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Abstract. X-ray emission spectroscopy applied to adsorbate
systems is shown to reveal new details of the chemical bond
formed at surfaces. An atom and symmetry projected view
of the bonding orbitals is obtained. We will present recent
studies ofN2 andCO on Ni(100), benzene onNi(100) and
Cu(110), and glycine adsorbed onCu(110). New types of
molecular states are observed which are directly related to the
surface chemical bond. The long-accepted Blyholder model
which is based on a frontier orbital concept cannot explain
our results forN2 andCOchemisorption. We find it necessary
to offer a new picture where changes in the whole molecu-
lar orbital framework have to be considered. We show that
both π and σ type interactions are important in describing
the bonding in benzene to metal surfaces. The future prospect
is illustrated by the adsorption of the simplest amino acid,
glycine, onCu(110). The adsorbate has four different atomic
centers where X-ray emission spectra are obtained, providing
a unique view of the local electronic structure.

PACS: 78.70.En; 73.20.Hb; 85.65.Pa

When a molecule is adsorbed on a metal surface by chem-
ical bonding new electronic states are formed. The direct
observation and identification of these states is still an experi-
mental challenge. For noble and transition metal surfaces, the
adsorption-induced states overlap with the metal d valence
band. Their signature is therefore often obscured by bulk sub-
strate states. This complication has made it difficult for tech-
niques such as photoemission and inverse photoemission to
provide reliable information on the energy of chemisorption
induced states and has left questions unanswered regarding
the validity of different theoretical models.

In the following contribution we will show how X-ray
emission spectroscopy (XES), in spite of its inherent bulk
sensitivity, can be used to investigate adsorbed molecules [1–
5]. Due to the localization of the core-excited intermediate
state, XE spectroscopy allows an atom-specific separation of
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the valence electronic states. Thus the molecular contribu-
tions to the surface chemical bond can be separated from
those of the substrate. Furthermore, angle-dependent meas-
urements make it possible to determine the symmetry of the
molecular states, i.e. the separation ofπ andσ type states [4].
In all we can obtain an atomic view of the electronic states
involved in the formation of the chemical bond to the surface.

Photon-excited X-ray emission should in the general case
be treated as a one-step process and this is conveniently done
within a scattering framework (see, for example, contribu-
tions in these proceedings dealing with resonant inelastic X-
ray scattering (RIXS)). In many cases, however, excitation
and decay can be treated as separable events. A fully adequate
description can thus be provided within the traditionally used
two-step picture, where in the first step a core hole is created
by an electron transition from a core level to either a bound
empty valence level or to the ionization continuum, and in the
second step, the core hole is filled by an electron from an oc-
cupied valence level under emission of X-rays. Both steps are
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-
tra. Furthermore, since the 1s level is localized on one atomic
site, the transition matrix element will be dominated by the 2p
contribution on that particular atom.

In a one-electron picture the XE spectrum reflects the oc-
cupied valence electron states. However, it is important to
consider the influence of the core holes involved in the pro-
cess. This influence has been summarized in the so-called
“initial and final state rules” for X-ray spectroscopies [6–9].
The final state rule states that the spectral features reflect the
eigenstates of the final state Hamiltonian. In XES, the core
hole is filled by a valence electron leading to a final state
related to the ground state. The final state in XES contains
the quasiparticle valence hole similar to the final state in va-
lence band photoemission. The position of the Fermi level
in the spectrum, to which the valence electron states are re-
lated, is provided by the core level photoemission binding
energy [10]. The initial state rule states that the integrated in-
tensity in the spectrum is determined by the initial state of
the transition. In XES, it contains a core hole and theinte-
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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
ground state frozen orbitals or a fully relaxed core hole state,
respectively [11]. There are only minor changes of the relative
intensities except for a model-induced strong state close to the
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 satellites in core level photoemission spectra.
The presence of additional initial states for the decay process
gives rise to X-ray satellites and these can have a substan-
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 excited
states can be suppressed and a clean initial state for the de-
cay can be produced. This requires a tuneable synchrotron
radiation source.

The presence of an extra electron above the Fermi level
in a threshold-excited decay process could in principle mod-
ify the spectra. This is utilized in RIXS and has recently
been addressed in a large number of studies of solids and
free molecules (see other contributions in these proceedings).
For these systems very large spectral changes can be seen
with varying excitation energy. For chemisorbed systems,
on the other hand, one can expect the effects to be much
smaller since the excited electron can couple to the con-
tinuum of metal states and becomes delocalized. In fact, the
spectral profiles obtained in resonant Auger measurements of
chemisorbed systems are essentially independent of excita-
tion energy [12, 13]. The excited state is regarded as locally
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
and the spectra can be interpreted in a two-step picture with
a fully relaxed initial core hole state.

In free molecules with inversion symmetry there exists,
as a consequence of the dipole approximation, a parity se-
lection rule [14, 15]. The electronic states in such molecules
have eithergerade(g) orungerade(u) symmetry with respect
to the inversion center. When the core electron is excited to an
empty state of a particular symmetry only valence hole states
of the same symmetry are seen in the XE spectrum. If, upon
chemisorption, the inversion symmetry is only weakly per-
turbed, the selection rule will still have some influence on the
transition intensities and this can be used to assign the mo-
lecular symmetry of new electronic states created due to the
molecule–surface interaction.

For oriented systems the symmetry of the states can be
obtained from angle-dependent measurements [4]. As an il-
lustration we considerCO, which adsorbs with the molecular
axis perpendicular to the surface. In the X-ray absorption pro-
cess the linearly polarized incident radiation leads to 1s–σ
(1s–π) transitions if theE-vector is parallel (perpendicular)

Fig. 1. The experimental geometries for ad-
sorbed CO. For normal emission onlyπ
contributions are seen, while the grazing
emission spectrum contains bothσ and π
contributions

to the molecular axis, respectively [4]. The same symmetry
rules also hold for the emitted X-rays. However, since we do
not analyze the polarization of the emitted X-rays, symme-
try information only comes from the fact that theE-vector is
always perpendicular to the direction of the emitted X-rays.
In Fig. 1 we show the two different experimental geometries
necessary for symmetry-selective detection of the emission
from adsorbedCO (only emission from the oxygen atom is
indicated in the figure). In the case of normal emission we
probe transitions from the two degenerateπ orbitals to the 1s
core hole, whereas in grazing emission transitions from one
of theπ orbitals and theσ orbital are seen. This means that
orbitals with pureπ-symmetry are observed in normal emis-
sion and in grazing emission bothπ andσ orbitals are probed.
Theσ orbitals can then be obtained by a subtracting proce-
dure where we assume equal contributions from both types of
orbitals in the grazing emission spectrum.

1 Experimental considerations

XES applied to monolayers on surfaces is experimentally
very demanding, and it is only recently that the field has
begun to be exploited, mainly due to the appearance of third-
generation synchrotron radiation sources. The main concern
is the count rate and there are three effects acting togeth-
er: (i) with only one sample layer the target density for the
exciting beam is very low; (ii) most of the core holes that
are created in the layer will decay by nonradiative processes
(in the case ofC, N, andO 1s hole states, only about 0.1%
decay by X-ray emission); (iii) only a small fraction (about
10−8) of the emitted photons are actually detected. This is
mainly due to the inherently small acceptance angle of high-
resolution grating instruments (in other respects the best ones
for the purpose). With these effects taken together it is clear
that experiments of this kind require a highly efficient exci-
tation source. In principle, electron excitation could be used
but in general the electron beam would be far too destructive
for the sensitive molecular adsorbate systems. Furthermore,
as discussed above, it is essential to use threshold excitation
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in order to avoid satellites. Thus, monochromatic synchrotron
radiation is the best choice. In order to have a reasonable
count rate a photon flux of the order of1013 to 1014 photons
per second is required on the sample within a100µm spot.
The experiments in the present contribution have been car-
ried out at the Advanced Light Source (ALS) using beamline
8.0 which is based on a undulator with 985-cm periods and
a spherical grating monochromator.

The X-ray emission spectra were recorded using a multi-
grating, grazing incidence spectrometer with a movable
multichannel-plate-based detector, described in detail else-
where [16]. To allow for angle-resolved measurements the
spectrometer was rotatable around the axis of the incom-
ing beam. The C K emission spectra were measured using
a400 lines mm−1 grating and the N andO K emission spectra
with a 1200 lines mm−1 grating, both with a spherical radius
of 5 m. The resolution was typically set to0.5–0.6 eV. It is
essential to have a reliable method for energy calibration. By
setting the monochromator to different (well-defined) excita-
tion energies and reflecting the beam into the spectrometer,
a common energy scale for the monochromator and the spec-
trometer was established. With this procedure an accuracy of
the order of±0.1 eVwas typically obtained.

The large penetration depth of the photons gives an inher-
ently low surface sensitivity of the X-ray probe, as indicated
above. The surface signal can, however, be substantially im-
proved by operating with small angles (3–5◦) between 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. In
these cases it is necessary to scan the sample in front of the
spectrometer.

2 Applications to adsorbate systems

2.1 CO and N2 adsorbed onNi(100)

CO andN2 adsorbed on the late transition metals have be-
come prototype systems for the general understanding of mo-
lecular adsorption. It is in general assumed that the bonding
of molecules to transition metals can be explained in terms
of the interaction of the frontier molecular orbitals with the d
orbitals. The frontier orbitals are the HOMO and LUMO mo-
lecular orbitals. In such a picture the other molecular orbitals
should remain essentially the same as in the free molecule.
For the adsorption of the isoelectronic moleculesCO andN2
this has led to the so-called Blyholder model, i.e. a synerget-
ic σ (HOMO) donor andπ (LUMO) backdonation bond [17].
Our recent results show that such a picture is oversimpli-
fied [5].

It is important not only to observe new electronic states re-
lated to the surface chemical bond but also to study changes in
the contribution from different atoms to the molecular orbitals
upon adsorption. The upright adsorption geometry of theN2
molecule onNi(100) in an on-top site leads to two chemically
inequivalent N atoms. If a separation between the two atoms
can be made it is an ideal opportunity for studying how the
electronic states redistribute in a homonuclear molecule upon
adsorption.

Fig. 2. Symmetry-resolved X-ray emission spectra for the inner and outer N
atoms forN2/Ni(100). The two N atoms were separated by selective X-ray
excitation at400.6 eV (outer atom) and401.0 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

Previous work has shown that the X-ray absorption spec-
trum for N2 on Ni(100) exhibits two 1s to 2π∗ resonances at
400.6and401.0 eV[18], corresponding to the outer and inner
N atoms, respectively. Hence, by using different excitation
energies, site-specific XE spectra can be recorded. The result-
ing XE spectra for the outer and inner N atoms are shown
in Fig. 2. The spectra are plotted on a common binding en-
ergy scale relative to the Fermi level, obtained by subtracting
the N 1s core-level photoemission binding energies of the two
atoms (outer atom:399.4 eV; inner:400.7 eV [19]) from the
emission energies [10]. The figure is divided in an upper part,
displaying states ofσ symmetry (obtained by subtracting the
grazing emission spectra from a normal emission spectrum
scaled by 0.5) and a lower part, displaying states ofπ sym-
metry (the normal emission spectra). From the symmetry and
binding energies of the spectral features, it is straightforward
to assign all features above5 eV binding energy by analo-
gy with UPS measurements [20, 21]. In order to facilitate the
comparison with the much-studiedCOmolecule we shall use
the symmetry notation C∞ν for the molecular orbitals.

The novel information contained in Fig. 2 is the large dif-
ference in the states located on the inner and outer N atoms
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Fig. 3. Schematic illustration of the interactions of theπ orbitals (left), andσ orbitals (right), with the Ni 3d band for theN2/Ni(100) system in the Blyholder
model (upper pane) and based on our new results (lower pane)

and the clearly resolved structures within5 eV binding en-
ergy, i.e. in theNi d band region. All spectral peaks, rep-
resenting the 2p atom-projected molecular orbitals, exhibit
different intensities or shapes for the inner and outer N atoms.
Even the 3σ , located about25 eV below the Fermi level,
shows an intensity difference for the two atoms, demonstrat-
ing that the chemisorption bond affects even the inner valence
levels. Other interesting findings are the localization of the
4σ state to the inner N atom, with no visible spectral inten-
sity from the outer N atom, and the larger 5σ localization to
the outer N atom. Near the Fermi level we find the molecu-
lar states which are important for the surface chemical bond.
These states arise from interaction of molecularπ states, as
discussed below, with the Ni d states. The state located on the
outer N atom is centered at about2.5 eVbinding energy while
the state located on the inner N atom is centered at about1 eV.

In Fig. 3, we show in a schematic illustration how our new
findings can be compared with the Blyholder model, where
the surface chemical bond is described by 5σ donation into
the substrate and a backdonation of d states into the emp-
ty molecular 2π∗ orbital. In a molecular orbital picture the
5σ and 2π∗ interactions would lead to a splitting into bond-
ing and antibonding states as shown in Fig. 3. The molecular
character is large for the occupied 5σ bonding states and
small for the antibonding states. The reverse will hold for the

2π∗–3d hybrid states, reflecting the difference in energy po-
sition of the 5σ orbital and 2π∗ relative to the Ni 3d band.
It is assumed that the atomic population on the two atoms in
the new adsorbate states resembles those of the free molecule.
This is not what we see in our spectra. Instead we observe
the appearance of two new states,π̃in andπ̃out. These states
are nonbonding with respect to theN−N bond and do not
have much resemblance to the original orbitals of the free
molecule. We can only generate these states through a linear
combination of the original 1π and 2π∗ orbitals. We picture
the π̃in state to be stronglyNi−N bonding whereas thẽπout
state is essentially a N 2p lone pair. It may contain some
nonbonding Ni contribution [5].

In the spectra we do not see any new occupied states of
5σ symmetry and in previous XA spectra of adsorbedN2
there are no indications of any new states above the Fermi
level [22]. Thus we do not observe any bonding and anti-
bonding states, indicating a significant 5σ contribution to the
surface chemical bond. This supports the cluster calculations
of Bagus and Pacchioni [23], which show theσ contribution
to be mainly repulsive. Our spectra show the repulsion effects
as a redistribution of the molecularσ system upon formation
of the surface chemical bond. The 4σ state becomes polarized
on the inner and the 3σ and 5σ states on the outer nitrogen
atoms. Surprisingly, all valence states, down to the 3σ state
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Fig. 4. Symmetry-resolved X-ray emission spectra for the C atom and O
atom forCO/Ni(100). Peaks in the spectra are labelled by the correspond-
ing molecular orbitals. New orbitals arising from the surface chemical bond
are indicated by a tilde symbol

around25 eV binding energy, are affected by the formation
of the chemisorption bond. Despite the relative weakness of
the chemisorption bond (≈ 0.4 eV) relative to the intramolec-
ular bond (≈ 8 eV) the intramolecular bonding is completely
changed upon chemisorption.

The isoelectronicCO molecule adsorbs in the same way
asN2 in an on-top site with the carbon end down. In this case
the chemisorption bond is much stronger (≈ 1.5 eV). Figure 4
shows the XE spectra for the carbon and oxygen atoms on
a common binding energy scale relative to the Fermi level (C
1s285.9 eV and O 1s532.2 eV [24]). The upper part shows
states ofσ symmetry while the lower part shows states ofπ
symmetry. All spectral features with a binding energy above
5 eV has been observed previously with UPS [25]. We ob-
serve that the 5σ state is mainly located at the inner carbon
atom and the 4σ on the outer oxygen atom. At first sight
this appears to be the reverse situation compared withN2.
However, the distribution of the molecular orbitals in the free
molecule is very different. In the oxygen XE spectrum of free
COthe intensity of the 4σ state is about five times larger than
the 5σ [27]. From Fig. 4 we can observe that upon adsorption
the intensity of the 5σ state becomes slightly larger than the
4σ . The 5σ slightly redistributes itself in the same manner as
seen in adsorbedN2 due to the repulsive interaction with the
substrate. The 4σ state stays completely localized on the out-
er oxygen atom as in the free molecule. In theπ system we

also observe two new states,π̃C (C−Ni bonding state) on the
inner carbon atom and̃πO (O lone pair state) on the outer oxy-
gen atom similar toN2. The energy splitting between the two
states is larger inCO than in adsorbedN2: 3 eV and1.5 eV,
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, thẽπC state is not entirely lo-
calized on the carbon atom. The observed changes in theπ
system upon chemisorption resemble those between freeCO
andH2CO. When two hydrogen atoms are added toCO to
form H2CO one of theπ orbitals breaks up into a localC−H
bonding orbital (1b1) and anO 2p nonbonding lone pair or-
bital (2b1), by analogy with the innerπ and outerπ states in
both adsorbedCO andN2.

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 onCu(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
parallel to the surface. The bonding of benzene to a tran-
sition metal is typically thought to involve theπ system.
Theπ–substrate interaction could be expected to be different
compared withCO andN2 since theπ system is now parallel
to the surface and we expect each carbon atom to contribute
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
is interesting to study how the adsorption strength is reflected
in the electronic structure of the adsorbate–substrate complex.

XE and XA spectra for benzene onCu(110) andNi(100)
are shown in Figs. 5 and 6 [5, 28]. XE spectra were taken at an
excitation energy corresponding to the C 1s toπ∗(e2u) tran-
sition. The spectra are plotted on a photon energy as well as
valence hole binding energy scale (C 1s binding energies of
284.1 eV and284.9 eV for benzene adsorbed on Ni and Cu,
respectively). The assignment of the XE features with bind-
ing energies larger than4 eVis known from the literature and
it is given in the figures for theπ system [14, 29]. The pro-
nounced polarization dependence of the XA spectrum shows
that benzene is adsorbed with the molecular plane parallel to
the surface [30]. Based on this adsorption geometry, the XE
spectra shown in Figs. 5 and 6 corresponding to pureσ and
π symmetries were obtained in the same way as described
earlier forCO andN2.

If we start with states ofπ symmetry (dashed lines) we
find three distinct peaks. The 1a2u and 1e1g π-like orbitals
are essentially intact from the gas phase, while the third state,
labeled e2u, is not seen for the free molecule. The inversion
symmetry of the molecule seems to be partly conserved upon
adsorption [28]. It was shown that peaks corresponding to
geradeor ungeradesymmetry states changed their relative
intensity depending on the symmetry of the excited inter-
mediate state. The spectra in Figs. 5 and 6 correspond to
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Fig. 5. Symmetry resolved X-ray emis-
sion and X-ray absorption spectra for
benzene onNi(100). The π symmetry
peaks in the spectra are labeled by the
corresponding molecular orbitals, emp-
ty states being designated by an aster-
isk. New orbitals arising from the surface
chemical bond are indicated by a tilde
symbol

a (u) excited state and therefore peaks of (u) symmetry in the
XE spectra are slightly enhanced compared with spectra ex-
cited just above the onset of the ionization continuum. The
results show that the third state has (u) symmetry for adsorp-
tion on both Cu and Ni. We conclude that this is a LUMO
(e2u)-substrate hybrid.

The new occupied e2u state appears differently in the
spectra from benzene on Cu and Ni. In the case of adsorp-
tion on Ni (Fig. 5), the newπ state is located1.7 eV below
the Fermi level and hence overlaps the Ni d band region.
The fraction of adsorbate character of this state has to be of
similar magnitude as that of the higher-binding-energyπ or-
bitals since the observed emission intensity is of comparable
strength. The origin of the e2u state is easily understood in
a simple frontier orbital picture. The interaction of the e2u or-
bital with Ni d states results in an occupied bonding orbital
observed in XE, and an empty antibonding orbital, the e2u

∗
state observed in XA. The strong molecular character of the
bonding e2u state implies that the corresponding antibonding
e2u
∗ state has significant metal character. This is confirmed by

the reduced intensity of the e2u
∗ XA peak relative to the e2u

resonance in the gas-phase spectrum [30]. The formation of
a single bonding state rather than a band suggests that the e2u
orbital interacts mainly with a narrow distribution of states,
i.e. the Ni d band. For benzene adsorbed on Cu (Fig. 6), the
new occupied e2u orbital is located just below the Fermi level.
There seems to be a cut-off at the Fermi level. The adsorbate
character in this orbital is rather low. This is also reflected
in the relatively strong peak from the antibonding orbital in
the XA spectrum in Fig. 6. Our observations suggest that the
unoccupied e2u

∗ orbital interacts with a broad continuum of
metal states and becomes broadened with a tail extending be-
low the Fermi level. There is no distinct separation between
the bonding and antibonding part.

The interaction between an electron level in the adsor-
bate and the band-like distribution of substrate levels has been
separated into two extreme cases [31–33]. If the interatomic
Coulomb interaction (the driving force for generating bond-
ing and antibonding states) is smaller than the band width
of the substrate states no well-separated bonding–antibonding
states are formed; only a broadened adsorbate-induced res-
onance level is formed. If, on the other hand, the Coulomb
interaction is larger than the band width, discrete bonding and
antibonding states are obtained. The former situation repre-
sents a weak coupling case such as benzene on Cu whereas
the latter corresponds to strong coupling as in benzene on Ni.

In the σ symmetry XE spectra in Figs. 5 and 6 (solid
lines), we find, at binding energies larger than5 eV, an orbital
structure identical to the free molecule [14, 29]. In addition
we find for benzene on Cu, Fig. 6, two new weak structures
at binding energies below5 eV. These structures appear at
the same binding energies as the 1e1g and e2u orbitals seen in
theπ symmetry spectrum. We can anticipate some symme-
try mixing due to rehybridization. For benzene adsorbed on
Ni theσ symmetry spectrum is different. Here we find signifi-
cantσ intensity all the way to the Fermi level, markedσ in
Fig. 5. A simple admixture ofσ andπ states is not sufficient
to explain the appearance of newσ states in the spectrum,
since then we would expect aσ electron distribution which
resembles theπ states with a peak at1.7 eV (the backbond-
ing e2u orbital). The 2p valence states parallel to the surface
must therefore interact with the metal somewhat different-
ly from the perpendicular 2p states. The band-like character
of theσ states indicates a hybridization of benzeneσ states
with the broad Ni sp band in addition to the d band. Since
the HOMO and LUMOσ orbitals involveC−H contribu-
tions we expect that the presence of these new states could
affect theC−H bond. This might have direct implications for
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Fig. 6. Symmetry-resolved X-ray emis-
sion and X-ray absorption spectra for
benzene onCu(110). See Fig. 5

the important hydrogenation and dehydrogenation reactions
of aromatic hydrocarbons on metal surfaces.

2.3 Glycine adsorbed onCu(110)

The potential of XES applied to more complicated molecu-
lar adsorbates is well illustrated with glycine adsorbed on
Cu(110). Glycine (HCOOCCH2NH2) is the simplest amino
acid. Its properties are of biological interest. The molecule
adsorbs with the molecular skeleton intact except for the re-
moval of the acidic hydrogen. Figure 7 shows the orientation
of the molecule on theCu(110) surface [34]. The molecule
is bonded to the surface through both the carboxylic group
(COO) and the amino group (NH2). TheCu(110) surface has
a twofold symmetry, where the surface Cu atoms are oriented
into rows in the[110] direction. The molecule adsorbs in an
orientation perpendicular to these rows. From measurements
of XE spectra in three directions (normal emission and graz-
ing emission along the[110] and [100] directions), we can
project the electronic structure on to the 2px, 2py, and 2pz
valence orbitals.

The two chemically different carbon atoms in theCOO
andCH2 groups give rise to chemical shifted resonances in
the X-ray absorption spectra. We may selectively excite each
core level separately (similar to theN2 on Ni case). Fig-
ure 7 shows XE spectra measured on four different atomic
sites projected in three directions. The picture that emerges
is an experimental version of the LCAO (linear combination
of atomic orbitals) approach for molecular orbital theory. We
can now study how molecular orbitals of a specific symme-
try are distributed over different atomic sites in a complicated
molecular complex. Combined with theoretical calculations,
details of the chemical bond can be obtained from such stud-
ies.

3 Summary

The present paper demonstrates the application of the X-ray
emission technique to the study of chemisorption systems.
Such studies have become possible with the advent of high-
brightness soft X-ray radiation from third-generation storage
rings. It is clear from the examples presented that the tech-
nique provides a unique new insight into the nature of the
surface chemical bond. The potential of the technique for the
study of complex chemisorption systems involving molecules
with different functional groups is also illustrated.
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