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X-ray emission spectroscopy of NO adsorbates on Ru(001)

M. Stichler a, C. Keller a, C. Heske b, M. Staufer c, U. Birkenheuer c, N. Rösch c,
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Abstract

We report X-ray emission spectra ( XES) of the NO adsorbate species on the close-packed Ru(001) surface, and
discuss the basis of their interpretation. On this surface NO can exist in two distinct, very different states which
coexist in the pure saturated layer and which can be prepared separately by coadsorption with selected superstructures
of O atoms. We report symmetry-resolved XES data for these states, and extract atom-specific 2p contributions of
adsorbate orbitals which are derived from the molecular 3s, 4s, 5s, 1p, 2p, and 6s orbitals at the O and N atoms.
Their interpretation is facilitated by comparison with very recent density functional calculations [Staufer et al.,
J. Chem. Phys. 111 (1999) 4704] which use the frozen ground state approximation for the interpretation of the XES
data. A consistent picture of the NO–Ru surface bond results which is mainly based on the allyl model, containing
charge donation from the adsorbate to the substrate via mixing of the molecular 4s and 5s orbitals, and backdonation
in the p channels by forming a bonding 1p̃ orbital and a ‘lone pair’ p-type orbital on the oxygen often (somewhat
misleadingly) denoted as 2p orbital. Finally we discuss some questions of principle for XES of adsorbates, such as
the nature of the core-excited state effective in XES of chemisorbates, the influences of relaxation and screening which
are neglected in frozen orbital calculations, and possible differences between the valence hole states observed in ultra-
violet photoelectron spectroscopy, and in XES at different atoms. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction yield for low-Z elements, for which typically 99.9%
of core-excited states decay by Auger processes;
therefore application to adsorbate studies had aX-ray emission spectroscopy ( XES) has
late start [3]. The advent of third generationrecently been shown to be a very promising tool
synchrotron radiation sources with high bright-for the investigation of the chemical bond of
ness, and advances in instrumentation, made itadsorbates to surfaces [1]. An extensively used
possible to utilize the advantages of XES forspectroscopic technique in molecular and solid
adsorbate studies as well, and a number of studiesstate studies, XES has been difficult to apply to
have meanwhile been published by the Uppsalaadsorbates on surfaces due to the very low X-ray
group [4–9]. While the final states reached after
fluorescence decay of the core hole state are* Corresponding author. Fax: +49-89-28912338.
expected to be energetically equivalent to theE-mail address: menzel@e20.physik.tu-muenchen.de

(D. Menzel ) valence electronic states reached in photoemission,
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XES features the advantage that the intensity sites, possesses an elongated NMO bond compared
to the free molecule and a correspondingly lowerdistribution is highly atom specific due to the

localization of the core hole excited in the primary vibrational frequency, and carries a large overall
negative dipole. On the other hand, the v2-NOstep of the emission process. As the transition

matrix element involved is the dipole matrix ele- species sits on-top, has a slightly shortened inner
bond length, and a positive overall dipole momentment, angle-dependent measurements on oriented

adsorbates allow the use of symmetry selection of comparable magnitude. This suggests that the
two states are distinctly different also in terms ofrules to assign the spectral features. On the basis

of comparisons with model calculations it has been their electronic structure. In fact their characteris-
tics are quite similar to those of electronegativesuggested that the observed intensities can be

interpreted in terms of the symmetry-resolved local and electropositive transition metal nitrosyl species
[15]. Their characteristics are very similar in thevalence electron density of the adsorbates in the

ground state [1,4–10], at least for the systems pure NO (which is really a coadsorbate layer of
the two NO species), and in the O-coadsorbatestudied so far. This means that, contrary to expec-

tation, relaxation effects both in the initial core layers; in fact, the geometries and the vibrational
properties are virtually identical in these twohole state and the final valence hole state would

play a minor role only. different situations. Due to energetic differences in
the positions of the respective X-ray absorptionThe goal of our study was to test the sensitivity

of this technique and its appropriate interpretation resonances at the O 1s threshold (unfortunately
not at that of N 1s) the two species can be core-by applying it to a system in which clearly different

states of the same adsorbate exist. For this we excited separately [17] even when both are present
simultaneously on the surface, and can then bechose the NO species formed in the pure NO layer

and by coadsorption with oxygen on a Ru(001) compared to the species prepared separately in
coadsorption with different oxygen layers. Thesurface. By using these well-known adsorption

systems we aimed at getting deeper insight into possibility of their separate preparation in
O-coadsorbates allows to study them individuallythe differences in bonding of the various molecular

adsorbate states which can be observed in this also for N 1s excitation.
Hence XES with resonant excitation should begroup of systems, and which have been charac-

terized extensively by a large number of methods very well suited to gain more insight into the atom-
specific electronic structure of these two different[11–16 ]. Adsorption of NO on the bare Ru(001)

surface is particularly interesting because two very adsorption states of NO. In reverse, the investiga-
tion of these well-characterized species should con-distinct NO adsorption states (termed v1-NO and

v2-NO) are populated simultaneously in this case tribute to the understanding and appropriate
interpretation of XES of adsorbates. We have[11,12,15]. These two states can be distinguished

for example using vibrational spectroscopy or high therefore carried out an X-ray emission spectro-
scopic study utilizing an apparatus optimally suitedresolution X-ray photoelectron spectroscopy

( XPS) [11,13,14,17]. Coadsorption of NO with for this purpose. The spectra were generated by
fluorescent decay after core excitation into theoxygen on the Ru(001) surface under appropriate

conditions leads to situations where either v1-NO strong lowest molecular core-to-bound resonance
to selectively excite only the target species whereor v2-NO alone is present on the surface [14–17].

Both NO adsorption states have been charac- possible, and to obtain the highest excitation cross
sections possible for N 1s and O 1s excitations ofterized very thoroughly in the Munich laboratory

using different techniques such as vibrational each NO species (see the discussion below as to
the initial state of fluorescent decay ensuing fromspectroscopy, work function measurements, ther-

mal desorption, XPS [11–17], and accurate geo- this). Here we describe the experimental techniques
and procedures, show the results, and give a quali-metric structure determination with quantitative

LEED (low-energy electron diffraction) [15,16 ]. tative discussion. A theoretical study of the same
systems on the basis of ground state electronicThese studies showed that v1-NO sits in threefold
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calculations is described in a separate publication by Ar sputtering and by cyclical heating between
500 and 1200 K in an oxygen atmosphere of[18].
5×10–7 mbar to remove carbon which is close to
the surface. To desorb the oxygen the sample was
finally heated repeatedly to 1530 K. The cleanness2. Experimental
of the surface was tested routinely by high reso-
lution XPS measurements of the Ru 3d5/2 peak,2.1. Instrumentation
the shape of which depends strongly on adsorbate
coverage. This makes it possible to detect impuri-The experiments were carried out at Beamline

8.0 of the Advanced Light Source at Lawrence ties in the range of some percent of monolayer
coverage by their specific surface core level shiftsBerkeley National Laboratories. This beamline is

equipped with a modified spherical grating mono- [17,26 ]. Additional checks by XPS in the energy
ranges appropriate for possible contaminants werechromator with movable entrance and exit slits,

with gratings covering the energy region between carried out from time to time.
For the XES measurements of NO the saturated100 and 1300 eV. Two refocusing mirrors, one

horizontal and one vertical, focus the light to a NO layer and two well-characterized coadsorbate
layers were prepared. The pure NO layer containsspot of 50–100 mm on the sample. The end station

used at this beamline was constructed at the the two NO species in a 2:1 ratio, with a honey-
comb arrangement of NO in the hcp and fcc sitesUniversity of Uppsala and constitutes a high level

surface physics apparatus (for a detailed descrip- (v1-NO) surrounding the on-top species (v2-NO)
[15]. The first coadsorbate layer, labeled (2×1)-tion see Refs. [19–21]). Briefly, it is divided into

a preparation and an analyzer chamber. The prep- (NO+O), consists of alternating rows of O atoms
and NO molecules, all in hcp sites, as shown byaration chamber contains LEED optics, a mass

spectrometer and a gas doser system. The analyzer the LEED–IV determination [16]. It is produced
by adsorbing NO on a (2×1)-O layer at lowchamber is equipped with a Scienta SES-200

electron spectrometer [22], an X-ray absorption temperature (below 150 K). According to the
LEED analysis, the NMO bond is stretched, con-spectroscopy detector [23], and a grazing incidence

multiple grating spectrometer [24,25] for the detec- sistent with the vibrational energy, and the simplest
interpretation of the observed work functiontion of reflected and emitted soft X-ray photons.

The sample, which is mounted with its surface increase is that it is an electronegative species, in
analogy to nitrosyls. In most respects (exact geom-close to parallel to the incoming light, can be

rotated by the manipulator around the light beam etry; dipole moment; XPS and vibrational
spectrum) it is virtually identical to the v1-NOsuch that any angle between the polarization vector

of the synchrotron light and the surface normal species of the pure NO layer; some differences do
exist, however, in the parameters measured herecan be chosen. Since the analyzer chamber can

also be rotated around the axis of the incoming which we will describe below. Heating this layer
to 440 K desorbs half of the NO and converts thelight, it is possible to choose the detection angle

independently from the excitation geometry. Thus residual layer to a new structure, the (2×2)-
(2O+NO) layer. In this, every second O atomthe angular dependencies of both the excitation

and the emission processes can be utilized indepen- switches from an hcp to an fcc site, and simulta-
neously the residual NO moves on-top, as showndently. Some NEXAFS (near-edge X-ray absorp-

tion fine structure) data were measured at the by quantitative LEED [17]. This coupled desorp-
tion–conversion process, which possesses verySuperESCA end station of ELETTRA in Trieste.
interesting kinetic aspects, has been investigated in
detail before [27]. LEED also shows that now the2.2. Sample and layer preparation
NMO bond is shorter by 0.10 Å, which is corrobo-
rated by the much higher vibrational frequency;Following its installation in the ultra-high

vacuum (UHV ) chamber the sample was cleaned measurements of the work function change show
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that the top-bound NO possesses a positive dipole. the BE scale of the final states, the spectra were
shifted by the corresponding XPS binding energiesIt is virtually identical in most aspects to the

v2-NO species of the pure NO layer. Quality and (see above and discussion) using the following BE
values for adsorbed NO (with respect to the Fermihomogeneity of these layers were tested by check-

ing their characteristic XPS spectra [11,16,17]. level ): 530.3 eV (v1-NO) and 531.9 eV (v2-NO) for
O 1s; 399.9 eV (both species) for N 1s.

Because not only the excitation, but also the2.3. Data accumulation and evaluation
decay step of our spectroscopy is governed by the
dipole matrix element, the XES spectra can beAs mentioned, the XES spectra were taken after

resonant excitation of an N 1s or O 1s electron, symmetry-resolved by selection of the fluorescence
exit angle; this allows a separation of p and srespectively, into the empty part of the

2p1-derived level of the adsorbate, because selec- contributions of the final states [1,3–9]. Because
in both NO species the molecule is adsorbedtion of the optimum energy and incoming angle

for maximum coupling to the resonance of the standing upright on the surface [15,16 ], only the
p contribution is detected in normal emission,desired species permits to select that species, and

considerably enhances the excitation cross-section while in grazing emission p and s contributions
are measured by the detector. Further data treat-and therefore the detector signal compared to

nonresonant excitation. The bandwidth used for ment would be easiest if the ratios of the detector
efficiency in the energy regions of the O 1s andprimary excitation as well as for secondary XE

was 0.5 eV. The sample temperature during meas- N 1s spectra for the different angles of measure-
ment, were known accurately which is not theurements was ca. 80 K. To avoid the effects of

degradation of the adsorbate by the intense irradia- case. Extraction of the s contribution alone is
achieved by subtracting the normal emissiontion, the beam was scanned stepwise over the

sample during the measurements by moving the spectrum from that at grazing emission. For this
subtraction the spectra are scaled (with a factorsample; absence of noticeable degradation was

periodically checked by comparing the XE spectra close to 1) such that underswings are avoided, and
flat backgrounds result in the regions where noand by high resolution XPS. Nevertheless, the

initial state of decay which is relevant for the XES signal is expected. The sensitivity dependence on
the X-ray energy is eliminated by scaling thespectra is — despite the resonant excitation — the

fully relaxed core hole state of the adsorbates, with individual spectra to the sum of the integrals of
the spectra measured in the p and s channels forits energy given by the binding energy (BE) of the

adsorbate XPS main line; we will come back to the respective core hole decay, N 1s or O 1s. This
scaling has also been used in the density functionalthis in Section 4.

The XES spectra shown below were derived (DF ) calculations [18]. The measured spectra then
still contain the different fluorescence yields forfrom the raw spectra by applying a number of

corrections [19–21]. The non-linearity of the N 1s and O 1s which are about 1:1.5 [28]. No
correction for the latter has been applied to theenergy scale of the two-dimensional detector array

of the secondary X-ray monochromator was cor- measured spectra shown because the comparability
of the intensity scales of the different spectra isrected by a so-called curvature correction. For the

calibration of the photon energy scale the elasti- not believed to be that good and because in any
case we will make only semi-quantitative argu-cally scattered photons at the high and the low

energy sides of the emission spectra were measured. ments for their interpretation.
Between these two peaks the photon energy scale
was assumed to be linear. After summation of the
energy-corrected single spectra the elastically scat- 3. Results and interpretation
tered contribution was subtracted to arrive at the
inelastic lines only. For the transformation of the In Fig. 1 we show the NEXAFS spectra of the

pure NO and the two NO coadsorbate layers, foremission spectra from the photon energy scale to
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Fig. 1. 1s�2p1 photoabsorption ( light incident in the surface
normal ) of various adlayers on a Ru(001) surface at the O 1s
(right side) and N 1s edges ( left side): pure NO (top), (2×1)- Fig. 2. XE spectra for the pure saturated NO layer on Ru(001)
NO+O (center), and (2×2)-NO+2O (bottom). [(2×2)-(2 v1-NO+v2-NO)[, for N 1s (both species) and O 1s

(separate for the two species) excitation, separated in s ( left)
and p symmetry (right).

N 1s and O 1s excitation, measured in the partial
yield mode emphasizing the respective N or O
Auger yields, with a photon bandwidth better than pure NO and the O-coadsorbed situation are not

the same for the O 1s excitation, in particular for0.1 eV. Normal incidence of the incoming photon
beam (polarization vector in the surface plane) the v1-NO species. As can be seen from Fig. 1, the

O 1s excitation energy for this species is ca. 1.5 eVhas been used for optimum coupling to the p-type
resonances of the (upright) molecules. For the higher in the coadsorbed layer than in the pure

NO layer; the difference for the v2-species is smallercoadsorbate systems, the O 1s spectra also contain
contributions from absorption of atomic O, of (0.4 eV ). This is surprising in view of the almost

identical geometries and other parameters, includ-course, which however are seen to be well sepa-
rated energetically. The main function of these ing XPS energies (see above). It might be connected

to the spread of the resonant orbital (see below),spectra here is to demonstrate the selection of the
excitation energies used (see arrows); the used from which different regions may be emphasized

under the changing surroundings. Indeed, the NO–bandwidth (0.5 eV for XES; see above) assures the
selective excitation of the wanted species only. NO correlation and distances for the v1-species in

the coadsorbate (close-packed rows on hcp sites)However, we have to mention that the spectra
contain one surprising detail, in that the excitation and in the pure NO layers (hexagons on hcp and

fcc sites) are quite different, so this appears pos-energies for the assumedly similar species in the
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Fig. 3. O 1s (#) and N 1s ($) XE spectra of v1-NO in the
Fig. 4. O 1s (#) and N 1s ($) XE spectra of the v2-NO in the(2×1)-NO+O adlayer on a Ru(001) surface, separated in s

(top) and p symmetry (bottom). (2×2)-NO+2O adlayer on a Ru(001) surface, separated in s

(top) and p symmetry (bottom).

separate species in most respects: the O spectrasible. In fact, the identity of the excitation energies
at the N 1s for the very different species is equally (for which separate excitation of each of the two

species is possible; see above) are close to those ofsurprising. Both findings point at a less than
complete understanding of NEXAFS. In view of the separate species, while the N-spectra are well

approximated by weighted sums of those of thethe identical geometries and vibrational spectra we
still believe that the v1-species in the two situations two separate species coadsorbed with O, with the

v1 contribution dominating. There are two excep-are also very similar in their bonding to the surface,
even if not in all valence hole spectral features tions to this: the splitting seen in the main p peak

for the v1 species in the coadsorbate system iswhere some differences are also found (see below).
We do not discuss the NEXAFS data further but certainly absent in the pure layer; and the relative

intensities of the p peaks of v2 are different in thejust mention the evidence for a ‘Fermi step’ [23]
visible as a shoulder in the N 1s absorption of two situations (the energies are the same). As we

will show below, the first difference is well under-v1-NO.
Figs. 2–4 summarize our XES results obtained standable in terms of the detailed geometry of the

respective layers; we have no good explanation forin the described way for the pure (mixed) layer,
and the separately prepared NO species coads- the second one.

Despite these small deviations we believe thatorbed with oxygen. Comparison of the two sets
suggest that the spectra of the pure NO layer can this comparison justifies the assumption — derived

from the mentioned multitude of other results —be understood by a weighted sum over the two
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that the main bonding situation for each of the tion of details in this important region much easier
here, it necessarily precludes any information ontwo species in the pure and the coadsorbate situa-

tions is essentially the same, as are the molecular the metal contributions to the adsorbate bond
which are expected to be large for such a d-metalgeometries, the vibrational energies, and the dipole

moments. Comparison to calculations for the sepa- substrate. The p contributions to the surface bond
of atoms and molecules of light elements will stillrate species [18] is considered as justified, therefore.

Figs. 2–4 then depict the atom-specific XE be very important and are directly accessible here;
some of the changes connected with d (and s)spectra (resolved into p and s components as

described) of the NO molecules in the (2×2)-3NO, redistribution may be seen indirectly (via orthogo-
nality effects on the p density) but mostly willthe (2×1)-(O+NO), and the (2×2)-(2O+NO)

structures, following excitation of a N 1s or O 1s appear not at all. Thus, our measurements approxi-
mately project out the symmetry-resolved, localcore electron, respectively, into the 2p1 resonance

of the NO molecule (and the subsequent relax- 2p ‘densities’1 on the N and O atoms, respectively,
separated into p and s components.ation, see Section 4.1). Two aspects in which this

spectroscopy is different from valence photo- The information we have on symmetry and
energy of each peak allows us to assign them andelectron spectroscopy — despite the supposed sim-

ilarity of the final states — have to be kept in to correlate them with UPS results [29] for all
peaks above 5 eV; at lower BE, UPS does not givemind when examining these data. The first is the

local nature of the decay process which involves a clear-cut picture due to the overwhelming emis-
sion from metal d-states, as just indicated. Table 1the overlap of the corresponding valence level with

the core hole concerned. Thus, these spectra yield collects the binding energies of all final states
studied according to symmetry and assignment.local, atom-specific valence information [1,3–9].

In Section 4 below, we will address the question In the following we describe the main features
seen for the two separate species. A discussion ofwhether this atom-specific valence ‘density’ 1. is

that of the unperturbed ground state or corres- the most important effects and conclusions is given
in Section 4.ponds to the valence electron distribution pro-

duced under the polarizing influence of the core
hole. The second specific information stems from 3.1. s levels
the fact that in the one-center approximation the
dipole matrix element selects, in addition to sym- In the s channel (see upper parts of Figs. 2 and

3) the N as well as the O spectra show a verymetry, also the angular momentum of the final
state [1]. In our case of 1s holes, the partial density weak (though definite, see inserts) and broad peak

at BE of 28 (v1) and 26 (v2) eV, which we interpretprojected out by XES is the p density1. Due to
this angular momentum selection and contrary to as due to the 3s̃ orbital as final state (as in

Ref. [18] we use the orbital labels with a tilde toutraviolet photoelectron spectroscopy (UPS) of
light adsorbates on d-metals, the XE spectra are designate the adsorbate orbitals related to the

corresponding orbitals of the free molecule). Itsnot dominated by metal d-density as is the case
for UPS, where this makes it difficult to draw any low intensity and large width will be discussed

below.conclusions about adsorbate-induced changes in
this spectral region. While this makes the observa- In the BE range from 13 to 14 eV the 4s̃ orbital

is expected; the corresponding emission lies at
somewhat different energies for the two species.1 To be sure, the measured XES intensity is given by the

square of the corresponding dipole matrix element which con- Its considerable intensity is due to the atomic 2p
tains the respective wave function, not by the density which is admixture to the corresponding adsorbate orbital.
the square of the latter. Replacing the former by the latter is In the isolated NO molecule only oxygen provides
an approximation which, however, works well in the semi-quan-

a noticeable p contribution to this orbital [18,30].titative interpretation used here. Therefore it is customary to
For our chemisorbed species significant modifica-refer to XES as probing the local (p) density (see Refs [1–9]),

even though it really probes the corresponding wavefunctions. tions are obvious: for the threefold-bound v1-NO
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Table 1
XES and UPS binding energies (in eV ) of the p and s one-hole final states with respect to the Fermi level; the XES energies are
taken from Figs. 2–4, and the UPS binding energies (angle-integrated measurements) are from Ref. [29] and the subscripts N and O
are used to distinguish between signals in the N- and O-edge spectra, respectively

Layer Edge 3s 4s 5s 1p 2pN/2pO 6sN/6sO

(2×2)-3NO N 27.3 14.0 8.0 6.7 1.1 3–5 XES
v1-O 26.1 13.0 7.9 6.3 2.2 3–5
v2-O 27.6 13.6 9.0 6.9 4.0 3–5

(2×1)-NO+O N 26.8 14.2 7.8 6.2/7.33 1.1 3–5 XES
v1-O 26.2 13.1 7.8 6.2 3.1 3–5

– 14.2 8.8 5.9 – – UPS
(2×2)-NO+2O N 28.3 13.7 8.5 6.8 1.4 4 XES

v2-O 27.6 13.7 8.9 7.0 3.9 4
– 13.9 9.4 7.8 – – UPS

as well as for the top-bound v2-NO the p character direct comparison of XES and UPS measurements
is not possible in this region, therefore.is significantly increased at the N center, whereas,

in the case of v1-NO (see Fig. 2) the intensity at The 1p̃ state, which is spatially delocalized over
the molecule, lies between 6 and 7 eV for the Nthe O center nearly disappears; for v2-NO (see

Fig. 2) some intensity remains at the O center. and the O atoms of both species. Special attention
should be directed at the 1p̃ level of v1-NO at theThe most significant chemisorption-induced

modification of the electron distribution which is N atom in the coadsorbate layer (Fig. 3) which
shows a peak at 6.2 eV and a high shoulder atobvious from the combined p and s channels is

the energetic reordering of the 5s̃ and 1p̃ levels. 7.3 eV. We interpret this splitting of the 1p̃ orbital
as induced by the Cs symmetry of the (2×1)-While in the isolated molecule the BE sequence is

3s>4s>1p>5s, the XES spectra of the chemi- (O+NO) superstructure. This overlayer consists
of close-packed rows of O atoms and v1-NOsorbed species show the sequence 3s̃>4s̃>

5s̃>1p̃. It should be noted that the UPS spectra molecules, so that the rotational symmetry of the
surface is broken and the 1p̃ orbitals are no longercould so far not be interpreted unequivocally in

this respect [11,31]; only very recent, angle- degenerate. The Cs symmetry of the rows leads to
the splitting of the 1p̃ peak into two strong equallyresolved data [29] allow a clear assignment.

Depending on the adsorbate species we locate the occupied contributions with a∞ and a◊ character,
which can also be viewed as the p

x
and p

y
contribu-5s̃ orbital at 7.8 (v1) and 8.5–8.9 (v2) eV in XES.

In the range between 5 and 2.5 eV there is weak tions, parallel and perpendicular to the NO rows
(see insert in the lower part of Fig. 3). A compari-6s̃ intensity at both N and O atoms. Comparison

of the v1-NO and the v2-NO spectra shows that son of the full widths at half maximum (FWHM)
of the fitted curves suggests that p

x
(FWHMthis emission is slightly more pronounced for

v1-NO than for the v2-NO species. 2.7 eV ) is aligned parallel and p
y

(FWHM 2.1 eV )
perpendicular to the NO rows. Because the NO–
NO distances along the rows are smaller than3.2. p Levels
those perpendicular to the rows (2.71 and 4.69 Å,
respectively), the electronic interaction parallel toIn the p space (see lower parts of Figs. 3 and

4) the modifications by chemisorption are much the NO rows is more pronounced and consequently
the FWHM is larger. Put in a different way: themore pronounced. Firstly, there is the energetic

reordering of 5s̃ and 1p̃ orbitals already men- stronger coupling along the NO chains leads to a
broader one-dimensional band [29] and, since XEStioned. Secondly and more dramatic, new chemi-

sorption-induced states are detected in the region sums over the entire band, the overall peak gets
broader. Despite the fact that the two NO speciesof the Ru d-band, unobservable using UPS. A
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cannot be separated in the N 1s spectra, compari- photon energy proper as energy input and, depend-
son to Fig. 2 shows clearly that the splitting does ing on the excitation bandwidth, to use a one-step
not exist in the pure NO layer, as one expects picture; in that case, the overall process corres-
from our interpretation for this layer: the symme- ponds to RIXS. It has been known for more than
try remains threefold, and the NO–NO distances a decade [33–36 ] that for strongly chemisorbed
are increased, because now the NO molecules sit systems on metal surfaces the shapes of Auger
on next-near neighbors. No splitting is resolved at decay spectra do not depend on the excitation
the O atom in either case, but the peak is rather energy, and in particular that there is no difference
broad there as well. between resonant and non-resonant excitation.

One of the most striking features of our XES Thus, the localized core exciton created by reso-
spectra are the 2p̃N and 2p̃O ‘lone pair’ orbitals in nant dipole-coupled core excitation decays much
the range between 0 and 5 eV below the Fermi faster than the core hole. Very recently it has been
level, which are inaccessible in the UPS spectra. shown directly that in such systems the probability
Both NO species show these features at different of survival of a localized core exciton for the entire
energies and strengths at the two atoms: it is much core hole lifetime is very small indeed [37]: in over
stronger and at higher BE (ca. 4 eV ) on the O 90% of the decay processes, the excited electron in
atom compared to the N atom (BE 1 eV, strength a bound molecular level above the Fermi level will
is less than a quarter). The shapes of the peaks at tunnel into the metal taking its energy (and phase)
the O center suggest that within a broad level, information with it on a time scale much faster
different energetic ranges are sampled by the O 1s than core hole decay. Screening charge flowing
and N 1s holes. The lowest BE component appears back onto the adsorbate at the Fermi level on an
to exist on the N end, while at the O atom even shorter timescale [37,38] neutralizes the mole-
considerable spectral weight exists at higher BE cule again. This sequence of events makes the final
as well. state of this process — which is the initial state of

fluorescent decay — independent of the path of
primary excitation. Therefore the vast majority of
the observed fluorescence photons do not contain4. Discussion
any information from the resonant excitation, so
that our dominating overall process corresponds4.1. XES or RIXS
to XES and not to RIXS, even though we use
resonant excitation to tune to the wanted speciesBefore starting the discussion of the details of
and maximize the cross section by proper selectionthe experimental results we emphasize why the
of both energy and angle of the photons, utilizingfluorescent decay after resonant excitation of the
dipole selection rules. We stress that this wouldcore electron in a chemisorbate is aptly treated as
not be the case for weakly adsorbed species; inX-ray emission ( XES), thus assuming a decoupled
physisorbed Ar, for instance, between 20 and 80%two-step process, and not as resonant inelastic
(depending on the exact situation) of the resonantlyX-ray scattering (RIXS) [32], despite the resonant
excited electron survives localized up to the timeexcitation conditions. This is important because
the core hole decays [39,40].only then it is justified to use the XPS energies as

For the discussion of the experimental resultsthe energy content of the initial state of fluores-
we start with the site-specific interpretation of thecence decay, that is, the energies of the fully relaxed
NO XE spectra, drawing on the DF calculationscore hole state in the adsorbate. As stated pre-
performed by Staufer et al. [18]. We will implicitlyviously [1,2], this is indicated for strongly coupled
assume that the atom-specific p ‘densities’ 1 seenchemisorbates, even though the system is excited
in this spectroscopy can be discussed in terms ofto the lowest core-to-bound resonance. In an iso-
ground state one-particle orbitals. This approxima-lated molecular species resonant excitation would,

via energy conservation, necessitate to use the tion will be discussed subsequently.
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4.2. Interpretation of the results for chemisorbed
NO

4.2.1. s Channels
The s channels of top-bound v2-NO and bridge-

bound v1-NO are dominated by three clearly sepa-
rated features which have been labeled 3s̃, 4s̃,
and 5s̃. Energetically these peaks are localized
below the Ru d-band. In addition there is weak
intensity in the region of the Ru-d-band which has
been labeled 6s̃ and which is very characteristic
for the chemisorbed NO.

We start with the 3s̃ final state. As expected
from its large energy separation, and corroborated
by our DF calculations [18] this deep final state
does not interact with any other orbital and thus
entirely retains the character of the 3s level of the
isolated NO molecule. The weak intensity can be
explained by the dominant (though not exclusive)
atomic O 2s character of this molecular orbital,
which is not detected in XES. The calculations
have shown that there is some p admixture in this
orbital. An additional contribution could be
caused by deviations from the one-center approxi-

Fig. 5. Schematic representation of the three-orbital interactionmation; it should still be a sharp peak then. Its
of NO with a d-metal surface like that of Ru, shown separatelylarge width certainly is due to many-body effects
for s symmetry (top) and p symmetry — the allyl modelwell known for inner valence ionization of small
(bottom). Occupation of the metal d states is indicated by

molecules: the 3s̃ state is not a good one-electron gray shading.
state but contains admixtures of many higher
excitations. Many of the latter may contain p
character, contributing further to its visibility in be rationalized by phase arguments. While the 4s

and 5s orbital contributions to 4s̃ have the sameXES.
The 4s̃ p contributions of chemisorbed NO are phase at the N atom, they cancel each other to a

large extent at the O atom. This stresses themostly localized at the N atom. This is in contrast
to the isolated NO molecule, where the molecular importance of wave functions over p-densities1. In

summary, the chemisorptive interaction with the4s NO orbital does not exhibit any N
p-contribution as already shown by Schichl and substrate induces strong rehybridization of the 4s

and 5s orbitals in comparison to the isolatedRösch [41] and corroborated by our recent calcula-
tions [18]. Hence, the 4s̃ orbital of chemisorbed NO species.

The most significant difference in the s channelsNO has to be described as a mixture of the 4s
and 5s orbitals of the isolated NO molecule as between bridge bound v1-NO and top bound

v2-NO is the slightly increased 4s̃ intensity at theshown schematically in Fig. 5, since only the 5s
orbital can contribute p-population at the N atom; N center for v1 compared to v2, and the stronger

reduction of the O 4s̃ intensity for v1 comparedmetal states are well separated in energy and
therefore do not contribute significantly. A detailed to v2. Staufer et al. [18] explain this by site-specific

bond elongation and (marginal ) shortening,analysis of the ratios of the 4s and 5s admixture
can be found in Ref. [18]. According to that work, respectively, of these two NO species. Their

different bond lengths yield different shapes of thethe reduction of the 4s̃ level at the O center can
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molecular orbitals which in turn lead to a different tures to these states which are localized at the
adsorbate cores are detected by the XE process.interference or mixture of the 4s and 5s orbitals,

resulting in a more perfect cancellation of the The energetic shift of the 2p̃ between the N and O
spectra can be rationalized by stemming fromv1-NO 4s̃ orbital at oxygen and a slightly increased

intensity at nitrogen. Both 4s̃ and 5s̃ orbitals different samplings of the metal manifold, implying
that at the high-energy end of this manifold theexhibit bonding character between the substrate

and the NO adsorbate. adsorbate contribution is predominantly localized
on the O center, while at the low-energy end someIn contrast, the 6s̃ final states can be interpreted

as anti-bonding linear combinations of proper Ru contributions at the N atom also exist. In accor-
dance with the allyl model these ‘lone pair’ orbitalsd orbitals with NO s orbitals. Interaction with

extended metal states leads to the large width of produce larger wave function amplitudes at oxygen
and much lower amplitudes at nitrogen. The DFthe level and its variable energy localization (see

Table 1). calculations [18] show that these orbitals still
possess bonding character between the substrate
and the nitrogen atom. The doubly anti-bonding4.2.2. p Channels

The introduction of XES into the arsenal of 2p̃ orbital of the allyl model is unoccupied and
can therefore not be observed by XES, but the p1surface science methods, made possible by the

third generation of synchrotron light sources, has resonance seen with NEXAFS (Fig. 1) derives
from it. The influence of symmetry and surround-brought new information on the adsorbate bond,

which in turn led to a reappraisal of time-honored ings on the NEXAFS energy of v1-NO (see above)
may derive from the manifold of states contribut-models. In particular the traditional frontier

orbital model of CO and N2 bonding to transition ing to it.
A comparison of the XE spectra of the ‘electro-metal surfaces, which is usually referred to as

Blyholder model [42], has been refined [6,7,41] to negative’ v1-NO and the ‘electropositive’ v2-NO
species indicates the electronic differences in thea more complex three-center concept usually

demonstrated for the allyl radical (‘allyl model’) p-system. Firstly, the 1p̃ and 2p̃ binding energies
of v2-NO are higher in comparison to the v1-NO[43,44]. The most significant correction thus intro-

duced is the formation of three completely new energies. Because of the symmetry-induced split-
ting of the 1p̃N orbital of v1-NO in the coadsorbatechemisorbate orbitals — a totally bonding orbital,

a kind of ‘lone pair’ orbital ( localized on the metal layer, this statement must be applied to the center
of gravity of this peak. Secondly, the ratio ofand on the outer atom), and an anti-bonding

orbital by linear combination of the adsorbate relative intensities of 1p̃ and 2p̃ signals at the O
atom is different for v1- and v2-NO. While for2p

x,y orbitals (or, if one starts from the molecule,
of its 1p and 2p1 orbitals) with a suitable set of v1-NO the 2p̃ peak is more intense in comparison

to 1p̃, the situation is opposite for v2 (this conclu-substrate d orbitals. In Fig. 5 we give a schematic
view of the important orbital interactions of this sion is somewhat weakened by the difference

in the v2 spectra for the pure NO and themodel.
This bonding concept for diatomic molecules O-coadsorbate case). Thus, backdonation from the

metal to the adsorbate is more pronounced foron transition metal surfaces is basically confirmed
for the NO chemisorption on Ru by our experi- v1-NO. This leads to a weakening of the intra-

molecular bond of the latter, in agreement withmental XE spectra presented in this paper. The 1p̃
level is identified as the totally bonding mixed structural and vibrational data. This analysis also

rationalizes why the simpler argument of changesorbital, which is mainly composed of the bonding
molecular 1p orbital with only minor contributions in p backdonation as basis of the different charac-

ter of the two species, as put forward earlier [15],of metal orbitals and of the anti-bonding 2p1

orbital. In contrast, the 2p̃ feature, which is iden- works quite well. Overall, the differences between
the two types of adsorbates are seen to be not verytified as a set of ‘lone pair’ orbitals, is dominated

by substrate contributions. Only the small admix- pronounced.
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4.3. Two critical aspects tion. Thus this analysis leads to a consistent picture
of the surface bond. In the present work we arrive
at the same conclusion. As laid out in detail in4.3.1. Ground state approximation versus

relaxation Ref. [18], the intensity distributions in calculation
and experiment agree well. On the other hand,In this section we address two crucial questions

which concern the interpretation of intensities and agreement was poorer [10] when a physically more
appropriate initial state was used, that is, whenenergies of XES, respectively. As to the relative

intensities within a spectrum, Nilsson [1,2] has the calculations were based on a relaxed core hole
state, essentially following the initial state rule.discussed this topic in detail. He argued that, based

on the so-called final state rule for simple metals This finding supports the use of the ground state
approximation; therefore, we have used it here as[45,46 ], these should be governed by the final state

configuration, that is, the valence hole state; influ- well, and we believe that the main conclusions
about the bonding mechanisms, in particular theences of the initial state, that is, of the core hole,

should be small. In a next step the valence hole importance of orbital mixing induced by chemi-
sorption, are reproduced correctly.state is then represented by the ground state wave

functions. In all previous computational work [1– However, one cannot deny that the real process
must be quite different. Charge redistribution rela-9], as well as in our treatment [18], this approxima-

tion has been shown to work very well, that is, tive to the ground state as a reaction to ionization,
both by charge transfer screening from the sub-calculated spectra reproduce the measured ones to

good approximation. Partially taking relaxation strate to the adsorbate and by charge redistribution
on the adsorbate, must be extensive. One might inphenomena into account led to poorer agreement.

In the two-step picture justified in Section 4.1, fact have expected that this would make a simple
analysis of the spectra very difficult, contrary toXES of an adsorbate consists of a transition from

the adsorbate core hole state (fully charge transfer- the conclusion just given. It appears very impor-
tant, therefore, to try to understand why such ascreened, see Section 4.1) to the equally fully

relaxed valence hole state. It is well known that simple and obviously incorrect model seems to
work so well. For one, charge relaxation andeven in simple molecules considerable charge redis-

tribution occurs as a reaction to core, but also to redistribution processes occur in both the initial
and final states of XES and their effects canvalence, ionization. This not only has a distinct

influence on the measured energies (expressed by therefore partly cancel. Thus, any treatment which
would consider relaxation processes only in one ofrelaxation shifts), but also on the wave functions

and charge distribution, which in the ionized the states, initial or final, should indeed be worse
than the ground state approximation. However,species can be very different from the ground state.

On the other hand, the ground state approximation while such cancellation might work quite well for
the energies to be discussed below, the wave func-described above assumes that the relative inten-

sities of the XES peaks can be used directly to tions and their overlap, and with them the inten-
sities, should be influenced quite strongly: thededuce at least semi-quantitatively the p

‘density’1 at the respective core hole location as it polarization of a certain orbital by a localized core
hole, compared to that by a distributed valenceexists in the ground state situation. Only by this

assumption has it been possible to draw conclu- hole, should be quite different and may, in extreme
cases, go in the opposite direction. Furthermore,sions about the orbital charge distributions in

previous and this work on adsorbate XES. The since we probe the density or rather the wave
functions1 very locally, via its overlap with thejustification is heuristic: the intensity distributions

and the energetic ordering derived from this core hole (one of the main virtues of the XES
method), consequences should be felt. Forassumption are in very satisfactory agreement with

the experimental results; all decay channels can be instance, when we argue about the localization of
certain orbitals on one or the other atom, thereproduced; and the ratios of the relative intensities

agree quite well between experiment and calcula- different polarization effects by a localized or an
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extended hole should become noticeable, but manifold was that broad distributions of mixed
orbitals result from the chemisorptive interaction,within the accuracy of our analysis this is not

the case. from which projection on the local p density1 of
states afforded by XES picks different energyWe must admit, then, that at present we cannot

answer the important question why such a simpli- ranges depending on the core hole location. In
other words, there is a whole manifold of ‘lonefied interpretation works so well, and does better

than first attempts at more sophisticated treat- pair-type’ final valence hole states; different mem-
bers of this manifold are reached from differentments [10,47,48]. Further theoretical work is nec-

essary to analyze the situation and find an initial core hole states. If this is so, then the
equality of final states breaks down and the finalexplanation. Meanwhile we hold use of the ground

state approximation as justified in a heuristic states seen in the different spectra can be different.
Then one would also not expect any necessarymanner; a critical attitude towards the conclusions

is indicated. equality to UPS energies. After very long time the
final states may be the same for all of these
processes (implying relaxation processes following4.3.2. Inequality of XES and UPS energies

The second critical aspect concerns the energies. the spectroscopic event) and be stationary states
of the system, but the measured probe particleFor these, the agreement between measured values

and those calculated on the basis of the ground ( XES photon or UPS electron) can still carry
information on a state that has been determinedstate model is by far less satisfactory than for the

intensities, as noted in Ref. [18]. In the ground by dipole selection and is only partially relaxed.
This could explain both the differences betweenstate approximation, the orbital energies calculated

with a DF method are compared with the mea- XES at different atoms, and between those and
UPS energies. Further differences will come fromsured ionization energies. This simple approach is

known to have no solid theoretical basis for the the band dispersion observable in UPS; XES
should see a weighted average over those statescommonly used exchange-correlation approxim-

ations [49,50] and sometimes yields poor results. because of the poorly defined momentum of the
final state, so comparison should be made to theA direct calculation of ionization energies for

models comparable in sophistication to those used center of gravity of the (angle-resolved) UP
spectra. To approximate this situation, we havefor the ground state treatments ( large clusters or

slabs) is still lacking and therefore a well founded compared to angle-integrated measurements in
Table 1. Finally, there could be a contributioncomparison is not feasible at present. However,

there are two obvious points in the experimental from the nuclear evolution of the adsorbate atoms
during the core hole lifetime. In any case, it appearsenergies (Table 1) that warrant discussion. One

concerns the comparison between XES energies that one cannot generally expect that XES energies
should be equal on different atoms, and shouldfor the nominally same final state reached via

different core excitations, and the other the com- further be equal to UPS energies. Thus, one has
to be very careful with any argument based onparison between those and the corresponding UPS

energies. them that attempts to go beyond a qualitative
statement.Usually it is asserted that the valence hole states

reached in XES are the same as those obtained in
UPS [1–3]. This implies that in both cases the
final states are the respective lowest valence hole 5. Summary
states of the system; it would mean furthermore
that the XES energies measured for the same final We have presented experimental XES of the

two basically different NO species which can bestate via two different core holes should also be
the same. Obviously this is not the case for all prepared on Ru(001), together or separately (by

the use of coadsorption with atomic oxygen). Theorbitals (see the compilation in Table 1). A possible
explanation offered above in the case of the 2p̃ spectra were recorded at Beamline 8.0 at the
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Advanced Light Source in Berkeley with the XES in comparison to v2-NO which shows up in the
elongated NO distance of v1-NO and the lowendstation developed at Uppsala University. After

resonant excitation of O 1s and N 1s core electrons vibrational energy [15]. Overall the spectral differ-
ences between the two species are not very pro-it was possible to observe six different fluorescence

decay channels for both NO adsorbates, which nounced. The main difference between pure and
O-coadsorbed NO is that for the dense NO rowscan be correlated with the 3s̃, 4s̃, 5s̃, 1p̃, 2p̃, and

6s̃ valence hole final states. According to the of the coadsorbed layer a splitting of the 1p̃ peak
by the broken symmetry is found which does notcharacteristics of XES, these essentially consist of

the symmetry resolved atomic p-contributions of exist for the less dense, more highly symmetric NO
in the pure layer; a difference also exists in thethe molecular orbitals at the specific core holes.

On this basis we derive a consistent site-specific NEXAFS energies for these two types of
v1-species.picture of the surface chemical bond for top and

hollow site-bound NO molecules which (for the p All these conclusions, qualitative ones and those
resulting from comparison with the DF calcula-channel ) is based on the three-center allyl model.

For the molecular 4s̃ and 5s̃-orbitals we also find tions [18], are based on the ground state approxi-
mation, that is, on the assumption that the orbitala significant mixing (rehybridization) according to

a three-orbital interaction scheme [18,41], which structure as seen in XES is that of the ground
state, and not that of the core ionized state. Thisin particular shows up in the 4s̃ XE signal in the

N-edge spectra (in the isolated NO molecule a 4s approach is justified by the good agreement
between measured spectral shapes and calculatedsignal can solely be detected in the O-edge spectra).

DF calculations by Staufer et al. [18] have shown intensity distributions; relative energies agree far
less satisfactorily. In view of the expected orbitalthat the charge transferred from the adsorbate to

the substrate is put into these orbitals, but is not redistribution by relaxation processes this good
agreement is surprising; a theoretical explanationnecessarily taken from orbitals of s symmetry.

Generally it should be noted that the XES matrix would be highly desirable. Also, the measured
differences between XES energies for the sameelements whose square determines the XES inten-

sities depend on the orbital amplitudes (which can valence hole state reached via different core states,
and between these and UPS energies, suggest thatshow phase factors when mixed) and not just on

the local charge density1. For the p-orbitals we find the corresponding final states do not necessarily
correspond to the same ionic states, but that thethe formation of a totally bonding 1p̃ and a ‘lone

pair’ 2p̃ orbital as expected from the allyl model; different probes reveal differences of relaxation
and localization; other reasons for deviations havethe third resulting orbital, the unoccupied anti-
also been discussed. Nevertheless, the treatmentbonding 2p1, shows up in NEXAFS. Again, the
given based on the ground state approximationDF calculations show that the backdonated charge
provides a consistent pictures of the surface chemi-from the substrate to the adsorbate resides in the
cal bond.lower two of these orbitals. Comparison of the

XE spectra of hollow site-bound v1-NO and ontop-
bound v2-NO shows two major differences in the
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