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INTRODUCTION
During the last year¥-ray emission (XE3pectroscopy has become a powerful tool in the study
of the bonding of molecules on solid surfaces [1]. It combines the element and (atomic) site
specificity of a core level spectroscopy with a sensitivity towards the chemical environment
similar to valence photoelectron spectroscopy. In a XES experiment the fluorescence photons
from the sample are analyzed following a core excitation. If the primary excitation is resonant,
I.e. corresponds to a NEXAFS resonance, excitation and decay have to be treated as one single
inelastic scattering process [2]. In comparison with “ordinary” XE spees@nant inelastic x-
ray scattering (RIXS3pectra of well-defined adsorbate systems contain additional information
about the symmetry of the participating electronic states since primary excitation and radiative
decay are governed by dipole selection rules [3]. These can be exploited by studying the de-
pendence of the RIXS spectra on the polarization of the incoming light and the angle depend-
ence of the emitted radiation.
For strongly coupled adsorbates, however, the difference between RIXS and XE spectra
should (almost) vanish since the core excited electron is delocalized rapidly, which leads to a
less well defined core excited intermediate state.
Z Such observations have been reported for reso-
y nantly excited Auger spectra of chemisorbed mole-
cules [4].

X In the present abstract we report RIXS
measurments of ethylene adsorbed on the Cu(110)
surface, where significant changes in the decay
spectrum in dependence of the primary excitation
are observed. To interpret these changes and to
elucidate the coupling mechanism between the eth-
ylene molecules and the Cu-surface, model calcu-
lations have been performed whithin the frame-
work of Density Functional Theory (DFT).

EXPERIMENTAL SETUP AND DATA
EVALUATION

The experiments have been performed at Beamline
8.0. The endstation consists of two UHV chambers
for sample preparation and analysis. The base
pressure in the system wadd™ mbar. The

analysis chamber is rotatable around an axis paral-
Figure 1: Top: adsorption geometry of ethylene ofel to the incoming beam and houses an electron
Cu(110). Bottom: sche_matic view of the experi- energy analyzer (Scienta SES 200) [5], an x-ray
mental geometry used in the present work. In th'émission spectrometer [6](both mounted perpen-

geometry that-resonance of the ethylene mole- . . )
cule could be excited with maximum efficiency. dicular to the beam and a multichannel plate de




tector for x-xay absorption (XA) measurements. Two Cu(110) single crystals were mounted on
a manipulator at an angle of about 5° between the surface and the direction of the incoming light
(cf. Fig.1) with their [1-10] directions parallel and perpendicular, respectively, to the plane of
incidence. The crystals could be rotated about the axis of the incoming beam thus enabling in-
dependent variation of the polarization of the incoming light (by rotation of the sample) and the
direction of detection of the emitted light (by rotation of the spectrometers). Saturated monolay-
ers were prepared by dosing ethylene on the Cu surface at a temperature of 80K.

RIXS spectra were measured in nornta(0°) and grazingg = 80°) emission geome-
tries on both crystals. From these raw spectra the background signal from the substrate and the
elastically scattered peak were removed. Due to the only twofold symmetry of the Cu(110) sur-
face and to the ,do* adsorption geometry of the ethylene molecules with their C-C bond par-
allel to the [1-10] direction of the surface (cf. Fig. 1), spectra for all three polarization directions
of the emitted light could be extracted from the measured spectra assuming equal population of
the C 2, p-, and p-orbitals contributing to the different molecular orbitals and of dipolar dis-
tribution of the emitted fluorescence photons.

THEORETICAL BACKGROUND
For the model calculations the ,deMon“ program

—— 284.4¢eV

C,H,/Cu(110) 288.4 eV/ package [7] was used which allows self consistent
XES/DFT BP86

calculation of the electronic structure of mole-
cules and clusters using the Kohn-Sham formal-
ism. For the exchange and correlation interac-
tions the gradient corrected functionals described
by Becke [8] and Perdew and Wang [9], respec-
tively, have been used. The substrate was simu-
lated by a cluster consisting of 86 Cu atoms. For
a central cluster of 14 atoms all electrons were
treated explicitly while for the rest of the Cu at-
oms only the 4s electrons were included explicitly
into the calculation. The geometry of the adsor-
bate was optimized during the calculations while
the geometry of the cluster was fixed to the ex-
perimental bulk values. The dipole matrix ele-
ments for the primary excitation and the radiative
decay were calculated using ground state wave
. .| functions (frozen orbital approximation) and the
Kramers-Heisenberg equation [10] was employed
to calculate the RIXS intensities. To facilitate
comparison with the experimental data, the spec-
tra have been broadened by a gaussian of 0.8 eV
width (FWHM).
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RESULTS AND DISCUSSION
S | Figure 2 shows the RIXS spectra for three differ-
-20.0 -10.0 0.0 ent polarizations of the emitted light after excita-
E-E, [eV] tion a? two different photon energies._ Below the
experimental spectra the corresponding calculated
Figure 2: Experimental and calpulated RIXS_ sp_ectrgebectra are plotted. All spectra have been nor-
of ethylene/Cu(110) for three different polanzauon?,nalized to maximum intensity. The lower exci-

of the emitted radiation after excitation at two differ- ", .
ent photon energies. tation energy (284.8 eV) corresponds to an exci-




tation into thert* resonance of ethylene while the higher energy (288.4 eV) corresponds to an
excitation into the rydberg manifold. TReandy-componentsomprise those states derived

from “o-orbitals” of the ethylene molecule, while the z-component containgtbebitals”.

The energy scale of the plot is with respect to the Fermilevel which corresponds to an emission
energy of 284.3 eV as was determined by photoelectron spectroscopy (PES). In the experimen-
tal spectra for all three polarizations subtle but significant differences between the two excitation
energies can be observed which are well reproduced in the calculations.

For the free ethylene molecule strict symmetry selection rules apply following resonant
excitation: thet*-resonance is due to excitation of a C 1s electron into an orbigeratiepar-
ity (1b,). Thus only orbitals witigeradeparity contribute to the resonant decay spectrum. For
the chemisorbed molecule the inversion symmetry is lifted. The selection rules are now those of
the C, point group. Nevertheless a stronger variation between resonant and off-resonant emis-
sion spectra is to be expected. The reason for the experimentally observed weak variations is
revealed by the calculations: across the Fermi level a mixing of states derived fiughtret
occupied molecular orbital (HOMQ)f the ethylene molecule (]pand of states derived from
thelowest unoccupied molecular orbital (LUM@)b, ) occurs. Therefore the resonant excita-
tion does not only comprise excitationsrtsstates of former gerade parity, which now belong to
the h-representation but also intom®,ungerade” states (now)aderived from the HOMO.

The same is true for the off-resonant excitation but with different weights of the LUMO- and
HOMO-like states which is the reason for the observed excitation energy dependence. This
mixing of states can be observed directly in the z-component spectra: in the gasphase the XE
spectrum of ethylene contains only one peak wifymmetry (1h). Thez-componenspectra

in Fig. 2, however, show a broad structure which extends from -12 eV up to the Fermi level.
According to the DFT calculations this structure also contains intensity from decay of both
HOMO- and LUMO-like states. In contrast tbeorbitals of the ethylene molecule remain es-
sentially unchanged as can be concluded fronxth@dy-componenspectra which are very
similar to the corresponding components of the gas phase XE spectrum [11]. The observed
small differences are basically due to a weak distortion of the molecules upon adsorption. This
is also corroborated by the DFT calculations.

Based on these findings a significant contribution ofotfzebitals to the chemical bond
between the ethylene molecule and the Cu(110) surface can be excluded. The bonding is due to
atedonationr*-backdonation mechanism. The DFT calculations furthermore show a predomi-
nant contribution of Cu 3d states to the bonding orbitals

CONCLUSIONS

In conclusion we used thhiesonant inelastic x-ray scattering (RIX8¢hnique to investigate the
chemical bond of ethylene molecules on the Cu(110) surface. Our spectra show a subtle but sig-
nificant dependency on the exciting photon energy which proves a mixing of states with the
symmetries of the HOMO and LUMO of ethylene, respectively, above the Fermi level. A simi-
lar mixing can be observed directly as broadening of emission lines in the z-component of the
XE spectrum. These experimental findings are supported by model calculations carried out
whithin the framework oflensity functional theory (DFT)A significant contribution of the-

orbitals of ethylene to the adsorbate-substrate bond could not be found. Therefore our experi-
mental and quantum-chemical results lead unambigously to a description of the chemical bond
between the ethylene molecule and the Cu(110) surfacedaprnationt*-backdonation
mechanism.
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