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17 resonance of CO on Pt(111) studied by angle-resolved ultraviolet photoelectron spectroscopy
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The photoemission cross section of the 177! state shows a significant resonance at a photon energy of hv =
33 eV, which so far has not been observed in gas-phase measurements nor on surfaces of other transition metals.
The occupied electronic states of CO adsorbed on the platinum (111) surface are investigated theoretically and
experimentally. Photoelectron angular distributions at various photon energies across this particular resonance
are recorded to achieve further information on the nature of the electronic states involved. These photoelectron
angular distributions are compared with the results of MS X« calculations, and it is shown that the calculations
and the experimental results agree in the main features. The occurrence of the 17 photoemission resonance is
explained by an interaction of the outgoing electron with the adsorbed CO molecule and the nearby Pt atoms of

the Pt(111) surface.
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I. INTRODUCTION

Carbon monoxide molecules adsorbed on noble- and
transition-metal surfaces are well known and widely
understood model systems for the study of surface-adsorbate
interactions. Many theoretical and experimental investigations
in the past four decades have led to a detailed understanding
of the structure, electronic properties, and binding conditions.
These features are changing significantly when CO is bound
to different transition and noble metals and even on different
surfaces of the same metal.'*

The chemical bond between the CO molecule and surfaces
of transition metals is often described using the Blyholder
model.? In this model the binding is described by donation
and back donation of electron density between molecular
orbitals and the metal band structure without hybridization
between these orbitals. A small fraction of the electron density
from the highest occupied molecular orbital (HOMO) of the
CO molecule, which is the 5o state of the free molecule, is
transferred to metal states. This donation is partly compensated
by minor back donation of electron density from metal bands
to the lowest unoccupied molecular orbital (LUMO) of the CO
molecule, namely, the 2 * orbital. This reallocation of charge
carriers leads to a weakening of the internal CO bond and to
an energetic shift of the 5o state to higher binding energies
relative to the uninvolved 1 and 40 levels.

The Blyholder model was very successful in describing
many experimental results when CO molecules are bound to
transition-metal surfaces. But it does not take into account
that hybridization between CO molecular orbitals and the
metal band structure takes place and that new electronic
states are formed.*-® Fohlisch et al. observed new electronic
states induced by the CO-surface chemical bond using x-ray
emission spectroscopy (XES) on Ni and Cu surfaces.”8 For
noble- and transition-metal surfaces the adsorption-induced
states often overlap with the metal d valence band.”> Their
signature is therefore often obscured by bulk substrate states. In
combination with density functional theory (DFT) calculations
they conclude, in contrast to the Blyholder model, that the
system formed between the molecular orbitals of 7 symmetry
and metal d bands is stabilizing the surface adsorbate bond,
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whereas the o interaction is destabilizing. In this picture,
strong mixing between the 17 state and substrate states occur.

Depending on the substrate material and surface structure
CO molecules may adsorb on several adsorption sites and in
different orientations. On the Pt(111) surface the CO molecule
is oriented perpendicular to the sample surface with the C
atom pointing toward the surface.® On Pt(110), in contrast, the
molecule is tilted against the surface normal by ~26°.1° On
the Pt(111) surface at low coverages and low temperatures
two stable adsorption sites have been observed. At low
coverages the on-top position is energetically preferred. With
increasing coverage also twofold coordinated bridge positions
are occupied. When a coverage of 0.5 monolayers is reached,
a c(4 x 2)-2CO overlayer can be formed. In this case the
top and bridge sites are equally populated. Also threefold
hollow positions provide CO binding at higher temperatures
and coverages.'!

Although a deep understanding of the nature of the CO-
metal chemical bond has been gained, there are still discussions
about several questions that are left open. One of these open
questions is the occurrence of a broad resonance in the
photoelectron cross section of the 17~! state of CO at an
photon energy of approximately v = 33 eV on Pt(111).!?
This resonance has not been observed in gas-phase CO nor
after adsorption on other transition-metal surfaces. Therefore
we assume that this resonance is caused by characteristic
properties of the Pt(111) surface interacting with the CO
molecule. The photoelectron cross sections of the 40 ~! and
50 ~! states show broad features in the same energy range that
can be attributed to 60 * shape resonances.!*!* Such shape
resonances have been observed for the CO molecule on several
substrates'>1® and also in the gas phase,”’18 but, to the best
of our knowledge, have never been observed for orbitals with
m symmetry. Because the symmetry of the states involved
plays a major role for photoemission cross sections due to
selection rules, an investigation of the symmetry of the 17!
photoemission cross section at different photon energies across
the resonance may lead to a deeper insight into the origin of
this resonance and the processes involved.

Angle-resolved photoemission utilizing photon energies
in the UV (ARUPS) is a common tool for symmetry
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investigations of molecular orbitals if these molecules are
fixed in space.'” Therefore we have performed ARUPS
measurements at different photon energies across the 177!
resonance to monitor the changes in the photoelectron angular
distributions. High-order harmonics (HH) of intense ultrashort
laser pulses are a photon source providing tunable radiation
in the range from Av =20 eV up to 110 eV, applicable
in photoelectron spectroscopy experiments. In this work
photon energies from hv = 23 to 52 eV generated in argon
are used covering the resonances of the 46~ 507! and 17!
states of CO adsorbed on Pt(111).

Additionally, we have calculated OCPt,, clusters modeling
the bond between CO molecules and the platinum surface.
Calculations based on the electron density functional in various
sophistications can yield electron binding energies with high
precision. In several publications Ohno et al. calculated
valence photoemission spectra for COPt and COPt; clusters
using an ab initio Green’s function method.?*?! They showed
that the quasiparticle picture breaks down for PtCO.?' These
calculations, however, do not easily yield photoelectron
angular distributions. We therefore performed cluster
calculations using quantum chemical methods, which directly
yield the outgoing electron wave function. As a first step
multiple electron scattering using a local exchange potential
(MSXa) are employed. Angle-resolved photoelectron cross
sections of the different electronic states involved have been
obtained at various photon energies and are compared to the
experimental observations.

II. EXPERIMENT

High harmonic generation (HHG) of femtosecond visible
laser pulses in noble gases such as argon, neon, and helium
provides stepwise tunable extreme ultraviolet (XUV) pulses
with femtosecond duration.?>?* Laser intensities on the order
of 103-10'* W/cm? are required to generate HH in noble
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gases. In the present experiment a mode-locked and
cavity-dumped Ti:sapphire laser oscillator and a cryogenically
cooled Ti:sapphire multipass amplifier are used. The oscillator
emits pulses with energies of up to 30 nJ at repetition rates up
to 400 kHz. These pulses are stretched by material dispersion,
amplified, and recompressed in a prism compressor. At a
central wavelength of 790 nm, pulse energies of more than
1 mJ with sub-30 fs [full width at half maximum (FWHM)]
duration are generated. The amplifier repetition rate can be
chosen up to 10 kHz without losing pulse energy. A detailed
description of the laser system has been given previously.?*

The experimental setup is shown in Fig. 1. The femtosecond
laser pulses are focused into a gas target of ~1 mm length at
a pressure of ~200 mbar, similar to the setup of Spielmann
et al.> In the present experiments argon is employed as the
nonlinear medium because it is the most efficient target for
XUV photon energies between hv = 20 and 50 eV. Differential
pumping stages evacuate the beam path to the grating chamber.
A 100-nm-thick Al foil that is nearly transparent for photon
energies between v =20 and 70 eV is inserted into the
beam to block the fundamental light and additionally to
block residual gas flow from the generation process to the
sample chamber. The pressure within the grating chamber
thus remains at 10~° mbar. Because all odd harmonic orders
are generated simultaneously, a toroidal grating is used to
separate a single harmonic and to focus the XUV radiation
onto the sample surface. Therefore the generation volume
is used as an equivalent entrance slit, and the radiation is
focused on an exit slit placed in front of the sample surface.
The desired photon energy can be simply selected by turning
the grating. Depending on the conversion efficiency of the
selected harmonic order, the intensity of the HH at the sample
position has to be significantly reduced to avoid space-charge
effects.

The w-metal ultrahigh vacuum (UHV) chamber with a
base pressure of 107'9 mbar is equipped with ultraviolet
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FIG. 1. (Color online) Schematic of the setup used in the experiments. The HH are generated by focusing the intense ultrashort pulses of
a Ti:sapphire laser into rare gases such as Ar, Ne, or He. A differential pumping stage reduces the gas flow from the generation process to the
surface. Thin metal foils can be used to block the fundamental beam. A toroidal grating is used to simultaneously separate the harmonic orders
and to image the XUV pulses onto the sample surface. The generated photoelectrons are detected by a TOF spectrometer. Angle-resolved
measurements can be performed by turning the sample in front of the spectrometer.

125435-2



177 RESONANCE OF CO ON Pt(111) STUDIED BY ...

photoelectron spectroscopy (UPS) using a He discharge
lamp and a dispersive electron spectrometer, Auger electron
spectroscopy (AES), low-energy electron diffraction (LEED),
and sample preparation tools. The Pt(111) single crystal is
cleaned by cycles of Art-ion bombardment with a kinetic
energy of 1.5 keV at 700 K, oxidation also at 700 K, and
annealing at 1050 K. After the surface is cleaned and checked
by LEED and UPS, the c(4 x 2)-2CO layer is prepared by
dosing the sample surface with 2 Langmuir (L) of CO at
270 K.?® The successful preparation is again checked by
LEED observing the typical 4 x 2 superlattice. During the
measurements the crystal temperature is held below 150 K
to stabilize a defined CO superstructure on the platinum
surface.

The ultrashort XUV pulses generated in the HHG process
allow to record the photoelectron spectra by a time-of-flight
(TOF) electron spectrometer. A field-free drift tube with a
length of 216 mm is followed by a microchannel plate (MCP)
electron detector. The flight time of the photoemitted electrons
is determined by a time-to-digital converter. A small fraction
of the fundamental pulse is detected by a fast photodiode to
set a starting trigger. A total energy resolution of ~0.6 eV is
achieved. The angular resolution is limited by the size of the
MCP detector and its distance to the surface, which results in
an acceptance angle of A = £2.5°.

The angle between the incident light and the TOF axis is
5° (see Fig. 1). Angle-resolved photoemission experiments are
performed by turning the sample in front of the TOF electron
spectrometer. Therefore it has to be considered that the angle
between the surface normal and the incoming light changes
when changing the detection angle. If the XUV radiation is
polarized perpendicular to the optical plane (§ polarized), the
electric field vector is orientated within the surface plane and
its orientation relative to the sample does not change during
angle-resolved measurements. If the polarization is chosen to
be parallel to the optical plane (p polarized) the orientation of
the electric-field vector relative to the sample changes when
the sample is turned. This change has to be taken into account
when comparing our results to other experimental or numerical
investigations.

III. CALCULATION METHODS

A. The CO adsorption positions

The Pt(111) surface shows a Cg, symmetry with three
mirror planes. The CO molecule adsorbs with its axes
perpendicular to the surface in the C-down orientation. It is
supposed in literature that upon CO adsorption on Pt(111) to a
first approximation the positions of the Pt atoms in the first and
in other layers do not change. With these suppositions we can
distinguish four possible local positions of the CO molecule
on the surface:?’ the on-top position, the bridge position, and
the two fcp and hcp hollow positions. Experimentally only
the on-top and bridge positions have been observed at low
coverages, as mentioned above. To model the on-top bound
CO molecules we have evaluated OCPt (Co, symmetry) and
OCPt; (Cg,) clusters.
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B. Computational details

Calculations are performed using the continuum multiple-
scattering method with an Xoa local-exchange potential,
MS X« method, which is based on the early work of Slater,®
Slater and Johnson,”® and Dill and Dehmer.* In spite of its
relative simplicity, this method has been applied successfully
to the electronic structure calculations of atoms, molecules,
and solids. The method is based on the partitioning of the three-
dimensional space into three kind of regions. For an n-atomic
molecule the first region consists of n spheres containing
the atomic cores at their centers. These spheres may touch
each other, as in earlier calculations of the photoionization
of diatomic molecules,'®3! or overlap as in more recent
calculations for polyatomic molecules.?>* A larger sphere
encloses the atomic spheres and divides the remaining space
into an outer sphere region with spherical symmetry, and an
inner sphere region with (in some cases) axial symmetry.

The atomic potentials inside the small spheres are calcu-
lated using a localized exchange potential (the so-called X«
potential) expressed through the charge density by analogy
with an infinite electron gas.?® Then the total energy has the
same form as in the Hartree-Fock method. In the region outside
of the atomic spheres but inside the outer sphere the potential
is constant. And finally, outside the large sphere the X« or
the Coulomb potential was taken, whichever is stronger. Since
the X« potential decreases exponentially with distance, the
Coulomb potential will eventually prevail.

In our numerical calculations the alpha exchange parame-
ters for C, O, and Pt atoms are taken from the tabulation of
Schwarz** to be 0.759 28, 0.744 47, and 0.693 06, respectively.
The C-O interatomic distance of 1.15 A is taken from
literature.”” Atomic sphere radii, obtained using the Norman
procedure,® are commonly reduced by an empirical factor,
which in the present case is close to 0.88. The radii for the C,
O, and Pt inside the outer sphere are taken in such a way that the
atomic spheres are overlapping. For the region inside the outer
sphere and between the atomic spheres, the atomic alpha’s
are averaged with the same weights used in determining the
outer sphere center. For the OCPt clusters the radii have been
chosen to be 0.850, 0.867, 1.444, and 2.656 A for C, O, Pt, and
the outer sphere, respectively. For the calculations on OCPt;
clusters different radii with values of 0.849, 0.867, 1.332, and
4.114 A for C, O, Pt, and the outer sphere, respectively, have
been used.

Multiple-scattering X« calculations of a self-consistent
ground-state CO molecular potential follow the procedure of
Case, Cook, and Karplus.’® A significant number of partial
waves (Imax = 7) for the outer sphere and for the C, O, and
Pt atoms are used in the calculations. The continuum wave
function is calculated using the converged transition-state
potentials, adapted to the correct asymptotic form by a Latter
tail,’” however, with 1.6 electrons instead of 2.0 on the
respective orbital. It has been shown that, using a fractional
charge, calculated ionization potentials show significantly
better agreement with experimental data.*® This so-called
half-electron approximation considers the photoionization
process where an atom with, initially, two electrons in the
respective orbital is ionized and an ion with one electron is
left. This method is similar to the so-called transition-state
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approximation successfully applied by Ohno et al.?>?! for
the calculation of different CO-metal clusters. A program,
originally written by Davenport® to calculate the photoion-
ization cross section, was used to calculate the photoelectron
angular distributions. For each experimental detection angle
from —20° to +90° the angle between the light polarization
and the CO axis is determined. With this information the
full photoelectron angular distribution is calculated for each
experimental detection angle in steps of 5°. The intensity in
the direction of photoelectron detection is determined and
displayed as a function of the detection angle. In order to
enhance the possibilities of the program, some optimization
of the code was done, especially in the input and output
parts.

Different to the earlier MSXa calculations®’ where the
CO potential was constructed with nonoverlapping atomic
spheres, we used the overlapping spheres,***! which evidently
is a better approach for a molecular potential. It was shown
recently*? that a such modification, together with the optimized
choice of the parameters, greatly improves the results for the
CO molecule. As a result, the MSX« angular distributions
are even in a better agreement with the experiment than
the results of the more straightforward relaxed-core Hartree-
Fock (RCHF) approximation. Similar MSX« calculations
on a number of fluoroethylene molecules** and some other
polyatomic molecules®>* also demonstrate the high reliability
of the approach.

IV. RESULTS AND ANALYSIS

1. Resonances in the photoemission cross section

In gas-phase UV photoemission spectra of CO, three typical
signals are observed which are assigned to emission from
the 407!, 17!, and the 507! state at binding energies of
Eis = —19.68¢V, E|;, = —16.53 eV, and Es5, = —14.01 ¢V,
respectively.** When the CO molecule is bound to a transition-
metal surface such as Pt(111), only two distinct structures

appear at energies of approximately Ep; = —12.5 eV and
Ep, = —9.5 eV relative to the Fermi level. The structure
at Eg; = —12.5 eV is associated with the 40! state. At

Egy = —9.5 eV the 50! state and the 17 ~! state of the
CO molecule are overlapping.* On platinum surfaces the
separation between the 50 ~! and the 177! signal is ~1 eV,'’
large compared to other transition metals. Therefore it is
possible to separate this feature into contributions from the
50 and 1 level.

Photoelectron spectra of the clean and CO-covered surface
irradiated with a photon energy of hv = 32.8 eV are shown
in Fig. 2. The upper spectrum in Fig. 2 shows emission from
a clean Pt(111) surface. A work function of ®p, = (5.93 &+
0.3) eV has been estimated. The two structures at binding
energies of —2 and —4.5 eV below the Fermi level are caused
by platinum d-band transitions.’ Additional resonances in the
photoelectron background appear at —10 and —14.5 eV that
are attributed to final-state resonances of the Pt(111) surface,*®
and are discussed later.

The spectra of the CO-covered platinum surface are shown
for p- and §-polarized radiation in the middle and lower
trace of Fig. 2, respectively. In this case a work function of
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FIG. 2. (Color online) Photoelectron spectra taken with a photon
energy of hv = 32.8 eV. The energetic positions and the relative
amplitude of the individual structures of the 177!, 46~!, and 50!
states are fitted by Lorentzian profiles. The relative photoelectron
cross section is obtained by normalizing the amplitude of the
structures to the background of scattered photoelectrons.

Dcopr = (6.0 2 0.3) eV has been measured. A decrease in
intensity of the platinum d band next to the Fermi level upon
CO adsorption is well known from synchrotron experiments.
It is caused by donation of electrons to the CO molecule.*’
Besides the suppression of the Pt d band, additional structures
appear that are attributed to the adsorbed CO molecules. For
§ polarization one CO-induced structure at a binding energy
of E— Er =—9.0 eV is assigned to the 17 ~! state. In p
polarization two separated structures are visible, as mentioned
above. A multiple peak fitting routine is used to retrieve the
energetic positions and relative intensities of the individual
overlapping structures of the 1z7~!, 407!, and 50! states.
Applying a Lorentzian shape multiple fit and considering the
scattered photoelectron background (see Fig. 2), the broad
structure at E — Er = —9.5 eV is separated into the contri-
butions from the 177~ state at a binding energy of E — Ep =
—9.0eVandthe 50 !stateat E — Er = —10.0eV. The 40!
state is located at E — Ep = —12.5 eV. Taking into account
the work function of our sample, our measurements can be
compared easily to numerical calculations of the valence
photoemission spectra by Ohno et al.’>*' The energies of
the main contributions to the photoemission from the 17!,
40~ and 50! states have been calculated to be E — Ep =
—898¢eV,E—Ep=—13.13¢V,and E — Er = —9.48 ¢V,
respectively.?! These results are in excellent agreement with
our experimental data.
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FIG. 3. (Color online) Relative photoemission cross section of the
40~ and 50! states for different photon energies and p-polarized
light. The well-known shape resonances appear at photon energies of
hv = 36¢eV forthe 40! state and hv = 30 eV for the 50 ! state. The
data of Tsilimis ef al. (Ref. 12) (red circles) and Bare et al. (Ref. 10)
(black squares) show good agreement with the present data.

The relative photoelectron cross sections are estimated with
an approach similar to that established by Rieger et al.'> After
fitting the individual spectral features by Lorentzian curves
their amplitude is normalized to the photoelectron background.
This procedure is beneficial because no information about the
photon flux and the detector characteristic are required.

The photoelectron emission cross sections of the o orbitals
as a function of the applied photon energy are shown in Fig. 3.
Both structures show the well-known o * shape resonances at
photon energies of hv = 36 and 30 eV for the 46 ~! and 50!
states, respectively. These resonances have been observed on
several surfaces and in gas-phase experiments,!” and these
energetic positions fit well to literature values.'>!> In Fig. 3
the data of Tsilimis et al.'?> (red circles) for CO/Pt(111) and
of Bare et al.'® (black squares) for CO/Pt(110) have been
plotted as well, which show good agreement, although Bare
et al. have measured on the Pt(110) surface. The occurrence of
such shape resonances can be explained either by temporarily
trapping of the excited electron in the potential barrier of
the molecule!**® or by electron excitation to unoccupied and
antibonding molecular levels above the ionization threshold.'?
In both shape resonances observed in this work, the 60 * orbital
of the CO molecule is involved.

Although transitions from initial states of 7 symmetry to
final states of o symmetry are allowed, by selection rules
no such shape resonances have been observed for 7 states
so far. Tsilimis et al.'> found an additional resonance in the
cross section of the 17 ~! structure which has neither been
observed in the gas phase!” nor on other surfaces.'® Measured
relative photoelectron cross sections of the 1z orbital are
shown in Fig. 4 for § and p polarization. For p polarization a
resonance at a photon energy of 1v = 29.6 eV is observed on
Pt(111). For § polarization the resonance is shifted to slightly
higher photon energies of hv = 33 eV. Again previous data of
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FIG. 4. (Color online) Relative photoemission cross section of
the 177! state at different photon energies. Distinct resonances have
been observed at photon energies of 7v = 29.6 and 33 eV for p- and
§-polarized light, respectively. The data of Tsilimis ez al. (Ref. 12)
and Bare et al. (Ref. 10) [measured on Pt(110) surface] are added as
red dots and black squares for comparison. No resonance has been
observed on the Pt(110) surface.

Tsilimis** and Bare'® are plotted for comparison. The data
taken on the Pt(111) surface show good agreement, while
the data from the Pt(110) surface do not show a resonance
in the measured energy range. Stener and co-workers™
calculated photoelectron cross sections for gas-phase CO using
time-dependent DFT and taking autoionization processes into
account. Indeed, they also found structures in the energy
range of the measured 17! resonance. Tsilimis and co-
workers therefore suggested that an autoionization process
might be responsible for the resonance. They suggested that
a resonant excitation from the 3o orbital located at a binding
energy of approximately £ — Ep = —28.5 eV (Ref. 51) to
the unoccupied 27 * state located 4.3 eV above the Fermi
level,” followed by a recombination and an autoionization
of the 1 state, could lead to the enhanced cross section.
These structures have not been observed in photoelectron
experiments in gas-phase CO.!”> For the isoelectronic N,
molecule, however, such a resonance in the photoelectron cross
section for the 177 ~! structure for gas-phase molecules has been
observed both experimentally>*~> and theoretically.”®>’

At the measured maximum of the 40 shape resonance at
hv = 36 eV (Fig. 3) the electrons from the 40 state, bound at
Ep = —12.5 ¢V, are detected with a kinetic energy of approx-
imately Ey, = 17.5 eV. For the 177! signal in § polarization
the resulting kinetic energy is approximately Eyj, = 18.0 eV.
Considering the measured work function of the CO-covered
Pt surface of Ey,c = (6.0 £0.3) eV, the resulting final-state
energies for the photoemission process are £ — Ep = 23.5
and 24.0 eV , respectively. The energetic position of the 6o *
orbital that is responsible for the occurrence of the shape
resonances in the 40 ~!' and 50 ~! photoemission cross section
has been measured for CO molecules chemisorbed on Ni(100)
by inverse photoemission (IPE) and XAS to be approximately
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E¢y, — Ep = 24 eV, 5% fitting well to our measured values.
For the 50! structure and the 177 ~! structure in p-polarization
lower values for the kinetic energy of approximately Eyi, =
14.0 and 14.6 eV have been measured, respectively, resulting
in final-state energies of Eg = 20 and 20.6 eV. The similar
experimental results for the value of the final-state energy
for the measured resonances suggests that the resonances of
the o and 7 states are caused by the same or similar final
states.

Final-state resonances in the photoemission background
on the Pt(111) surface have been observed, as mentioned
above.*® These resonances have been explained by electron
scattering into high-lying unoccupied electronic states of the
Pt(111) surface. We observed resonances at kinetic energies
of Exi, = 17, 12.5, and 9 eV. The coincidence between the
kinetic energies for the 40 ~! and 17 ~! §-polarized resonance
maximum and the final-state structure at Ey;, = 17 eV is
remarkable. An interplay between the substrate unoccupied
electronic states and the 60 * orbital of the CO molecule
may cause the resonance measured on this particular surface.
For the 507! and 17 ~! p-polarized resonance maxima the
kinetic energies may be linked to the Ey;, = 12.5 eV final-state
resonance. The energetic position of final states on this
particular surface and the coincidence with the 60 * orbital
may also explain why such resonances in the 177 photoemission
cross section have not been observed on other surfaces or in
gas-phase measurements.

For gas-phase carbon monoxide it is known'® that for §
polarization, i.e., the light being polarized perpendicular to the
CO molecular axis, there is no resonance in the photoemission
cross section. In order to confirm this fact we have calculated
the photoemission cross section for §-polarized light for
gas-phase CO molecules using an intermolecular distance of
1.15 A, which corresponds to the on-top adsorbed OCPt,
clusters.”” Under these conditions the MSXa calculations do
not show a resonance for the 1w state. However, this 17
resonance appears for the OCPt cluster and the other calculated
OCPt, clusters. In the lower part of Fig. 4 the calculated
photoemission cross section is presented, with (red line) and
without (black line) the half-electron correction for the OCPt;
cluster. Because only relative photoelectron emission cross
sections have been measured in this work, the calculated cross
sections in this paper are scaled to fit the measured values. Both
curves show a broad resonance at approxiamtely hv = 33 eV,
where the resonance has been observed in the experiment.
The curve without the half-electron correction additionally
shows a rather sharp and high peak near a photon energy of
hv = 48 eV and a feature at approximately 7v = 25 eV. When
the half-electron correction is included, the broad feature at
hv = 33 eV is still retained, but the sharp peak becomes much
broader and less intense. The structure at low photon energies
of hv = 25 eV vanishes. When the half-electron correction is
applied, the photoemission cross section of the OCPt; cluster
shows good agreement for §-polarized light with both sets of
experimental data.

Previously, this half-electron approximation was used for
MSXa CO (Ref. 42) and OCS (Refs. 60 and 61) potentials
and for the RCHF CO potential.*® Using this half-electron
approximation gave, in all cases, a better agreement with
precise experimental angle-resolved data. It also yielded a
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correct position for the maximum of the o * shape resonances
in the photoionization cross sections. In the MSXo method a
one-step photoemission process is modeled with the complete
one-electron wave function for the outgoing electron. This
means that we do not need to include some additional au-
toionization processes to be responsible for the 1 resonance.
Since for the free diatomic CO molecule a 17 resonance does
not appear in the MSX« calculations, this means that the 17
resonance results from scattering of the outgoing electron
wave on the O, C, and especially the Pt atomic centers. At
least three atomic centers are needed for the 17 resonance to
appear.

2. ARUPS in p polarization

‘We have performed angle-resolved photoelectron measure-
ments at photon energies between hv = 26 and 42 eV. Figure 5
shows photoelectron spectra taken at hv = 39 eV for different
detection angles. Zero degree corresponds to the direction of
the surface normal and is therefore parallel to the molecular
axis of CO adsorbed on Pt(111). The individual structures of
the CO- and Pt-derived states are clearly discernible, and the
relative change in intensity of these structures is remarkable.
The individual spectra at a specific angle have been normalized
to the photoelectron background. The structures located at
binding energies at Eg = —2 and —4.5 eV show only weak
dispersion as expected from metal d-band structures. The
50~1/17~! structures show an increasing intensity with a
detection angle reaching a maximum at ~45°. Fitting these
spectral features with two Lorenzians, as described above,
the 5o~! and 177 ~! photoelectron emission intensities can be
extracted. For the three CO induced structures these relative
cross sections are plotted in Fig. 6 as a function of the
emission angle. The photoemission out of the 17 state shows a
weak emission normal to the surface, and an increasing cross
section with increasing angle. The 40 and 5o states show
broad maxima at ~15° and 37°, respectively. Hofmann et al.®?
used the He 11 line at hv = 40.8 eV to measure photoelectron
angular distributions of the same CO overlayer on Pt(111).
This radiation was unpolarized so that §- and p-polarized light

N 56/1n
p-pol. e

rel. Intensity (arb. units)

energy (e Vf

FIG. 5. (Color online) Photoelectron spectra taken at different
detection angles with a photon energy of /v = 39 eV and p-polarized
light. The CO induced structures at Ex = —9.5 and —12.5 eV display
a significant change in intensity with detection angle. At positive
angles the sample is turned toward the incident XUV light beam.
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——OCPt;
—— OCPt

® exp. data
= Hofmann et al.

FIG. 6. (Color online) Relative photoemission cross section of the (a) 17!, (b) 46!, and (c) 50 ~! resonances as a function of the detection
angle measured with a photon energy of Av = 39 eV and p-polarized light. Data of Hofmann et al. (Ref. 62) measured using unpolarized light
at hv = 40.8 eV (He 1) are plotted for comparison. See the text for more details.

were applied simultaneously. The angle of incidence was 45°
relative to the surface normal. Their data are plotted as blue
squares in Fig. 6.

The angular distributions of the 40~ state agree very
well in both experiments, although in the present case only
p-polarized light is applied, while Hofmann et al. used
unpolarized light. However, the §-polarized component should
have no influence on the photoelectron distributions because
the o orbitals can only be observed in p polarization, as
mentioned above. Also the shape of the angular distribution of
the 50! state is similar in both experiments, but the maximum
appears at slightly different angles. This may be caused by
the fact that in the present experiments the sample has to be
turned, thereby changing the angle between the molecular axis
and the polarization vector, while it was fixed in the setup of
Hofmann et al. The situation is completely different in the
case of the 177! state: Both experiments show considerably
different results. At an angle of incidence of 45° the 17 orbital
can be excited with either §- or p-polarized light and thus
enabling photoemission processes with different symmetry
and different photoelectron distributions when unpolarized
light is applied.

Angle-resolved MSX« calculations have been performed at
hv = 39.1 eV, for 17, 40, and 5o states for both OCPt and
OCPt; clusters. The calculated relative photoemission cross
sections for OCPt and OCPt; clusters are presented in Fig. 6
as full lines. The theoretical photoemission cross sections
are significantly more structured than the rather smooth
experimental curves, especially for the 17 state. The calculated
relative photoemission cross section of the 17 state for the
OCPt cluster shows a low cross section perpendicular to the
surface (¥ = 0° detection angle) and an increasing intensity
toward higher angles. In the same figure the theoretical
curve for the OCPt; cluster is presented. This photoelectron
distribution (PED) also shows a low cross section normal to the
surface, but a rather sharp maximum at ¥ = 25° is observed.
The measured PED for the 177 ~! emission is not fitted well by
these calculated angular distributions.

-1

For the 40~! emission the calculated PED of the OCPt
cluster shows a minimum ¢ = 0° and a maximum at ap-
proximately @ = 45°. For the OCPt; cluster maxima at
approximately ¢ = 7° and ¥ = 35° appear. The measured
PED is reproduced much better than for the 177 ~! emission and
trends are reproduced, although there are notable differences.
It has to be mentioned that the angular resolution of the
experiment has not been taken into account in the calculated
PEDs.

The calculated PED for the 5o state and the OCPt cluster
shows one rather sharp maximum at ©# = 35°. The positions
of the experimental and calculated maxima coincide, but the
experimental one is significantly broader. For the OCPt; cluster
three maxima at 9 = 20°, ¢ = 55°, and ¢ = 85° appear. This
appearance of additional maxima in the calculations for OCPt;
is a result of the electron wave dispersion on additional Pt
atoms in OCPt;, which can be noticed also for the 40 and 17
peaks.

The experimental PEDs are significantly broader for both
1w and 40 states than the 5o distribution. For both states the
calculated curves approximate the experimental distribution
much worse than for the 5o states. The large discrepancy
for the 1w state may be associated with the fact that experi-
mentally the intensity of the 17 state is only obtained after a
deconvolution of the 5o/ 17 resonances and the 17 state being
the weaker shoulder. On the other hand, the relative maxima
intensities in the three states reproduce the experimental data
very well.

3. ARUPS in § polarization

For § polarization ARUPS measurements have been per-
formed at six photon energies across the 17! resonance at
hv = 26.6, 29.7, 32.8, 36.0, 39.1, and 42.2 eV (see Fig. 7).
All six distributions show the main intensity at angles from
¥ = —20° to +20° and from ¢ = 60° to 85°. At approximately
©? =30° to +40° a more or less pronounced minimum
appears. At hv = 32.8 eV, near the maximum of the 17!
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FIG. 7. (Color online) Photoelectron distributions for electrons emitted from the 177~ state of CO on Pt(111) measured with s-polarized
light and at different photon energies: (a) 26.6 eV, (b) 29.7 eV, (c) 32.8 eV, (d) 36 eV, (e) 39.1 eV, (f) 42.2 eV. The photon energy is scanned
over the resonance in the 177 ~! cross section to follow the evolution of the photoelectron distribution. The intensity scales are normalized to

each other.

resonance, the intensity ratio of the two peaks maximizes
with approximately 1.3:1 in favor of the normal (¢ = 0°)
to the oblique peak. In the spectral wings of the resonance
the intensity of the normal emission peak is smaller than the
oblique one.

The first photoelectron distribution has been taken at a
photon energy of hv = 26.6 eV [Fig. 7(a)]. At this photon
energy the signal of the 177 ~! state perpendicular to the surface
is still small, because the resonance appears only at higher
photon energies, in agreement with the expected gas-phase
cross section, which is also small.'"® A large photoelectron
cross section nearly parallel to the surface is visible (¢ ~ 80°),
beside two small features at £15°. The ratio between emission
normal to the surface and emission nearly parallel to the surface
is approximately 0.33:1.

When increasing the photon energy to hv = 29.7 eV, the
photoelectron cross section normal to the surface increases

significantly [Fig. 7(b)]. This photon energy has been chosen
on the rising slope of the resonance. The two structures at ¢ =
+15° disappear and one pronounced peak at ¢ = 0° is formed.
Again a minimum in the cross section at approximately ¥ =
30°—40° is visible, but it is less developed than in the other
experimental curves in Fig. 7. The intensity ratio in this PED is
approximately 0.89:1 for the normal to the oblique maximum.

When increasing the photon energy to the maximum of
the resonance at hv = 32.8 eV [Fig. 7(c)] also the inten-
sity in normal emission maximizes. The distinct structure
normal to the surface dominates the angular distribution,
while the oblique cross section has not changed significantly.
The experimental intensity ratio of both peaks reaches a
value of 1.30:1. When the photon energy is increased fur-
ther the intensity in the normal direction decreases again
[Figs. 7(d)-7(f)], following the cross-section measurement
displayed in Fig. 4. The intensity ratio between normal
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and perpendicular emission is also reduced to approximately
0.67:1 for a photon energy of hv = 42.2 eV.

The peak intensity ratio between the normal and the oblique
peak is roughly following the shape of the resonance. The
emission cross section in the normal direction, on the other
hand, first increases and then decreases again when the photon
energy is changed. One can conclude that the photoemission
cross sections for the off-normal direction ¢ = 60° and 85°,
which are nearly perpendicular to the molecular axis, are
much weaker influenced when the photon energy is scanned
across the resonance than the normal emission one. The 17
shape resonance is therefore associated with photoemission
in the direction normal to the surface only. This finding
supports the above-mentioned assumption that the 177 ! cross-
section resonance is caused by Pt final states mixing with
the 60* CO molecular orbital because of the Pt final-state
dispersion.

Earlier, Davenport calculated the photoelectron angular dis-
tribution for free CO molecules.'® For §-polarized excitation
a large cross section perpendicular to the molecular axis and
only a small cross section parallel to molecular axis were
found. As mentioned above, in the present MSX« calculations
we find a similar angular distribution for CO alone, with
a low-intensity peak along the molecular axis and no Ix
state resonance. MSXw calculations for OCPt and OCPt;
clusters are constructed at all experimental photon energies
across the 17 resonance. For the OCPt clusters the calculation
yields for all photon energies two main peaks in the angular
distribution, one along the surface normal and one at  ~ 75°,
with an angular spread of A®¢ ~ 30°. These results are shown
in Fig. 7 as a green line. This constitutes already a much
better approximation to the experimental findings than the
corresponding values calculated for the free CO molecule.
The results for the OCPt; clusters are shown as red lines in
Fig. 7 and show similar peaks at ¥ ~ 75° and A% ~ 30°.
The intensity ratios of the two peaks calculated for OCPt
and OCPt; clusters fit well to the experimental data. The
calculations for hv = 26.6 eV [Fig. 7(a)] show a small signal
in the normal direction and a large photoelectron cross section
in the oblique peak, but there are no structures at £15°. There
are two possible explanations of such a difference. First, at this
energy below the resonance these small structures appear as
a result of the extraction of the 1w part from the overlapped
5o /1w band. The second possible explanation is connected
with a significant difference of our rather simple OCPt model
clusters and the rather complex picture of real CO adsorption
on a Pt(111) surface. The calculated PEDs for hv = 29.7 eV
show a significant photoemission cross section in the normal
direction, as expected for a photon energy in the rising slope of
the resonance. For both clusters the peak ratio fits well to the
experimental data. At the normal cross-section maximum at
hv = 32.8 eV the peak intensity ratio for the OCPt; cluster fits
well the experimentally observed distribution, while the OCPt
calculation results in a too large cross section in the oblique
peak. It should be kept in mind, however, that a model of a
rigid linear OCPt molecule is a rather poor approximation of
the real picture of an adsorbed CO molecule on the Pt(111)
surface at a finite temperature of ~150 K.

For a photon energy of hv = 36 eV, on the falling slope of
the resonance, the peak intensity ratio for the both theoretical
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TABLE I. Summary of intensity ratios between emission normal
to the surface and emission nearly parallel to the surface for the
experimental data and the numerical data for OCPt and PCPt;
clusters.

Photon energy Experiment OCPt OCPt;
26.6 0.33:1 0.17:1 0.35:1
29.7 0.89:1 1.16:1 0.85:1
32.8 1.30:1 1.03:1 1.08:1
36.0 0.91:1 0.73:1 1.04:1
39.1 0.82:1 0.67:1 0.56:1
422 0.67:1 0.82:1 0.40:1

clusters fit well to the experimental findings, and the PED
is roughly reproduced. For hv = 39.1 eV the oblique peak
intensity is overestimated for both clusters. For hv = 42.2 eV
the calculated PED for the OCPt cluster fits well to the experi-
mental findings while the calculated OCPt; cross-section ratio
again overestimates the oblique peak. Table I summarizes the
intensity ratios between the normal and oblique structure for
the experimental and numerical data for both clusters.

The calculated PEDs are again notably more structured than
the measured distributions. From the comparison presented
here and some calculations for other OCPt, clusters, we can
conclude that theoretical calculations and experimental data
agree in the main features for both clusters that have been
investigated. The differences in the calculated photoelectron
distributions between OCPt and OCPt; clusters are small.
Therefore, OCPt clusters are sufficient to describe the main
effects discussed in this paper. This may be explained by a
strong localization of the 1 orbital on the CO molecule and
the first metal atom. This localization for the 17 state has been
observed in DFT calculations for the on-top position on Ni and
Cu surfaces by Fohlisch et al.,” and it is reasonable to expect a
similar behavior on Pt surfaces. To the best of our knowledge,
no shape resonances for states of 7 symmetry have so far been
observed for diatomic molecules.

It has to be mentioned that the experimental angular
resolution of A = £2.5° has not been taken into account
in the discussion so far. The increased angular spread in the
experimental data compared to the calculated PEDs, especially
in normal direction, can to some extent be explained by
the finite resolution of the setup. Additional differences are
connected with a rather simple OCPt,, cluster model used, not
taking into account the influence of CO molecules on other
positions.

The agreement between calculated and measured pho-
toelectron angular distributions across the resonance in §
polarization shows that the model applied for the calculations
is suitable to describe the photoemission process from the
Ir~! state. It is obvious that the photoelectron angular
distributions in p polarization are not that well reproduced.
Therefore, and because the maximum of the resonance in p
polarization is found at other photon energies than the one
in § polarization, additional processes may contribute to this
resonance in p polarization.
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V. SUMMARY

Angle-resolved ultraviolet photoelectron spectroscopy
(ARUPS) based on high harmonic generation (HHG) of
ultrashort laser pulses has been used to investigate the CO
molecule adsorption on the Pt(111) surface in the photon
energy range from hv = 23 to 52 eV. In this photon energy
region photoemission resonances for 40, 50, and 1m states
are found and compared with known experimental data. The
relative photoemission cross section for these resonances as a
function of detection angle is measured for p-polarized light at
a photon energy of v = 39.1 eV. The photoelectron angular
distributions for electrons emitted from the 1 state of CO on
Pt(111) is measured with §-polarized light across the resonance
at six photon energies from hv = 26.6 to 42.2 eV. In all cases
a significant photoemission yield in the normal direction is
observed.

Additionally, MSX« calculations of the CO molecule
and OCPt, clusters are carried out and compared with the
experimental data. The MSXo method, extended to rather
large clusters, is applied for studying different phenomena
in the photoemission from adsorbed molecules. For such an
application the majority of more sophisticated methods have
not yet been extended. Our calculations, together with similar
studies on the photoionization of polyatomic molecules by
Powis and co-workers,?>33 clearly demonstrate the ability
of the MSXo method to be used for the description of
rather delicate phenomena in photoionization of fixed-in-
space molecules. From that one may conclude that it can be
successfully applied for much larger objects, too.

The calculated 17r resonance curve for the OCPt; cluster
potential with the half-electron approximation resembles to a
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certain extent the experimental data. This implies that the 17
resonance appears as a result of the scattering the outgoing
electron wave on O, C, and especially Pt atomic centers. The
resonance can be explained as a shape resonance. The coinci-
dence of the kinetic energies measured for electrons scattered
to energetically high-lying unoccupied states on the clean
Pt(111) and the maximum of the shape resonances support this
conclusion. It has to be kept in mind that unoccupied electronic
states can be explained as an interference of scattered electrons
from the atomic centers.

A careful analysis of the measured and calculated photo-
electron distributions emitted from the 17 state measured with
§-polarized light shows that the calculations and experiment
agree in the main features. A distinct change of the photoemis-
sion cross section in the normal direction occurs as expected
for such a final-state effect. The fact that no resonance in the
photoemission cross section of the 17 state has been observed
on other surfaces nor in the gas phase suggests the importance
of the final states on the Pt(111) surface for the photoemission
cross section from the Im state. Thus an interplay between
the unoccupied states of the free CO molecule and the clean
Pt(111) surface is responsible for the occurrence of this
shape resonance of m symmetry. Additional autoionization
processes as assumed by Tsilimis and co-workers!? do not
have to be taken into account to explain the experimental
results.
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