbitals of the reg O molecule
and of the 4r and 5 cluster orbitals of the on-top adsorption model cluster
on-top 1.13A 0.10 0.12 0.32 0.02 0.23  0.36 Ru;aNO. The values of the contour lines ate0.32, =0.10, =0.032 and

hcp 1.24A 008 0.10 0.23 0.01 0.32 0.37 =*0.010 a.u. The positions of the various atoms are indicated by horizontal
bars.
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TABLE IV. Fragment orbital analysis of various adsorption model clusters
for the clusterm orbitals. Contributions of the NO reference orbitails
percent to the cluster orbitals. Contributions below 1% are not shown. From
the manifold of 2r orbitals a high-energy (2,) and a low-energy ()
representative are chosen. Energies in eV.

Free NO contributions

Orbital Site Energy 1m 27

top 12.95 92 2

17 hcp 11.32 74 8

fcc 11.51 81 5

top 8.62 3 3

2m hcp 7.72 8 2

fcc 7.93 6 2

top 4.42 1

2}2 hcp 4.64 9
fcc 4.75 1 7 FIG. 7. Contour maps of selected orbitals of the on-top model cluster

Ru;sNO shown in the(100) plane: The & orbital, one orbital of the high-
energy end (Z,), and one of the low-energy end%2) of the back bond-
ing manifold as well as a virtual orbital with a strong contribution of the

cepd is much more appropriate. In fact, this “allyl model” m_olecular NO Zr orbital. The values of the contour lines are the same as in
has been applied successfully to the description of XES spec'::—'g' >
tra of other dimers on metal surfaces befbr@he key point

of this allyl model is the formation of three entirely new . .iibutions of NO orbitals are rather smélfable 1V).
orbitals of the adsorption complex as linear combinations ofrhase contributions are derived fromriand 2+* admix-
the 17 and the 2r* MOs of NO (or alternatively, of the
2py,y from the two adsorbate atoand a suitable set af
frontier orbitals from the substrate. These three new orbital

are:

tures of various weights. Ther admixtures to the Z or-
bital are antibonding, whereas the contribution from the" 2
MO exhibits bonding character toward the substrate. As a
result, the wave function amplitude on the nitrogen center is
(@ a totally bonding orbital with equal phases and similarsubstantially reduced, but amplified on the oxygen center;

weights on all atoms, thus, a lone pair orbital is formed which is the most charac-
(b) a nonbonding “lone pair” orbital mainly localized on teristic feature of the allyl model discussed above. Because

the oxygen(and the metal and the NO contribution of this lone pair level is predominantly
() a completely antibonding orbital with alternating |ocated on the oxygen center, the intensity of the @eak is

phases between each pair of atoms. much larger in the O-edge spectra than in the nitrogen spec-

) ] ) o ) tra. The degree to which the wave function contributions in

They differ substantially from the orbitals originally obtained {6 |one pair orbital cancel each other strongly depends on
by Blyholder (for CO). This three-orbital interaction scheme ine ratio of the & and 2r* contributions. In general, the
is fully confirmed for NO adsorbed on RaDY) by the  onpibution of the NO & MO becomes less important with
present NO/R(D01) model cluster calculations and will thus decreasing binding energy.e., with increasing orbital en-
be applied in the following to explain the characteristic fea‘ergw whereas simultaneously the amount of the*2MO
tures of thel XES sf,pehctra_t. dvidual orbitalsAll calculated admixture increases. This leads to a continuous change in the

a Ar.1a ysis o. t € |n. viduai_or italsAll calculate orbital character within the manifold of them2orbitals. At
spectraFig. 4) exhibit one isolated & peak anciafurther set the high binding energy edge of the resonance, the nitrogen
of peaks which will be referred to as the #2feature.”  contribution almost vanishes and the lateral nodal plane of a
Similar to the interpretation of the: channel, a fragment ep esentative 2, orbital nearly hits the nitrogen centésee
orbital analysis was applied to analyze the constitution of thq:ig_ 7). With decreasing binding energy, this nodal plane
relevant orbitals. The results are summarized in Table V5 es continuously toward the “outer” 6xygen center. so
The isolated % orbital which gives rise to the signal in  that finally, at the low-energy edge of the resonance, it lies
the XES spectra exhibits strong adsorbate character. It comight between the two adsorbate atoms which is equivalent to
sists mainly of the NO & MO with minor contributions  an increase of the i, , contribution to the resonance. Nev-
from the metal orbitals and the antibonding N@2orbital.  ertheless, the orbital still exhibits bonding character between
The 27* admixture is in-phase on the nitrogen center andhe substrate and the nitrogen center. We were also able to
out-of-phase on the oxygen center; this leads to andentify the doubly antibonding orbital of the allyl model in
interaction-induced polarization of therlorbital (which is  our calculations. It exists as a virtual orbital in each of the
more pronounced at the oxygen center than at the nitrogefluster modelgsee Fig. 7 for the on-top siteoughly 1.5 eV
centej towards the substrate, in accordance with the totallyabove the Fermi leveFig. 3) and thus does not contribute to
bonding orbital of the allyl modelsee Fig. 7. X-ray emission.

On the other hand, the manifold of orbitals which pro-  p. Site specific differencein principle, the orbital pic-
duces the zr feature is dominated by the substrate whileture is equally valid for all three adsorption sites. However,
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the fragment orbital analysis of the adsorption complexesigs. Ha), 5(b)]. The internal structure of the72 feature
reveals that, as a general trend, mixing between adsorbaggscernible in the transition-weighted DOS curves is not re-
and substrate orbitals is more distinct for NO adsorbed at thgolved in the recorded XES spectra. On the one hand, this
hollow sites. This can be rationalized by a simple geometrignay be related to the broadening of the x-ray emission signal
argument. Due to the absence of a metal atom directly belownd to the limited resolution of the experimefimcluding

the NO molecule in the threefold sites, the NO species gelfyetime effecty. On the other hand, details of therZeature
closer to the surface in comparison to the case for the on-to;;hay very well be a consequence of the finite cluster model
site. For this reason, and also because of the more SUitabé&iopted here which would change into continuous
position of the nearest-neighbor Ru centers, the,lorbit-  regonance-like features in case of a semi-infinite substrate
als overlap more strongly with the corresponding combinayadel. To account for the experimental linewidths and to
tions of d orbitals on the three metal centers closest {0 thgagilitate comparison with the experiment, a larger broaden-
adsorba_lte. Admixtures of proper linear comblnauons of thqng factor of 1.2 eV has been used in the symmetry-resolved
more diffuse metabk-type orbitals are also involved at the projected simulations of Fig.(6). Thereby, the & manifold

hollow site, whereby rehybridization becomes very eﬁIC'ent'discernibIe in Figs. @)—4(c) evolves into a single broader

The enhanced interaction between substrate and adsorbagﬁd higher peak, similar to that in the experimental data. We

orbitals acts differently on the7t and 27 cluster orbitals. In do not expect that such broadened spectra will show any
the NO-dominated % orbital, both the metal and ther* significant cluster size dependences.
contributions are larger than in the on-top cluster model;  The general agreement between the experimental spectra
hence, the  admixture is smaller. In addition, admixture of and the simulated Spectra based on 1.2 eV broadening is
the 27* orbital leads to a polarization of therlorbital from  remarkable, i.e., all salient features of the experimental spec-
the oxygen to the nitrogen center. Thus, the nitrogg@opu-  tra including site-specific differences are reproduced: For all
lation remains almost unchanged, whereas the oxygen sites, the intensity of the oxygenm2signal is much higher
population decreases dramatically compared to on-top adsompared to the nitrogen signal. The energy of the faa-
sorption, in line with the XES intensity changes observed for e in the 0-edge spectrum is shifted relative to its position
the different adsorption sites. 5 in the N-edge spectrum due to the continuous change of
On the other hand, in the substrate-dominateddbit-  orbital character in this resonan¢see subsectioa). Switch-
als, the enhanced adsorbate—substrate interaction results ifing from the on-top to the hollow sites leads to a pronounced

stronger adsorbate contribution. In fact, this reflects thg,crease of the 2 signal. In the oxygen spectra, this is ac-

stronger back donation at the hollow sites already d'scussegompanied by a substantial decrease of thesignal, which

in Sec. IVA. As a consequence, ther2peak exhibits @ fina)ly results in the interchange of the relative intensities of
higher intensity in the hollow-site spectra than in the spectrzt\he O T and o signals

for the on-top site. However, as is evident from Fig&)4
and 4b), the intensity of the N-edge signal does not increaseéc. XES energies

by the same amount as the O-edge signal. This particular it regard to the energetics of the emission, it is worth
finding is due to the stronger admixtures of the @rbitals 0 enioning that the ordering of the signals in the simulated

the lone pair orbitals 2 of the hollow-site adsorption com- and the experimental spectra is the same. This is insofar
plex which causes a polarization of the lone pair orbital from.q - rkable as the ordering of th&5nd I signal is in-

the nitrogen to the oxygen atom. Thus, the enhanced ba%rted in comparison to thedsand 1 MOs of NO in the
donation encountered for hollow-site adsorptioq complexe@|as phase. Because of the considerable broadening of some
(compared to on-top adsorptipenly shows up in an in- o the neaks in the measured spectra, a meaningful quantita-
crease of the z intensity of the O-edge spectra. This corre- tive comparison of the experimental and theoretical results is

lation between back donation and intensity of the Signal only possible for the energy differences between theatd
at the O-edge also holds for a comparison of the two hollows. 1o =5 and 1 as well as the & and signals

sites. The intenSity ratio of ther2and 1 Signals is Iargel’ at (Tab|e V) The genera| trends are rough|y reproduced, but
the hcp site than at the fcc sif€ig. 5(c)], in line with the  overall agreement is poor. This is most probably related to
slightly weaker back donation at the latter sifeable ). the frozen ground-state approximation adopted here, i.e., to
To continue the discussion at the end of Sec. IV A, therghe deficiencies of Kohn—Sham one-particle energies as a
is no straightforward coherence between the strength of thease for an accurate description\aflenceionization ener-
back donation and the elongation of the NO bond length. Thejies. This problem is not specific to XES; it would also have
lone pair-like 27 orbitals of the adsorbate complex actually been encountered in the simulation of ultraviolet photo-
exhibit a lower NO antibonding character than the moleculaemission spectralUPS of NO/Ru001). Actually, ap-
27* orbital. Thus, the slightly shorter bond length of NO proaches to improve valence ionization energies within the
adsorbed at the on-top sifeompared to the gas phasenot  Kohn—Sham methodology are known, and have already been
at variance with the back donation found in the present calapplied in the framework of simulations of XES specita.
culations. Different Kohn—Sham Hamiltonians for each valence hole
c. Comparison with the experimental spectéxperi- state may be useful for improving the valence ionization en-
mentally, only two signals are observed in thehanne[see  ergies(e.g., Slater's transition state rafg but cannot be
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TABLE V. Comparison between calculated and experimental binding enaction pattern, which for the channel is very similar to that
ergy differenceAE (in eV). The theoretical values are extracted from spec- of an aIIyI radical(allyl mode). In addition, back donation

tra with a broadening of 1.2 elFig. 6(c)]. The calculated hollow-site data . : . .
refer to the hcp model. Unless stated differently, symmetry splitting due oS not simply related to an increase of the N@2 orbital

lateral interaction is not resolved experimentally. occupation. Rather, it is manifested as a broad manifold of
metal-dominated orbitals with small contributions from both,
Calc. Expt. the NO 27* and the NO Ir orbitals. The orbitals which
XES(N) XES(0) XES(N) XES(O) give rise to the Z signal actually exhibit lone pair character
Ontop si (with little or no contribution at the N centgrwhile the
p site . . . . . .
AE(55-43) 3.9 3.9 5.2 4.8 ant!bond!ng NO=* qrbltal is mainly subsumed_ in a fuII_y _
AE(17-57) 0.5 05 17 1.9 antibonding unoccupied orbital above the Fermi level. Simi-
AE(27—17) 73 6.1 5.4 31 larly, upon adsorption the N@ orbitals strongly rehybridize
such that the & orbital is polarized toward the nitrogen
Hollow site center, whereas thecd5orbital is polarized in the opposite
AE(50-47) 5.6 5.6 6.4 5.3 direction. This overall bonding mechanism is equally valid
AE(17-50) 0.5 0.5 16,05 16 for both the on-top and hollow-site species, the only differ-
Ae(2m—17) 6.7 54 5162 81 ence being that adsorbate and substraterbitals mix in a
more pronounced fashion in the case of hollow-site adsorp-

aSplit due to symmetry breaking if2x 1)-NO+O/Ru00)) (Ref. 17. i
on.

Despite the frozen ground-state approximation utilized
used for the determination of transition probabilities in ahere, the achieved agreement between the theoretical and

straightforward manner because of the nonorthogonality of*xPerimentally derived spectra is remarkable. Obviously, ne-
the involved sets of one-particle wave functions. Attempts tgolecting relaxation effects in both initial and final states does
obtain better results for the energetics by using an exchang@0t harm the calculated transition intensities in a serious
correlation functional with improved asymptotiésfailed; fashion. This finding seems to be rather general, since results
the relative positions of the valence Kohn—Sham one-particl@f Similar quaht;l/_gave been obtained for other adsorption
energies could not be significantly improved. systems as weff
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