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Abstract. X-ray emission spectroscopy applied to adsorbat¢he valence electronic states. Thus the molecular contribu-
systems is shown to reveal new details of the chemical bonibns to the surface chemical bond can be separated from
formed at surfaces. An atom and symmetry projected viewhose of the substrate. Furthermore, angle-dependent meas-
of the bonding orbitals is obtained. We will present recenurements make it possible to determine the symmetry of the
studies ofN, andCO on Ni(100), benzene oMi(100) and  molecular states, i.e. the separatiomraindo type states [4].
Cu(110, and glycine adsorbed oBu(110). New types of In all we can obtain an atomic view of the electronic states
molecular states are observed which are directly related to thevolved in the formation of the chemical bond to the surface.
surface chemical bond. The long-accepted Blyholder model Photon-excited X-ray emission should in the general case
which is based on a frontier orbital concept cannot explairbe treated as a one-step process and this is conveniently done
our results folN2 andCO chemisorption. We find it necessary within a scattering framework (see, for example, contribu-
to offer a new picture where changes in the whole molecutions in these proceedings dealing with resonant inelastic X-
lar orbital framework have to be considered. We show thatay scattering (RIXS)). In many cases, however, excitation
both 7 and o type interactions are important in describing and decay can be treated as separable events. A fully adequate
the bonding in benzene to metal surfaces. The future prospegescription can thus be provided within the traditionally used

is illustrated by the adsorption of the simplest amino acidtwo-step picture, where in the first step a core hole is created
glycine, onCu(110). The adsorbate has four different atomic by an electron transition from a core level to either a bound
centers where X-ray emission spectra are obtained, providirgmpty valence level or to the ionization continuum, and in the

a unique view of the local electronic structure. second step, the core hole is filled by an electron from an oc-
cupied valence level under emission of X-rays. Both steps are
PACS: 78.70.En; 73.20.Hb; 85.65.Pa normally described within the dipole approximation which

implies that the filling of the 1s level in systems containing
C, N, andO will give only 2p contributions to the XE spec-
When a molecule is adsorbed on a metal surface by chentra. Furthermore, since the 1s level is localized on one atomic
ical bonding new electronic states are formed. The direcsite, the transition matrix element will be dominated by the 2p
observation and identification of these states is still an experzontribution on that particular atom.
mental challenge. For noble and transition metal surfaces, the In a one-electron picture the XE spectrum reflects the oc-
adsorption-induced states overlap with the metal d valenceupied valence electron states. However, it is important to
band. Their signature is therefore often obscured by bulk sulzonsider the influence of the core holes involved in the pro-
strate states. This complication has made it difficult for techeess. This influence has been summarized in the so-called
nigues such as photoemission and inverse photoemission ‘tmitial and final state rules” for X-ray spectroscopies [6—9].
provide reliable information on the energy of chemisorptionThe final state rule states that the spectral features reflect the
induced states and has left questions unanswered regardigigenstates of the final state Hamiltonian. In XES, the core
the validity of different theoretical models. hole is filled by a valence electron leading to a final state
In the following contribution we will show how X-ray related to the ground state. The final state in XES contains
emission spectroscopy (XES), in spite of its inherent bulkkhe quasiparticle valence hole similar to the final state in va-
sensitivity, can be used to investigate adsorbed molecules [1Ience band photoemission. The position of the Fermi level
5]. Due to the localization of the core-excited intermediatén the spectrum, to which the valence electron states are re-
state, XE spectroscopy allows an atom-specific separation tdted, is provided by the core level photoemission binding
energy [10]. The initial state rule states that the integrated in-

International Workshop “Resonant Inelastic Soft X-ray Scattering (RIXS)", t€NSIity in_ 'Fhe spectrum is dete.rminEd by the initial_ state of
Walberberg, 5-7 September 1996 the transition. In XES, it contains a core hole and ithie-
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grated spectral intensity therefore reflects the total number
of occupied states in the presence of the core hole. Since '%
we are only interested in relative intensities between differ-
ent spectral features within one spectrum and not the total
intensity, the core hole effect vanishes within the description
of these simple rules. However, there are corrections to the
final state rule due to dynamical effects in the deexcitation
process which could affect the relative intensities. Recent the-
oretical model calculations of the XE process in adsorbates
give no significant modification of the interpretation using  Normal emission
ground state frozen orbitals or a fully relaxed core hole state,

respectively [11]. There are only minor changes of the relative o
intensities except for a model-induced strong state close to the 0 n
Fermi level in the fully relaxed core hole state calculation. —

If the photon energy in the first step is far above the exci- —

tation threshold there is a large probability of creating multi-
electron excited states. These are normally seen as shake-up
and shake-off satellit_e_s in core level photoemission spectra. contributions are seen, while the grazing
The presence of additional initial states for the decay process . = emission spectrum contains baghand 7
gives rise to X-ray satellites and these can have a substan- Grazing emission contributions
tial overlap in energy with the diagram lines. This will in turn
make the assignment of the “one-electron states” difficult.
However, by using threshold excitation the multiply excitedto the molecular axis, respectively [4]. The same symmetry
states can be suppressed and a clean initial state for the deles also hold for the emitted X-rays. However, since we do
cay can be produced. This requires a tuneable synchrotrart analyze the polarization of the emitted X-rays, symme-
radiation source. try information only comes from the fact that tlievector is

The presence of an extra electron above the Fermi levellways perpendicular to the direction of the emitted X-rays.
in a threshold-excited decay process could in principle mod Fig. 1 we show the two different experimental geometries
ify the spectra. This is utilized in RIXS and has recentlynecessary for symmetry-selective detection of the emission
been addressed in a large number of studies of solids aritbm adsorbedCO (only emission from the oxygen atom is
free molecules (see other contributions in these proceedingsiidicated in the figure). In the case of normal emission we
For these systems very large spectral changes can be sg@obe transitions from the two degeneraterbitals to the 1s
with varying excitation energy. For chemisorbed systemscore hole, whereas in grazing emission transitions from one
on the other hand, one can expect the effects to be muaif the = orbitals and ther orbital are seen. This means that
smaller since the excited electron can couple to the corerbitals with purer-symmetry are observed in normal emis-
tinuum of metal states and becomes delocalized. In fact, th&on and in grazing emission bathando orbitals are probed.
spectral profiles obtained in resonant Auger measurements ®he o orbitals can then be obtained by a subtracting proce-
chemisorbed systems are essentially independent of excitdure where we assume equal contributions from both types of
tion energy [12,13]. The excited state is regarded as locallgrbitals in the grazing emission spectrum.
identical to the metallic screened core level ionization state.

We can therefore assume that the presence of the excited elec-

tron has a negligible influence on the X-ray emission process Experimental considerations

and the spectra can be interpreted in a two-step picture with

a fully relaxed initial core hole state. XES applied to monolayers on surfaces is experimentally

In free molecules with inversion symmetry there existsyery demanding, and it is only recently that the field has
as a consequence of the dipole approximation, a parity sé&egun to be exploited, mainly due to the appearance of third-
lection rule [14, 15]. The electronic states in such moleculegeneration synchrotron radiation sources. The main concern
have eithegerade(g) orungeradgu) symmetry with respect is the count rate and there are three effects acting togeth-
to the inversion center. When the core electron is excited to aer: (i) with only one sample layer the target density for the
empty state of a particular symmetry only valence hole statesxciting beam is very low; (ii) most of the core holes that
of the same symmetry are seen in the XE spectrum. If, upoare created in the layer will decay by nonradiative processes
chemisorption, the inversion symmetry is only weakly per-(in the case ofC, N, andO 1s hole states, only about 0.1%
turbed, the selection rule will still have some influence on thalecay by X-ray emission); (iii) only a small fraction (about
transition intensities and this can be used to assign the md:0~8) of the emitted photons are actually detected. This is
lecular symmetry of new electronic states created due to th@ainly due to the inherently small acceptance angle of high-
molecule—surface interaction. resolution grating instruments (in other respects the best ones

For oriented systems the symmetry of the states can Her the purpose). With these effects taken together it is clear
obtained from angle-dependent measurements [4]. As an ithat experiments of this kind require a highly efficient exci-
lustration we conside€O, which adsorbs with the molecular tation source. In principle, electron excitation could be used
axis perpendicular to the surface. In the X-ray absorption probut in general the electron beam would be far too destructive
cess the linearly polarized incident radiation leads tos1s— for the sensitive molecular adsorbate systems. Furthermore,
(1s—) transitions if theE-vector is parallel (perpendicular) as discussed above, it is essential to use threshold excitation

Fig. 1. The experimental geometries for ad-
sorbed CO. For normal emission onlyr
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in order to avoid satellites. Thus, monochromatic synchrotro LS AL NS B BN BN I
radiation is the best choice. In order to have a reasonable 0 i

count rate a photon flux of the order 83 to 104 photons o Q_ NZ/NI(IOO)

per second is required on the sample withihQ®pm spot. XES
The experiments in the present contribution have been cay- 0

ried out at the Advanced Light Source (ALS) using beamling
8.0 which is based on a undulator with 9&m periods and
a spherical grating monochromator.

The X-ray emission spectra were recorded using a multit
grating, grazing incidence spectrometer with a movablg
multichannel-plate-based detector, described in detail elsg
where [16]. To allow for angle-resolved measurements thq
spectrometer was rotatable around the axis of the inconf
ing beam. The C K emission spectra were measured usir|
a400 lines mn! grating and the N an® K emission spectra
with @ 1200 lines mm* grating, both with a spherical radius
of 5m. The resolution was typically set @5-0.6 eV. It is
essential to have a reliable method for energy calibration. B ONE —
setting the monochromator to different (well-defined) excita- T
tion energies and reflecting the beam into the spectrometer, ]

a common energy scale for the monochromator and the spec- ON@D -
trometer was established. With this procedure an accuracy ¢f *

56

the order 0f+0.1 eV was typically obtained.
The large penetration depth of the photons gives an inhefr-
ently low surface sensitivity of the X-ray probe, as indicated
above. The surface signal can, however, be substantially in
proved by operating with small angles (3}%etween the
incident beam and the surface (there are no problems with
separation from the bulk since the element under study in the
adsorbate only exists on the surface) [1] For many molecu
lar adsorbates the high-intensity beam is very destructive. | o e e et 52
these cases it is necessary to scan the sample in front of t e30 55 20 15

spectrometer. Binding Energy (eV)

Fig. 2. Symmetry-resolved X-ray emission spectra for the inner and outer N
atoms forN,/Ni(100). The two N atoms were separated by selective X-ray
2 Applications to adsorbate systems excitation at400.6 eV (outer atom) andl010 eV (inner atom). Peaks in the
spectra are labeled by the corresponding molecular orbitals. New orbitals
arising from the surface chemical bond are indicated by a tilde symbol

2.1 COand N2 adsorbed onNi(100)

CO andN» adsorbed on the late transition metals have be- Previous work has shown that the X-ray absorption spec-
come prototype systems for the general understanding of mérum for N2 on Ni(100) exhibits two 1s to 2* resonances at
lecular adsorption. It is in general assumed that the bonding00.6 and401.0 eV [18], corresponding to the outer and inner
of molecules to transition metals can be explained in term8l atoms, respectively. Hence, by using different excitation
of the interaction of the frontier molecular orbitals with the d energies, site-specific XE spectra can be recorded. The result-
orbitals. The frontier orbitals are the HOMO and LUMO mo- ing XE spectra for the outer and inner N atoms are shown
lecular orbitals. In such a picture the other molecular orbitalén Fig. 2. The spectra are plotted on a common binding en-
should remain essentially the same as in the free moleculergy scale relative to the Fermi level, obtained by subtracting
For the adsorption of the isoelectronic molecu®E andN,  the N 1s core-level photoemission binding energies of the two
this has led to the so-called Blyholder model, i.e. a synergetatoms (outer aton8994 eV; inner:400.7 eV [19]) from the
ic o (HOMO) donor andr (LUMO) backdonation bond [17]. emission energies [10]. The figure is divided in an upper part,
Our recent results show that such a picture is oversimplidisplaying states of symmetry (obtained by subtracting the
fied [5]. grazing emission spectra from a normal emission spectrum
Itis important not only to observe new electronic states rescaled by 0.5) and a lower part, displaying states afym-
lated to the surface chemical bond but also to study changestnetry (the normal emission spectra). From the symmetry and
the contribution from different atoms to the molecular orbitalsbinding energies of the spectral features, it is straightforward
upon adsorption. The upright adsorption geometry ofMhe to assign all features aboveeV binding energy by analo-
molecule orNi(100) in an on-top site leads to two chemically gy with UPS measurements [20, 21]. In order to facilitate the
inequivalent N atoms. If a separation between the two atomsomparison with the much-studi€D molecule we shall use
can be made it is an ideal opportunity for studying how thehe symmetry notation &, for the molecular orbitals.
electronic states redistribute in a homonuclear molecule upon The novel information contained in Fig. 2 is the large dif-
adsorption. ference in the states located on the inner and outer N atoms
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Fig. 3. Schematic illustration of the interactions of theorbitals (eft), ando orbitals fight), with the Ni 3d band for thé&l,/Ni(100) system in the Blyholder
model (pper pang and based on our new resultswer pang

and the clearly resolved structures witlireV binding en-  27*-3d hybrid states, reflecting the difference in energy po-

ergy, i.e. in theNi d band region. All spectral peaks, rep- sition of the & orbital and Z* relative to the Ni 3d band.

resenting the 2p atom-projected molecular orbitals, exhibilt is assumed that the atomic population on the two atoms in

different intensities or shapes for the inner and outer N atomshe new adsorbate states resembles those of the free molecule.

Even the 3, located abouP5 eV below the Fermi level, This is not what we see in our spectra. Instead we observe

shows an intensity difference for the two atoms, demonstrathe appearance of two new statég, andoyt. These states

ing that the chemisorption bond affects even the inner valencare nonbonding with respect to tiN—N bond and do not

levels. Other interesting findings are the localization of thehave much resemblance to the original orbitals of the free

4o state to the inner N atom, with no visible spectral inten-molecule. We can only generate these states through a linear

sity from the outer N atom, and the larger ®calization to  combination of the original & and 2r* orbitals. We picture

the outer N atom. Near the Fermi level we find the molecuthe 7, state to be stronglili—N bonding whereas th&gt

lar states which are important for the surface chemical bondtate is essentially a N 2p lone pair. It may contain some

These states arise from interaction of moleculastates, as nonbonding Ni contribution [5].

discussed below, with the Ni d states. The state located on the In the spectra we do not see any new occupied states of

outer N atom is centered at ab@b eV binding energy while 50 symmetry and in previous XA spectra of adsorhssl

the state located on the inner N atom is centered at db®ut  there are no indications of any new states above the Fermi
In Fig. 3, we show in a schematic illustration how our newlevel [22]. Thus we do not observe any bonding and anti-

findings can be compared with the Blyholder model, wheréonding states, indicating a significarnt Bontribution to the

the surface chemical bond is described by donation into  surface chemical bond. This supports the cluster calculations

the substrate and a backdonation of d states into the empf Bagus and Pacchioni [23], which show theontribution

ty molecular 2* orbital. In a molecular orbital picture the to be mainly repulsive. Our spectra show the repulsion effects

50 and 2r* interactions would lead to a splitting into bond- as a redistribution of the molecularsystem upon formation

ing and antibonding states as shown in Fig. 3. The moleculasf the surface chemical bond. The dtate becomes polarized

character is large for the occupied Bonding states and on the inner and thes3and & states on the outer nitrogen

small for the antibonding states. The reverse will hold for theatoms. Surprisingly, all valence states, down to thesgate
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L e S B S LN B B B also observe two new state®; (C—Ni bonding state) on the

. inner carbon atom antp (O lone pair state) on the outer oxy-
CO/NI(IOO) c(2x2) gen atom similar tdN». The energy splitting between the two
states is larger i€O than in adsorbedll;: 3eVandl.5eV,
respectively. This can be attributed to the energy difference of
the atomic 2p levels in carbon and oxygen. As can be seen
in the oxygen XE spectrum, thc state is not entirely lo-
calized on the carbon atom. The observed changes in the
system upon chemisorption resemble those betweerCigee
andH,CO. When two hydrogen atoms are addedd® to
form H>CO one of ther orbitals breaks up into a loc&l—H
bonding orbital (1) and anO 2p nonbonding lone pair or-
bital (2by), by analogy with the innet and outerr states in
both adsorbe@O andNs.

The two adsorption examples above nicely demonstrate
how oversimplified a frontier orbital concept is for the de-
scription of surface chemical bonding. The bond is not only
related to the appearance of new orbitals, it is also important
to consider changes in the complete molecular orbital frame-
work. The resulting electronic structure of the chemisorption
complex is well described in an atom-based picture which
X-ray emission spectroscopy (XES) provides.

2.2 Benzene adsorbed @u(110) and Ni(100)

We now move to adsorption of aromatic hydrocarbons. Ben-
zene has for a long time served as a prototype adsorption sys-
tem of large molecules. It adsorbs with the molecular plane
o e parallel to the surface. The bonding of benzene to a tran-
Binding Energy (eV) sition metal is typically thought to involve the system.
Fig. 4. Symmetry-resolved X-ray emission spectra for the C atom and Ol N€r—substrate interaction could be expected to be different
atom forCO/Ni(100). Peaks in the spectra are labelled by the correspondcompared withCO andN since ther system is now parallel
ing molecular orbitals. New orbitals arising from the surface chemical bondo the surface and we expect each carbon atom to contribute
are indicated by a tilde symbol equally to all states (unless there is strong variation in the
substrate leading to different local carbon—substrate interac-
tions). Benzene adsorbs weakly on Cu and strongly on Ni. It
around25 eV binding energy, are affected by the formationis interesting to study how the adsorption strength is reflected
of the chemisorption bond. Despite the relative weakness aii the electronic structure of the adsorbate—substrate complex.
the chemisorption bondy{ 0.4 eV) relative to the intramolec- XE and XA spectra for benzene @u(110) andNi(100)
ular bond & 8 eV) the intramolecular bonding is completely are shown in Figs. 5 and 6 [5, 28]. XE spectra were taken at an
changed upon chemisorption. excitation energy corresponding to the C lsrtaey,) tran-

The isoelectroni€€O molecule adsorbs in the same way sition. The spectra are plotted on a photon energy as well as
asN3 in an on-top site with the carbon end down. In this casesalence hole binding energy scale (C 1s binding energies of
the chemisorption bond is much strongerl.5eV). Figure 4 2841 eV and284.9 eV for benzene adsorbed on Ni and Cu,
shows the XE spectra for the carbon and oxygen atoms amspectively). The assignment of the XE features with bind-
a common binding energy scale relative to the Fermi level (Gng energies larger thaheVis known from the literature and
1s2859eVand O 15322 eV [24]). The upper part shows it is given in the figures for the system [14,29]. The pro-
states oy symmetry while the lower part shows statestof nounced polarization dependence of the XA spectrum shows
symmetry. All spectral features with a binding energy abovehat benzene is adsorbed with the molecular plane parallel to
5eV has been observed previously with UPS [25]. We ob+the surface [30]. Based on this adsorption geometry, the XE
serve that the & state is mainly located at the inner carbonspectra shown in Figs. 5 and 6 corresponding to puead
atom and the d on the outer oxygen atom. At first sight = symmetries were obtained in the same way as described
this appears to be the reverse situation compared MWith  earlier forCO andNs.

However, the distribution of the molecular orbitals in the free  If we start with states ofr symmetry (dashed lines) we
molecule is very different. In the oxygen XE spectrum of freefind three distinct peaks. The daand leg 7-like orbitals
COthe intensity of the & state is about five times larger than are essentially intact from the gas phase, while the third state,
the 5y [27]. From Fig. 4 we can observe that upon adsorptiodabeled e, is not seen for the free molecule. The inversion
the intensity of the & state becomes slightly larger than the symmetry of the molecule seems to be partly conserved upon
4o. The 5 slightly redistributes itself in the same manner asadsorption [28]. It was shown that peaks corresponding to
seen in adsorbeN; due to the repulsive interaction with the geradeor ungeradesymmetry states changed their relative
substrate. Thedl state stays completely localized on the out-intensity depending on the symmetry of the excited inter-
er oxygen atom as in the free molecule. In theystem we mediate state. The spectra in Figs. 5 and 6 correspond to
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Binding Energy (eV)
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Fig.5. Symmetry resolved X-ray emis-

sion and X-ray absorption spectra for
benzene onNi(100. The = symmetry

peaks in the spectra are labeled by the
corresponding molecular orbitals, emp-
eI ty states being designated by an aster-
260 270 230 310 isk. New orbitals arising from the surface

P 290 300 chemical bond are indicated by a tilde
Emission Energy (eV) Photon Energy (eV) symbol

a (u) excited state and therefore peaks of (u) symmetry in the The interaction between an electron level in the adsor-
XE spectra are slightly enhanced compared with spectra edate and the band-like distribution of substrate levels has been
cited just above the onset of the ionization continuum. Theeparated into two extreme cases [31-33]. If the interatomic
results show that the third state has (u) symmetry for adsorgzoulomb interaction (the driving force for generating bond-
tion on both Cu and Ni. We conclude that this is a LUMOing and antibonding states) is smaller than the band width
(e2y)-substrate hybrid. of the substrate states no well-separated bonding—antibonding
The new occupied g state appears differently in the states are formed; only a broadened adsorbate-induced res-
spectra from benzene on Cu and Ni. In the case of adsorpnance level is formed. If, on the other hand, the Coulomb
tion on Ni (Fig. 5), the newr state is located.7 eV below interaction is larger than the band width, discrete bonding and
the Fermi level and hence overlaps the Ni d band regionantibonding states are obtained. The former situation repre-
The fraction of adsorbate character of this state has to be gknts a weak coupling case such as benzene on Cu whereas
similar magnitude as that of the higher-binding-energyr-  the latter corresponds to strong coupling as in benzene on Ni.
bitals since the observed emission intensity is of comparable In the ¢ symmetry XE spectra in Figs. 5 and 6o(id
strength. The origin of theog state is easily understood in lines), we find, at binding energies larger thaeV, an orbital
a simple frontier orbital picture. The interaction of thg er-  structure identical to the free molecule [14,29]. In addition
bital with Ni d states results in an occupied bonding orbitalwe find for benzene on Cu, Fig. 6, two new weak structures
observed in XE, and an empty antibonding orbital, thg'e at binding energies below eV. These structures appear at
state observed in XA. The strong molecular character of ththe same binding energies as thegland e orbitals seen in
bonding e state implies that the corresponding antibondinghe = symmetry spectrum. We can anticipate some symme-
e* state has significant metal character. This is confirmed byry mixing due to rehybridization. For benzene adsorbed on
the reduced intensity of theg XA peak relative to theg,  Nitheo symmetry spectrum is different. Here we find signifi-
resonance in the gas-phase spectrum [30]. The formation ofinto intensity all the way to the Fermi level, markedin
a single bonding state rather than a band suggests thatthe &ig. 5. A simple admixture of andx states is not sufficient
orbital interacts mainly with a narrow distribution of states,to explain the appearance of newstates in the spectrum,
i.e. the Ni d band. For benzene adsorbed on Cu (Fig. 6), th&ince then we would expecta electron distribution which
new occupiedg, orbital is located just below the Fermi level. resembles the states with a peak dt7 eV (the backbond-
There seems to be a cut-off at the Fermi level. The adsorbaieg e, orbital). The 2p valence states parallel to the surface
character in this orbital is rather low. This is also reflectedmust therefore interact with the metal somewhat different-
in the relatively strong peak from the antibonding orbital inly from the perpendicular 2p states. The band-like character
the XA spectrum in Fig. 6. Our observations suggest that thef the o states indicates a hybridization of benzenstates
unoccupied g,* orbital interacts with a broad continuum of with the broad Ni sp band in addition to the d band. Since
metal states and becomes broadened with a tail extending bihe HOMO and LUMOo orbitals involve C—H contribu-
low the Fermi level. There is no distinct separation betweetions we expect that the presence of these new states could
the bonding and antibonding part. affect theC—H bond. This might have direct implications for
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the important hydrogenation and dehydrogenation reactiord Summary
of aromatic hydrocarbons on metal surfaces.
The present paper demonstrates the application of the X-ray
emission technique to the study of chemisorption systems.
2.3 Glycine adsorbed o€u(110) Such studies have become possible with the advent of high-
brightness soft X-ray radiation from third-generation storage
The potential of XES applied to more complicated molecu+ings. It is clear from the examples presented that the tech-
lar adsorbates is well illustrated with glycine adsorbed omique provides a unique new insight into the nature of the
Cu(110. Glycine HCOOCCHNH?) is the simplest amino surface chemical bond. The potential of the technique for the
acid. Its properties are of biological interest. The moleculestudy of complex chemisorption systems involving molecules
adsorbs with the molecular skeleton intact except for the rewith different functional groups is also illustrated.
moval of the acidic hydrogen. Figure 7 shows the orientation
of the molecule on th€u(110) surface [34]. The molecule Acknowledgementsle thank the staff at the ALS for all their assistance.
is bonded to the surface through both the carboxylic grouphe support and valuable discussions with Nils Martensson, Joseph Nord-
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into rows in the[110] direction. The molecule adsorbs in an science and medicine.
orientation perpendicular to these rows. From measurements
of XE spectra in three directions (normal emission and graz-
ing emission along th¢l10] and [100] directions), we can
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