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1. Introduction

The adsorption of hydrocarbons, especially on metal surfaces, has aroused considerable
interest from the very beginning of surface science. This interest originates in the central
importance of these molecules in many catalytic processes and in technology. In particular
small hydrocarbon molecules have been and are still considered not only to represent
model systems for technologically relevant processes, but they are also interesting from
the point of view of fundamental research. To investigate their vibrational, electronic
and geometric properties, a variety of experimental techniques have been applied. These
methods include high-resolution electron energy-loss spectroscopy (HREELS), temperature-
programmed desorption (TPD), low-energy electron diffraction (LEED), near-edge x-ray
absorption fine-structure (NEXAFS), scanning tunnelling microscopy (STM), x-ray photo-
electron spectroscopy (XPS) and UV photoelectron spectroscopy (UPS) and several other
techniques.

In this article, results obtained by angle-resolved UV photoelectron spectroscopy
(ARUPS) for the smallest non-saturated hydrocarbon molecules acetylene and ethylene and
for the aromatic benzene molecule adsorbed on transition metal surfaces will be reviewed,
using examples mainly obtained in the author’s group. The restriction to those molecules
is motivated by several reasons.

(1) They represent model systems for the interaction of hydrocarbons with metal surfaces
and they often serve as building blocks for larger organic molecules. The detailed knowledge
of their adsorption characteristics is thus essential for the understanding of more complicated
systems.

(2) The molecules are highly symmetric and in many cases adsorb in well defined
adsorption geometries on the surface. This allows one to study the adsorbate/substrate
interaction in great detail. In particular for adsorption on surfaces with twofold symmetry,
such as the fcc(110) surfaces, far-reaching conclusions on the orientation of the molecules
and the symmetry of the adsorption complex adsorgagibstrate can be derived.

(3) The most detailed understanding of the electronic structure and also the influence of
lateral interactions in densely packed layers has been achieved for these adsorbate systems.

(4) They represent the only examples for hydrocarbon adsorbates where the formation
of adsorbate band structures has been investigated.

(5) For some of the examples model cluster calculations, slab calculations, force-field
calculations or tight-binding band-structure calculations are available that have helped in
the obtaining of a deeper understanding.

All of the adsorbate systems that will be discussed below have been investigated not only
via angle-resolved photoemission but also via a variety of other methods. In this article we
will, however, concentrate on the results obtained by ARUPS and refer to other experimental
results only if necessary. In the following we will briefly review some basics of angle-
resolved photoemission in section 2 and provide some experimental aspects in section 3.
Thereatfter, the orientation and symmetry of adsorbed molecules will be discussed in section
4 with particular emphasis on the influence of lateral interactions. The electronic structure
and bonding will be the subject of section 5. In section 6 we will address the formation of
two-dimensional adsorbate band structures and in section 7 some special aspects, hamely
the photoionization cross section and vibronic coupling in the photoemission process of
hydrocarbons, will be discussed.
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2. Angle-resolved photoemission

ARUPS is an established technique in surface science [1-6] that is particularly well suited for
studying the electronic structure of adsorbates on solid surfaces [7-17]. By investigating the
outer valence region, modifications induced by the physical and/or chemical bond between
adsorbate and substrate can be studied. From the comparison of the energetic positions of
the electronic levels of the adsorbed species to the corresponding values for the free atom or
molecule, direct and detailed information on the nature of the bond to the surface and on the
chemical identity of the adsorbate can be deduced; the polarization and angular dependence
of the emission from valence levels allows one to reach specific conclusions about the
orientation of a molecule, and the symmetry of the adsorption complex. Furthermore,
angle-resolved UV photoemission is the only technique for determining the band structures
of adsorbate layers. The theoretical background of ARUPS has been discussed in many
articles (see, e.g., references [1-17]). Here we will concentrate only on those aspects that
will be of importance later on.

2.1. Energetic considerations

The electronic structure of a free or an adsorbed molecule is a more or less unique fingerprint
of its chemical state. Therefore, one should—at least in principle—be able to identify the
chemical identity of an adsorbed species from the ARUPS spectrum and decide whether a
molecule adsorbs intact or decomposes during the adsorption process. From the binding
energies of the individual electronic levels and in particular from the changes that occur
upon adsorption, details of the electronic structure of the adsorbate and on the chemical
bond between adsorbate and substrate can be derived.

As an example for the changes in the UPS spectra that are observed upon adsorption
of a molecule on a surface, angle-integrated spectra of gaseous and chemisorbed benzene
are compared in figure 1. The upper spectrum represents the spectrum of the free molecule
with the energetic positions of the various valence levels and their assignment indicated.
For several peaks the vibrational fine structure is well resolved. Upon adsorption significant
changes occur, as is evident from the bottom of figure 1 where the UPS spectrum of benzene
chemisorbed on Ni(111) is shown. The spectrum of the adsorbate layer contains the modified
levels of the free molecule plus the emission from the substrate. The substrate-induced
intensity is composed of direct emission of the substrate valence bands and secondary
electrons due to inelastic scattering off the substrate or the adsorbate layer. The adsorbate
levels are significantly broadened due to initial- and final-state effects, a common observation
for adsorbed molecules [18-27]. The initial-state broadening is due to the coupling to the
substrate bands [18]; the final-state effects include inelastic processes such as electron—hole
pairs and phonon excitations, a reduced lifetime of the excitation due to the coupling to
the substrate, and inhomogeneous screening of the ionic final state [19—26]. While binding
energies for free molecules are referenced to the vacuum level, for adsorbed species they
are usually given with respect to the Fermi level. The energetic difference between the
Fermi level and the vacuum level is the work functidn of the adsorbate layer. In
comparison to the free molecule, the orbitals of the adsorbate undergo a more or less
uniform relaxation shift,Ex,;, towards lower binding energies that is mainly attributed
to extramolecular screening (a final-state effect) within the adsorbate layer and by the
substrate [8, 20, 28]. For chemisorbed molecules, an additional differential shift of one
or several molecular levels towards higher binding energies is observed. This shift reflects
the participation of these levels in the chemical bond to the substrate (an initial-state effect)
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Figure 1. A schematic illustration of the changes in the photoelectron spectra that occur upon
chemisorption [15]. Top: a UPS spectrum of gaseous benzene; bottom: a UPS spectrum of
benzene chemisorbed on Ni(11%): the work function of the adsorbate-covered surface.

and is referred to as the bonding shifg,,, [8, 20, 27-30]. To a first approximation the
binding energy of electrons in a particular adsorbate molecular level is then given by

EB(aG) = EB(gas — ERet + Egona — @. (1)

The separation of relaxation shifts and bonding shifts is difficult. The common procedure
for deducing the bonding shift is to assume identical relaxation shifts for those orbitals
involved in the bond to the substrate and for those unaffected by this interaction. For
benzene chemisorbed on metal surfaces the relaxation Bhiftis typically between 1.5
and 2.2 eV and bonding shiftg,,, of 1.0-1.5 eV are observed for the two out-of-plane
w-orbitals (1a, and lgg) that are made responsible for the bonding interaction to the
substrate.

The assumption of identical relaxation shifts for all orbitals should however be treated
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with some caution. The change of the intramolecular bond length due to the chemisorptive
bond can lead to differential shifts of molecular orbitals that are not primarily involved

in the adsorbate substrate bond. This conclusion is supported by cluster calculations (see,
e.g., references [30-32]) that reveal small energetic shifts (‘chemical shifts’) of those orbitals
up to several tenths of one eV. Moreover, the comparison of the binding energies of
particular levels of the adsorbate to those of the free molecule can be complicated by
the formation of adsorbate band structures, i.e. a dependence of the binding energy on the
momentum of the emitted electron. The corresponding band width can be as large as 2
eV for hydrocarbon molecules (see section 6), but has very often been neglected in the
literature. For a meaningful comparison with the spectrum of the free molecule an adequate
integration over the adsorbate surface Brillouin zone has to be performed.

2.2. Symmetry selection rules

The differential cross section for the photoemission process in the dipole approximation is
given by Fermi’s Golden Rule:
do/dQ ~ |(Dy || D:) 1?8 (Ef — Ei — hov). @

In the single-particle approximation that has proven to be sufficient for most
investigations on adsorbate layers [8], the initial stiabg) represents the bound electron
in a particular orbital, the final statgb,| the emitted electron, and = Ao - p the dipole
operator. One major difference between free and adsorbed molecules is that the latter
in many cases have a well defined orientation with respect to the substrate. Therefore,
the differential cross section can be investigated in great detail by polarization-dependent
ARUPS measurements: the final state is then uniquely specified by the kinetic éhgrgy
and the momenturk of the outgoing electron, as determined by an angle-resolving electron
spectrometer; the initial state is given by the particular orbital of the oriented molecule; and
the dipole operator is defined by the polarization of the incoming photon beam.

Calculations of the differential photoionization cross section for the various orbitals of
adsorbates at selected photon energies are very complicated, if the surface and the changes
induced by the chemical bond are properly taken into account [33-35]. For larger than
diatomic adsorbates no such calculations are available. Nevertheless, detailed information
on the orientation and symmetry of adsorbed molecules can be obtained from ARUPS data
in combination with so-called symmetry selection rules [7, 8, 36, 37]. These rules are
derived from the fact that in order to be non-zero, the dipole matrix element in equation (2)

Mip = (@ || P;) 3)
must be totally symmetric, or (for point groups with degenerate representations) at least
contain a totally symmetric component [7, 8, 15, 36, 37]. The dipole operatansforms
as the cartesian axas y, andz of the point group of the system. The representatiop of
is thus defined by the cartesian components of the vector potebtfal, alternatively, the
electric field vectorE) of the incoming radiation. For consistency with the nomenclature
used in the examples discussed beldw will be used to denote the polarization of the
incoming radiation in the following.

For a given polarizationE, excitations from an initial stat®; are only allowed to final
states®; of particular symmetry [7, 8, 15, 36, 37]. Using group theory, it is easy to show
that the symmetry of those final states (i.e. outgoing electrons) that fulfil the requirement
M;y # 0 is given by the direct product of the representations of the initial state and the
dipole operator:

o, ® E = d. 4)
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Figure 2. A schematic illustration of the predictions of symmetry selections rules for the point
group Gy [15]. The excitation from a particular initial stat®; (left) with a well defined
polarizationE (centre) leads to a specific final stabg (right), according to equation (4).;a
final states are allowed at any detector positiop;(t») final states are forbidden in normal
emission and in thez- (xz-) mirror plane (nodal planes of the final state) but are allowed in
the xz- (yz-) mirror plane; a final states are forbidden in normal emission and in both mirror
planes.

Using symmetry selection rules, one can therefore predict whether emission from a specific
orbital ®; is allowed or forbidden for a particular detector position and a given polarization.
These rules are especially powerful if the detector is positioned in a high-symmetry direction,
such as the surface normal or mirror planes of the system. Iref@arschematic illustration
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of the predictions obtained by symmetry selection rules is given for thepGint group
[15]. The excitation from a particular initial state; (left) with a well defined polarization
E (centre) leads to a specific final stabg (right), according to equation (4). For the final
states very distinct emission characteristics are predictefina states are allowed at any
detector position; p(b,) final states are forbidden in normal emission and inythe(xz-)
mirror plane (nodal planes of the final state) but are allowed inctheg(yz-) mirror plane;
& final states are forbidden in normal emission and in both mirror planes.

The application of symmetry selection rules in many cases allows the assignment of
peaks in the ARUPS spectra to orbitals or bands. Conversely, using a plausible peak
assignment, symmetry selection rules allow one to obtain the orientation and symmetry of
the adsorbate. One should note, however, that symmetry selection rules do not allow any
predictions about the intensity of a particular final state: even if a final state is allowed
by symmetry selection rules it can show vanishing intensity in the experiment due to cross
sectional effects. This ambiguity can usually be overcome by making measurements at
various photon energies.

2.3. Determination of adsorbate band structures

A well ordered adsorbate layer represents a two-dimensional superlattice on a surface with
a two-dimensional periodic potential. If the intermolecular distances within the adsorbate
lattice are small (roughly their Van der Waals dimensions), the overlap between neighbouring
molecules is significant and the formation of a two-dimensional adsorbate band structure
is expected [7, 8, 14-16, 28]. The adsorbate wave functions then have to be described
as two-dimensional Bloch states(k;), with k; = k. + k,, and the binding energ¥
depends on the electron momentum parallel to the sugacerhe two-dimensional band
structureEz (k) can be obtained from angle-resolved UPS spectra: the magnitude of the
electron momentum parallel to the surfa¢k,|, is determined from the kinetic energy of

the emitted photoelectrork;,, and the polar angle of emissiofi, via the relationship

k| = ((2m/h?) Ek;n)Y? sin® ®)

if one assumes a free-electron dispersion relation for the final state [8]. The two-dimensional
band structure can then directly be plotted as the initial-state erfesgyersusk;.

3. Experimental details

The angle-resolved UPS spectra have been collected at the Berlin Synchrotron facility
BESSY using the TGM-1 monochromator [38]. The use of linearly polarized synchrotron
radiation of high flux and tunable energy has turned out to be essential for obtaining detailed
information about the electronic structure of adsorbates. It allows one to investigate effects
related to the photoionization cross section and to measure adsorbate band structures up to
large values ok;. The UHV system has been described elsewhere [39, 40]. The electron
analyser is an angle—multichannel instrument developed at the Technische Udtversit
Munchen which allows simultaneous detection of electrons emitted under polar angles
betweeny = —10° and 90 (with respect to the surface normal) at a given azimuth [41]. The
analyser can be rotated around the surface normal of the crystal to put the detection plane D
parallel or perpendicular to the plane defined by the electric field vdgtof the incoming
linearly polarized light and the surface normal. The simultaneous electron detection leads
to a significant reduction of the collection time-factor of 10) for an experimental data

set as compared to that for conventional spectrometers, which is particularly important
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for the determination of adsorbate band structures. Furthermore, the spectrometer permits
measurements in normal emissiah £ 0°) at normal light incidenceo = 0°) which is

very helpful for the determination of the adsorbate orientation in combination with symmetry
selection rules.

Ethylene, D,, (C,,)

Figure 3. Top: a schematic drawing of ethylene with its symmetry elements; bottom: molecular
orbitals of ethylene [31].

4. Orientation and symmetry of adsorbed molecules

A very important aspect of the bonding interaction of a molecule with a surface is the
orientation of the molecule with respect to the substrate and the symmetry of the adsorption
complex adsorbate- substrate. In many cases this symmetry will be lower than the
symmetry of the free molecule: even in the case of a flat adsorption geometry of a planar
molecule, the molecular plane is not a symmetry plane any more, due to the presence
of the surface. For a single molecule on the surface, i.e. in the zero-coverage limit, the
adsorbate/substrate interaction is determined by the electronic structure of both partners and



ARUPS studies of adsorbed hydrocarbons 6473

leads to a well defined adsorption geometry. For higher adsorbate coverages, the particular
arrangement of the molecules is dictated by the interplay between adsorbate/substrate
interaction and adsorbate/adsorbate interaction. Although in many cases the bonding to the
substrate is significantly stronger than intermolecular interactions, the properties of densely
packed adsorbate layers can be influenced very strongly by lateral (steric) interactions which
can lead to changes in adsorption sites, bond lengths as well as orientation and symmetry
with increasing coverage.

In order to obtain a detailed understanding of the adsorbate/substrate interaction, i.e. the
‘vertical’ interaction of a molecule with the surface, one would ideally investigate the
properties of a single molecule on this substrate. This is however not possible due to the low
intensity of the adsorbate-derived levels. To keep the influence of neighbouring molecules
small, the experiments are performed for dilute adsorbate layers. Typical coverages in
our studies range from 20 to 50% of the saturated chemisorbed layer. Measurements at
even lower coverages are very difficult due to the low signal-to-noise ratio. To verify
that lateral interactions are negligible or at least only very small, it has to be checked
(e.g. by LEED) that no island formation occurs and/or that no adsorbate band structure is
formed (by ARUPS). The measurements on dilute layers then can serve as the starting point
for quantum chemical cluster calculations that provide more insight into the nature of the
adsorbate/substrate interaction.

To investigate the influence of adsorbate/adsorbate interactions, measurements are in
most cases performed for well ordered saturated layers which guarantee significant lateral
interactions on the one hand and a well defined arrangement of the neighbouring atoms
on the other hand. The experimental studies are supported by force-field calculations that
allow one to determine the repulsive energy per molecule in a densely packed layer and
to find the minimum-energy geometry. Despite the fact that these calculations are often
performed for unsupported layers, they nevertheless have been shown to be very helpful for
the simulation of adsorbate structures.

In the following the results for ethylene on Ni(110) and for pure and coadsorbed benzene
layers on Ni(110) and Ni(111) and on Pt(11®)2 will be reviewed. The main objective of
the investigations on nickel was to determine the orientation and symmetry of the ‘isolated’
molecule on the surface which is governed by adsorbate/substrate interaction, and to search
for the changes that are induced by lateral interactions in densely packed layers. The study
on Pt(110)1x 2 was performed to determine the adsorption geometry of benzene on a
strongly corrugated surface.

4.1. Ethylene/Ni(110)

Ethylene (GH,) is a non-saturated hydrocarbon molecule that is well known to chemisorb
on transition metal surfaces (see, e.g., references [31, 42-51]). The majority of studies have
been performed using HREELS to investigate its vibrational properties [47]. Information on
the electronic structure is rather limited and, with very few exceptions [43—46], restricted
to angle-integrated measurements at high coverages. The symmetry of the free ethylene
molecule is By; a schematic drawing of the molecule with its symmetry elements along
with an overview of the spatial extension of the ethylene valence orbitals is shown in figure 3
[31]. Upon adsorption the highest possible symmetry4g Gue to the substrate—molecule—
vacuum asymmetry. The particular interaction with the substrate can lower the symmetry
even further: for @ symmetry the only remaining symmetry element is a twofold rotation
axis G, and for G(o,;) or Cs(oy;) symmetry the remaining symmetry elements are the
oy~ or the o,,-mirror planes, respectively. This lowering in symmetry leads to modified
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Table 1. Symmetry selection rules for several molecular symmetries of ethylene for various
experimental geometriest,, E, and E; denote the cartesian components of the electric field
vector of the incoming light with respect to the surface plane and a flat-lying ethylene molecule
(see figure 3 (top))D,. and D, characterize the alignment of the detection plane. ‘N’ indicates
that a band is allowed in normal emissiah £ 0°) and at all other anglesi’ and ‘-’ indicate

that emission in the detection plang 4 0°) is allowed or forbidden, respectively.

D2n Coy

E.D. E,Dy, E.D, E,D. ED, E.D,
bou.ag @ + + - -
bzg ap — — + + — -
b1y b1 N — N — + -
b3y by - N - N - +
D2n Cz

E.D, E,D, E.D, E,D, E,D, E.D,
bou,3g @ + + + + N N
bzg a + + + + N N
b1y b N N N N + +
bay b N N N N + +
Deh CS(sz)

E.D, E,D, E.D, E,D, E.D, E.D,
boy,3g @ N + N - N
b2g a’ - N + N - +
b1y a N + N — N N
bsu a’ — N + N - +
Deh CS(U_\'Z)

E. Dy EyDy E.D, EyDX E.D, E.D,
boy, 89 & + N - N N
bog a’ N - N + + —
b1y a N - N + + -
by a + N - N N N

(relaxed) symmetry selection rules, as is illustrated in table 1, where the correlations
between molecular orbitals for various possible point groups are summarized along with
the corresponding symmetry selection rules.

4.1.1. The dilute ethylene layerTo investigate the adsorbate/substrate interaction, ARUPS
measurements have been performed for a dilute ethylene layer that has been prepared by
dosing 0.8 L ethylene onto the Ni(110) surface at temperatures below 120 K [31, 48]. It
corresponds to a coverage of 0.25 ML (1 ML1 adsorbate molecule/substrate atom) which

is one half of the saturation coverage. A selection of ARUPS spectra are depicted in figure
4. The spectra have been collected in various experimental geometries, with the electric
field vector E aligned parallel to the closed-packed substrate rows (th€][&zimuth)

or perpendicular to them (the [001] azimuth), and the plane of detection D paralll to
(D|| E, allowed geometry). For normal incidenae £ 0°, only x- or y-components off),

spectra are shown for emission angbesf 0° (normal emission), 30 and 60; for o« = 45
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Figure 4. Angle-resolved UPS spectra of the dilute ethylene lages (.25 ML) on Ni(110) at
different geometries, collected at a photon energy of 30 eV [31, 48]. The orbital positions and
assignment are denoted as a bar diagram. D indicates the plane of detEctlmm orientation

of the electric field vectora and® are the photon angle of incidence and the electron emission
angle, with respect to the surface normal, respectively.

(x + z- or y + z-components ofF) spectra for) = 0° are shown. The comparison of the
energetic position of the various levels with the corresponding values for the free molecule
[52] reveals a bonding shift of 1.1 eV of the-orbital (1kp,) to higher binding energy due

to the chemisorptive bond to the substrate. From the fact that the binding energies of the
various molecular levels are independent of the azimuth and polar angle of emission within
+0.1 eV (figure 5(a)) we conclude that lateral interactions are indeed not important and
that the results discussed in this section are representative of the interaction of the single
molecule with the Ni(110) surface.

The orientation and symmetry of ethylene on Ni(110) is determined from the distinct
polarization, azimuthal and polar angle dependencies of the valence levels and symmetry
selection rules [31, 48]: the parallel orientation of the molecule with respect to the surface is
deduced from the behaviour of theg3and 1B, orbitals at normal emission}(= 0°). Both
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Figure 5. Angle-resolved UPS spectra of ethylene on Ni(110) for increasing polar afigks
an incidence angle af = 45° and a photon energy of 30 eV. (a) The dilute lay&rs= 0.25
ML [31]; (b) the saturated c(2 4) layer,6 = 0.50 ML [49].

show significant intensity foe = 45°, but have vanished fox = 0°, i.e. for a zeroE,-
component of the incoming radiation. Since both orbitals belong to the totally symmetric
a (a) representation for £ (C;) symmetry, an orientation of the C—C axis parallel to
the surface immediately follows. In addition, both orbitals show only weak emission (not
shown [31]) in the so-called ‘forbidden’ geometry (DF) indicating that the molecule is
azimuthally well oriented. More information on the azimuthal orientation is derived from
the behaviour of the 1 and 2y, orbitals which belong to thesband ki representations,
respectively, if we assume a flat-lying ethylene molecule wigh §/mmetry. The 1,
orbital shows strong emission f@&||[001] and weak emission faE||[110]; the 2k, orbital
shows the opposite behaviour. By comparison to the predictions from symmetry selection
rules for G, symmetry (see table 1) we conclude that the C—C axis is preferentially aligned
with the densely packed substrate rows, i.e. thE0][1lazimuth. While the behaviour of
the 1k, 3a, 1bs, and 2, orbitals is consistent with £ symmetry, the non-zero normal
emission ¢ = 0°) from the 1bg orbital (g in Cy) in all geometries suggests that the
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Figure 6. (a) A schematic drawing of the proposed orientation of a single ethylene molecule
in the dilute layer on Ni(110) [31], with & symmetry. Note that the adsorption site has been
chosen arbitrarily. (b) A structural model for the densely packedxc@ ethylene layer on
Ni(110) as determined from LEED, ARUPS and NEXAFS and force-field calculations [49].

symmetry of the adsorption complex is only,@robably due to a low-symmetry adsorption
site and/or a twisting of the adsorbed molecule. A schematic drawing of the adsorption
geometry (with G, symmetry) of ethylene on Ni(110) is given in figure 6(a).

4.1.2. The saturated 2(x 4) ethylene layer. The saturated ethylene layer is well ordered
and exhibits a c(X 4) LEED pattern with the (0+(1/2)(2n + 1))-order spots missing for
normal incidence [49, 50]. The saturation coverage is 0.5 ML, indicating a non-primitive
unit cell containing two ethylene molecules. The ARUPS spectra of the saturated layer
(figure 5(b)) show essentially the same emission characteristics as those of the dilute layer
(figure 5(a)), which indicates a coverage-independent orientation [49]. The major difference
from the dilute layer is the significant dispersion (up to 2 eV) of various levels for the
saturated layer that indicates the formation of a two-dimensional band structure (see section
6.2). From the c(Z 4) structure and the well defined azimuthal orientation with the C-C
axis aligned with the substrate rows, we deduce a compressed real-space structure as drawn
in figure 6(b): the molecules are adsorbed in dense rows alongbgdirection with every
second substrate site being occupied. Neighbouring adsorbate rows are shifted relative to
each other by half of a lattice vector alongl{l; the two molecules in the unit cell are
related by a @ point transformation [49]. As a consequence (translationally) equivalent
adsorption sites are occupied only every second row entailing a non-primitive oblique unit
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Benzene, D,

Figure 7. This page: a schematic drawing of benzene with its symmetry elements. Note that
only one out of three equivalent@otation axesgy- andoy-mirror planes are indicated. Facing
page: molecular orbitals of benzene after Jorgensen and Salem [75].

cell for the c(2x 4) structure. This structural model is confirmed by NEXAFS measurements
and by force-field calculations [49].

4.2. Benzene/Ni(110)

The adsorption of benzene has been subject to numerous investigations in the past [13,
14, 39, 40, 47, 51, 53-74]. Like ethylene, benzene is a non-saturated hydrocarbon with
a reactiverr-system and therefore chemisorbs on transition metal surfaces. Most of the
available information with respect to the electronic structure concerns saturated layers,
and with few exceptions [72] a flat adsorption geometry is reported. Information on the
azimuthal orientation and the influence of lateral interactions is however limited. The free
benzene molecule is highly symmetric and belongs to theddint group. A schematic
drawing of the molecule and an overview of the spatial extension of its molecular orbitals is
given in figure 7 [75]. Upon adsorption on a surface the highest possible symmetgy. is C
This symmetry can be further lowered due to the particular interaction with the substrate.
The correlations between possible point groups are summarized in table 2 along with the
corresponding symmetry selection rules.

4.2.1. The dilute benzene layerA selected set of ARUPS spectra for the dilute benzene
layer on Ni(110) is depicted in figure 8(a) [63, 64]. This dilute layer has been prepared
by exposing the surface to 0.7 LsOg [76] at 110 K; the corresponding coverage is 0.10
ML, which is 40% of the saturation coverage. The comparison of the energetic positions
of the molecular levels in figure 8(a) to those of the free molecule [52] reveals differential
shifts of thex-orbitals (1a,, 1eg) by ~1.1 eV towards higher binding energies which are
attributed to the chemisorptive bond to the substrate. The molecular levels show significant
dependencies on polarization and emission angle, but no dispersion wihineV which
indicates that lateral interactions are not important. From the ARUPS spectra, we conclude
that benzene is oriented with its molecular plane parallel to the surface and two of the C—H
bonds aligned along the [001] azimuths [63, 64]; the proposed arrangement is schematically
shown in figure 9(a). The parallel orientation follows from the vanishing normal emission
(¢ = 0°) of the totally symmetric 2g and 1a, levels fora = 0° (normal incidence, only

E, or E,) as compared to the very strong normal emissiondfor 45 (E, # 0). The
azimuthal alignment is deduced from the emission characteristics of the b-type orbitals for
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Figure 7. (Continued)
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Table 2. Symmetry selection rules for several molecular symmetries of benzene for various
experimental geometriest,, E, and E; denote the cartesian components of the electric field
vector of the incoming light with respect to the surface plane and a flat-lying benzene molecule
(see figure 7 (left))D, and D, characterize the alignment of the detection plane. ‘N’ indicates
that a band is allowed in normal emissiah £ 0°) and at all other anglesi’ and ‘—’ indicate

that emission in the detection plang 4 0°) is allowed or forbidden, respectively.

Déh Cev
E.D, Ey,D, E.D, E,D. E,D, E.DD,
€ig, €y €1 N N N N + +
€g.€u € + + + + + +
&g %u & + + - - N N
XDg, Ay X - - + + - -
b1y by + - + - + -
boy by — + - + - +
Deh C3v((7v)
E.D, E,D, E.D, E,D, E,D, E.DD,
€g, €y € N N N N + +
€g,80 € N N N N + +
Ag du & + + + - N N
g,y X - + + + - -
b1y & + + + - N N
boy =Y - + + + - -
Déh Cov
E.D, EyDy E(Dy EyD. E;Dx E;Dy
€g. €y by N - - + -
by — N — N - +
€g, €u & + + - - N N
a - - + + - -
&g u & + + - - N N
g,y X - - + + -
b1y b1 N — N - + -
boy b2 — N - N -
Déh C
E.D, Ey,Dy E.Dy E,D. E,D, E.DD,
€g. €y b N N N N + +
b N N N N + +
€g,€0 A + + + + N N
a + + + + N N
g, &y A + + + + N N
Bg, Ay A + + + + N N
b1y b N N N N + +
by b N N N N + +

o = 45°: the 1h, orbital shows strong emission fdE|[001], but vanishes foi||[110];

the 1k, orbital exhibits the opposite behaviour, namely strong emissiorEj.10] and

no emission forE'||[001]. This behaviour indicates that thg- and o4-mirror planes of the
molecules coincide with the [001] and]@] substrate azimuths, respectively. Inspection
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Table 2. (Continued)

Deh Cs(ov)
E.D, E,Dy E.Dy E,D. ED, E.Dy

eg ey & N + N — N N

a’ - N + N — +
€g, &y & N + N — N N

a’ - N + N — +
ag, sy & N + N — N N
R IT - N + N - +
b1y a N + N - N N
boy a — N + N - +
Deh Cs(0q)

ExD, EyDy E.Dy E,D. E,D, E.Dy

eyg e & + N - N N N

a’ N — N + + -
&g €u & + N - N N N

a’ N — N + + -
&g u & + N - N N N
&g, a1y & N — N + + -
b1y a’ N — N + + -
by a + N - N N N

of the e-type orbitals reveals a splitting of the2&evel by 0.3 eV (which is particularly
evident at normal emission far = 0°) and of the 1g, level by 0.2 eV; this indicates a
lifting of the degeneracy of these levels for the adsorbed molecules gnsy@metry of
the adsorption complex [63]. The double-peak structure of thg [Reel has a different
origin, namely the Jahn-Teller effect, as will be discussed in section 7.2.

4.2.2. The saturated 4(x 2) benzene layer. To investigate the influence of lateral
interactions, the benzene coverage is increased to its saturation value, damety 0.25

ML. This layer is well ordered and exhibits a c¢42) LEED pattern [63, 64]. The
arrangement of the molecules in this structure is again deduced from the polarization, polar
angle and azimuthal dependencies of the corresponding ARUPS spectra that are depicted
in figure 8(b): the totally symmetric 2gand 1a, orbitals show the same behaviour as

for the dilute layer, i.e. strong normal emission tor= 45> and no emission foe = 0°,
indicating a planar adsorption geometry. However, in contrast to the dilute layer, both the
1by, orbital and the 1j, orbitals are observed for theJ@] and [001] azimuth a&x = 45

in figure 8(b). From this behaviour we conclude that in the saturated layer the molecular
mirror planes do not coincide with the substrate mirror planes any more. This lowering
in symmetry is attributed to an azimuthal reorientation (rotation) of the benzene molecules
[63] due to strong lateral interactions in the densely packed saturated layer. The proposed
arrangement of the molecules on the surface is schematically illustrated in figure 9(b).

In order to obtain a better understanding of the mechanism that drives the reorientation
of the molecules, the c(42) structure is shown in figure 10 (top, I-Ill) for various possible
azimuthal orientations of the benzene molecules; the sizes of the molecules represent their
Van der Waals dimensions. Due to the dense packing, there is a significant overlap of the
Van der Waals areas of neighbouring molecules. This overlap is strongest for an azimuthal
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Figure 8. Angle-resolved UPS spectra of benzene on Ni(110) at various different geometries,
collected at a photon energy of 30 eV [63]. (a) The dilute layee<(0.1 ML = 0.46547)

and (b) the saturated c(4 2) layer ¢ = 0.25 ML). Orbital positions and the assignment are
indicated as a bar diagram.

orientation as for the isolated molecule (figure 10, 1), i.e. with two C—H bonds pointing
along the [001] directions. By azimuthal rotation relative to the geometry of the isolated
molecule (figures 10, Il and 10, Ill), the overlap can be reduced to minimize lateral repulsion
and thereby to lower the total energy of the system. These qualitative arguments are put
onto a more quantitative footing by force-field calculations by Fox addcR [77]. They
have calculated the repulsive energy per molecule as a function of the rotation @gngle,
for an unsupported benzene layer (figure 10, bottom). In agreement with the intuitive
arguments used above, this calculation shows a very large repulsive energy=fo@°
which corresponds to the orientation of the isolated molecule. Upon azimuthal rotation
the repulsion is strongly reduced and reaches a flat minimum at 18. From the
calculation, an orientation of benzene with two hydrogens pointing along it} fizimuth,

i.e. rotated by 3Q would also be possible. Such an arrangement, however, would imply
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Figure 8. (Continued)

an alignment of the molecular mirror planes with the substrate high-symmetry directions
(figure 10, ) which is ruled out by the non-zero intensity of both thg,ldrbital and

the 1k, orbital for « = 45° for both azimuths in figure 8(b). In conclusion, we thus
propose the adsorption geometry shown in figure 9(b) and in figure 10, Il, which results
from the competition between the bonding of the molecule to the substrate (that favours
the geometry of the isolated molecule) and repulsive lateral interactions [63]. The lateral
interactions are also reflected in the dispersion of thg Renzene level due to the formation

of a two-dimensional adsorbate band structure (see section 6.1).

4.3. Benzene/Ni(111)

The situation for benzene on Ni(111) [65] is quite similar to that on Ni(110). | will refrain
from a detailed discussion of the ARUPS spectra but only present the key results of their
analysis [39, 65]: independently of coverage, benzene adsorbs in a parallel adsorption
geometry. In the dilute laye®(= 0.3-0860s47), the molecules are azimuthally oriented
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Figure 9. A schematic drawing of the proposed orientation of (a) a single benzene molecule in
the dilute layer on Ni(110) and (b) the saturated &(2) benzene layer on Ni(110). Note that
the adsorption site has been chosen arbitrarily [63].

with two C—H bonds pointing along the substraBd]] directions (figure 11(a), I). If the
coverage is increased to its saturation valu&®ofr = 0.143 ML, where a well ordered

(V7 x ~/T)R191° LEED pattern is observed, we find a reorientation of the molecules
as compared to the geometry in the non-saturated layer (figure 11(a), 1) which is again
attributed to lateral interactions: from simple steric arguments one concludes that the overlap
of neighbouring molecules is reduced by the azimuthal rotation; in other words, an optimized
packing of the molecules on the surface can only be obtained by reorienting the molecules to
minimize lateral repulsion in the adsorbate layer [65]. This azimuthal reorientation has very
recently been verified by a photoelectron diffraction study by Sobiadil [73], who find a

bridge adsorption site at low coverage and a hcp hollow site at saturation; the hcp hollow
site for the saturated layer is independently confirmed by ldell using LEED [74]. The
azimuthal reorientation is related to a order/disorder phase transition from the well ordered
(v/7 x /7T)R191° layer at saturation coverage to a disordered layer at lower coverages.
This transition is also accompanied by a very sharp molecular benzene desorption peak at
294 K that is connected to the disappearance of /& X +/7)R191° LEED pattern [40].

4.4. Benzene coadsorption with electronegative coadsorbates

The coadsorption of benzene with electronegative coadsorbates leads to the formation of
well ordered mixed layers (see, e.g., references [39, 40, 57-68]) that in many cases are very
stable and thus well suited as model systems for LEED, STM, HREELS and ARUPS studies.
We have investigated the coadsorption of benzene with CO, NO and O on Ni(111) [39, 40,
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Figure 10. Top: the real-space arrangement for the saturated benzene layer on Ni(110) based
on a c(4x 2) structure [63]. I: two hydrogens along [001]—as in the dilute layer; II: azimuthally
rotated by~18 as compared to I; lll: two hydrogens alonglf]] rotated by 30 as compared

to I. Bottom: the force-field calculation of the repulsive energy per molecule for an unsupported
benzene layer with the lateral arrangement of thexc@ layer on Ni(110) [77].

65], Ni(110) [63] and Ru(001) [66, 67]. Overall, the electronic structure of benzene in the
coadsorbed layers is very similar to that of a pure benzene layer on the same surface. The
only major differences in the spectra, apart from additional intensity due to the coadsorbate
valence levels, are uniform shifts of the benzene levels towards lower binding energies
which are attributed to electrostatic initial-state shifts. Only for benze™O on Ru(001)

have we observed differential shifts of some levels, indicative of some additional changes
in the chemical interaction [66, 67].

The detailed studies of the azimuthal orientation of benzene in coadsorbed layers show
that azimuthal reorientation due to lateral interactions is not only restricted to pure benzene
layers, but is also observed for benzene in coadsorbate layers: in loosely packed, mixed
layers the molecules are oriented as in the dilute pure layers, whereas for very densely packed
structures azimuthal reorientation due to steric reasons occurs, similar to the situation for
pure benzene layers [65]. This is illustrated in figure 11(b), where the lateral arrangement
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Figure 11. A schematic drawing of the adsorption geometry of pure and coadsorbed benzene
layers on Ni(111) [65]. (a) |, a dilute layer with two possible adsorption sites; (b) I, a saturated
(W7x+/T)R191° layer; (a) Il, (2/3x 24/3)R30 benzener 2NO; (b) Il, (3x 3) benzena-2NO.

Note that the adsorption site has been chosen arbitrarily.

of benzenet+ NO on Ni(111) is depicted for the well orderedy(3 x 2+/3)R30 and (3x 3)
layers.

4.5. Benzene adsorption on a strongly corrugated surface

While for benzene adsorption on most low-index transition metal surfaces a flat adsorption
geometry is reported that is attributed to the interaction of the benzene out-ofsplane
orbitals with the substrate atoms, the situation is not clear for strongly corrugated surfaces,
such as the reconstructed Pt(11R)2 surface. The surface reconstruction is of the missing-
row type, i.e. every second closed-packed row of the topmost surface layer is missing.
Previous studies of benzene adsorption on this surface at room temperature have shown
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no ordered adsorbate layers, and a flat adsorption geometry was derived from HREELS
measurements [55, 56]. We have investigated the adsorption of benzene on the reconstructed
Pt(110)2x 2 surface at low temperatures by ARUPS, accompanied by NEXAFS, XPS, LEED
and TPD measurements [69].

At 100 K benzene is molecularly adsorbed on the Pt(120P1surface. The saturated
layer is disordered and corresponds to a coverage-@P8 ML (1 ML = 1 adsorbate
molecule/substrate atom of the non-reconstructed surface). Annealing to 280 K leads to
partial benzene desorption and to the formation of a well ordered¥layer (relative to
the unreconstructed surface) with a coverage is 0.25 ML. From the mig&mg-(1) /4, 0)
adsorbate LEED spots alongl[d] we deduce a glide plane in the adsorbate structure and
the existence of two molecules per unit cell.

In figure 12 selected ARUPS spectra of thex@) layer are shown for normal incidence
(e = 0°). Overall, the spectra exhibit the features typical for molecularly adsorbed benzene.
At normal exit ¢ = 0°) the 2aq4 level (Eg = 11.1 eV) shows no emission fdL||[110]

(along the substrate rows), but significant intensity Bj{001] (perpendicular to the rows).
From the non-vanishing 2gintensity for E||[001] we conclude that the molecular plane is
tilted into the troughs. Further information on the azimuthal orientation is derived from the
behaviour of the b-type orbitals in figure 12: from the vanishing intensity of thg |&bel

(Ep = 10.0 eV) for E||[001] in the allowed geometry (IDF) and its significant emission

for both azimuths in the forbidden geometry (DE) we conclude that theg-mirror plane

of the molecule (the mirror plane intersecting the C—C bond) is aligned perpendicular to
the rows, i.e. that two C—H bonds point along thdQ]L directions. The symmetry of the
adsorption complex is £ The behaviour of all other levels is consistent with this symmetry.

This tilted adsorption geometry is further supported by NEXAFS measurements [69].
From the adsorbate coverage, the glide plane in the LEED pattern and the conclusions
derived from ARUPS and NEXAFS we deduce an adsorption geometry as shown in figure
13, with the molecules tilted into the troughs of the reconstructed Pt(2d2)4urface. For
steric reasons and also from the existence of the glide plane we propose that the molecules
are alternately adsorbed on opposite sides of the troughs. The tilt angle® af 2@
estimated from NEXAFS [69] roughly corresponds to the inclination angles{) of the
(111) microfacets of the reconstructed (110) surface. This indicates a ‘planar’ adsorption
geometry of benzene with respect to these microfacets, i.e. a ‘local’ orientation of the
molecules similar to that on low-index transition metal surfaces. The driving force for this
arrangement is the optimized overlap of the benzererbitals with the electronic metal
states in this geometry [69].

5. Electronic structure and bonding

Detailed information on the nature of the bond between the adsorbate and substrate can be
derived from the energetic position of the molecular valence levels and in particular from
differential shifts in the spectra due to the interaction with the substrate. In the examples
discussed in the previous section we have always observed a bonding shift of the out-of-
plane orbitals of the non-saturated hydrocarbon molecules that is attributed to the interaction
of the respective molecular levels with the electronic states of the substrate. A more detailed
understanding of the bonding interaction that goes beyond the qualitative arguments given
above, can be obtained from quantum chemical model calculations. These calculations
refer to the interaction between single molecules and the substrate and should therefore
be correlated with the measurements for a dilute layer, i.e. for situations where lateral
interactions are not important. In the following we will discuss the results for ethylene
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Figure 12. Angle-resolved UPS spectra of the X2) benzene layer on Pt(110x12, collected
at a photon energy of 36 eV and an incidence anglf 0°, for different polar angle®. The

plane of detection D is either parallel to the electric field vedib(D|| E) or perpendicular to
it (D LE)[69].

and acetylene on Ni(110) with particular emphasis on the understanding of the electronic
structure and the chemical bond to the substrate.

5.1. Ethylene/Ni(110)

The analysis of the ARUPS spectra of the dilute layer (figure 4 and figure 5(a)) reveals a
bonding shift of ther-orbital 1k, of 1.1 eV, indicative of chemisorption on the substrate
[31, 48]. In order to simulate the chemical bond of ethylene to Ni(110), LCGTO-LDF model
cluster calculations have been performed for model clusters of various size simulating both
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Figure 13. The proposed structure of benzene on the reconstructed Pt(¥1B)3urface as
deduced from the ARUPS spectra in figure 12 and from NEXAFS and LEED [69].

di-o- (bridge) andz- (on-top) adsorption geometries [31], with the C-C axis oriented
along the substrate rows (figure 14(A)) as has been deduced from ARUPS spectra (see
above). The key results from this calculation are summarized in table 3. Interestingly, the
optimized geometries for the two _bonding situations yield rather similar Ni-C_and C-C
distances, namely 2.08 and 1.41A for the div-geometry, and 2.0A and 1.42A for

the m-geometry, respectively [31]. In both cases the,Giit-of-plane bending angle is
calculated to be 23 The apparent insensitivity of the calculated bonding geometry to the
adsorption site is attributed to the dominant contributions of the delocalized Ni 4s and 4p
electrons to the dative ethylene/Ni bond (figure 14(B), c, d). Metal-adsorbate backdonation,
on the other hand, relies on Ni 3d contributions (figure 14(B), a, b) [31]. The calculated
binding energies favour thg-coordination £z = 1.80 eV) versus the di-coordination

(Eg = 1.26 eV), in contrast to the conclusion derived from HREELS [50].

5.2. Acetylene/Ni(110)

The adsorption of acetylene on metal surfaces has been investigated in great detail for various
transition metal surfaces (see [42, 47, 50, 51, 78-80] and references in [81]). The bonding
interaction of acetylene with the substrate is classified into two categories characterized by
two different sets of vibrational frequencies [47]. The difference between these two types
is associated with the bond order of the intramolecular C—C bond. Due to the interaction
with the substrate, the degree of hybridization of the C atoms is assumed to change from
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Figure 14. (A) Nii4 clusters modelling the chemisorption of ethylene on Ni(110): rfa)
geometry; (b) dis-geometry. The clusters used in the geometry optimization are supplemented
to Don symmetry by a second adsorbate molecule. Reflection by the mirror plane at the ‘bottom’
of each cluster generates the large cluster models &id Np4 that were used in the bonding
analysis [31]. (B) A comparison of orbitals involved in the adsorption bond for the large cluster
models Njs () and Npg4 (di-o). 7*-backdonation int- (a) and die- (b) geometry;z-donation

in - (c) and die- (d) geometry. The orbitals are shown in the-plane. The values of the
contour lines follow a geometric progression with a factot/4@tarting at 103; opposite signs

are indicated by solid and dashed lines. The positions of the atoms are indicated by filled
circles [31].

sp in the free molecule to $@mnd beyond [47]. Furthermore, different adsorption sites and
different structures of the adsorption complex, such as bent, bent and twisted, as well as tilted
acetylene molecules, have been proposed for on various transition metal surfaces [47]. For
Ni(110) Bandyet al deduce a d + r-type interaction with the substrate with extensive
rehybridization (sp®) from HREELS [78]. Using the same method, Stroseioal [50]
propose drans or cis-bent acetylene species with different environments for the two C-H
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Table 3. Comparison of the results of the LCGTO-LDF model cluster calculation for the
Ni14(CzH4) clusters with die- andr-geometry (figure 14) [31]. In addition, the experimental
results for GH4/Ni(110) [31] and for free ethylene are denoted.

N!etal—C (.}—C y(CHp)
(A (A) (deg)
di-o (Ni1a) 2.06 1.41 23
7 (Nigg) 2.01 1.42 23
Experiment (NEXAFS) — %6+0.05 —
Gas phase — 1.34 0

groups adsorbed on @-bridging adsorption site, i.e. an orientation of the C—C axis along

the [001] azimuth, in accord with the earlier model proposed by Demuth [79]. However,
none of these studies contains direct information on the orientation and/or symmetry of
the adsorption complex (as could be obtained, e.g., by additional off-specular HREELS
or angle-resolved UPS) and thus, to a certain degree, these models had to be regarded as
tentative. In the following we will review very recent experimental and theoretical results
that have led to an significantly modified and improved understanding of this adsorption
system [81].

Acetylene is molecularly adsorbed on Ni(110) at 100 K with a saturation coverage of
~0.5 ML [81]. Starting at~50% of saturation, a c(2 2) LEED pattern is observed up
to saturation coverage indicative of the formation of two-dimensional islands, significantly
below saturation. In contrast to the case for ethylene and benzene it is therefore not possible
to study the properties of the isolated molecule. Nevertheless, detailed information on the
chemical bond to the surface as well as the orientation of the adsorbed molecules can be
derived from the ARUPS data, in combination with NEXAFS, LEED and quantum chemical
calculations [81]. The interpretation of the ARUPS spectra is however significantly more
complicated than for ethylene and benzene. For an overview of the symmetry and the spatial
extension, the molecular orbitals of acetylene are illustrated in figure 15, after Jorgensen
and Salem [75].

A selected set of ARUPS spectra for the saturatedxc®? acetylene layer on Ni(110)
is depicted in figure 16 [81]. From the analysis of their polarization, polar angle and
azimuthal dependence it is concluded that the molecules are oriented with the C—C axis
parallel to the surface and preferentially aligned along the substrate troughs (e [1
azimuth); this geometry is schematically shown in figure 17. Here we will concentrate on
the binding energies and assignment of the various levels, to obtain insight into the nature
of the chemical bond. The various peaks show significant changes in binding energy with
emission angle (i.e. dispersion), indicative of the formation of a 2D band structure.

The ARUPS spectra in figure 16 exhibit six distinct photoemission peaks [81]. For
comparison, the UPS spectrum of condensed acetylene is shown at the bottom of figure
16 [82]; the spectrum has been shifted such that one obtains best alignment for the three
peaks with the highest binding energies which are expected not to contribute strongly to the
interaction with the substrate. These three peaks are identified asdhe2@,- and ¥y-
orbitals of molecularly adsorbed acetylene. The corresponding binding energies at normal
emission (thel” point, |kj| = 0) are 16.8 eV, 11.2 eV and 9.0 eV, respectively. The
assignment of the remaining three peaks cannot be simply derived from a comparison to
the spectrum of gaseous or condensed acetylene since the spectrum of the free acetylene
molecule contains only one more peak in that energy range, which is due to emission from
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Figure 15. Molecular orbitals of acetylene after Jorgensen and Salem [75].

the twofold-degeneraterl-orbital (figure 15). We propose that this degeneracy is lifted

by the adsorbate/substrate interaction which leads to a splitting ofrtherbitals; due to
additional adsorbate/adsorbate interaction the splitting depends on the parallel momentum,
k, of the emitted electrons [81]. The two peaks in the binding energy range between
6.0 eV and 7.5 eV are assigned to emission from theseupd p-derived Iry-bands (the
y-direction is taken along the C—C bond of acetylene and:th@ection perpendicular to

the surface). Because of the observed dispersion and mixing of the various levels we are
not able to simply separate differential shifts of the individual orbitals. By comparison to
the gas-phase spectrum, we obtain a differential shift of the centre ofithdetived bands

by 2.4 eV to higher binding energies. By taking into account this shift and the combined
width of the band (1.4 eV) we deduce that both theand thez-component of the #;-

level are shifted differentially with respect to the gas-phase value. From the differential
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Figure 16. Selected ARUPS spectra of the saturatedxcZ? acetylene layer Ni(110) at different
geometries, collected at photon energies of 26 and 50 eV [81]. Orbital positions and assignments
are indicated as a bar diagram. D indicates the plane of detedtotie orientation of the
electric field vector. At the bottom of the figure, a UPS spectrum of solid acetylene [82] is
shown, aligned with respect to the adsorbate spectrum (see the text).

shift of both Ir,-derived orbitals we conclude that both are involved in the bonding to the
substrate, indicating a highly coordinated adsorption site. Taking into account the derived
orientation of the molecules we therefore propose that acetylene is adsorbed in the troughs
of the Ni(110) substrate.

The additional peak at 4.5 eV that has no counterpart in the spectrum of the free molecule
is attributed to the pcomponent of the formerly unoccupied (p;) orbital (figure 15) that
is shifted down below the substrate d manifold by the chemical interaction with the substrate.
The assignment to arf(p.)-derived state is consistent with its polarization and polar-angle
dependence [81] and is confirmed by theoretical cluster and slab model studies that have
been performed for various possible adsorption sites: the cluster calculations include di-
and rr-adsorption geometries with the C—C axis alond(land the molecule adsorbed
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Figure 17. A schematic drawing of the adsorption geometry of acetylene on Ni(110) as derived
from ARUPS, NEXAFS, LEED, and cluster and slab calculations [81].

on the rows, an adsorption site in the troughs of the Ni(110) surface with the C—C axis
along [110], and au-bonding site with the molecule adsorbed on the short bridge of the
rows and the C—C axis perpendicular to the troughs, i.e. along [001]. These geometries
are schematically illustrated in figure 18. The calculations have been performed at the LDF
level and also using gradient corrections (GC) [81]. According to the binding energies,
the trough geometry seems favoured by about 0.3 eV for the LDA calculations, while
applying gradient corrections, the adsorbate is most strongly bonded (by about 0.3 eV) in
the u-geometry. However, since the energetic differences between the various structure
models are rather small, no conclusive statement concerning the adsorption geometry can
be deduced from the binding energies alone. Comparing the one-particle spectra of the
various cluster models and the band structure of the corresponding slab models [81], the
formerly unoccupied #(p,) orbital below the substrate d band is only reproduced for the
trough geometry. At the GC level of theory the optimized geometry parameters for the
latter geometry are 2.02 and 2.2%or the distance between carbon atom and the first- and
second-row nickel atoms, respectively, 1 AZor the C-C distance and 56or the CH
bending angle with respect to the substrate plane. The relatively long C—C bond length
(that is in good agreement with the value determined from NEXAF&3 £ 0.05 A [81],

and the large bending angle indicate a strong degree of hybridization of the C ato of sp
or beyond.

6. Adsorbate band structures

The formation of adsorbate band structures in adsorbate layers was reported very early for
CO on Ni(100) and Pd(100) by Horet al [83—-86]. Later on, systematic investigations,

in selected cases accompanied by model calculations, followed for ordered CO layers on
a variety of different substrates (for an overview, see references [11, 14]). For larger
than diatomic molecules, such as hydrocarbons, the formation of adsorbate band structures
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Figure 18. Cluster models for acetylene adsorbed on Ni(110) [81].

has however been neglected until recently. In this section, we will discuss the electronic
structure of well ordered and densely packed hydrocarbon layers to demonstrate that for
these systems the formation of a two-dimensional adsorbate band structure has to be taken
into account, if one wants to describe the adsorption system correctly. | will concentrate
on those adsorbates that we have already dealt with in this article, namely benzene and
ethylene adsorbed on the Ni(110) surface. This is not only due to simplicity of presentation
but also due to the fact that it is these systems that have been investigated in most detalil
[49,63]. Investigations on a fcc(110) surface with, Gymmetry have the advantage that the
data analysis is not hampered by the existence of symmetry-equivalent domains, in contrast
to, e.g., the fcc(111), fcc(100) and hep(001) surfaces; therefore the adsorbate bands can be
measured up t&; in the second or sometimes even higher Brillouin zones.

6.1. c@ x 2) benzene/Ni(110)

The saturated benzene layer on Ni(110) exhibits a>xc(@) LEED pattern (see section

4.2). The corresponding adsorbate surface Brillouin zone (SBZ) is shown in figure 19(a)
[63]. From the dense packing of this layer one expects the formation of an adsorbate band
structure. The detailed analysis of the ARUPS spectra at various emission angles and photon
energies [63] indeed reveals a significant dispersion of thgl@eel with the emission angle.

The corresponding two-dimensional adsorbate band structure has been determined from the
spectra according to equation (5) and is plotted in figure 19(b) along @] Hind [001]
azimuths. Thek|-values of the symmetry points in the adsorbate SBZ are also marked

in figure 19(b). The different symbols represent data collected at different photon energies.
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Figure 19. (a) The adsorbate surface Brillouin zone for a g(2) adsorbate structure; (b) the
two-dimensional band structure of the saturated benzene layer on Ni(110) [63]; the inset in (b)

shows the 2g orbital of benzene [75].

The binding energy at thE’ point is 11.3 eV; the magnitude of the dispersion is 0.8 eV for
both azimuths. The periodicity of the experimentally determined 2D band structure very
nicely reflects that of the c(¢ 2) adsorbate Brillouin zone for both azimuths: alongQqlL

SBZ; along [001] the 2g band exhibits the periodicity’B’A’'B'T'B’. The binding energy
of the 234 level at theA’ point can thus be either obtained by measuring alord@]br
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[001], with the two values being identical (Bt 0.1 eV), as should be the case. All other
levels show no significant dispersion [63].

Benzene 2a,, Bloch state

38 e
e

S
-+ e
e

Figure 20. A schematic representation of the;g@loch wave function of benzene molecules
in a hexagonal arrangement for thé point and the zone edge of the first Brillouin zone.

Investigations of densely packed, well ordered benzene layers on hexagonally close-
packed transition metal surfaces have also shown the formation of two-dimensional band
structures of the 2g level: for (/7 x +/7)R191° benzene/Ni(111) [65],\(7 x +/7)R191°
benzene/Os(001) [70] and/@9 x +/19)R234° benzene/Rh(111) [71] dispersions ©D.4
eV have been observed; the result that the band width is smaller than the one observed
for Ni(110) is attributed to larger nearest-neighbour distances in these layers. Overall, the
behaviour on those surfaces is, however, similar to that on Ni(110): thed2aved band
is strongly bonding at thé" point and antibonding at the zone edge (thE’ Avoint in
figure 19). A qualitative understanding of this behaviour can be obtained by analysing the
wavefunctions of neighbouring molecules for the two symmetry points: in figure 20 the
2a4 Bloch wave functions are schematically indicated for fHepoint and the zone edge
of a hexagonal benzene layer. This geometry represents the arrangement on Ni(111) and
Os(001) and is a fairly good approximation for the quasihexagonak ¥ structure on
Ni(110). At thel” point, all wave functions are in phase; for the totally symmetrig, 2a
orbital this leads to a strongly bonding situation. At the zone edge the wave functions of
two neighbours are in phase, while those of the other four neighbours have opposite phase,
which leads to an antibonding situation. As a consequence we expect a significant upward
dispersion from thd™ point to the zone edge, as is observed in the experiment (figure
19(b)).
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a b

Figure 21. The extended Brillouin zone scheme for the ethyle(®>c4) structure on Ni(110)

(a) as determined from the c4) LEED pattern and (b) for the unsupported ethylene layer; this
structure is obtained by simply neglecting the substrate in (a). The experinkgrpaths along

the [110] and [001] azimuths of the Ni substrate are indicated as solid lines. The labels denote
the high-symmetry points of the two structures. The real-space unit cells of the corresponding
lattices are given at the top of the figure [49].

6.2. c@ x 4) ethylene/Ni(110)

A very interesting example is the band structure of the saturated 4f2ethylene layer on
Ni(110) [49]; the real-space structure of this compressed layer has been discussed in section
4.1 and is shown in figure 6(b). Translationally equivalent adsorption sites are occupied
only every second row, entailing a non-primitive oblique unit cell of thexc@® structure.

By neglecting the underlying substrate, one obtains however an adsorbate structure with a
smaller unit cell containing only one molecule. The extended adsorbate Brillouin zone as
deduced from the c(®4) LEED pattern is illustrated in figure 21(a), and the larger adsorbate
Brillouin zone for the isolated layer is shown in figure 21(b). The various symmetry points
of both structures are also indicated.

The angle-resolved UPS spectra of the saturatedxcf? ethylene layer (figure 5(b))
exhibit significant dispersion for several molecular levels [49]. The corresponding adsorbate
band structure is evaluated along thd (] and [001] directions of the substrate, and is
depicted in figure 22. The highest-lying, lidlerived band shows essentially no dispersion,
which is attributed to its out-of-planer() character. The 1 and 2k, bands exhibit no
dispersion along [001], but significant dispersion alontofl The 3g and 1k, bands show
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Figure 22. The 2D band structure of the saturated ethylene layer as determined from ARUPS
spectra at various photon energies [49) (26 eV, (J) 30 eV, (©O) 50 eV. The solid lines
indicate the calculated band structure for an unsupported layer. The labels correspond to the
high-symmetry points of the Brillouin zone as deduced from thexcd LEED pattern (figure
21(a)).

dispersion for both azimuths. At the’ points (k| = 0 A" and |kl = 1.8 At along

[001]) these two bands are energetically nearly degenerate, with the binding energy of the
1bs, band being even somewhat smaller than that of theb3ad (8.4 versus 8.6 eV). The
magnitude of the dispersion differs for the various bands; the highest value of 2 eV (!) is
observed for the 14 band.

The periodicity of the 2D adsorbate band structure of ethylene on Ni(110) does NOT
reflect the symmetry of the adsorbate Brillouin zone deduced from the< &R LEED
pattern. Also, the detailed analysis of the ARUPS spectra reveals NO splitting (doubling)
of any of the adsorbate bands that is expected from the existence of two non-equivalent
molecules per unit cell. On the other hand, 2D band-structure calculations performed in
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a tight-binding approximation at the extendeddkel level for the unsupported ethylene
layer (only one adsorbate molecule per unit cell—figure 21(b)) are in excellent agreement
with the measured bands [49]. This is evident from figure 22, where the calculated band
structure is indicated as solid lines, aligned with respect to thel2ind of the experimental

data at thd™ point. The complete measured energy dispersion is very well reproduced for
all calculated bands. Small discrepancies are observed only for thbaal, indicating

the limits of the approximate band-structure method. The major difference between the
experimental spectra and the calculation for the unsupported layer is the fact that—as is to
be expected—the calculatedderived band (1f) lacks the substrate-induced bonding shift

of about 0.8 eV to higher binding energies. The good agreement between the calculated band
structure for the unsupported ethylene layer and the experimental results for #%) ¢fger
indicates that the 2D adsorbate band structure of the saturated ethylene layer on Ni(110)
is dominated by the adsorbate/adsorbate interactions. The ‘vertical’ adsorbate/substrate
interactions, which are responsible for the bonding of the molecule to the surface, are
essentially decoupled from the lateral interactions and are reflected only in the differential
shift of the out-of-planer-orbital (1kp,) that is mainly responsible for the bonding.

Geometry I Geometry 11 Geometry III
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Figure 23. Band-structure calculations for the saturated (unsupported) ethylene layer with
different lateral arrangements of the molecules [49]. In each case the relative position of
neighbouring molecules is shown at the top of the figure with the unit cell of the corresponding
lattice.

A very interesting aspect of the band-structure calculations is their sensitivity to the
arrangement of the molecules on the surface. This sensitivity can be used to obtain additional
information on the orientation of the molecules on the surface as well as the arrangement
of neighbouring molecules [49, 81]. For ethylene on Ni(110) the band structure has been
calculated for different positions of the molecules in neighbouring rows. The results of the
calculation are shown in figure 23 for three different arrangements, denoted as geometries
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[-11l. Geometry Il corresponds to geometry derived from ARUPS, NEXAFS, LEED and
force-field calculations. The most dramatic changes with the geometry are observed for the
1y and the 2a@ bands, in particular along the [001] azimuth [49]: theglband exhibits

a downward dispersion of2.4 eV for geometry |, an upward dispersion-ef.4 eV for
geometry lll, but is completely flat for geometry Il. The latter behaviour is observed in
the experiment, which provides strong support for the structural model proposed in figure
6(b) [49].

7. Some special aspects

The adsorption of molecules on surfaces leads not only to changes in the initial state, but
also influences the final state in the photoemission process. The investigation of these effects
can provide additional insight into the nature of adsorbate/substrate interaction, and/or the
photoemission process itself. In the following | will discuss some aspects concerning the
photoionization cross section and vibronic coupling of molecules adsorbed on surfaces.

-------- E || [001]

Angle-Integrated UPS: B [1i0]

C,H,0
CH,

Ni(110)

Binding Energy [eV]

Figure 24. A comparison of angle-resolved UPS spectra of acetylene, ethylene and ethylene
oxide, obtained under the same experimental conditions. The coverage in each case is 0.5 ML.

7.1. Photoionization cross sections

The differential cross section for the photoemission process strongly depends on the
electronic structure of the subject investigated. Since the valence electronic structure of
a molecule is modified upon adsorption on a surface, changes in the differential cross
section are observed. These changes depend in a complicated way on the details of the
adsorbate/substrate interaction. Furthermore, for a given experimental geometry the intensity
of various peaks in the UPS spectra will strongly depend on the orientation of the adsorbate,
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on the adsorption site, and on lateral interactions (see section 4). This is why the intensity
of a valence peak can by no means be used as a measure for the adsorbate coverage. In
addition, it is also not possible to derive conclusive information on adsorbate coverages
by comparing the intensities of valence levels to those of a comparable adsorbate. This is
evident from figure 24, where angle-integrated spectra of acetylene, ethylene and ethylene
oxide are plotted [49, 81, 87, 88]; for all layers the adsorbate coverage was 0.5 ML, but the
intensity of the valence levels is very different, roughly a factor of 5 smaller for acetylene
than for ethylene oxide.

The photoionization cross sections of the various orbitals of free molecules can exhibit
more or less pronounced maxima as functions of photon energy [89] that are commonly
called shape resonances [90-94] and are attributed to intramolecular scattering resonances
or to excitations to quasibound molecular orbitals. Both interpretations lead to completely
equivalent conclusions [92, 93]. The interpretation of shape resonances as excitations from
a particular occupied orbital to a quasibound orbital immediately implies a well defined
symmetry of the final state. This allows one to draw conclusions about the symmetry of a
particular final state in the experiment on the one hand, and on the other hand, for a given
final state, additional information on the orientation of the adsorbate, due to symmetry
selection rules. Arguments along these lines have been used for CO adsorbed on metal
surfaces [95, 96].

In contrast to the case of CO on metal surfaces, only few investigations on adsorbed
hydrocarbon molecules are available in the literature. In the following we will discuss the
photoionization cross section of chemisorbed benzene layers on Ni(110) and Ni(111) [39,
63, 67]. In figure 25 ARUPS spectra for benzene on Ni(110) are depicted for various
photon energies at normal incidence [63]. Theg,devel shows a pronounced maximum
at a photon energy of 25 eV. This is even more evident in figure 25(B) where the 2e
intensity is plotted versus photon energy. At the resonance the emission of;theea& is
focused along the surface normal £ 0°), but at a polar angle of = 20° it has strongly
decreased (the corresponding spectra are included in figure 25(Apfer 25 eV). A very
similar result has been obtained for benzene on Ni(111) [39, 67].

On the basis of the focusing of the electron emission along the surface normal, the
maximum in the 2g, photoionization cross section is attributed to a shape resonance in the
continuum with a symmetry. This assignment is supported by LCGTO-LDF calculations
for free benzene that assign the resonance of thgl@eel to predominant excitations into
ayg and eyq final states [97]. With respect to adsorption geometry, the very narrow width
of the emission cone can be considered as strong evidence for the parallel orientation of
the benzene molecule on Ni(110) and Ni(111). For a tilting of the molecules by more
than+5° this sharp peak should be significantly broader. The energetic position of fhe 2e
resonance for chemisorbed benzenkwat= 25 eV (Ex;, = 13 eV) contrasts with the value
of hw = 18 eV for the isolated molecule [98]. Similar differences have however also been
observed for CO, and have been attributed to differences in the hole screening mechanism
[99].

Finally, 1 want to address an interesting point, where one can take advantage of the
different energy dependencies of the cross sections of different valence levels to study the
electronic structure in coadsorbate layers. As an example, ARUPS spectra of a coadsorbed
ordered {/13 x +/13)R131° CO + benzene layer on Ru(001) are given in figure 26 along
with spectra of pure CO and benzene layers [66, 67]. The 18 eV spectrum clearly emphasizes
the benzene features while at 50 eV the CO-derived peaks dominate. The cross section
variations allow, for example, the isolated observation of benzene bandi@ at18 eV
and the CO b-level at 50 eV which could otherwise not be resolved from each other.
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Figure 25. (A) A series of normal-emission spectré & 0°) for the c(4x 2) benzene layer
(Ocgpg = 0.25 ML) on Ni(110) for various photon energies, at normal incidence [63]; for
hw = 25 eV the spectra for emission anglesf= 10° and 20 are also included. (B) The
peak height of the 2q level as obtained from angle-resolved UPS spectra.

7.2. Vibronic coupling

The UPS spectra of complex molecules can in some cases not be understood in terms of
the simple Franck—Condon picture (reference [100]). For energetically close-lying orbitals
vibronic coupling is observed with the coupling strength depending on the details of the
potential-energy surface (reference [101]). In most cases no conclusions on the vibronic
coupling can be derived for adsorbed molecules because the vibrational fine structure is
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Figure 26. ARUPS spectra of benzene, CO, and coadsorbed+@®nzene at photon energies
of (a) 18 eV and (b) 50 eV [66, 67]. The angle of incidence= 45°; the emission angle
¥ =40.

broadened due to the interaction with the substrate (see section 2.1); however, in special
situations the investigation of adsorbed molecules can, despite of the inherently lower
resolution, provide novel information on the spectroscopy and dynamics of molecular
cations. One of these examples is benzene adsorbed on metal surfaces (reference [102]).

In the majority of ARUPS investigations of benzene chemisorbed on transition metal
surfaces, the 2g level (Ez = 6.3 eV) exhibits a more or less well resolved double-
peak structure (reference [103]) which is clearly visible in figure 1, figure 8 and even more
evident in figure 27, where a selected ARUPS spectrum of benzene chemisorbed on Ni(111)
is depicted on an enlarged binding energy scale [39, 102]. After the initial report by Lloyd
et al [53] for benzene on Pd(100), Neumarhal [54] have attributed this double-peak
structure to a Jahn-Teller (JT) effect, i.e. to a lifted degeneracy of thgstate of the
ionized molecule (reference [104]).

This interpretation has recently been verified by Eidat@l (reference [102]): for the
free molecule, the 2g level is subject to a strong (pseudo-Jahn—Teller) vibronic interaction
with the close-lying 1a, level, which strongly affects the vibronic structure of both levels
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Figure 27. (a) A selected angle-resolved UPS spectrum of a saturated chemisarf@ed (
V7)R191° C¢Dg layer on Ni(111) on an enlarged energy scale (with respegtp The angle

of incidencea = 45°; the emission anglé = 60°. (b) The calculated vibronic fine structure

of the isolated 2g hole state of free gDg obtained by including three JT-active vibrational
modes (s, vg, vg) as well as the totally symmetric modes v,. The full curve shows the low-
resolution band shape obtained by convolution with a Gaussian of 0.2 eV FWHM. Chain curve:
the band shape obtained with the inclusion of all four JT-active vibrational modes, making use
of the effective-mode approximation (reference [102]). Note that spectrum (b) is shifted on the
binding energy scale to align with the experimental spectrum.

(reference [105]). For chemisorbed benzene thg (&) orbital is differentially shifted to
higher binding energies (figure 1) and thegerbital is observed as an isolated peak (figure
27(a)). One therefore can expect that theg2es, vibronic interaction can be neglected

for chemisorbed benzene and treat thegdwle state as an isolated electronic state of
the benzene cation. In order to investigate this behaviour in dethilinitio quantum
mechanical calculations of the vibronic spectrum of the isolateg Bwel of gas-phase
benzene have been performed (reference [102]) to study the multi-mode dynamical Jahn—
Teller effect in this specific molecular level. The resulting vibronic spectrum is shown as a
line spectrum in figure 27(b). Simulating the various broadening mechanisms operative in
benzene chemisorbed on metal surfaces by convolution with a Gaussian of 0.2 eV FWHM,
one obtains the full curve in figure 27(b). The comparison shows very good agreement
between the calculated low-resolution band shape and the experimentally observed band
shape of the 2g level for GDs on Ni(111). The calculated peak-to-shoulder separation at
0.6 eV is in full accord with the experimental observations. Similar calculations gblg C
show differences in the line spectrum but virtually identical low-resolution band shape
(reference [106]). In a semiclassical picture, this double-peak structure can be qualitatively
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understood as arising from the two components of the adiabatic potential-energy surface
split by the Jahn—Teller interactions (references [107, 108]).

8. Synopsis and outlook

Angle-resolved UV photoelectron spectroscopy is a very powerful tool for studying the
properties of adsorbed hydrocarbons. In combination with theoretical calculations detailed
information can be derived on the electronic structure and bonding to the substrate, on
the orientation and symmetry of the adsorbate and the influence of lateral interactions,
the formation of two-dimensional adsorbate band structures and on some special aspects
concerning the photoemission process such as the photoionization cross section and vibronic
coupling. These aspects have been discussed using several examples of simple hydrocarbon
molecules, namely benzene, ethylene and acetylene adsorbed on Ni(110), Ni(111), Ru(001)
and the reconstructed Pt(110¥12 surfaces.

Finally, | shall briefly comment on the potential of angle-resolved UV photoelectron
spectroscopy in the future. In my opinion, there are several aspects that will be important.

(1) The extended combination of experimental results with detailed quantum chemical
calculations that strongly benefit from the increasing power of computers will provide a
much deeper understanding of the electronic structure of adsorbed molecules and their
bonding to the substrate.

(2) The adsorption of molecules on ‘new materials’ such as ultrathin metal films opens
up a wide field, where a detailed knowledge of the electronic adsorbate structure is required
which can be obtained by ARUPS. For these materials, the very well known properties of
adsorbates on the solids can be used also as a tool to monitor the electronic structure of the
substrate.

(3) Another very important application will be the possibility of measuring ‘time-
dependent’ ARUPS spectra. Using the high-intensity photon beams that already are or
will be available at third-generation synchrotron radiation sources, one should be able to
collect ARUPS spectra on time-scales below one second. This will allow realitirsieu
investigations of adsorption and desorption processes and of chemical reactions on surfaces.
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