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KURZFASSUNG / ABSTRACT

Resonante inelastische Röntgenstreuung an kleinen
Kohlenwasserstoffmolekülen:

Dynamik des Streuprozesses und Bindung auf Silizium

In der vorliegenden Arbeit werden die dynamischen Eigenschaften der resonanten inela-
stischen Röntgenstreuung (RIXS) an kleinen Kohlenwasserstoffmolekülen untersucht.
RIXS bietet einen experimentellen Zugang zur elektronischen Struktur in symmetrie-
aufgelöster und atomspezifischer Weise und erlaubt Rückschlüsse auf dynamische Pro-
zesse, wie sie elementaren chemischen Vorgängen zugrundeliegen.

An kondensierten Molekülen wurde RIXS mit gezielter Anregung eines definierten
resonanten Vibrationszwischenzustandes durchgeführt. Die experimentellen Ergebnis-
se werden mit Rechnungen verglichen, die auf einer Interpretation des Streuvorgangs
als Ein–Stufen–Prozess basieren. Es wird gezeigt, dass der Streuvorgang von der dy-
namischen Entwicklung der Elektronen– und Kernwellenfunktion beeinflusst wird. Bei
resonanter Anregung wird reine Vibrations–Raman–Spektroskopie im weichen Röntgen-
bereich beobachtet. Von den reinen Vibrationszuständen klar zu unterscheiden, tragen
kombinierte vibrations- und elektronisch angeregte Zustände zum Spektrum bei. Die
Adsorption auf einer Halbleiteroberfläche ändert die Dynamik des Streuprozesses im
Vergleich zu den Kondensaten. Es sind experimentell Unterschiede in der resonanten
Röntgenstreuung zwischen den Adsorptionssystemen C2H4/Si(001) und C6H6/Si(001)
festgestellt worden. Diese werden im Vergleich zu Grundzustandsrechungen im Zwei–
Stufen-Modell mit Relaxationseffekten im Streuzwischenzustand erklärt. Im Falle von
Benzol auf Silizium kann Participator–Streuung mit Vibrationsverlusten nachgewiesen
werden.

Resonant Inelastic X–ray Scattering at Small Hydrocarbon Molecules:
Scattering Dynamics and Bonding to Silicon

In this work, the dynamic properties of resonant inelastic X–ray scattering (RIXS) at
small hydrocarbon molecules in different environments are investigated. With RIXS,
the symmetry selective, atom and chemical state specific electronic structure is experi-
mentally accessible, as well as dynamic properties of the system under investigation.

RIXS at weakly interacting, randomly oriented molecules in a condensate has been
performed with vibrational selective excitation of a resonant scattering intermediate
state. A one–step scattering description including the electronic and nuclear wave func-
tion is applied to model the experimental spectra. The combined experimental and
theoretical investigation shows that the resonant scattering at the condensed molecules
is determined by combined vibrational and electronic dynamics in the scattering inter-
mediate state. Upon resonant excitation, purely vibrational Raman scattering in the soft
X–ray regime has been observed. Additionally, clear separated combined electronic and
vibrational features contribute to the spectra. Adsorption on a semiconductor surface
changes the scattering dynamics. Differences occur in the experimental RIXS between
C2H4/Si(001) and C6H6/Si(001). Comparing to two–step simulations in the ground–
state model, the relaxation dynamics of the scattering intermediate state are explained.
For benzene on Silicon, participator RIXS with vibrational loss features is demonstrated.
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1 Introduction

Chapter 1

Introduction

The electronic structure of matter defines most of its relevant attributes. Chem-
ical reactions, the optical character, and magnetic properties are all constituted
by interaction of the system’s electrons. Their investigation thus plays a key
role in an understanding of virtually any process relevant in nature or technical
applications1. The determination of the electronic structure has been facili-
tated mainly by the application of spectroscopic techniques. Historically, static
properties have been probed. Nowadays, the focus moves to dynamic processes
influencing the electronic and nuclear configuration of the systems investigated.

In this thesis, I aim to examine the dynamics of resonant inelastic X–ray scat-
tering (RIXS). I want to investigate how dynamic processes in the electronic and
nuclear wave function influence the electronic structure information obtained
with RIXS. This investigation is important for two aspects: The determination
of dynamic properties of matter with RIXS depends on the accessibility of this
information. And the reliability of the electronic structure information obtained
with RIXS relies on the identification of dynamic contributions to the spectral
profile.

I will apply RIXS to hydrocarbon molecules weakly interacting in a conden-
sate and adsorbed on a Si(001) surface. The condensed molecules act as a model
system for the general investigation of the dynamic contributions to the RIXS
spectral profile. In the investigation of molecules, typically a purely electronic
ground state interpretation of RIXS in the “adiabatic” limit is applied [12–16].
Although it is known that vibrational contributions influence the spectra, they
are usually treated as negligible. The appropriateness of this approximation is

1This importance has been underlined by the various nobel prizes awarded recognizing the
advances in this field. I just want to mention a few directly related to the methods and concepts
applied in this thesis: The Nobel prize in 1924 for X–ray spectroscopy [9]; 1966 for the concept
of molecular orbitals [10]; for density–functional–theory as the base of computational methods in
1998 [11].
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proved here. If the pure electronic treatment turns out to be oversimplifying,
this would have significant implications for the application of RIXS to any sys-
tem. I will present a detailed systematic investigation of the resonant inelastic
X–ray scattering applying a full treatment of the electronic and nuclear aspects
of the scattering process.

Surface adsorbate systems employ complex bonding mechanisms. In the
case of adsorbates on a metal surface, RIXS has allowed to refine and sharpen
the concepts of chemical bond formation [17–20]. In these systems, dynamic
processes have not found to be important to consider in the interpretation of
RIXS. Less well described are semiconductor adsorbates. RIXS has so far not
been used to investigate these systems. The nature of a semiconductor surface
chemical bond is significantly different from that of a metallic bond. It has to
be investigated how the RIXS process appears in these systems. In this work,
resonant inelastic X–ray scattering at small hydrocarbons adsorbed on a silicon
surface will be studied. I will investigate the characteristics of the scattering
process and show how to utilize the knowledge of the dynamic properties to
extract reliable electronic structure information from RIXS of hydrocarbons ad-
sorbed on silicon. From this, a detailed picture of the surface chemical bond
can be extracted.

Classical spectroscopic techniques probe static properties of matter. This
can be the electronic structure of an atom before and after a certain chemical
reaction. The lifetime of an electronically excited state can be determined from
the spectral line width of the corresponding spectral feature. The investigation
of molecular vibrations with infrared and Raman spectroscopy reveals the static
properties of the nuclear wave function. Summarizing, classical spectroscopies
probe the eigenfunctions of the electronic and nuclear wave functions, but not
their temporal evolution. Photoelectron spectroscopy of core2 and valence3 elec-
trons, X–ray absorption spectroscopy4 (XAS) and X–ray emission spectroscopy
(XES) are routinely used methods to study static properties of the electronic
structure. Laser–Raman spectroscopy is used to probe molecular vibrations.

The knowledge of the start–point and the end–point of a chemical process,
however, does not necessarily allow to describe the mechanism of that specific
reaction. The functionality of complex molecular systems rather seems to be
defined by the dynamic response to an external perturbation. Within the last
years, increasing effort has therefore been put into the description of the tempo-
ral evolution of the electronic and nuclear wave function. Here, the pathways of
a chemical reaction or triggered processes in atomic and molecular systems in

2XPS: X–ray photoemission spectroscopy; ESCA: Electron spectroscopy for chemical analysis
3UPS: Ultraviolett photoemission spectroscopy
4Also called NEXAFS: Near–edge X–ray absorption fine structure spectroscopy
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1 Introduction

general are of interest. Today, basically two methods are used for dynamic in-
vestigations: pump–probe spectroscopy and resonant spectroscopies [21], which
include RIXS.

In the pump–probe techniques, extremely short laser pulses are applied to
measure time–dependent properties. An optical pulse triggers (“pumps”) the
system and a second pulse probes the response of the system as a function
of the time–delay between pump and probe [22, 23]. In “Femtochemistry”5,
“snap–shots” of a chemical reaction on ultra short time scales are made with
pump–probe methods. The temporal resolution depends on the time structure
of the laser pulses utilized and goes down to about a femtosecond. However,
these sources are optical lasers and are thus limited to optical excitations in the
systems probed6.

Resonant spectroscopies have the advantage of being able to address ele-
ment specific dynamic properties. With ultrashort laser–pulses, it is up to now
not possible to probe atom specific information. In biological systems, it is an
interesting question how certain atomic centers influence the function of the
complex system. Atom specific and even chemical state sensitive information
can be observed with soft X–ray spectroscopies. An alternative to laser pump–
probe is the investigation of dynamic processes by using an internal reference
clock of the investigated system. This is done by resonant spectroscopies, which
include resonant photoemission or Auger–Raman spectroscopies and resonant
X–ray scattering. One example for resonant Auger–Raman spectroscopy is the
investigation of charge transfer processes at surfaces with the so called core–
hole–clock method [27]. The unknown time constant of a charge transfer from
an adsorbate in a resonantly excited atom to a substrate is measured on the time
scale of the known core hole lifetime. This is spectroscopically done by compar-
ing the intensities of the different final states linked to the decay channels. With
this method, attosecond resolution can be obtained [28].

In the work presented here, I utilize resonant inelastic X–ray scattering. RIXS
has a characteristic duration time [29]. This time results from the formulation of
the channel interference in the time domain instead of the energy domain. The
scattering duration time depends on the detuning of the energy of the exciting
X–ray beam from an absorption resonance. By tuning the photon energy into or
away from a scattering resonance it is possible to adjust the internal “egg–timer”

5With a nobel prize in 1999 [23].
6A recent, promising, development to overcome this restriction is high–harmonic generation

(HHG) with ultrashort laser sources allowing to produce X–ray pulses [24, 25]. With this technique
the laser sources expand into the domain of synchrotron sources, however, still missing their
tunability and average brilliance. With the short wavelengths there, even shorter pulses can
obtained as in the optical regime [26].
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of the scattering process. This internal shutter determines the time on which
dynamic processes during the scattering can take place. It thus allows to mea-
sure time dependent processes without need to apply an external time reference.
RIXS clearly has the potential to be used as an explicitly dynamic spectroscopy.
However, up to now it still excels in the static electronic structure determina-
tion. RIXS is atom specific and chemical state selective. The RIXS scattering
profile exhibits a polarization anisotropy [30] that can be utilized to investigate
the symmetry of the valence electronic excited final states of the scattering. In
the case of ordered surface adsorbates — molecules fixed in space — the fully
symmetry–resolved electronic valence density of states can be determined [31].

I will present an interpretation of the experimental RIXS data based on a
comparison with simulated spectra. The theoretical model chosen determines
the physical aspects that can be evaluated with RIXS. The simplest model that
can be applied is the two–step model in the ground–state approach considering
only the electronic wave function. Here, only the decay step in the scatter-
ing process is considered and approximated by using the ground state wave
function representation of the system studied. Although this model makes very
strong simplifications, it has been very successful describing RIXS of adsorbates
on metals. I will investigate adsorbates on semiconductors. The semiconductor
chemical bond is substantially different from the metal case. It can therefore
not be assumed that this simple model will also work here. The best descrip-
tion possible is a one–step treatment considering both electronic and nuclear
contributions. This treatment, however, is not available for complex systems
with todays computational methods. A central topic of this thesis will be the
application and comparison of different theoretical descriptions. It has to be
determined from which model and under which conditions a valid description of
the scattering process can be expected.

The simplest systems to study are free atoms and molecules. They have
the advantage of providing well known systems of reasonable complexity. This
allows in particular the investigation of fundamental processes. However, char-
acteristic for matter is the interaction between atoms and molecules that can not
be studied by only looking at the ‘building blocks’.

Surface adsorbates act as model systems to address basic questions of the in-
teraction between atoms, molecules and bulk matter. Technologically important
fields — e.g. heterogeneous catalysis, oxidation and corrosion, tailored surfaces,
or self–organized layers — are directly based on surface chemical processes. At
the same time, surfaces represent a difficult task to experimental and theoreti-
cal methods. Model surface systems with defined properties are experimentally
quite troublesome to handle. A very clean ultra high vacuum is needed and
the preparation is sophisticated. An adsorbate on a surface always represents

11



1 Introduction

a dilute system. The spectroscopic technique applied thus has to be able to
distinguish between adsorbate, surface, and bulk contributions to the overall
electronic structure. The methods used in this thesis are atom specific and
chemical state sensitive and thus fulfill this requirement. In a theoretical treat-
ment, a small single molecule can completely be described considering each
electron, a bulk crystal can be approximated in a periodic treatment. Surface
systems, however, are too big for an all–electron treatment, and not periodic at
the interface. In this work, a cluster model is applied to describe the properties
of the adsorbate system7

This thesis is organized as follows: At first, I will give a short overview on the
history and applications of RIXS. I will introduce the theoretical basis, the com-
putational methods, and the experimental requirements of the work presented
here (Chapter 2). The careful characterization of the adsorbate configuration
is a necessary prerequisite for their investigation with RIXS. This is done in
the NEXAFS studies presented in Chapter 3 [Paper I, Paper II, Paper III]. The
NEXAFS information obtained there is also important for the interpretation of
the RIXS process, and for the investigation of the bonding mechanism. Chap-
ter 4 [Paper IV, Paper V] contains the investigation of the RIXS dynamics of
weakly interacting condensed molecules. In Chapter 5, RIXS of silicon surface
adsorbates is presented. In Paper VI and Paper VII, the specific aspects of the
scattering process in these systems are discussed. A model for the configuration
and surface chemical bond of benzene [Paper VIII] on Si(001) is derived. I will
finally summarize and interpret the findings of this thesis in Chapter 6 and 7.

7The cluster calculations have inherent difficulties, though, that will be addressed in this work
later.
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Chapter 2

Resonant inelastic X-ray
scattering (RIXS)

The spectroscopy of soft X–rays emitted from a sample is a classical technique1.
It has been used for electronic structure determination since back in the 1920’s
[32, 33]. In the 1960’s the “electron spectroscopy for chemical analysis” (ESCA)
[34] began to attract broad attention and X–ray emission spectroscopy (XES)
lost popularity. XES had its revival with the rapid evolution of synchrotron
radiation sources making monochromatized X–rays of high intensity available
in the 1980’s [35]. This progress was facilitated by the development of new
soft X–ray fluorescence spectrometers [36]. With monochromatized synchrotron
radiation it was possible to selectively excite single atoms. Already in the first
experiments a clear excitation energy dependence of the X–ray emission was
observed on TiN [37]. It was interpreted as resonant behavior — the birth of
resonant inelastic X–ray scattering as a spectroscopic technique. A little earlier
theory — not being limited by inappropriate experimental conditions — began to
investigate resonant effects in RIXS [38]2.

Nowadays, RIXS is a spectroscopic tool with a variety of applications. RIXS
is a photon–in/photon–out technique with a large penetration depth. Among
many other systems, buried layers [40] as well as liquids behind thin windows
[12, 14] can be probed. RIXS can be applied independently from the sample
environment: Experiments under external fields or on active devices have been
proposed. Metals, semiconductors, and insulators are equally accessible. The
scope of systems investigated with RIXS includes solids and compounds [41],

1This paragraph contains only a few milestones of personal choice in the development of X–ray
fluorescence spectroscopy and can’t give an exhaustive historical overview.

2A complete overview over the theoretical development has been given by Gel’mukhanov and
Ågren [39].
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2 Resonant inelastic X-ray scattering (RIXS)

CORE

OCCUPIED

UNOCCUPIED

VALENCE

1a 2a

1b 2b 2c

Figure 2.1: The two–step model of resonant inelastic X–ray scattering. 1a &
1b: X-ray emission spectroscopy (XES). 2a, 2b & 2c: Resonantly excited X–ray

emission spectroscopy.

and extends to such exotic systems as paracetamol or bio–tissue like affected
teeth [42].

This thesis wants to contribute to the dynamic aspects of RIXS of molecules3

and semiconductor surface adsorbates. I will utilize the method to investigate
the silicon surface chemical bond4.

In this chapter, I will summarize the general theoretical, computational, and
experimental basis for the RIXS investigations presented in this work. This
thesis is to a large extend a compilation of papers. The particular experimental
setup, computational details, and theoretical framework will thus be discussed
in each section in direct relation to the corresponding studies.

2.1 X-ray absorption and emission. A two–step model.

In a simple picture soft X–ray scattering can be understood as a two–step process.
In the first step, a core hole is created in an atom by absorbing a photon (Fig.
2.1 panel 1a & 2a). In the second step the created core vacancy is filled with
an electron from the valence states under emission of a second photon (Fig.
2.1 panel 1b, 2b, 2c). Experimentally the spectral distribution of the outgoing
photon is recorded for a certain fixed energy of the incoming photon.

3The most important work done on single molecules up to now is summarized in [43].
4A review of adsorbate systems probed with RIXS can be found in [44]. I will later cite the work

related to this thesis in greater detail.
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X-ray absorption and emission. A two–step model. 2.1

In this simple two–step model, the X–ray absorption and emission are con-
sidered to be decoupled, the emission is therefore independent of the specific
character of the absorption. This model is fully valid for excitation far above
threshold or for non–monochromatic excitation where no specific intermediate
state can be prepared. It is also valid for systems with large core hole energy
splitting, e.g. CO [45, 46], when no vibrationally excited intermediate state has
to be considered. It is applicable in many more cases and can be considered as
a special case of the models discussed in the following. This model has a strong
historic justification. However, it fails to describe the experiments with narrow
bandwidth monochromatic excitation. The simple two–step model has therefore
been expanded to account for the character of the absorption process. The new
models are called “generalized two–step model TS2” [30] or “resonantly excited
X–ray emission” [45].

Phenomenologically, the two step picture can be improved by explicitly treat-
ing special cases: Depending on the energy of the incoming photon the atom can
either be ionized (Fig. 2.1 panel 1a) or be resonantly excited into a neutral state
(Fig. 2.1 panel 2a). The character of the core excited state strongly influences the
scattering process. Typically, the first case is referred to as non–resonant and
the second case is considered to be resonant. Only the non–resonant case can
be treated in a simple two–step model. However, it is not as easy as it seems to
draw the line between resonant and non–resonant intermediate cases. Indeed,
one of the central points of this thesis is to investigate the resonance nature of
actual RIXS experiments on molecules and semiconductor surface adsorbates.

The core hole of an ionized atom can only be filled from the occupied valence
states (Fig. 2.1 1b). This case is called X-ray emission spectroscopy (XES) and
gives a spectroscopic image of the occupied valence density–of–states (DOS) [47–
49]. The core hole binding energy is an atomic property and depends on the
chemical environment [50]. Considering the core orbitals having a somewhat
local character (which is e.g. justified in case of CO on a metal surface [17]) only
the part of the valence DOS with sufficient spatial overlap with the core orbital
is probed, e.g. the part of the valence structure located at the adsorbate. This is
called the local DOS. In addition, the core wave function has atomic properties,
resulting in a survival of the atomic selection rules. If the core hole wave function
has s–character, only the partial p–derived DOS is observed due to the ∆l = ±1
selection rule. XES thus probes the local partial DOS (lpDOS). The final state
in XES is a valence ionized final state. This is the same final state as in the
case of valence band photo emission spectroscopy (UPS). UPS however probes
the overall valence DOS of the system and can not separate the contributions
from single atoms [47].
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2 Resonant inelastic X-ray scattering (RIXS)

If the intermediate state is a core excited neutral state (Fig. 2.1 2a), the
situation is different. Here, the properties of the specific occupied valence state
influence the decay. As will be discussed later in this chapter, the excitation of
a particular intermediate state of specific symmetry sets certain constraints for
the decay considering the symmetry and polarization of the emission.

The core excited neutral state can decay by two different mechanisms: Either
an electron from the occupied valence state (Fig. 2.1 panel 2b) or the initially
excited electron itself (Fig. 2.1 panel 2c) fills the core hole. With the term “spec-
tator” the electron involved in the former decay channel is referred to, and with
“participator” the electron in the latter channel. The spectator decay leaves the
atom in a valence excited final state. The participator decay brings the atom
back into the electronic ground state. The latter channel is often considered as
pure elastic scattering. This interpretation is not always true. In this channel vi-
brational loss processes can be present, which forbid to call it elastic [Paper IV].

2.2 Energy balance of RIXS

Generally, resonant inelastic X–ray scattering probes electronic and vibrational
loss processes. In the scattering process the energy difference ∆ε between in-
coming photon ω and outgoing photon ω′ is transfered into the scatterer. The
energy balance of RIXS is thus5

∆ε = ω′ − ω = ε0 − εf (2.1)

εf − ε0 is the energy difference between the scatterer’s initial state |0〉 and
final state |f〉. ∆ε can be called the energy loss. The energy loss corresponds to
the energies of the nuclear (vibrational) and electronic excitations present in the
final state:

∆ε = εnuclear + εelectronic (2.2)

In the RIXS spectrum of a free molecule these contributions can be nicely
separated. In Fig. 2.2, a sample experimental and computed spectrum of eth-
ylene is shown [Paper IV]. The HOMO–LUMO separation in ethylene is ∼ 6 eV.
The energy loss features in the “participator” region are too small to correspond
to electronic valence excitations, they have to arise due to pure vibrational ex-
citations. The “spectator” region contains combined electronic and vibrational
(vibronic) loss features. In case of larger systems — surface adsorbates etc. —
additional electronic and vibrational losses mediated by the substrate can enter
the energy balance.

5Without loss of generality I use the simplest possible units in this work and define � = 1.
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Figure 2.2: Sample RIXS spectrum of ethylene after C 1s core excitation into the
vibrational progression of the LUMO π∗ at 285.2 eV [Paper V]. The lower scale
indicates the energy of the outgoing photon. The upper scale shows the energy
loss, i.e. the energy difference between incoming and outgoing photon ∆ε = ω′−ω.
The black solid line shows the measured spectrum. In the experiment, the single
vibrational lines can not be resolved and only the vibrational envelope is observed.
Beneath the experimental spectrum, the simulated spectrum is shown with the

vibrational fine–structure.

2.3 The scattering description.

In a general picture, RIXS is considered as an one–step process. An incoming
photon with energy ω scatters at a system in the initial state, which in the
following is assumed to be the ground state |0〉. After the one–step scattering
process the system is in a final state |f〉 and a photon with energy ω′ is emitted.

The theory of the scattering of light by atoms goes back to the Kramers–
Heisenberg description [51]. Based on second order perturbation theory, the
scattering can be described with the double differential cross section for scat-
tering into a solid angle Ω [31, 39],

d2σ(ω′, ω)
dω′dΩ

=
∑

f

|Ff |2δ(ω′ − ω − ωf0) (2.3)

where ωf0 is the energy difference between initial and final states. The energy
conservation law is reflected by the delta function δ(ω′ − ω − ωf0). The energy
difference between incoming and outgoing photon equals the excitation energy
of the final state ω′ − ω = ωf0. The intensity distribution of the outgoing photon
is described by the Kramers–Heisenberg (KH) scattering amplitude Ff . In the
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Figure 2.3: Time sequence of the scattering process. Since the scattering invokes
a virtual state, the emission can take place before the adsorption, leading formally

to the non–resonant case.

scattering amplitude, an explicit consideration of the scattering intermediate
state |i〉 is introduced. Ff divides into three terms, the direct or Thompson
scattering, the resonant scattering and the non–resonant scattering [39]:

Ff =

[
(e′ · e)〈f |0〉

]
︸ ︷︷ ︸

direct

+
∑

i

[
〈f |p̂ · e′|i〉〈i|p̂ · e|0〉
ω − ωi0 + ıΓi/2︸ ︷︷ ︸

resonant

+
〈f |p̂ · e|i〉〈i|p̂ · e′|0〉

ω′ + ωi0

]
︸ ︷︷ ︸

non resonant

(2.4)

The introduction of the intermediate state is the inclusion of the second order
term from time–independent perturbation theory [52]. The resonant and non–
resonant part is summed over all intermediate states |i〉. Γi denotes the lifetime
broadening of the intermediate state with excitation energy ωi0. e and e′ denote
the polarization vector of incoming and outgoing photon, respectively. p̂ is the
dipole operator. In the resonant term, channel interference can occur [39].

The meaning of the three terms in Eqn. (2.4) can best possible be under-
stood considering the time sequence of the scattering (Fig. 2.3). The direct term
corresponds to sudden scattering. The “normal” scattering sequence is the ab-
sorption of an incoming photon, followed by the emission of a second photon
after some time. This is reflected in the resonant term. The intermediate state of
the scattering process has virtual character. Thus, the sequence of adsorption
and emission can be permuted, leading to the non–resonant contribution [39],
where the specific information of the incoming photon is lost.

It is generally assumed that the direct term in case of soft x-ray scattering
always collapses to purely elastic scattering with ω′ = ω [39]. This is only true if
pure electronic excitations are considered. In Paper IV (Chapter 4.1), we show
that in the limit of sudden scattering the resonant term converges to the direct
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term. For short scattering duration times this term can describe scattering into
vibronic — i.e. combined electronic and vibrational — final states.

2.3.1 Selection rules: Polarization resolved RIXS of oriented adsor-
bates.

In a gas phase experiment, the RIXS description has to be averaged over all
molecular orientations. Neither the polarization of the incoming nor the outgoing
photon can be determined with respect to the molecular orientation. The same
is true for RIXS of randomly oriented condensed molecules as presented in this
thesis (Chap. 4). In the case of an oriented adsorbate on the other hand, the
adsorbed molecules can be considered as fixed in space. This experimentally
defines the polarization of X–ray absorption and emission.

RIXS is governed by selection rules that have been extremely useful in the
interpretation and utilization of this spectroscopy [30, 31]. The selection rules
can be derived from the dipole matrix elements of the appropriate transitions
[Eqn. (2.4)] in either the two–step or the one–step formalism. Group theory
gives a tool for the investigation of the matrix elements. A matrix element does
not vanish when it contains the total symmetric representation. This can be
checked by calculating the direct product of the irreducible representations of
the involved orbitals and the transition dipole components, i.e. the polarization
vectors of incoming and outgoing photon.

Free molecules have to be averaged over spatial orientations. The transition
dipole components are thus described by the total symmetric representation,
and can be omitted in the treatment. Considering a valence electronically excited
final state |n−1 v〉, where n and v denote occupied and unoccupied valence states,
respectively, one finds that scattering into this state is allowed if Γn×Γv contains
the total symmetric representation. This directly leads to the parity selection
rule, demanding that n and v are of the same parity (either g − g or u− u) for the
excited final state to be allowed. The parity selection rule is very helpful in the
discussion of the core hole localization or symmetry breaking effect (Paper IV
and Paper V in Chap. 4) in case of weakly interacting condensed molecules.

The absorption of a molecule on a surface almost always lowers the symme-
try compared to free molecules. Adsorbate systems have no inversion symmetry,
and thus no parity selection rule can be applied. However, in many cases the ad-
sorbed molecules retain their gas phase character to a wide extend. Within cer-
tain limits, the scattering can then successfully be interpreted using gas phase
symmetries. Additionally, the fixing in space of the adsorbed molecules allows
for the utilization of (further) polarization selection rules. The calculated spectra
presented in Paper VII, and Paper VIII are based on the theory of polarized X–ray
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emission developed by Triguero et al. [31]. I will give an exemplary discussion of
the polarization selection rules for the case of ethylene adsorbed in a C2v sym-
metry, which is the symmetry of the Si(001)–(2×1) substrate of the adsorption
systems investigated in this work. Ethylene has two core holes of a1 and b1 sym-
metry. The polarization vectors along the directions x, y, and z are represented
by b1, b2, and a1, respectively. Considering the decay as in the two–step model,
only the following channels are allowed:

Γβ × Γn × Γc = a1 ⇐⇒ transition allowed (2.5)

x− polarization : Γβ = b1 =⇒ Γn × Γc = b1 × a1

Γn × Γc = a1 × b1

y − polarization : Γβ = b2 =⇒ Γn × Γc = b2 × a1

Γn × Γc = a2 × b1

z − polarization : Γβ = a1 =⇒ Γn × Γc = a1 × a1

Γn × Γc = b1 × b1

β denotes the emission dipole moment and corresponds to the polarization
of the outgoing photon. n and c are occupied valence and core orbitals, respec-
tively. Γx is the irreducible representation of element x. This analysis shows
that the a1 and b1 states are observable with both x and z polarization, whereas
the a2 and b2 states are only visible in the y polarized emission.

Z

X

Y hν
E || Y

Figure 2.4: Polarization resolved X–ray emission. Depicted is the decay of a totally
symmetric core excited state. The p–derived valence orbitals can only be observed
with polarization parallel to their spatial orientation. In this figure the polarization
vector of the emitted photon is aligned along the y direction. The photon stems
from the decay transition of a py–derived valence orbital into an s–type core hole.
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Vibrational RIXS and vibronic coupling. 2.4

2.3.2 Polarization selective excitation

Using selective resonant excitation, a particular intermediate core excited state
of defined symmetry can be prepared. This further reduces the allowed fi-
nal states. In the experiments discussed here, the incoming photon has z–
polarization. I will give an example for ethylene. Excitation into the π∗ (LUMO)
creates an intermediate state with b1 symmetry. The emitted photons with x,
y, and z polarization then have to correspond to the decay from occupied va-
lence states with a1, a2, and b1 symmetry, respectively. This is illustrated in
Fig. 2.4. Polarization resolved resonantly excited X-ray emission gives an ideal
tool for the symmetry decomposition of the occupied valence density–of–states
of ordered adsorbates.

2.3.3 Interference between indistinguishable core holes

In molecules with (near) degenerate core levels of the same symmetry each of
the core levels can be involved in the excitation. The square of the sum of the
individual channel amplitudes |Ff |2 in the scattering cross section (Eqn. (2.3))
gives rise to an interference term [31]. The same situation occurs if core holes of
different symmetry mix due to a configurational change in the molecule, lowering
the molecular symmetry. This is the case in the so called dynamic symmetry
breaking that I will discuss below.

2.4 Vibrational RIXS and vibronic coupling.

In Paper IV and Paper V (Chapter 4), the scattering description is applied to the
case of electronic and vibrational excitation. I will here summarize the theoret-
ical description. A more detailed discussion can be found in Paper V. Ethylene
is used as an example. It has two near degenerate core orbitals of different
symmetry in delocalized representation. Without vibronic coupling, no interfer-
ence between electronic channels can occur and the electronic dipole transition
moments can be extracted in a factor ζf0

6. The RIXS cross section then reads
[Paper IV, Paper V]:

σ(ω′, ω) =
∑
f,νf

ζf0|Fνf
|2Φ(ω′ − ω + ωfνf ,00 + ωe

f0, γ) (2.6)

ω and ω1 are the energies of incoming and outgoing photon, respectively. ωe
f0

is the electronic resonance energy, i.e. the energy difference of the minima of

6The mixing of electronic scattering channels involving both core holes is a dynamic effect and
treated separately later in this section.
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2 Resonant inelastic X-ray scattering (RIXS)

the potential surfaces of ground state and final state. ωfνf ,00 is the vibrational
energy of the νth

f vibrational state. The spectral function Φ(ω − ω0, γ) centered at
ω0 with width γ describes the energy distribution of the incoming photons.

Since the electronic transition moments have been extracted, |Fνf
| becomes

the pure Franck–Condon (FC) amplitude:

Fνf
≈

∑
νi

〈νf |νi〉〈νi|00〉
ω − ωi

0 − ωiνi,00 + ıΓ/2
, (2.7)

Ω = ω − ωi
0 − ωiνi,00 denotes the detuning of the incident photon energy from

a vibrational resonance. The vibrational spacing in ethylene is of the same or-
der of magnitude as the intermediate state lifetime Γ. Thus, when the incident
photon energy is tuned to the resonance energy (Ω ≈ 0), the FC amplitude is
determined by interference between scattering channels including different vi-
brational states νi.

In the limit of large detuning (Ω � Γ), the FC amplitude collapses:

Fνf
≈

∑
νi

〈νf |νi〉〈νi|0〉
Ω

≈ 〈νf |0〉
Ω

, with
∑
νi

|νi〉〈νi| = 1 (2.8)

This means that the FC amplitude in the limit of large detuning is equivalent
to the direct scattering term of Eqn. (2.4) (The electronic dipole moment has been
extracted before into the ζf0 factor in eqn. (2.6)). In the case of the final state
being the electronic ground state, the scattering profile collapses to pure elastic
scattering since the ground state vibrational states are orthonormal 〈0, ν0|0, 0〉 =
δν0,0. But if the final state is valence excited, this term describes direct scattering
into electronically and vibrational excited states.

The collapse can also be explained coming back to the time sequence of the
scattering process. The duration time of the RIXS process depends on the de-
tuning Ω and is defined by

τ = 1/
√

Ω2 + Γ2 (2.9)

For large detuning, the scattering duration shortens and the resonant scat-
tering converges to direct scattering (Fig. 2.1).

The above description has to be extended for the influence of the symmetry
changes accompanied by the activation of an asymmetric vibration. The Jahn–
Teller theorem [53] states that the degeneracy of the core orbitals is removed by
such a vibration, effectively localizing the core holes. This acts as a mixing of

22



Computation 2.5

the core holes of different symmetry and they become inseparable, opening ad-
ditional scattering channels. In Paper IV and Paper V (Chapter 4), it is discussed
how this effect leads to additionally allowed final states, the detailed theoretical
treatment can be found there. This vibronic coupling is only possible when tun-
ing the incident photon energy into the resonance. Then the scattering duration
becomes sufficiently long to change the molecular symmetry and to localize the
core holes. Scattering detuned from the resonance suppresses the activation
of vibrational motion and preserves the delocalized orbital representation in the
undistorted molecular symmetry.

2.5 Computation

In this thesis, the experimental RIXS spectra of free molecules and surface ad-
sorbates are discussed in comparison to simulated spectra. The computational
models are based on the theory elements described above. The simulation of the
RIXS spectra of free molecules presented here bases on the methods developed
by Gel’mukhanov et al. [39, 54]. The first simulated RIXS spectra of semicon-
ductor adsorbates are presented. I will briefly summarize the computational
approach applied in the following.

2.5.1 Ground state interpretation of RIXS

A very good computational modeling of RIXS spectra of adsorbates on metals
is possible in the framework of the ground state interpretation [45]. Within
the ground state model, the absorption and emission transitions are simply de-
scribed by the computation of the virtual and valence transition moments in
the ground state wave function representation7. The transitions are thus inter-
preted as one electron processes in a frozen orbital picture without considering
any relaxation processes. The excitation and decay energies are obtained from
the ground state orbital energies. The RIXS spectra of metal adsorbates have
been found to be well modeled in this approach. This is surprising because the
creation of a core hole is a major perturbation of the electronic structure of an
atom. It is therefore not to be expected that the total neglection of dynamic
core hole effects and electronic relaxation can result in a valid description of
the scattering process. The ground–state interpretation has nevertheless been
demonstrated to be valid in the case of metal adsorbates. It has been assumed
[45] that the fast metallic screening in these adsorbate systems accounts for an
immediate response of the system to the perturbation in the scattering process.

7Virtual and valence transition moments are the transition moments from the unoccupied
(“virtual”) and occupied (“valence”) molecular orbitals into the core orbitals.
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Figure 2.5: Cluster convergence for non–resonant X–ray emission simulations of
C2H4/Si(001). The z component of the emission is plotted for the different cluster

sizes.

Due to this fact, intermediate state dynamics and final state state screening ef-
fects cancel out and the ground state properties determine the scattering profile.

In the work presented here [Paper VI, Paper VII, Paper VIII], it has been found
that the ground state model is applicable to adsorption on semiconductors. In
particular, scattering above an adsorption resonance can in intensity and energy
position well be described in this model. The specific screening and relaxation
characteristics of resonantly excited intermediate states in semiconductor ad-
sorbates can not be covered in the ground state simulations. They need an
improved computational treatment.

2.5.2 DFT calculations on a silicon cluster

In Paper VI, Paper VII, and Paper VIII, calculations of RIXS spectra of adsorbates
are presented. They have been performed in a density functional approach using
a cluster representation of the substrate. For these calculations, the question
of cluster convergence is generally interesting: From which size on, can a clus-
ter be considered to be representative for the inherently periodic “real–world”
substrate? The cluster model is established for the calculation of adsorbates on
metals [31]. For ethylene on copper, it has been shown that the increase of the
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cluster size does not significantly improve the modeling. This is at least true for
the calculation of non–resonant X-ray emission spectra.

Performing the calculations for C2H4/Si(001) [Paper VII] strong variations of
the non–resonant X–ray emission with the cluster size have been observed. In
Fig. 2.5, the cluster size dependence of the z component of the X–ray emission is
shown. The spectral shape differs significantly with the cluster size8. In partic-
ular, the Si9H12 cluster exhibits a spurious signature. Very good correlation has
been obtained between experimental data and the calculations on the largest
cluster. The problem of cluster convergence in the case of a semiconductor clus-
ter, however, has to to be addressed in future work.

A second problem of the Si cluster calculations is connected to the optimized
adsorbate configuration. In this work, it has been found that the experimen-
tal RIXS spectra give an excellent measure to testify the theoretically optimized
geometric structures. In an usual approach, the adsorbate geometry is opti-
mized on the cluster model minimizing the total energy. The optimized cluster
model is then taken to compute the spectra. However, with this approach, it has
not been possible to optimize adsorbate structures, that result in spectra which
really reflect the experimental data.

In C2H4/Si(001), e.g., the position of the 3ag(σ) orbital in the X–ray emis-
sion spectra is extremely sensitive to the C–C bond length. The configuration
optimized on the cluster model exhibits a C–C bond length too long to produce
a correct appearance of the 3ag(σ). The calculation of the X–ray spectra was
therefore performed using a structure published by Birkenheuer et al. [56]. This
structure was obtained from a slab calculation in the DFT–GGA (general gradi-
ent approximation). The slab–structure contains a C–C bond length that results
in a good representation of the 3ag(σ) orbital [Paper VII].

The geometry dependence of the RIXS spectral shape of C6H6/Si(001) is ex-
plicitly discussed in Paper VIII. The overall electronic character of this system
strongly depends on the “butterfly” fold angle of the molecule. RIXS calculations
performed using a geometry optimized on a cluster model [57] fail to reproduce
the experimental spectra. Therefore, the adsorbate structure has been varied
systematically [Paper VIII] to obtain the best match between experiment and
calculations. It has been found, that the molecule is less distorted then the
cluster calculations have shown.

8In this comparison, the silicon cluster geometries have been taken from ref. [55] and have not
been further optimized. The adsorbate complex has always the same configuration (optimized by
Birkenheuer et al. [56], see below). No relaxation of the cluster model has been allowed.
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Figure 2.6: Fluorescence yields for
K and L shells (From [58, 59]).

2.6 Experimental techniques

The specific experimental setup is described in detail in connection with the
corresponding studies (Chap. 3 – 5). However, I will briefly sketch the general
experimental requirements in this section: The demand for high–brilliance syn-
chrotron radiation, the specifications of the experimental setup, and the sample
mounting.

2.6.1 Low countrates

Measuring the X–ray emission of the core decay of light elements like carbon
is a very time consuming task due to a multitude of experimental and physical
restrictions reducing the count rate obtainable. A typical soft X–ray beamline
— like beamline I-511 at MAXlab [60], where all experiments of this thesis have
been performed — delivers 1011–1013 photons / s. A soft X–ray beamline nor-
mally suffers from carbon contamination on the optical elements. Due to photo
absorption in these contaminations, the flux at the carbon resonance energy is
about ten times lower than in the other energy regions.

The X–ray spectrometer analyzing the emitted photons [35, 61, 62] has a
very small acceptance angle of a few degree9. This is not really a disadvantage
since it allows to measure with the very high angular sensitivity necessary for
polarization resolved studies. But on the other hand, it reduces the count rate
by a factor of 104. Other factors play a minor role. The detector sensitivity of the
X–ray spectrometer is about 20%.

9For the actual model XES–350 of this spectrometer the azimuthal angle is given to be ≤ 5◦,
the elevation angle to be ≤ 0.5◦ [62].
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Figure 2.7: Si(001)–(2×1) sample mounting for full angle and polarization resolu-
tion. Incoming and emitted photons are graphed as rippled arrows. The polariza-

tion vector is represented by a double arrow.

The small acceptance angle results in the focus of the analyzer on the sample
being typically in the µm–range, and thus much smaller than the spotsize of the
incident beam. This directly leads to the demand for high brilliance synchrotron
radiation sources having not only high flux, but also a small beam spot size on
the sample.

A pure physical reason for getting low count rates in carbon K–emission can
be found in Fig. 2.6, plotting the probability of a fluorescent decay as a function
of the atomic number. In only 0.28% of the carbon 1s core decay processes, a
photon is emitted, 99.72% of the core vacancies are filled by an auger decay.
This reduces the count rate by a factor of 103.

On a high brilliance beamline like I-511, we can now estimate maximal possi-
ble count rate from the above discussed factors to be ≤ 103 counts / s, depending
on the spot size on the sample. The absorption cross section of the specific sys-
tem is not taken into account in this estimate. It further reduces the obtainable
count rate dependent on the target density. The target density is the lowest in
case of the adsorbate measurements. The typical count rates of the experiments
presented in this thesis were in the order of 102 counts / s for the condensed
molecules and 10 counts / s for the surface adsorbates and are thus reasonable
values.

2.6.2 Experimental design

In order to fully utilize the symmetry selectivity of RIXS and NEXAFS, it is
mandatory to create an experimental setup with suitable geometry. The align-
ment of the polarization vector and the direction of propagation of incoming
and outgoing photons has to be well–defined with respect to the molecular ad-
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Figure 2.8: An end station suitable for angle resolved spectroscopy on surfaces
under ultra–high–vacuum conditions: HIXSS

sorbate orientation. This is possible in a setup schematically depicted in Fig.
2.7. The here used vicinal cut Si(001)–(2×1) substrates exhibit a macroscopic
single domain reconstruction. Two silicon samples rotated by 90◦ around the
surface normal with respect to each other are mounted at 7◦ gracing incidence
of the incoming photon beam. The samples can be rotated around the beam
axis, allowing to orient the polarization vector freely in–plane or out–of–plane.
With a X–ray emission spectrometer that, too, can be freely rotated around the
beam axis, it is possible to detect the outgoing photons in all three directions
in space with respect to the surface orientation. The beamline I-511 at MAXlab
in Lund — where all experiments presented in this thesis have been performed
— is equipped with an analysis chamber that can be rotated around the beam
axis. An experimental chamber with a similar configuration is the HIXSS (Ham-
burg inelastic X–ray scattering station) that has been build with my substantial
participation during the time of my PhD–thesis (Fig. 2.8).
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Figure 2.9: Schematic drawing of the sample mounting

2.6.3 Sample holder and sample preparation

Silicon is a critical sample, as it is forming surface alloys directly when coming
in contact with many metals. In particular, Ni containing materials, like most of
the usual metallic tools and the standard temperature probe used in UHV (AlNi–
CrNi [63]), may not come in contact to the silicon sample. For the preparation of
surface adsorbate systems, on the other hand, a reliable temperature control is
needed.

For the here presented studies, a sample mounting has been developed that
avoids contact between the thermocouples and the crystals and still allows for
a precise temperature measurement. The geometry of the sample mounting
follows the conditions sketched above (Fig. 2.7). The mounting of the silicon
pieces (Fig. 2.10) has been adapted from Gokhale et al. [64] as sketched in Fig.
2.9. Gokhale et al. [64] “glue” the crystals using a silver bonding layer to the
tantalum support. In the work presented here, the silicon wafer pieces have
simply been clamped with Mo clips to the Ta support. The thermal contact
between the silicon pieces and the tantalum support is good enough to heat and
cool the samples in a controlled manner with good temperature measurement.
The samples can be heated purely radiative with the filaments or with electron

Figure 2.10: Photography of the sample holder (by courtesy of M. Nagasono).
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Figure 2.11: LEED pattern of clean Si(001)–(2×1). The two crystals mounted on
the sample holder have been measured separately. The (2×1) domains of both
crystals are rotated by 90◦ around the surface normal with respect to each other.

The colors of the LEED image in the figure have been inverted.

bombardment heating by additionally applying a positive high voltage to the
samples.

2.6.3.1 Preparation of clean Si(001)–(2×1)

Silicon is very sensitive to carbon contamination. I experienced that a silicon
crystal contaminated with a certain amount of carbon can not be cleaned in–situ

and has to be replaced by a new one. The fresh silicon wafer pieces are protected
by a natural oxide layer. This layer desorbs from the surface at ∼ 900 K. The
removal of this layer has to take place in extremely good vacuum conditions.

In detail, the following steps have been performed to get a clean, ordered
Si(001)–(2×1) surface: During the bake out of the experimental chamber, the
samples were heated at 800 K for ∼ 12 hours. In the very good vacuum after the
bakeout (P ≤ 10−10 torr), the samples were flashed and annealed to 1350 K for
t > 10 s. Then the samples had to be sputtered with Xe ions at room temperature
and at 800 K for at least two cycles for t = 20 minutes at each temperature with
subsequent annealing to 1350 K for t > 10 s. A good surface exhibits a LEED
(low energy electron diffraction) pattern as depicted in Fig. 2.11.

2.6.3.2 Preparation of monolayers of ethylene and benzene on Si(001)–
(2×1)

At room temperature, adsorption of C2H4 leads to a saturation coverage of one
molecule per surface dimer [65]. In this thesis, the ethylene layers have been
prepared by dosing p = 5 · 10−7 torr of high purity ethylene at room temperature
for t = 20s into the chamber. This corresponds to a dose of 10 L (Langmuir).
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Benzene was purified by freeze–pump–thaw cycles and dosed at room tem-
perature by exposing the Si substrates to p = (1 − 3) · 10−7 torr for t = 200s
(∼20-60 L)). This procedure ensures a saturation coverage of about 0.25 carbon
atoms per surface Si atom [66].

To clean the crystals before preparation of a new layer, the sample was
flashed to 600–700 K by pure radiative heating, sputtered at room tempera-
ture and at 800 K each for 12 min, and subsequently annealed to 1350 K for
t > 10 s.
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3 X-ray absorption spectroscopy: Unoccupied electronic states

Chapter 3

X-ray absorption spectroscopy:
Structure of unoccupied
electronic states

X–ray absorption spectroscopy (XAS) is a method for the determination of the
unoccupied valence density–of–states (DOS)1 [67]. The probability for the ab-
sorption of a X–ray photon is measured as a function of photon energy by mon-
itoring secondary processes as Auger or fluorescence decay. In this chapter,
I present XAS — or NEXAFS (near–edge X–ray absorption fine structure spec-
troscopy) — studies of small hydrocarbon molecules adsorbed on the single do-
main Si(001)–(2×1) surface.

Within the scope of this work the investigation of the unoccupied valence
structure with XAS serves the following purposes: It allows the characterization
of the scattering intermediate state, it provides further information about the

1The unoccupied DOS is in molecular orbital theory often referred to as the “virtual” molecular
orbitals.
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Figure 3.1: Polarization selective X–ray absorption at a carbon atom of an ordered
adsorbate system. When exciting s–type core orbitals with an incoming photon of
x, y, and z polarization, only transitions into p–type valence states with respective

orientation are allowed.
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electronic and/or vibrational properties of the system under investigation, and
finally, it helps to determine the configuration of the studied adsorbate systems.

The detailed investigation of the unoccupied valence density of states is a
premise for the understanding of the RIXS process. RIXS is determined by the
scattering intermediate state |i〉, which is a core excited state |ψ−1

coreψunoccup.〉. A
decent knowledge of the virtual molecular orbitals — i.e. the unoccupied valence
structure — is thus mandatory for the interpretation of RIXS. In this work, there-
fore X–ray absorption measurements of all systems investigated with RIXS have
been performed. The XAS of condensed benzene and ethylene have carefully
been reproduced and compared to literature [68–74]. These data are part of
Paper IV and Paper V in Chap. 4.

The XAS investigations of hydrocarbons adsorbed on silicon have been pub-
lished separately from the RIXS studies and can be found in this chapter [Pa-
per I, Paper II, Paper III]. Polarization resolved XAS allows to determine the ori-
entation of the unoccupied electronic states in space (Fig. 3.1) and thus the
geometric configuration of the adsorbate [67]. The changes in the electronic
valence structure of a molecule induced by the adsorption, combined with the
knowledge of the adsorbate geometry, allow an insight into the mechanism of
the formation of the surface chemical bond.

The clear identification of the adsorbate configuration is a prerequisite for
the full utilization of RIXS. RIXS has the potential to determine the polarization
and symmetry resolved electronic valence structure if applied to a fixed–in–space
molecule. This can only be obtained on a macroscopically ordered structure, as
it is possible for specific adsorbate systems. In the papers of this chapter, the
adsorption geometry of ethylene (C2H4), benzene (C6H6), and acetylene (C2H2) on
oriented single domain Si(001)–(2×1) substrates has been investigated with XAS.
In all three cases, the XAS data show significant polarization anisotropy. Infor-
mation about the adsorbed species and their configuration has been obtained.
From this, it was possible to identify candidates for the RIXS investigations. Eth-
ylene and benzene each adsorb in a single, fully ordered species and are thus
suitable for a polarization resolved RIXS study. Acetylene adsorbes in a mixture
of species, making a full polarization and symmetry deconvolution of the RIXS
spectra impossible. C2H2/Si(001) has therefore not been investigated with RIXS
in this thesis.

I will briefly summarize the findings of the papers in this chapter.
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a) H
C
Si

b)

Figure 3.2: Historically competing adsorption models of ethylene on Si(001)–
(2×1): a) dimerized; b) broken–dimer.

3.1 Electronic structure and bonding of small hydrocar-
bons on Si(001)

For ethylene and benzene it has been possible with XAS to identify the actual ad-
sorption configuration within a set of competing models discussed in literature.
Basic information about the nature of the chemical bond has been obtained.
The adsorption models identified in the XAS studies were used as the base for
the ab–initio calculations of the resonant and non–resonant RIXS spectra (Chap.
5), obtaining excellent agreement with the experiment and thus giving additional
confirmation of the XAS analysis.

There has been a long debate concerning the question how ethylene adsorbs
on the Si(001)–(2×1) surface. This surface exhibits a dimer reconstruction and
the controversial issue was whether the dimers are cleaved and the ethylene
inserted between the silicon atoms [75–78] or whether they stay intact with the
ethylene adsorbing on top (Fig. 3.2). Although a trend in the latest work pub-
lished favored the dimerized model [56, 79–90], direct experimental evidence
was still missing. The NEXAFS study presented here [Paper I, Chap. 3.2] unam-
biguously identifies the dimerized configuration. The analysis of the electronic
structure furthermore reveals strong indications for a re–hybridization of the
carbon orbitals from sp2 in the gas phase to sp3 in the adsorbate. The ethylene
inner π–bond is destroyed upon adsorption.

Figure 3.3: “Butterfly” adsorption
model of benzene on Si(001)–(2×1).

H
C
Si
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H
C
Si

a) b)

Figure 3.4: Coexisting adsorption species of acetylene on Si(001)–(2×1): a) dimer-
ized; b) end–bridge.

In the case of benzene the adsorption configuration was likewise unsettled.
An overview about the discussed adsorption models can be found in Fig. 3.9
(page 46). The XAS study presented here [Paper II, Chap. 3.3] determines
the adsorption configuration to be the “butterfly” (Fig. 3.3). In the literature
discussing this configuration so far, it has always been assumed that the C
atoms coordinated to the Si surface atoms are re–hybridized from sp2 in the gas
phase to sp3, and form surface chemical bonds similar to those of ethylene on
Si(001). The analysis of the polarization anisotropy in the XAS clearly supports
the “butterfly” configuration. But the XAS profile does not exhibit significant
enough changes compared to gaseous benzene to definitely postulate a full sp3

hybridization. In Paper II it has been carefully concluded that the experimental
verification of the “butterfly” configuration implies the sp3 hybridization of the
surface coordinated C atoms. The RIXS experiments presented in [Paper VIII]
reveal, that the re–hybridization of the C 2s and 2p orbitals is not fully sp3.

The adsorption mechanism of acetylene [Paper III, Chap. 3.4] on Si(001) is
comparable to that of ethylene. In both systems the out–of–plane π system is
lost. In acetylene, the C atoms re–hybridize from sp to sp2. The molecule adsorbs
in a mixture of two structures (dimerized and end–bridge, see Fig. 3.4).
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3.2 Fully polarization resolved X–ray absorption spec-
troscopy of C2H4 on single–domain Si(001)–(2×1)2

Abstract
We present a polarization resolved near edge X–ray absorption fine
structure (NEXAFS) investigation of ethylene (C2H4) adsorbed on the
oriented single domain Si(001)–(2×1) surface. From the detected reso-
nances and their polarization dependences C2H4 is found to be strongly
bound to the silicon dimers with the carbon atoms in a sp3–hybridized
state. The molecular axis is rotated around the surface normal with
respect to the dimer axis.

Introduction

The adsorption of molecules on silicon surfaces has been the focus of many in-
vestigations over the last few years. The bonding of hydrocarbons to the Si(001)–
surface is of particular interest due to the proposed technological potential of
the hydrocarbon–silicon interface in bio–molecular sensors or even future inte-
grated circuitry beyond today’s silicon oxide based semiconductor manufactur-
ing [91, 92].

The Si(001)–surface exhibits a reconstruction characterized by dimer forma-
tion [93]. Pairs of neighboring surface atoms form surface dimers saturating one
of their dangling bonds. The still high reactivity of this surface originates from
the remaining unsaturated bond per surface atom. Below 200 K a c(4×2) sur-
face reconstruction is observed, formed of alternating flipped buckled dimers. At
temperatures above 200 K these buckled dimers oscillate resulting in an average
(2×1)–pattern [94].

The interaction of C2H4 with Si(001) was first examined more than ten years
ago [95], leading to a bonding model where the C2H4 develops a di–σ bond to
the dangling bonds of the Si dimers (Fig. 3.5). The C2H4 looses its double–
bond and the carbon atoms rehybridize to an sp3 state. Upon adsorption the
dimer dangling bonds are saturated and the buckling of the silicon dimers is
removed[87]. At room temperature adsorption of C2H4 leads to a saturation
coverage of one molecule per surface dimer [65].

Although these results have been supported by many other studies [56, 75–
78, 83, 84, 88–90] since then, about one central issue no consent has been
achieved until recently: Do the surface dimers stay intact upon adsorption of
C2H4 or is the dimer cleaved with new dangling bonds appearing in the adsorp-

2Peer reviewed paper. This section has been published as Paper I: Hennies, Föhlisch, Wurth,
Witkowski, Nagasono, and Piancastelli [1], Surface Science 529, 144–150 (2003).
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Figure 3.5: Adsorption model of ethylene
C2H4 on Si(001)–(2×).

tion system? The latter model found strong support over some time, driven by
the wish to explain the affinity of the C2H4–covered silicon surface to the coad-
sorption of atomic hydrogen without major changes in the initial adsorbate com-
plex [76–78]. However, with the latest theoretical [90] and experimental results
the intuitively convincing dimerized adsorption structure with the ethylene sat-
urating the surface dangling bonds seems to be agreed upon. Experimental sup-
port for this bonding configuration is given among others by photoelectron dif-
fraction measurements [87] and valence band photoemission (UPS) [84], where
surface states resulting from the dangling bonds could no longer be detected.
Theoretical investigations [79–82, 85, 86, 90, 96] quite consistently found the
dimerized structure most stable.

With the UPS examination [84] and corresponding density functional calcu-
lations (DFT) [56] a more detailed adsorption geometry of C2H4 to Si(001) has
been proposed. While the question of bonding geometries has been dominating
the debate for many years, the last cited investigations focus on the electronic
structure of this adsorbate system. The authors of the UPS study detected a
1D–band–like dispersion of two valence states. The DFT calculations support
the interpretation of a delocalized one–dimensional adsorbate band structure
along the dimer rows in C2H4 chemisorbed on Si(001)–(2×1). Lateral overlap of
the 1b3u– and 1b2g–derived orbitals3, which carry the bond to the hydrogen atoms,
causes Pauli repulsion of the respective wave–functions. By an 11.4◦ rotation of
the C–C–bond axis against the dimer axis around the surface normal and a fur-
ther distortion of the molecule the Pauli repulsion is reduced and delocalized
bands are formed.

These interesting new results demand for a further investigation of both the
occupied and unoccupied valence structure in order to understand the complete
spatial distribution of the valence states. A previous NEXAFS study [97, 98]
showed general trends in the modification of the unoccupied valence states of

3This labeling of the orbitals corresponds to the notation used by Widdra et al. [84] and Birken-
heuer et al. [56]. It is not compliant with the reference frame used in this paper and throughout
the thesis. In the other papers presented in this thesis the in–plane orbitals of ethylene are thus
denoted as 1b2u and 1b1g.
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C2H4 upon adsorption to Si(001). Since this investigation had been performed
on a nominal plain (001)–surface with a mixing of (2×1)– and (1×2)–domains,
the lateral adsorption directions have not been resolved therein.

We here present a fully polarization resolved NEXAFS investigation, allow-
ing us to decide about the orientation of the unoccupied valence orbitals with
respect to the substrate. We are making use of the possibility to prepare an
oriented single–domain Si(001)–(2×1) crystal in order to distinguish between all
excitation geometries with respect to the Si single domain surface coordinate
system. On such a sample the full geometrical information about the orienta-
tion of the unoccupied valence structure can be obtained with NEXAFS [67].

Experimental methods

Setup

The experiments have been performed on beamline I511 [99] at MAX-Lab in
Sweden. The beamline is equipped with a UHV–system for electron spectroscopy
and X–ray emission studies on surfaces and surface adsorbates. A preparation
chamber operated at a base pressure of low 10−10 torr is connected to an analy-
sis chamber (at mid 10−11 torr). The analysis chamber can be rotated around
the beam axis, allowing one to choose the detection angle freely with respect to
the orientation of the electric field vector.

The samples used were cut from p–doped silicon with an intentional 5◦ devi-
ation of the surface normal from the [001] direction to the [110] direction. This
miscut (001) surface exhibits diatomic steps with terraces of 8.5 dimers width
in a single (2×1) domain [100]. We mounted two samples with a 90◦ rotation
around the surface normal with grazing incidence of the synchrotron light at
an angle of 7◦ to the surface plane. This setup allows us to measure with the
electric field vector of the incident light oriented normal to the surface and in
the surface plane normal and parallel to the dimer axis.

Sample preparation

Samples were outgassed in the UHV by radiative heating at 800 K for 12 hours.
The clean surface was prepared by cycles of sputtering with xenon at room
temperature and at 800 K with subsequent annealing to 1250 K. The surface
order was checked with LEED and surface cleanliness was monitored with XPS.

The C2H4 was dosed at room temperature with a capillary doser at a chamber
background pressure of P = 1.3 · 10−7 torr for 15 min. These conditions lead to
saturation coverage [101].
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Absorption measurement and data analysis

The X–ray absorption spectra have been taken with the Scienta SES–200 hemi-
spherical electron analyzer in constant final state mode. The pass energy was
set to 500eV. In this setting an Auger yield is measured in an energy range of
50eV around the carbon KLL Auger at 252eV. Electrons were detected in an
angle of 55◦ with respect to the polarization vector.

The photon flux was measured simultaneously by a reference gold mesh.
The Auger yield spectra from the adsorbate system and from the clean silicon
were first divided by the flux. All spectra were normalized to the flat region
below threshold, before the clean sample spectra have been subtracted from the
adsorption system spectra.

A total energy calibration of the photon energy has been performed making
use of first– and second–order photons of the monochromator exciting the Si 2p
electrons.

To rule out beam damage during measurements we compared the carbon 1s
XPS–spectra before and after the X–ray absorption measurements for shape and
intensity, but no difference was observed.

Results and discussion

Experimental results

In Fig. 3.6 a) and b) we show the spectra recorded with the �E–Vector oriented
close to normal to the sample surface (z–direction along the [001] crystallographic
axis) for each of our differently mounted samples (compare sketch). The inci-
dence direction of the X–ray beam is grazing to the surface. The sample surface
stands vertical, that is perpendicular to the horizontal polarization plane of the
insertion device. Both spectra show the same two sharp resonances at 285.3
eV and 286.5 eV. These energies were calibrated with XPS as mentioned above,
so this values represent the true energy with an error of ≤ ±100 meV. In addi-
tion, weak appearances of two more features can be detected. In this excitation
geometry the spectra obtained are independent of the azimuthal sample orien-
tation (compare Fig. 3.6 a) and b)). This proves the comparability of the data
collected from these two samples. These data are also similar to those published
in a previous absorption study and measured in this geometry on a Si(001) sur-
face with two domains [97, 98]. This assures the comparability of experiments
performed on the nominal plane and on the oriented single domain terraced
Si(001)–(2×1) surface and confirms that adsorption of ethylene on step–edges is
negligible [102].

doi:10.1016/S0039-6028(03)00079-7 c©2003 Elsevier B.V. All rights reserved. 39
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Figure 3.6: NEXAFS spectra of C2H4 ad-
sorbed on Si(001)–(2×1) at room tempera-
ture measured on two samples with their
(2×1) domains rotated 90◦ with respect to
each other. The �E–vector of the incident
photon beam is aligned along the z–Axis
(compare sketch). Peak assignment see
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The spectrum recorded with the electric field vector oriented in x–direction,
i.e. parallel to the Si dimer axis (along [1̄10]), is shown in Fig. 3.7. These mea-
surements have been obtained from the same sample as the one in Fig. 3.6 b).
The light is incident grazing to the surface perpendicular to the Si dimer axis.
The sample surface is now parallel to the polarization plane of the synchrotron
(compare sketch). Here we clearly observe a resonance at 291 eV. A smaller
sharp resonance can be seen at 285.3 eV. A broad feature around 297 eV is also
visible.

Fig. 3.8 shows the spectrum acquired with the �E–Vector aligned in y–direction
(along [110]). These data now are collected on the same sample as the spectrum
in Fig. 3.6 a). The polarization therefore is again parallel to the surface, but in
this case perpendicular to the Si dimer axis. In this geometry we detect three
features. The peak at 291 eV as well as the broad resonance around 297 eV can

40 doi:10.1016/S0039-6028(03)00079-7 c©2003 Elsevier B.V. All rights reserved.
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Figure 3.7: NEXAFS spectra of C2H4 ad-
sorbed on Si(001)–(2×1) at room tempera-
ture. The E–vector of the incident photon
beam is aligned along the x–Axis (compare

sketch). Peak assignment see text.
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Figure 3.8: NEXAFS spectra of C2H4 ad-
sorbed on Si(001)–(2×1) at room tempera-
ture. The E–vector of the incident photon
beam is aligned along the y–Axis (compare

sketch). Peak assignment see text.

be found again. A further feature appears at approximately 288 eV. At the onset
of the X–ray absorption flank a weak shoulder can be seen.
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Discussion

We start the discussion of our data with the resonance at 291 eV. This feature
is dominant with x–polarization and can clearly be observed with y–polarization.
Only a very small admixture of this state can be detected with z–polarization.
The occurrence of this peak in the spectrum recorded with x–polarization can
therefore be explained by assigning the feature to excitation into a σ∗–resonance.
The corresponding bond is therefore parallel to the x–axis. We can interpret this
σ∗–resonance as the antibonding orbital corresponding to the C–C bond. The
direction of maximum intensity is given by the direction of the bond. Here in
ethylene adsorbed on Si(001) the peak appears at 291 eV, that is 10 eV lower
than in gas phase free ethylene [103]. The position is now comparable to the
σ∗–resonance (at 291 eV) in free ethane C2H6 [104] which is sp3–hybridized. The
σ∗–resonance in simple hydrocarbons shifts to lower energies with increasing
C–C bond length [105]. The shift in ethylene upon adsorption to Si(001) can
therefore be taken as an experimental evidence for the loss of the C–C π–bond
and the rehybridization of the carbon atoms.

We now have to understand why this resonance can be clearly seen with y–
polarized light as well. If the bond is totaly aligned along the x–axis respectively
if the C–C bond is parallel to the Si–Si dimer bond axis this transition would
not be allowed. UPS investigations [56, 84] proposed a slight rotation of the
ethylene molecule around the surface normal due to a lateral interaction of the
molecules. This deviation of the C–C axis from the dimer orientation can ex-
plain the occurence of the σ∗–resonance in spectra recorded with y–polarization.
Without any assumptions our NEXAFS measurements therefore give the direct
experimental evidence for the rotation of the C–C bond axis against the Si dimer
axis around the surface normal in C2H4 adsorbed on Si(001). The additional
very small admixture of the σ∗ resonance seen in the spectra recorded with
polarization vector normal to the surface, is however most likely due to exper-
imental restrictions, e.g. the angle between the macroscopic and microscopic
surface plane on the terraced crystals and the incomplete polarization due to
the grazing incidence of the X–rays. To check for out of plane tilting, we have
also determined NEXAFS with the E–vector ±45◦ off the surface normal. Here
no variation is observed, which is an indication of in plane orientation.

Next we turn to the discussion of the “π”–type resonances at 285.3 eV and
286.5 eV which are seen prominently in Fig. 3.6a) and b). From the absorption
measurements on free C2H4 [103] and on C2H4 in weakly bound systems [106]
one would expect a very strong single π∗–resonance for orientation of the polar-
ization vector perpendicular to the plane of the molecule. Our spectra instead
show two resonances that are much weaker, even weaker than the σ∗–resonance
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seen in Fig. 3.7. Here we can prove that C2H4 has lost its π–bond and is rehy-
bridized when adsorbed to Si(001). In the absorption spectra we can see the
antibonding counterparts of the tetrahedrally oriented sp3–bonds, i.e. one C–Si
bond directed towards the surface and two C–H bonds which are now seen to be
lifted upwards. The fourth bond is the C–C σ–bond. The C–H bonds are equiva-
lent and we assign one of the split π∗ to the antibonding C–Si state and the other
to the C–H2, but there is no reason for which bond should be assigned to which
resonance in the first place. Our fully polarization resolved measurements how-
ever give a certain way to identify the bonds in the observed resonances.

The first resonance at 285.3 eV is not only strongly enhanced with z–pola-
rization but can also clearly be seen with x–polarization. As a slight shoulder
it occurs very weakly in the spectra recorded with y–polarized light. That it is
clearly visible with x–polarization but can hardly be seen with y–polarization
gives a strong indication to identify this resonance to have predominant C–Si
character. If this bond would be aligned with the Si dimer it would only be
visible with z– and x–polarization. But since the molecule is rotated (see above)
this explains the observation of this state as a shoulder in the spectrum recorded
with y–polarization.

We then have to assign the second resonance at 286.5 eV to a state with
major C–H2 admixture. Its strong contribution to the spectra recorded with z–
polarization gives an experimental evidence that this bond is not lying in the
molecular plane any more, but that the H atoms are lifted out of the plane. This
again confirms the sp3 hybridization. As a C–H2 bond it then should show up
with x– as well as with y–polarization. Its part in the spectra measured with
x–polarization is difficult to determine because it lies in the strong rise of the σ∗

resonance. Anyhow the flank of the σ∗–resonance seems to include the part of
another resonance. With y–polarization this state can clearly be seen, although
it seems to be shifted to around 288 eV. Here probably the dispersion of the
occupied states related to the C–H2 bond as measured with UPS [56, 84] can be
taken into account to explain this effect.

Finally the broad feature at approx. 297 eV can be more or less seen in all
geometries. We attribute this state to the “continuum resonance” [107] called
state exhibited by all simple hydrocarbons in the gas phase, which is caused by
multiple excitations.

So far we have discussed our NEXAFS results assuming that the features
result mainly from the ethylene species adsorbed on the terraces. In principle
there could also be a sizeable contribution from step species. However, addi-
tional measurements at polarization angles of ±45◦ with respect to the surface
normal (not shown) which exhibit no difference indicate that this contribution
must be small.
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Conclusion

Using vicinal single domain Si(001) crystals we have been able to perform a fully
polarization resolved NEXAFS study of C2H4 adsorbed on oriented Si(001)–(2×).

By investigating the unoccupied states our measurements not only prove
the adsorption of C2H4 on top and along the Si surface dimers, but also give
direct evidence of a slight rotation of the C2H4 C–C bond axis around the surface
normal against the dimer axis. In addition we find the C–H2 bond to be flipped
out of the molecular plane by identifying the z–component of its corresponding
antibonding state.

The full picture of the spatial orientation of the unoccupied states and the
shift of the σ∗–resonance to lower energy support the bonding model of C2H4

adsorbed on Si(001) with sp3–rehybridization of the carbon atoms and formation
of a strong covalent bond to the Si surface dimer atoms.4

4Acknowledgements: We thank B. Naydenov, A. Fink and W. Widdra for providing the samples
and preparation infrastructure. We acknowledge support from MAX-Lab staff during the beam-
time. Financial support was given through the EU access to research infrastructure program
(ARI), the DFG (grant Fo 343/1-1) and the “Grant–in–Aid for Japan Society for the promotion of
Science Fellows”.
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3.3 Polarization and angle–resolved NEXAFS of benzene
adsorbed on oriented single–domain Si(001)–(2×1)
surfaces5

Abstract
We have investigated the adsorption of benzene on oriented single–
domain Si(001)–(2×1) surfaces at room temperature by means of
fully polarization–resolved near–edge X–ray–absorption fine–structure
(NEXAFS) experiments. The present study reveals that benzene
chemisorbs in a stable cyclohexadienelike configuration, labeled as
a “butterfly” in the literature, which is di–σ bonded to silicon atoms.

Introduction

The understanding of hydrocarbon adsorption on semiconductors is of great
interest, since the demand for Si–C containing devices has increased in opto-
electronic applications.

The unsaturated hydrocarbons have been shown to be good candidates to
modify the Si(001) surfaces via covalent bonds. A number of experimental
and theoretical studies on the reconstructed Si(001)–(2×1) surface pointed out
that alkenes react with the surface dangling bonds and form a pair of C–Si σ
bonds[76, 78, 108]. In this class of molecules, complete understanding of the
electronic structure is still under debate, but the geometry of the adsorption
seems to have been clarified. This is not the case for benzene, which is the
simplest molecule in the class of aromatic unsaturated hydrocarbons. Indeed,
experimental and theoretical studies have revealed several possible adsorption
models of benzene on the Si(001)–(2×1) surface.

The first experimental study of benzene on Si(001)–(2×1) surface from Taguchi
et al. [66] was based on the combined use of techniques such as Auger electron
spectroscopy, thermal desorption spectroscopy (TDS) and high–resolution elec-
tron energy loss spectroscopy (HREELS). They examined the chemisorption of
benzene at room temperature with a saturation coverage of about 0.25 carbon
atom per surface Si atom. Two thermal desorption peaks, at 460 K and 500 K,
were assigned to benzene molecules adsorbed on terrace sites and defect sites
respectively.

The HREELS analysis revealed the presence of a C=C double bond, and it
was proposed that benzene is di–σ bonded to two adjacent Si atoms through

5Peer reviewed paper. This section has been published as Paper II: Witkowski, Hennies, Pietzsch,
Mattsson, Föhlisch, Wurth, Nagasono, and Piancastelli [2], Physical Review B 68, 115408 (2003).
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Figure 3.9: Schematic representation of
the different structural models for the ad-
sorption of benzene on Si(001)–(2×1): a)
tilted (the gray bonds represent C=C dou-
ble bonds), b) butterfly, and c) pedestal

(from Ref. [101]).
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the rehybridization of carbon states from sp2 to sp3. Based on these experimen-
tal results, the authors proposed two possible geometries for benzene adsorp-
tion, corresponding to the 1,4– and 1,3–cyclohexadiene–like structures (Figs.
3.9 b) and c) [101]) called “butterfly” and “tilted” structure, respectively. Theo-
retical investigations have been carried out to find out what is the most stable
geometry of the adsorbed benzene. Craig [109] proposed an asymmetric “tilted”
cyclohexadiene–like configuration which is fourfold bound to a Si surface dimer,
whereas Jeong et al. [110] using different calculations, concluded that the most
stable configuration is a “pedestal” geometry (Fig. 3.9 a). In this model, the
benzene molecule lies flat on the surface and no carbon double bonds exist any-
more. In a later study [57] the “pedestal” and “butterfly” configurations were
found energetically favorable, but due to photoemission results [111] the “but-
terfly” structure model was preferred. At the same time, two independent scan-
ning tunneling microscopy (STM) studies revealed that the benzene is initially
adsorbed in a metastable “butterfly” configuration and proceeds to convert to
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a stable final state which is attributed to a “pedestal” configuration [112] or a
“tilted” configuration [113] according to the authors. This idea is also supported
by a near–edge X–ray–absorption fine–structure (NEXAFS) study [114] where a
second adsorbed species attributed to the “pedestal” configuration was reported.

In the present study, we have measured polarization dependent NEXAFS
spectra of benzene adsorbed on Si(001)–(2×1) single–domain surfaces. We can
thus examine the unoccupied states to determine their orbital symmetry and to
derive the orientation and adsorption configuration of benzene on Si(001). We
are able to assign unambiguously the adsorption configuration to one of the the-
oretical models previously described — namely, to the “butterfly” configuration.

Experimental details

The experiments have been carried out on the beamline I511 at the Swedish
national synchrotron facility MAX-Lab providing linear polarized radiation [99].
The end station is composed of a preparation chamber for surfaces, operated at
low 10−10 Torr, and an analysis chamber where combined X–ray photoemission
spectroscopy (XPS), NEXAFS, and X–ray emission spectroscopy (XES) experi-
ments can be performed in the middle–10−11–Torr range. The analysis chamber
can be rotated around the beam axis to measure polarization–dependent spec-
tra.

The experiment was performed on single–domain Si(001)–(2×1) surfaces by
using vicinal p–doped Si(001) substrates with a miscut angle of 5◦ in the [110]
direction, which leads to single–domain terraces of 8.5 dimers with diatomic
steps. The silicon substrate was fixed on a tantalum plate by using Mo clamps
to avoid metal migration on the surface; the temperature reading was achieved
by a K–type thermocouple spot–welded on the Ta plate.

Two single–domain samples were mounted both with a fixed grazing inci-
dence of 7◦ to the incoming light and rotated by 90◦ with respect to each other
within the surface plane. This setup allows us to perform measurements with
the �E vector of the incident radiation oriented normal to the surface and in the
surface plane, along and perpendicular to the dimer axis.

The samples were outgassed at 800 K for 12 h under UHV conditions. After
several cycles of Xe sputtering at room temperature and at 800 K followed by
subsequent annealing at 1250 K, single–domain low–energy electron diffraction
(LEED) patterns on each sample were observed and no contamination was vis-
ible in XPS. Benzene was purified by freeze–pump–thaw cycles and was dosed
at room temperature on clean reconstructed surfaces by exposing the Si sub-
strates to 10 L (1 L= 10−6 Torr/s). This procedure ensures a saturation coverage
of the surfaces[66].
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Figure 3.10: NEXAFS spectra of benzene
adsorbed on Si(001)–(2×1) at room tem-
perature measured on two samples with
their (2×1) domains rotated 90◦ with re-
spect to each other. The �E vector of the
grazing incident photon beam is aligned

along the [001] direction.

The NEXAFS spectra were taken right after exposure with a Scienta SES–200
hemispherical electron analyzer at 500 eV pass energy in constant final–state
mode monitoring the KLL carbon Auger peak at 252 eV±25 eV. The electrons
were collected in a fixed angle of 55◦ with respect to the polarization vector.
The bandwidth of the incoming photons was below 50 meV, and the energy
calibration has been performed by using first– and second–order photons from
the monochromator to measure the Si 2p electron emission, which allows us to
obtain the true photon energy with an uncertainty of ≈100 meV.

Each NEXAFS spectrum on the adsorbate has been divided by the clean
silicon surface measured in the same geometry as discussed in Ref. [115].

Results and Discussion

In Fig. 3.10, we present the NEXAFS spectra obtained for room–temperature
benzene saturation coverage (10 L) taken with the electric field vector �E normal
to the surface or along the z direction, using the definition of x, y, and z rela-
tive to the crystallographic axis as given in Fig. 3.9 6, where the (2×1) domains
on the two samples are rotated by 90◦ inplane, respectively. In this excitation
geometry, we are probing in the carbon K–edge absorption the unoccupied states
of carbon 2p character, which are oriented normal to the surface. We observe
that these spectra on the two samples are very similar. The peak at 284.8 eV

6Due to the sample tilt of 7◦, �E is also 7◦ off the surface normal.
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Figure 3.11: NEXAFS spectra of benzene
adsorbed on Si(001)–(2×1) at room tem-
perature. The �E vector of the grazing in-
cident photon beam is aligned along the x

axis (i.e., parallel to the Si dimers).

is dominating next to as mall feature at 286.9 eV, whereas the rest of the spec-
trum is almost structureless, representing the continuum. In Figs. 3.11 and
3.12, we present the NEXAFS spectra taken for the �E vector lying in the surface
plane, along the Si dimers (the x axis) or normal to the Si dimers (the y axis),
respectively. Here we observe very different spectral distributions and intensi-
ties. The peak at 284.8 eV, which we have observed strongly for out–of–plane
polarization in Fig. 3.10, is also present in Figs. 3.11 and 3.12. However, for
in–plane polarization the intensities are weak in comparison to the continuum
step height. This clearly indicates a strong out–of–plane amplitude of this unoc-
cupied state, which is in correspondence with the π∗ orbital of a lying benzene
molecule. However, a completely flat lying benzene would only show this π∗ state
for out–of–plane polarization and no intensity for in–plane polarization as has
been reported for benzene adsorbed on metals[116]. We thus directly see that
the benzene molecule either does not lie flat or is geometrically distorted upon
adsorption. In particular for the in–plane polarization, the stronger appearance
of the �E vector normal rather than parallel to the Si dimers indicates that the π∗

resonance has an in–plane component normal to the Si dimers. Therefore the
adsorption configuration has to be either the benzene molecule “tilted” normal
to the Si dimers or the benzene molecule in the “butterfly” configuration.

We also note that the shape of this peak at 284.8 eV isvery similar to the π∗1
peak observed in multilayers of benzene [116]. Furthermore, we do not find the
asymmetric shape reported by Ref. [114], where a second structure 1 eV higher
in the π∗ tail has been attributed to a second adsorbed species, which at an
energy resolution of about 50 meV we should have been able to resolve. In order
to investigate the possible occurrence of a second adsorbed species reported first
by TDS [66] we annealed the benzene monolayer at 480 K which is in between
the two TDS peaks. The NEXAFS spectra, recorded in the same conditions as
previously (not shown here), did not exhibit any visible changes which could
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Figure 3.12: NEXAFS spectra of benzene
adsorbed on Si(001)–(2×1) at room tem-
perature. The �E vector of the grazing in-
cident photon beam is aligned along the y
axis (i.e., perpendicular to the Si dimers).

be a signature for a second adsorption geometry. This absence of change can
be due to the low concentration of the second species which is proportional to
the number of surface defects [66]. However, this investigation ensures that the
geometry of the adsorbed molecules is stable on the surface and not metastable
as seen by STM [113].

To investigate the adsorbed species further, we now turn to the peak ap-
pearing at 286.9 eV, which is almost equally strong for all three polarizations
in comparison to the continuum step height. This state has been previously
assigned as due to the C–H∗ resonance[114]. As the C–H bonds are distorted
from the planar geometry of the free benzene molecule upon adsorption, where
the hydrogen atoms — independent of the adsorption model “pedestal”, “tilted”
or “butterfly” — are pointing away from the surface, we observe this state for
both in–plane and out–of–plane polarization.

We also note that we do not observe a clear spectral feature around 289
eV which in gas phase and multilayers has been attributed to π∗ conjugation
[69, 116]. The absence of conjugation clearly shows that the aromatic π system
is broken up upon adsorption, in full agreement with other investigations [57,
111].

Let us now turn to the spectral features towards higher photon energies.
Here both spectra in Figs. 3.11 and 3.12 exhibit a broad structure around
292.5 eV and quite pronounced in Fig. 3.11, a feature around 300.7 eV, mainly
seen for the �E vector parallel to the Si dimers. In the framework of a localized
bond description, the feature at 292.5 eV could be assigned to a σ∗C−C resonance
with an energy lower than in the gas phase, as the C–C bond in chemisorbed
benzene has been elongated in comparison to the benzene gas phase, as is the
case for the “butterfly” adsorption model [57]. The state at 300.7 eV would then
be assigned to a σ∗C=C resonance of the carbon double bond, with a shorter C–
C distance than in gasphase benzene [57], supporting HREELS measurements
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Figure 3.13: NEXAFS spectra of benzene
adsorbed on Si(001)–(2×1) at room tem-
perature. The �E vector of the grazing inci-
dent photon beam is oriented ±45◦ from
the z axis along the Si dimers as indicated

in the sketch.

indicating a carbon double bond in the adsorbed molecule [66]. In particular
the reduced intensity of the latter structure for the polarization normal to the
Si dimers (Fig. 3.12) favors the “butterfly” model, where the carbon double
bonds are parallel to the dimers and shorter as in the free molecule [57], and
speaks against the “tilted” and “pedestal” configurations. In the case of a “tilted”
configuration we would expect contributions of C–C double bonds for both in–
plane polarizations, and for the “pedestal” configuration, we would expect as
trong σ∗C−C resonance and no structures for C–C double bonds around 300 eV
as seen in the NEXAFS spectrum for the saturated ring C6H12 in the gas phase
[117].

We are aware of the fact that also σ conjugation can play a significant role in
adsorbed benzene. Furthermore, the complex nature of continuum resonances
(multiply excited states and shape resonances) does not directly link the number
and position of resonant features and the type of chemical bonds.

To gain further information to distinguish between the “tilted” and “butterfly”
adsorption models for benzene on the Si(001)–(2×1) surface, we also took NEX-
AFS data with the �E vector oriented at ±45◦ from the (001) direction in order
to distinguish an overall preferential orientation of the benzene molecules. The
results are presented in Figs. 3.13 and 3.14. In Fig. 3.13, the examined sample
is the same as presented in Fig. 3.11 and we analyze the symmetry of the mole-
cules along the dimer (i.e., parallel to the x axis). In this figure, the two NEXAFS
spectra presented for the two orientation of the �E vector are totally superimpos-
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Figure 3.14: NEXAFS spectra of benzene
adsorbed on Si(001)–(2×1) at room tem-
perature. The �E vector of the grazing inci-
dent photon beam is oriented ±45◦ from
the z axis perpendicular to the Si dimers

as indicated in the sketch.

able which indicates that the molecules are symmetric with respect to the plane
which is perpendicular to the dimers. This would agree with both models, as the
adsorption geometry has local mirror symmetry normal to the Si–Si dimers. The
spectra in Fig. 3.14 are taken with the �E vector ±45◦ around the Si–Si dimer,
thus probing the orientation perpendicular to the dimers (i.e., parallel to the y
axis). For the two angles of polarization, we can see that the two spectra are
very similar. Assuming that the benzene molecules in the “tilted” configuration
are all to be found at the same tilt angle, we would expect a strong difference in
the NEXAFS spectra for the different polarizations −45◦ and +45◦ with respect
to the [001] direction. The small variations observed in Fig. 3.14 prove that the
molecules are symmetric with respect to the dimer axis. This is the case for the
“butterfly” configuration. The small difference between the two spectra is mostly
the spectral feature assigned to the C–H∗ resonance, which indicates that the C–
H bonds might have a slight distortion on each side of the butterfly wings of the
molecule. This could be the influence of the asymmetry of the surface induced
by the step edges on the single–domain Si(001)–(2×1) surface.

Conclusion

We have performed fully polarization–resolved NEXAFS experiments on benzene
adsorbed on oriented Si(001)–(2×1) single–domain surfaces. We find that the
benzene ring lies distorted on the surface. In particular, the molecules are tilted
on the surface as has been proposed for the “tilted” and “butterfly” configura-
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tions, dismissing the “pedestal” adsorption model. From NEXAFS spectra with
in–plane �E vector we deduce that the C–C double bonds are preferentially ori-
ented parallel to the dimer axis. And from NEXAFS spectra with the �E vector
oriented at ±45◦ with respect to the surface normal, we determine the molecule
to be symmetric with respect to the dimer axis, excluding an ordered, asymmet-
ric “tilted” configuration. The geometry of adsorbed benzene on Si(001)–(2×1)
is thus attributed to a stable “butterfly” configuration corresponding to a 1,4–
cyclohexadiene–like structure where benzene is di–σ bound to Si dimers with the
coordinating carbon atoms showing sp3 rehybridization. We also find that only
this adsorbed species occurs at room temperature and no evidence for a more
stable adsorption geometry like the “tilted” and “pedestal” model after annealing
at higher temperature has been found.7

7Acknowledgements: We thank L. Kjeldgaard and the MAX-Lab staff for scientific and tech-
nical support during the experiment. Financial support was given through the European Access
to Research Infrastructure (ARI), the Grant–in–Aid for Japan Society for the Promotion of Science
and the Deutsche Forschungsgemeinschaft through Grant No. Fo 343/1-1.
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3.4 Adsorption geometry of C2H2 on the single–domain
Si(001)–(2×1) surface: fully polarization resolved
NEXAFS8

Abstract
The adsorption of acetylene on single–domain Si(001)–(2×1) surfaces
has been investigated at room temperature using fully polarization
resolved near edge x–ray absorption fine structure (NEXAFS) spec-
troscopy. Two coexisting adsorption species have been observed, which
we ascribe to the dimerized and end–bridge structures. In both cases,
the Si dimers remain intact and the acetylene carbon atoms rehy-
bridize to sp2.

Introduction

As the demand for Si–C containing devices has increased in optoelectronic ap-
plications, the understanding of hydrocarbon adsorption and bonding on semi-
conductors is of great interest. Especially acetylene (C2H2) adsorption has been
the subject of investigation [79, 89, 97, 98, 118–125]. The precise adsorption
geometry of acetylene is still under debate, since calculations show a multitude
of possible structures; some being energetically very close to each other.

In an early study, Nishijima et al. [118] investigated acetylene adsorption on
silicon using high resolution electron energy loss spectroscopy (HREELS) and
low energy electron diffraction (LEED). It was determined that acetylene pre-
dominantly chemisorbs non–dissociatively on the Si(100) dimerized surface in
the temperature range 80 K – 300 K. The acetylene molecule was found to ad-
sorb on top of a Si dimer bound to two adjacent silicon atoms (dimerized, see
Fig. 3.15a), saturating the dangling bonds and leaving the Si–Si dimer intact.
A few years later, in a study of acetylene adsorption using Auger electron spec-
troscopy, temperature–programmed desorption (TPD), and HREELS [120, 121],
it was proposed that the Si–Si dimer is cleaved by adsorption on top of the dimer
(broken–dimer structure, as shown in Fig. 3.15b). Early classical trajectory and
slab calculations [79, 122] also favored the broken–dimer structure, whereas
subsequent density functional theory, first principles dynamics, and total en-
ergy surface studies [123–125] found the dimerized structure with an intact
Si–Si dimer to be considerably more stable.

The dimerized configuration as the groundstate of chemisorption was also
proposed by Hofer et al. [126] in simulating scanning tunneling microscopy

8Peer reviewed paper. This section has been published as Paper III: Pietzsch, Hennies, Föhlisch,
Wurth, Nagasono, Witkowski, and Piancastelli [3], Surf. Sci., 562:65–72, 2004.
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Figure 3.15: Acetylene adsorp-
tion models on Si(001)–(2×1);
a)dimerized model with C2v sym-
metry [118], b) broken–dimer
model with C2v symmetry [120],
c) end–bridge model with Cs sym-
metry [89], d) p–bridge model
with C2v symmetry, and e) r–
bridge model with C2v symme-
try; from [101]. At the bottom,
the used coordinate system rela-
tive to the acetylene molecules is

shown.

(STM) images and calculating adsorption energies. Apart from the broken–dimer
structure and the dimerized structure with an adsorption energy of 2.97 eV,
three alternative adsorption structures were considered: The end–bridge struc-

ture (Fig. 3.15c), with the C–C bond bridging the ends of two dimers and having
2.87 eV adsorption energy. There, the carbon atoms are sp2 hybridized as sup-
ported by HREELS [78] (like in the dimerized and broken–dimer structures),
thus the acetylene contains a C–C double bond. Apart from that, two fourfold
bonded configurations (tetra–σ bonds) have been proposed by Xu et al. [89] based
on photoelectron diffraction measurements. Here, the acetylene retains only a
single C–C bond and is thus sp3 hybridized. Two orientations were considered:
The acetylene molecule bonds to two adjacent Si–dimers with the C–C bond par-
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allel to the dimer axis (p–bridge structure, Fig. 3.15d), or the C–C bond axis is
oriented perpendicular with respect to the dimer axis (r–bridge structure, Fig.
3.15e). The distance between the C atoms in sp3 hybridization is increased by
about 0.2 Å with respect to the sp2 hybridization. The adsorption energies of the
r–bridge and p–bridge species are found to be 2.00 eV and 1.20 eV, respectively
[126].

It has also been considered that different adsorption species coexist on the
surface: Using scanned–energy photoelectron diffraction, Terborg et al. [127]
found evidence for the coexistence of at least two distinct species, which they
determine to be the dimerized species and a tetra–σ configuration. By compar-
ing calculated HREEL spectra with experimentally reported spectra, Morikawa
[128] stated that at least two energetically very close stable adsorption states
coexist: At a coverage of 0.5 ML, the dimerized structure is predicted to be
the most stable configuration, while at 1 ML coverage in turn the end–bridge
structure becomes the most stable configuration (that means a pair of end–
bridge configurations occupying the same two Si–dimers), in agreement with
the work of Sorescu and Jordan [129]. This configuration was also identified
by Kim et al. [130] using STM and pseudopotential calculations. Recent first–
principle calculations [131, 132] also favor the coexistence of the dimerized and
end–bridge structures. Silvestrelli et al. [131] also found the lowest–energy end–
bridge structure to be stable and non–metallic in contradiction to Miotto et al.
[133].

In contrast, Yeom et al. [134] did not find any evidence for a coexistence of the
end–bridge and dimerized species investigating the acetylene adsorption using
core–level photoemission spectroscopy. They explained the discrepancy by the
fact that coexistence may happen only for the very initial adsorption or that
the C 1s binding–energy differences are too small to be resolved. However, they
admit that the end–bridge structure is chemically very similar to the dimerized
bonding and thus might not be distinguished.

NEXAFS on C2H2/Si(001)–(2×1) has been measured earlier by Matsui et al.
[97, 98]. There, the adsorption of acetylene has been studied for different orien-
tations of the polarization vector with respect to the surface normal. However,
the spectra were not taken on samples with oriented dimers. Thus, the obtained
information about the adsorption geometry is limited.

A complication in the study of the adsorption geometry is that the Si(001)
surface exhibits a mixture of 90◦ rotated domains of Si dimers. To investigate
the orientation of adsorbed C2H2, we need single domain Si(001) surfaces in
order to determine the spatial orientation of the adsorbed molecule relative to
the dimer reconstructed surface. A single domain Si(001)–(2×1) surface has
been successfully prepared by using a Si(001) crystal miscut by 5◦. For a Si
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crystal cut directly in (001), one atomic layer steps will occur at the surface
and the formed silicon dimers will be rotated by 90◦ at every 1–layer step [100].
In the miscut crystal however, only 2–layer steps occur, leading to an uniform
orientation of the dimer rows [100].

On vicinal cut Si(001)–(2×1) single domain surfaces, we have successfully
used carbon K–edge NEXAFS to determine the unoccupied electronic structure
and geometric orientation of adsorbed C2H4 [1] and C6H6 [2] on the Si(001)–
(2×1)surface.

In the present paper, we investigate the bonding of C2H2 at saturation cov-
erage on the Si(001)–(2×1) single–domain surface, using polarization dependent
NEXAFS. This allows us to observe the unoccupied valence states of this adsor-
bate system and to determine the spatial orientation of the adsorbed acetylene
relative to the Si(001) surface, going beyond NEXAFS using unoriented domains
[97, 98], where the orientation of the adsorbate in the surface plane could not be
distinguished. We interpret our NEXAFS data as due to the coexistence of two
adsorption species, which we ascribe to the dimerized and end–bridge structures
in a ratio of 5:4.

Experiment

The experiments have been carried out at the surface endstation on the undula-
tor beamline I511 at the swedish national synchrotron facility MAX-Lab in Lund
which provides linear polarized radiation in an energy range of 100 – 1500 eV
[99]. The end station consists of two connected UHV chambers: a preparation
chamber operated at low 10−10 Torr, and an analysis chamber where x–ray pho-
toemission spectroscopy (XPS), NEXAFS, and x–ray emission spectroscopy (XES)
experiments can be performed in the 10−11 Torr range. The analysis chamber is
rotatable around the optical axis of the incoming beam. This allows to freely vary
the relative angle between the electric field vector of the synchrotron radiation,
the sample, and the angle of detection.

NEXAFS was carried out in constant final state mode detecting carbon KLL
Auger decay in an energy interval of 228 eV to 278 eV with a Scienta SES200
electron analyzer. The band width of the incoming photons was set to 50 meV
and the photon energy was determined to an accuracy of 0.1 eV using the first–
and second–order of the beamline grating monochromator. The NEXAFS spectra
were doubly normalized [67]: Each spectrum was normalized to the incident
photon flux, measured on a reference gold mesh. Additionally, spectra of the
clean substrate were subtracted from spectra of the adsorbate covered surface.
Finally, all spectra have been normalized to unit height at the continuum region
at hν = 315 eV.
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The molecules were adsorbed on 5◦ vicinal cut single domain Si(100)–(2×1).
We mounted two 1×1 cm2 single domain Si(100)–(2×1) crystals taken from the
same 5◦ vicinal cut Si(100) wafer at 7◦ incidence angle on a tantalum plate with
molybdenum clamps. The surface structure and the orientation was checked
with LEED. For one Si crystal the [011] direction is along the incident photon
beam, whereas for the other one the [011] direction is along the incident photon
beam. With this set–up, the electric field vector of the incident radiation can be
oriented normal to the surface, and in the surface plane with the electric field
vector either normal or parallel to the Si–Si dimers.

The samples were outgassed at 800 K for about 12 hours under UHV condi-
tions. To clean the sample, several cycles of sputtering with Xe+ ions at room
temperature were applied, followed by subsequent annealing to 1250 K to recon-
struct the surface. The sample cleanliness was checked using XPS. Saturation
coverage of acetylene gas was dosed at room temperature.

Results and Discussion

In Fig. 3.16, carbon K–edge NEXAFS of C2H2 on Si(100)–(2×1) for out–of–plane
polarization (�n) for the two samples are presented. As shown in the schematic
drawing inset, the electric field vector is normal to the silicon dimers for both
samples. In both cases, a similar spectral distribution is observed which further
emphasizes the equivalence of the two Si(001) crystals. In particular, two sharp
features at 283.8 eV and 286.7 eV and a broader structure at 288.4 eV have
been observed.

Turning the electric field vector of the incident radiation into the surface
plane, we obtain the NEXAFS spectra shown in Fig. 3.17. With the electric
field vector along the Si dimers (s|| polarization) we observe the three states at
283.8 eV, 286.7 eV, and 288.4 eV as for −→n polarization plus an additional broad
feature at 299 eV. With the electric field vector perpendicular to the Si dimers
(s⊥ polarization) we also observe these four peaks. The first resonance at 283.8
eV has about 20% higher intensity with respect to the continuum step height at
315 eV for s⊥ polarization.

The resonances at 283.8 eV and 286.7 eV show a strong variation of the peak
intensities with polarization. The first resonance is dominating the spectra with
s⊥ and s|| polarization, whereas it only contributes to a very small amount to the
−→n spectra. On the other hand, the resonances at 286.7 eV and 288.4 eV are
observed to increase for −→n polarization. The intensity of the second resonance
at 286.7 eV is found to be about one and a half times as large in the −→n as in the
−→s geometries.
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Figure 3.16: NEXAFS spectra of C2H2 on

Si(001)–(2×1) for �E vector normal to the
surface.

Since the resonance at 283.8 eV is most pronounced in the s⊥ and s|| geom-
etry, in–plane spatial orientation of this state is suggested. The resonance state
at 286.7 eV, showing its maximum intensity for out–of–plane polarization, is
thus stated to be oriented perpendicular to the surface. A similar behavior is
observed for the peak at 288.4 eV.

For the following discussion, a coordinate system relative to the acetylene
molecules is used; it is shown in the lower part of Fig. 3.15. Now, based on the
polarization–dependence, we can directly assign the two observed sharp reso-
nances at 283.8 eV and 286.7 eV to states which derive from the p–type π∗C−C

states perpendicular to the molecular axis which represent the antibonding part
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Figure 3.17: NEXAFS spectra of C2H2 on

Si(100)–(2×1) for �E vector parallel to the
surface. ������ ����	
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of the triple bond in the free acetylene molecule. The state at 283.8 eV is ob-
served with very high intensity in the s⊥ and s|| geometries and with much lower
intensities also in the −→n geometry. The intensity ratio is about 6:1 for s⊥ : −→n and
5:1 for s|| : −→n . This confirms the orientation of this state parallel to the surface;
it is thus assigned to a py–derived π∗C−C state. The orientation of this π∗C−C state
implies the orientation of the C–C axis of the adsorbed molecules parallel to the
surface.

Since the state at 286.7 eV is observed to be perpendicular to the surface,
it is stated to be derived from the pz states. Its orientation suggests that it is
involved in the surface bond between the acetylene molecule and the substrate.
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Matsui et al. [98] assign the second resonance at 286.7 eV to a state which they
denote as σ∗C−Si. From the observed polarization dependence, this resonance is
denoted to be a C–Si resonance. Comparing this with ethylene adsorption on
Si(001)–(2×1) [1], the C–Si state is also observed to be most prominent in the
corresponding measuring geometry [98]. However, its energy is lower by 1.4 eV
due to the weaker bonding.

As the free acetylene has a sp–hybridization, it will rehybridize to sp2 or
even sp3 during bonding. The resulting hybridization depends on the struc-
ture of bonding: sp3–hybridization allows bonding to four Si atoms, whereas
sp2–hybridization only leaves space for two new bonding partners. The sharp
resonance peak at 283.8 eV representing an undisturbed π∗C−C state is observed
in every measurement geometry, thus a tetra–σ bond seems unlikely. The obser-
vation of two resonances resulting from the splitting of the π∗ resonance of the
free acetylene molecule further supports this statement. This leaves the dimer-
ized, broken–dimer and end–bridge structures for the adsorption species. From
the intensity variation of the C–Si resonance, it may be concluded that this bond
is oriented mainly perpendicular to the surface. Its contribution to the spectra
is highest for −→n polarization and decreases towards −→s polarization which coin-
cides well with the dimerized and end–bridge structures. For the broken–dimer
structure however, a C–Si bond with nearly 45◦ angle towards the surface is ex-
pected due to the larger Si–Si distance. Thus, this adsorption geometry can also
be excluded.

As a consequence of the adsorption, also the C–H bond does not longer lie
along the molecular axis. As the π–type unoccupied C–C orbital splits up, it not
only forms the C–Si bond, but part of it joins the C–H bond and causes it to
bend upwards away from the surface, as has also been observed for ethylene
adsorption on Si(001)–(2×1) [1]. The feature at 288.4 eV shows exactly that
behavior. Its intensity is strongest for excitation with −→n –polarization and it is
in good agreement with the data from [98]. Thus, this peak is assigned to be a
σ∗C−H state.

As noted above, the intensity of the first resonance is nearly equally large
for both s||– and s⊥–polarization excitation, see Fig. 3.17. This indicates that
the acetylene molecules do not adsorb on the surface in a defined azimuthal
orientation, but are either randomly oriented or adsorb in at least two different
structures which are rotated with respect to each other. Measurements of polar-
ization resolved NEXAFS of ethylene on Si(001)–(2×1) performed by us [1] using
the same wafer resulted in a clear difference between the s|| and s⊥ spectra, thus
in contrast showing a single adsorption geometry with C2 symmetry. Hence, a
possible scenario would be the coexistence of the dimerized and the end–bridge
structure (as proposed in [128, 130]), see Fig. 3.15. Alternative models de-
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scribing a random orientation of the adsorbed molecules are not supported by
theoretical investigations. An adsorption species oriented at 45◦ with respect to
the Si dimers has been considered by Sorescu and Jordan [129] and has been
found to be very unstable.

Turning to the continuum resonances, we observe a very broad feature at
299 eV. It is visible in both s⊥ and s|| polarization and weak in −→n . The energy
position of the peak at 299 eV is in quite good coincidence with the σ∗C−C state in
[98] where dimerized adsorption is stated. As this state is oriented along the C–
C bond, its observation allows deductions about the orientation of these bonds:
the peaks at 299 eV are most intense for −→s polarization, thus the C–C bond is
oriented parallel to the surface further supporting our conclusions based on the
behavior of the π∗ resonance. The position of this resonance also allows some
conclusions about the C–C bond length and therefore about the hybridization.
Comparing the NEXAFS spectra for gas phase C2H2 (sp–hybridized, C≡C triple
bond), C2H4 (sp2–hybridized, C=C double bond), and C2H6 (sp3–hybridized, C–C
single bond), one notices the blue shift of the σ∗–resonance with increasing hy-
bridization [67]. In the case of C2H4, the σ∗–resonance is shifted from about 300
eV for the free molecule to 291 eV for the adsorbed molecule [1]. This could be
explained by the rehybridization of the C=C double bond of the free C2H4 mole-
cule to a single bond of the adsorbate comparable to that of free C2H6, but still
being somewhat shorter. In the case of C2H2, the σ∗–resonance is thus expected
at about 300 eV for a ethylene–type sp2 adsorption (i.e. dimerized, end–bridge)
and at about 291 eV for a ethane–type sp3 adsorption (i.e. r–bridge, p–bridge).
Since in both spectra a σC−C resonance at 299 eV is observed, the acetylene hy-
bridization is stated to be sp2 for both adsorption species. The remaining π∗C−C

resonance confirms the existence of a C=C double bond. The sp3 hybridiza-
tion would lead to a tetrahedrical state which would also be observed in the
−→n spectra. Thus it is concluded that the adsorption species aligned parallel to
the Si dimers is a dimerized species. This structure has been calculated to be
the most stable adsorption structure together with the end–bridge configuration
[129, 131, 135]. The sp2 hybridization of the C–C bond has also been observed
using HREELS which identified the hybridization based on the C=C stretching
frequency [78]. The latter being slightly lower for acetylene in gasphase or on
metal surfaces, it indicates a weakened but still remaining C=C bond after ad-
sorption.

Also the rotated (end–bridge) adsorption species contains a C=C double bond
which should show in the s||–excited spectrum as a pronounced π∗C−C peak at
283.8 eV as is indeed observed. Investigating the different adsorption geome-
tries, it is evident that the only structure aligned perpendicular to the Si dimers
and leaving the observed πC−C bond undisturbed is the end–bridge configura-
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Figure 3.18: NEXAFS spectra of C2H2 on Si(001)–(2×1) for the incident beam in
[011] (left) and [011] (right) and polarization at +45◦ and −45◦ towards the surface.

tion. The C–C bond length for that geometry has been calculated to be about
the same value as for the dimerized case (1.37 Å and 1.36 Å, respectively) [135].
Thus, the C–C bonds of both adsorption species contribute to the σ∗ resonance
at 299 eV; this is supported by the fact that the resonance is not visible in the
−→n –excited spectra, but observed for both s|| and s⊥ polarized excitation.

We can now estimate the relative coverage of the dimerized and the end–
bridge adsorption species based on the relative peak intensity of the 283.8 eV
π∗C−C resonance in the s⊥– and s||–excited spectra. Since the corresponding or-
bital is oriented perpendicular to the acetylene molecular axis, the s⊥ spectrum
shows the contribution from the dimerized adsorbed molecules. The end–bridge
adsorbed molecules then contribute to the s|| spectrum. The π∗C−C resonance is
about 20% higher for s⊥ polarization than for s|| polarization. Assuming for both
species the same transition strength, the ratio of dimerized to end–bridge species
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is roughly 5:4 for measurement at room temperature. Changing the tempera-
ture will presumably shift the saturation coverage and equilibrium population
of the two adsorption species.

Until now, the NEXAFS spectra are discussed assuming that all features
arise from acetylene molecules adsorbed on the terraces. In principle, there
might be some contribution from molecules situated at the step edges. In order
to investigate this contribution we have taken spectra with a polarization angle
of ±45◦ towards the surface shown in Fig. 3.18. These spectra should show a
clear difference if step species are important. However, this is not the case. Here
we conclude that the spectral contribution from molecules adsorbed on the step
edges has to be small.

Conclusion

In conclusion, acetylene adsorbs at room temperature and saturation coverage
in more than one bonding configuration on the Si(001)–(2×1) surface where the
carbon atoms are sp2 hybridized and the C–C bond lies in the surface plane.
This we interpret as due to a mixture of dimerized and end–bridge species in
a ratio of 5:4, where the C–C axis is oriented in the surface plane parallel and
perpendicular to the Si–dimers, respectively. Thus, the investigation of acety-
lene adsorption on single domain Si surfaces fully resolving the polarization de-
pendence allows unambiguous determination of the adsorption geometries and
gives clear evidence for the simultaneous existence of more than one adsorbate
species.9

9Acknowledgements: We gratefully acknowledge help from Lisbeth Kjeldgaard and the MAX-
Lab staff. This work was supported by the DFG grant Fo 343/1-1 and the Grant–in–Aid for Japan
Society for the promotion of Science Fellows.
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Chapter 4

Weakly interacting molecules:
Vibronic scattering dynamics

One central question addressed in this work is: To what extend do the dynamic
characteristics of RIXS influence the scattering profile? The applicability of RIXS
for the electronic structure determination of any system depends on the answer
to that question. RIXS data can only be interpreted reliably when knowing the
mechanism of formation of the spectral profile. A deduction of electronic or geo-
metric structure information or the nature of the chemical bonding from RIXS
needs this basis. From a theoretical viewpoint, I have sketched the scattering in
Chap. 2.

In the following, I will present a model investigation of the dynamic effects in
the scattering process. I will demonstrate how the intermediate state dynamics
influence the role of electronic and vibrational contributions to the scattering
profile. Not every system is equally suited to address the question of dynamic
influences on the RIXS profile. RIXS at the semiconductor surface adsorbate
systems originally being the focus of this thesis can today not be accessed by
a systematic theoretical investigation of the dynamic effects. In this chapter, I
therefore present RIXS studies of condensed hydrocarbon molecules weakly in-
teracting with their surroundings. It will be shown that the condensates can act
as model systems for the free molecules when investigating the resonant scatter-
ing at the LUMO. Ethylene and benzene were chosen since they are also inves-
tigated when interacting with the silicon surface in this thesis. It has here been
possible to apply a treatment, where vibrational and electronic contributions to
the spectral profile are fully considered. In Paper IV, the necessity to account
for vibrational band formation in the case of resonant scattering at ethylene is
demonstrated and purely vibrational contributions in soft X–ray scattering pre-
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Figure 4.1: Oxygen K–edge res-
onant X–ray emission spectra of
CO2 with different detuning en-
ergies below the 2πu resonance,
from [136]. First observation of
“symmetry breaking”. According
to the parity selection rule the
1Πu final state is electronically
forbidden, but can be reached

upon resonant excitation.

sented. In Paper V, the systematic application of this approach to ethylene and
benzene is developed in detail.

In general, the total wave function can change in the scattering process.
Staying in the Born–Oppenheimer approximation, the total wave function can
be understood as the product of the nuclear and the electronic wave function.
The RIXS profile can thus be expected to have vibrational and electronic — as
well as combined, i.e. vibronic — contributions.

Vibronic effects in RIXS have been well known for a long time. Already in the
early work on narrow bandwidth resonant excited soft X–ray emission, vibronic
coupling in bulk carbon systems has been addressed [137]1. Experimentally,
in these investigations vibronic loss processes occur as additional loss contri-
butions in the spectral profile resulting in an asymmetric line shape. With the
routine application of RIXS to molecules, more studies have concentrated on the
vibronic effects in RIXS. The breaking of the symmetry of electronic states in a

1Remarkably, vibronic processes in the same system have recently again been focus of investi-
gations [138].
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molecule in the resonant scattering process has been investigated [136, 139–
141]. A configurational change of the molecule in the scattering intermediate
state can open scattering channels to additional electronic final states (Fig. 4.1).
This depends on the scattering duration and is thus a dynamic effect influencing
the electronic selection rules (compare Chap. 2.4). The influence of changes in
the nuclear wave function is here indirectly probed in the electronic scattering
profile. The RIXS profile is directly influenced by lifetime–vibrational interference
[46, 142].

Although established in principle, the importance of vibronic effects in RIXS
has been neglected in a number of recent investigations of liquids [12–16]. This
neglection can be understood by the fact that in all the work so far, vibronic
effects appear as affecting the RIXS spectral profile only to a minor extend. The
spectra, thus, seem to be dominated by the electronic states. The work pre-
sented in the following challenges the appropriateness of this approach.

67



4 Weakly interacting molecules: Vibronic scattering dynamics

4.1 Nonadiabatic Effects in Resonant Inelastic X-ray
Scattering2

Abstract
We have studied the spectral features of resonant inelastic x-ray scat-
tering of condensed ethylene with vibrational selectivity both exper-
imentally and theoretically. Purely vibrational spectral loss features
and coupled electronic and vibrational losses are observed. The one-
step theory for resonant soft x-ray scattering is applied, taking multi-
ple vibrational modes and vibronic coupling into account. Our investi-
gation of ethylene underlines that the assignment of spectral features
observed in resonant inelastic x-ray scattering of polyatomic systems
requires an explicit description of the coupled electronic and vibra-
tional loss features.

Resonant inelastic x-ray scattering (RIXS), also known as x-ray raman scat-
tering (RXS), has evolved into a widely used spectroscopic tool to study electronic
structure of matter [18, 39, 61]. This development has been promoted by the
rapid evolution of high brilliance soft x-ray sources. The Raman selection rule
in this photon-in/photon-out spectroscopy gives a high degree of polarization
anisotropy and reveals symmetry–information of the systems under investiga-
tion. This is also true for the optical dipole transitions underlying the separate
x-ray absorption and emission steps. Soft x-ray spectroscopies are element and
chemical state selective. In the case of RIXS, these features are strongly en-
hanced due to the selective excitation of a particular intermediate core-excited
state of defined symmetry.

In general, RIXS probes electronic and nuclear (vibrational) inelastic loss
processes. In particular, the scattering process is governed by the total sym-
metry of the coupled nuclear and electronic wave functions. Therefore strong
deviations from a case assuming purely electronic symmetry selection rules
have been observed [136, 141]. Some studies have addressed the vibrational
contributions to the spectral profile, e.g. vibrational broadening [137, 138] and
life-time vibrational interference effects [46].

The investigation of condensates and liquids has recently drawn great at-
tention, most prominently the detailed picture of hydrogen bonding in aqueous
systems [12, 15]. The depth information necessary for such studies makes RIXS
ideally suited. In these systems both the geometric configuration and the elec-

2Peer reviewed paper. This section has been published as Paper IV: Hennies, Polyutov, Minkov,
Pietzsch, Nagasono, Gel’mukhanov, Triguero, Piancastelli, Wurth, Agren, and Föhlisch [4], Physi-
cal Review Letters 95, 163002 (2005).
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tronic structure are under debate. The interpretation of the RIXS presented
there bases upon the calculation of the electronic spectral states in the adia-
batic limit for different molecular configurations which result from molecular
dynamics simulations. RIXS spectra however contain coupled electronic and vi-
brational loss features. In this work, we aim to disentangle the electronic and
vibrational contributions to RIXS spectra and investigate the interplay of elec-
tronic structure and nuclear dynamics. We have studied RIXS spectral features
of condensed ethylene, with vibrational selectivity, in an exemplary way both
experimentally and theoretically. We have chosen ethylene as a test-system due
to its unambiguously characterized electronic and geometric structure [143]. We
find in our joint experimental and theoretical investigation that explicit consid-
eration of both the electronic and vibrational loss features is needed to assign
spectral states. This is of general relevance for the interpretation of RIXS of any
polyatomic system.

The experiments were carried out at MAX-lab, Sweden, on beamline I511-1.
Bulk layers of condensed ethylene have been prepared by dosing 100 L onto a
p-doped silicon substrate cooled to ≤ 25 K. The grazing incidence x-ray spec-
trometer [61] was operated with 0.4 eV (full-width-half-maximum FWHM, as all
comparable values in this work) bandwidth in the direction perpendicular to the
incident beam axis in magic angle geometry to the electric field vector of the in-
cident radiation. The x-ray absorption spectra (XAS) have been measured with
a Scienta SES-200 analyzer in constant final state mode. The excitation band-
width was set to 35 meV for the x-ray absorption measurement and to 100 meV
for RIXS.

The ethylene (C2H4) molecule has D2h symmetry and the electronic ground
state |0〉 configuration is (1ag)2(1b3u)2(2ag)2(2b3u)2(1b2u)2(3ag)2(1b1g)2(1b1u)2. Ethyl-
ene has two symmetry adapted, near–degenerate core orbitals (ψcore : 1ag, 1b3u),
which result from the linear combination of the atomically localized C 1s or-
bitals. 1b1u is the highest occupied molecular orbital (HOMO) and the 1b2g is the
lowest unoccupied molecular orbital (LUMO), also called the π∗. The HOMO–
LUMO separation is ≈ 7 eV.

In our simulations of the resonant x-ray scattering amplitude Fνf
, we have in-

cluded the treatment of multiple vibrational modes and vibronic coupling based
on the methods described in Refs. [39, 54]. The scattering amplitude Fνf

for
ethylene is described by the equation (in a.u.):

Fνf
=

1
2

∑
νi

Λ(N−NA)(νf , νi)[Λ
(NA)
2 (νf , νi) + PfΛ(NA)

1 (νf , νi)]
ω − ωiνi,00 + ıΓ/2

(4.1)

�Γ = 0.1 eV is the lifetime broadening of the core excited state, Pf = ±1
the parity of the final electronic state (+ gerade; – ungerade), νi = (νi,1, νi,2, · · · )
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Figure 4.2: Participator RIXS of ethylene at the C K-edge (final state is electronic
ground state). Panel (1): C 1s → π∗ absorption spectrum; (2): RIXS spectra (exp.)
with excitation at the energies indicated; (3): Simulated RIXS at the according en-
ergies. RIXS spectra are plotted vs. the energy difference of outgoing and incoming

photon ∆ω = ω1 − ω.

is the vector of the vibrational quantum numbers of all modes of the ith elec-
tronic state and ωiνi,jνj is the electron-vibrational transition energy. We have

separated the product of the Franck-Condon (FC) amplitudes Λ(NA)
n (νf , νi) =∏

q⊆A

〈νf,q|νi,q;n〉〈νi,q;n|00,q〉 of NA asymmetric vibrational modes, that lead to the

localization of the core hole in the nth carbon atom from the product of the FC
amplitudes for the corresponding symmetric vibrational modes Λ(N−NA)(νf , νi) =∏
q�A

〈νf,q|νi,q〉〈νi,q|00,q〉. The scattering cross section for monochromatic excitation

is then given by the equation:

σ0(ω, ω1) =
∑
f,νf

ζf0|Fνf
|2δ(ω1 − ω + ωfνf ,00) (4.2)

ω and ω1 are the frequencies of the incident and scattered photons. The
anisotropy factor ζf0 = (d2

fid
2
i0/9)

[
1 + 1

10 (3 cos2 ϕf0 − 1)(1 − 3 cos2 χ)
]

depends on
the angle χ = 35.3◦ between the polarization vector of incident photon and
the momentum of the scattered photon (set to the experimental value). The
anisotropy factor also depends on the the angle ϕf0 between the transition di-
pole moments of core excitation di0 and emission dfi.

Computations of the valence and virtual transition moments were performed
in the dipole approximation and have been done within the framework of the

70 doi:10.1103/PhysRevLett.95.163002 c©2005 The American Physical Society
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Figure 4.3: Spectator RIXS of ethylene at the C K-edge (final state is valence
electronic excited). Panel (1): C 1s → π∗ absorption spectrum; (2): RIXS spectra
(exp.) with excitation at the energies indicated; (3): Simulated RIXS at the accord-
ing energies. RIXS spectra are plotted vs. the energy difference of outgoing and

incoming photon ∆ω = ω1 − ω.

density functional theory (DFT) using the StoBe code [144]. The transition
energies were taken directly from the Kohn-Sham orbital energies. Numerical
analysis of the FC amplitudes reveals that only four in–plane vibrational modes,
three ag (C-C stretch, H-C-H scissor, and C-H stretch) and one b3u (C-H asym.
stretch), give major contributions to the x-ray absorption and RIXS spectra,
therefore only these four modes were taken into account in the simulations.
The FC amplitudes have been computed in the harmonic approximation with-
out consideration of changes in the vibrational frequencies due to the electronic
excitations.

In Fig. 4.2 panel 1 we show the vibrationally resolved x-ray absorption
spectrum of ethylene at the π∗ resonance, corresponding to the excitation of a
|ψ−1

core1b2g〉 electronic state. We can directly assign this vibrational fine structure
in agreement with literature [68, 74] to the ag C-C stretch vibration and to the
b3u C-H asymmetric stretch vibrational mode. We measured RIXS spectra with
the excitation energy tuned onto the vibrational modes of the first core excited
electronic state |ψ−1

core1b2g〉.
The RIXS spectrum consists of two qualitatively different contributions, the

participator or “elastic” band (|0〉 → |ψ−1
core1b2g〉 → |0〉) and the spectator or “in-

elastic” band (|0〉 → |ψ−1
core1b2g〉 → |ψ−1

f 1b2g〉) with ψf = 1b1u, 1b1g, 3ag, 1b2u, denot-
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ing valence electronic states. The participator scattering channel leads to the
electronic ground state with energy loss features due to vibrational excitations
(purely vibrational Raman), while the spectator channel is the scattering to elec-
tronically excited final states which is accompanied also by vibrational excita-
tions (vibronic Raman). For clarity of presentation we show the participator RIXS
in Fig. 4.2 and the spectator RIXS in Fig. 4.3 separately.

Both experiment and theory display a strong dependence of the participator
band (Fig. 4.2 panel 2 and 3) on excitation energies. For scattering with an in-
cident energy below the resonance energy (a), we see mainly a single resonance
centered at 0 eV energy loss. This is what is usually referred to as the elastic
peak which is the only feature in this channel in the case of single atoms. When
exciting on top of the resonance and into higher levels of the vibrational pro-
gression (b–f), the participator profile becomes increasingly asymmetric toward
lower energies and a band of inelastic loss features becomes observable. This
band moves its center of gravity to lower energies with increasing excitation en-
ergy. For the limit of high positive detuning from the electronic resonance we
observe decreasing intensity of the vibrational loss features. The cross section
for scattering into vibrational excited final states is thus significantly enhanced
upon resonant excitation.

The simulations of the participator band are depicted in panel 3 of Fig. 4.2.
We obtain good agreement with the experiment when the simulated spectra are
convoluted with a gaussian of γ=0.4 eV which mimics the total instrumental
broadening and excitation bandwidth. Within this envelope we also show the
vibrational progression with only γ=100 meV broadening. The spacing of the vi-
brational states corresponds to the electronic ground state vibrational modes.
The intensities of the vibrational loss features is governed by the Kramers-
Heisenberg scattering amplitude (eqn. 4.1). The lifetime vibrational interference
influences strongly the spectral profile [38]. In particular, we find both in exper-
iment and theory that the detuning Ω = ω − ωi0,00 of the incident photon energy
from the electronic π∗ resonance leads to only a single spectral line. The origin
of this collapse of the vibrational structure is the shortening of the scattering
duration [145] τeff = 1/

√
(Γ/2)2 + Ω2 with increase of |Ω|. A short scattering du-

ration will not allow the nuclear wave packet to dynamically evolve [39, 146],
thus effectively suppressing vibrational motion during the scattering and letting
vibrational contributions to the spectral profile vanish.

The physics of the formation of the spectator scattering channel is rather
different from the participator scattering channel. The spectator channel corre-
sponds to scattering into four different electronic final states: |1b−1

1u 1b2g〉, |1b−1
1g 1b2g〉,

|3a−1
g 1b2g〉, and |1b−1

2u 1b2g〉. The scattering to the ungerade final states (|1b−1
1u 1b2g〉,

|1b−1
2u 1b2g〉) is forbidden according to the parity selection rules. However, the ex-
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periment as well as the theory (Fig. 4.3) show the breakdown [147] of these se-
lection rules when exciting resonantly into the π∗ and its vibrational progression
(Fig. 4.3 b–f). The origin of this effect is the mixing of near–degenerate gerade
and ungerade core excited states (|1b−1

3u 1b2g〉, |1a−1
g 1b2g〉) by the activation of the

ungerade b3u vibration, effectively localizing the core excited state. We clearly
can see the restoration of the selection rules for large detuning (Fig. 4.3 a), i.e.
the quenching of the symmetry forbidden transitions. This “purification” of the
spectator spectrum happens due to the shortening of the scattering duration,
leaving no time for the b3u vibration to mix the core excited states with different
parities [136]. If the detuning is sufficiently large, the spectator RIXS (Fig. 4.3
panel 2, 3 (a)) is restricted to the electronic final states |3a−1

g 1b2g〉 and |1b−1
1g 1b2g〉.

Taking vibronic coupling into consideration, our theoretical approach can
fully describe all spectral features in the RIXS spectra (a - f) in panel 2 and 3 of
Fig. 4.3. In particular, the nominal adiabatic transition, defined by the purely
electronic transitions can become very small in comparison to the vibrationally
excited final states. Taking spectra (d–f) in Fig. 4.3 as an example, we can illus-
trate how crucial it is to take the full vibronic spectral profile into consideration
in the interpretation of experimental RIXS. For the electronically excited final
states, we observe vibrational progressions extending over 2 eV∼ 4 eV, with a
bimodal vibrational envelope. Moreover, the spectral shape of each excited final
state changes with photon energy (d–f) significantly and differently for each of
them.

In summary, we have studied RIXS spectral features of condensed ethylene
with vibrational selectivity, both experimentally and theoretically. The theoret-
ical model of the inelastic scattering process takes multiple vibrational modes
and vibronic coupling into account. We have obtained excellent agreement be-
tween experiment and simulations for the purely vibrational spectral loss fea-
tures in the RIXS participator channel, reaching the electronic ground state as
a final state. We have also observed the coupled electronic and vibrational loss
features of the spectator RIXS channel, reaching electron–hole final states com-
bined with vibrational excitation. We have disentangled these contributions and
investigated the interplay of electronic structure and nuclear dynamics in an ex-
emplary way. We find the excited electronic final states to split significantly into
broad vibrational bands with a complicated, partly bimodal, envelope structure.
This goes beyond the spectral distribution expected from an adiabatic model,
where vibronic effects are only implicitly treated in a broadening of states. In
conclusion, we find that the explicit consideration of coupled electronic and vi-
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brational states in the one-step theory of resonant inelastic x-ray scattering is
required to fully assign RIXS spectral states of ethylene.3
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4.2 Dynamic Interpretation of Resonant Inelastic X-ray
Scattering: Ethylene and Benzene4

Resonant inelastic X–ray scattering (RIXS) or X–ray raman scattering (RXS) is
used to probe stationary and dynamic properties of matter [18, 39, 41, 61]. RIXS
as a photon–in–photon–out method provides a large penetration depth. It has
the advantage of being applicable to a wide range of systems, including semicon-
ductors and insulators, and in various environments, e.g. systems in external
magnetic fields. RIXS probes electronic and nuclear (vibrational) inelastic loss
processes. Most work so far has focused on the investigation of the electronic
structure.

In the present paper, we systematically develop a complete interpretation of
RIXS on condensed ethylene and benzene based on the consideration of elec-
tronic structure, nuclear dynamics and vibronic coupling. We will show how
RIXS can be utilized to probe nuclear dynamics in terms of an atom specific,
chemical sensitive Raman spectroscopy. It will further be discussed under which
conditions the consideration of nuclear dynamics is indispensable and when it
can be omitted.

The absorption and emission of X–ray photons are governed by the dipole
selection rules. Spectroscopy based on these processes therefore provides sym-
metry, orientation, and polarization selectivity. Soft X–ray spectroscopies are
element and chemical state selective, since they involve transitions from core
orbitals with atomic properties. In the RIXS process, a particular intermedi-
ate core–excited state of defined symmetry is prepared by selective excitation,
thus enhancing the former properties. The selection rules of excitation and de-
cay converge in this coherent one–step scattering process to a Raman selection
rule, giving a high degree of polarization anisotropy and providing symmetry–
information of the systems under investigation. The scattering process is ruled

4Paper in manuscript. This section is intended for publication as Paper V: Hennies, Polyutov,
Minkov, Nagasono, Pietzsch, Gel’mukhanov, Triguero, Piancastelli, Wurth, Agren, and Föhlisch
[5].
This paper is based on an ongoing collaboration with the theoretical chemistry group at the KTH
Stockholm. The manuscript as included in my thesis contains the description and discussion
of the experimental work and the theory and simulations of the ethylene molecule, and thus
reflects the biggest part of my contribution to this project. In the final version of this paper,
also calculations for the benzene molecule will be included. They are not finished at the time
this thesis is handed in. The problem of the benzene calculations is the presence of degenerate
core orbitals of the same symmetry. Ethylene has two core–holes of different symmetry. No
interference between electronic core–excited states can occur in the unchanged configuration.
In benzene — already without core–hole localization — electronic interference can occur. This
demands for an extension of the here presented approach describing the core hole localization.
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by the symmetry of the system’s total wave function including all nuclear and
electronic contributions.

RIXS has been applied to a wide range of systems, including crystalline
solids, surface adsorbates and free molecules [41, 43, 44, 61]. Spectra of crys-
talline solids have been interpreted based on the description of electronic states
in band structure calculations [41]. Utilizing the atom specificity, it has been
possible to examine the electronic density–of–states (DOS) projected on the con-
tributions of different atoms in a compound system. This has been extremely
useful in the case of surface adsorbates [18, 31, 45, 148], where the electronic
structure of the adsorbed molecule can be investigated suppressing the vast
majority of substrate contributions. Combined with the symmetry selectivity,
this has allowed to study the formation of the surface chemical bond in great
detail. For the case of adsorbates on metals it has been shown that the spectral
profile can fully be described in the so called “ground state interpretation” [45].
Here, the energy distribution of the scattering spectra is directly derived from
the difference of ground state orbital energies, e.g. obtained from Density Func-
tional Theory (DFT) calculations. The selectivity of the excitation is explicitly
taken into account in this model, modulating the intensity distribution of the
spectral profile [31]. In this pure electronic interpretation, the selection rules for
the scattering process are applied only to the electronic part of the systems total
wave function.

The influence of nuclear motion on RIXS spectra has been discussed as
phonon side bands in RIXS of diamond and graphite [137, 138]. The vibrational
loss processes are identified in an asymmetric tail of the recombination emis-
sion. For molecules, the shaping of the RIXS bands due to lifetime–vibrational
interference has been demonstrated [46, 142]. In this case, the core hole life-
time broadening is of the same order of magnitude as the vibrational spacing in
the core excited intermediate state which gives rise to channel interference in
the scattering process. In these works, the vibrational effects are discussed as
additional contributions to the electronic states in RIXS. In a general treatment
of RIXS, always the changes in the combined nuclear and electronic contribu-
tions to the systems total wave function have to be considered. In the RIXS
profile of molecules, therefore, strong deviations from a model accounting only
for electronic symmetry selection rules have been observed and discussed as
bond length dependent core hole localization [141] and breaking of electronic
symmetry [136, 139]. Nevertheless, here too, only the influence of these effects
on the electronic spectral structure is discussed.

In two recent publications [13, 15], the electronic and geometric structure of
liquids has been investigated with RIXS. In both studies, the spectral profile has
been interpreted on the basis of calculations of the ground state electronic struc-
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ture in the adiabatic limit disregarding vibrational effects [16]. In particular, the
low count rate achieved for X–ray emission on light elements in todays setups
has for a long time not allowed to interpret the scattering spectra of a system
completely in all aspects of vibrational band formation, interference effects, and
vibronic coupling. We have recently demonstrated that in the case of molecules,
vibrational influences on the spectral profile can not only be considered as ad-
ditional effects in the electronic features visible in the spectra, but have to be
understood as constituting the spectral profile [4].

Our paper is organized as follows: We will develope the theoretical frame-
work in Sec. 4.2.1. The technical aspects of experiment and computation are
addressed in Sec. 4.2.2 and 4.2.3, respectively. In Sec. 4.2.4, we present and
analyze the experimental findings and the results of the computations before
jointly discussing and interpreting the electronic and vibrational structure for
both molecules in Sec. 4.2.5. In Sec. 4.2.6, we finally summarize.

4.2.1 Methodical Framework

Kramers–Heisenberg formalism for RIXS

We investigate the resonant inelastic scattering of a X–ray photon at a molecule
initially in the electronic and vibrational ground state |0, 0〉. The absorption of
the incident photon with energy ω promotes the scatterer into an intermediate
core excited state |i〉 with vibrational excitation |νi〉, coherently followed by the
decay of the excited state into the electronic and vibrational final state |f, νf 〉
under emission of a second photon ω1. The “scattering of radiation by atoms”
[51] is generally treated in the Kramers–Heisenberg formalism. The spectral
distribution of the emitted photon ω1 is accordingly given by the RIXS cross
section [39] containing the spectral function Φ, the scattering amplitude Fνf

and
the electronic factor ζf0:

σ(ω, ω1) =
∑
f,νf

ζf0|Fνf
|2Φ(ω1 − ω + ωfνf ,00 + ωe

f0, γ) (4.3)

RIXS probes inelastic loss processes. The spectral function Φ(ω − ω0, γ) cen-
tered at ω0 with line width γ (full–width–half–maximum FWHM, as all compara-
ble values in this work) describes the energy distribution of the spectral features.
For each electronic and vibrational final state |f, νf 〉, the spectral line occurs at
an energy difference ∆ω = ω1 − ω equaling the sum of the electronic and vi-
brational excitations ωe

f0 + ωfνf ,00 = −∆ω present in the final state. Here, ωe
f0

denotes the difference between the minima of the potentials of electronic final
and ground state, and ωjνj the vibrational energy of the νth

j vibrational level in
the jth electronic state.
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The absorption of the incoming and the emission of the outgoing photon, re-
spectively, happen very fast compared to the speed of the nuclear motion. We
consider the changes of the electronic wave function therefore as sudden and
without any change of the nuclear wave function [29]. The total wave function of
the system is thus written in the Born–Oppenheimer approximation as the sim-
ple product of both. The vibrational transitions are accordingly treated following
the Franck–Condon (FC) principle. We want to point out that excitation and
decay transitions each for themselves are considered as sudden. Nevertheless,
the whole scattering process can effectively be associated with a total scatter-
ing duration time allowing vibrational motion to take place (see Discussion Sec.
4.2.5). The probability for scattering into a specific vibrational final state νf is
then given by the FC amplitude Fνf

:

Fνf
≈

∑
νi

〈νf |νi〉〈νi|00〉
ω − ωi

0 − ωiνi,00 + ıΓ/2
(4.4)

Fνf
is here stated for the limit of small bandwidth excitation and for the case

of a single vibrational mode. Γ is the lifetime broadening of the core excited in-
termediate state. If the lifetime broadening Γ is comparable to the energy spac-
ing ωiν′

i,iνi
of the vibrational intermediate states iνi, multiple scattering channels

open and give rise to channel interference. We will show in the following that
interference effects predominantly determine the spectral appearance of RIXS
spectra.

The FC amplitude Fνf
[Eq. (4.4)] only accounts for the vibrational transi-

tions, the electronic transitions are described by the anisotropy factor ζf0 =
(dfi · e1)2(di0 · e)2. In our case ζf0 is averaged over the molecular orientations. It
depends on the polarization vectors of incident e and emitted e1 X–ray photons
and the transition dipole moments of core excitation di0 and decay dfi.

RIXS is governed by a Raman selection rule operating on the total wave func-
tion of the system [39, 149]. For our present discussion, we consider the in-
vestigated molecules to be “non”–interacting and have preserved their molecular
symmetry. Both molecules have inversion symmetry. In particular, the parity
of the total wave function can, thus, not differ in the scattering final state from
the initial state. In a scattering process not changing the symmetry of the nu-
clear wave function, this parity conservation has to be strictly fulfilled by the
electronic wave function.

Multi–mode scattering amplitude and vibronic coupling

A molecule containing more than two atoms needs consideration for multiple
vibrational modes. The FC amplitude thus contains the product of the transi-
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tion matrix elements
∏

q〈νf,q|νi,q〉〈νi,q|00,q〉 of all vibrational modes q. If symmetry
equivalent atoms are present, we get (near) degenerate core orbitals in a delocal-
ized representation. According to the Jahn–Teller theorem [53], an asymmetric
vibrational motion or “distortion” can remove this degeneracy and lower the to-
tal energy, thus effectively localizing the core wave functions. This so called
“vibronic coupling” then opens additional scattering channels through the local-
ized core holes. In the FC amplitude Fνf

we now have to distinguish the scatter-
ing through symmetric vibrational modes from scattering through asymmetric
vibrational modes for each core–hole separately:

Fνf
≈ 1

2

∑
νi

ΛS(ΛA
1 + PfΛA

2 )
ω − ωi

0 − ωiνi,00 + ıΓ/2
(4.5)

ΛS =
∏
q�A

〈νf,q|νi,q〉〈νi,q|00,q〉

ΛA
n =

∏
q⊆A

〈νf,q|νi,q;n〉〈νi,q;n|00,q〉, n = 1, 2

ΛS is the product of the symmetric modes and ΛA
n the product of the scat-

tering paths involving asymmetric modes. Here, |νi,q;n〉 is the vibrational wave
function of the qth asymmetric mode in the core excited state with the core hole
localized on the nth atom (given for two equivalent atoms). Pf is the parity of the
final electronic state νf :

Pf =

⎧⎨
⎩ 1, f = g,

−1, f = u
(4.6)

We will discuss how additional electronic final states become possible due
to vibronic coupling and demonstrate on our results that vibronic coupling is a
dynamic effect and strongly depends on the detuning of incident photon energy
from the absorption resonance of the scatterer (sec. 4.2.5)

4.2.2 Experimental Setup and Data Treatment

The experiments have been performed at the Swedish national laboratory MAX-
lab in Lund at beamline I511–1. The beamline is equipped with an end station
operated in UHV dedicated for X–ray absorption spectroscopy (XAS), photoelec-
tron spectroscopy (XPS) and X–ray emission spectroscopy (XES) measurements
on adsorbate, surface and bulk samples. The station consists of a preparation
chamber operated at a base pressure of low 10−10 torr connected to an analysis
chamber (at mid 10−11 torr). The analysis chamber is equipped with a Scienta
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SES 200 hemispherical electron analyzer for XPS and partial electron yield XAS
measurements. XES is detected with a grazing incidence soft X–ray fluorescence
spectrometer [61].

For the XAS, the excitation bandwidth was set to ∼ 35 meV. For the excitation
of the resonant X–ray scattering spectra, the bandwidth of the incident photons
was set to ∼ 100 meV in the case of the ethylene measurements and and ∼
250 meV in case of benzene. The overall instrumental resolution of the X–ray
emission spectra was ∼ 400 meV (FWHM), as determined by measuring reflected
light on a silicon substrate in the first order.

The X–ray absorption spectra have been recorded with the Scienta Analyzer
in constant final state mode with a pass energy of 500 eV. In the case of the
benzene measurements, we detected electrons in an energy window of 50 eV
width centered around the Carbon KLL Auger. The ethylene multilayer was
found to charge too much during irradiation with synchrotron light to be able
to detect the Carbon Auger properly. Therefore, we have chosen to measure the
yield of low energy electrons in an energy range of (120 eV ≤ EKin. ≤ 168 eV)
where charge effects were found not to disturb the absorption spectra. For
normalization purposes we measured the photon flux simultaneously with a
reference gold mesh. The partial yield spectra shown here have been normalized
by division by the flux signal. The X–ray emission spectra have not further been
treated except for the correction to a calibrated energy scale. A total energy
calibration of the incoming photon energy has been performed by exciting Si 2p
electrons with first– and second–order light passing the monochromator.

The samples were prepared by exposing a silicon substrate at a tempera-
ture T ≤ 100 K to gaseous ethylene and benzene at a pressure of P = 5 ·
10−7 torr for 200 s (100 L). The high purity liquid benzene was further puri-
fied by repeated freeze–pump–thaw cycles, gaseous ethylene (purity 2.8) was
directly used. Cleanliness of the gases was assured by checking with a mass
spectrometer. Physisorbed benzene has a sticking coefficient near 1 [150], thus,
our preparation conditions lead to the formation of a ∼ 100 ML thick multi-
layer of benzene with a randomly tilted orientation of the molecules [150]. We
believe that also the ethylene multilayer is randomly ordered, as the compari-
son between our XAS data and XAS measured on statistically distributed gas–
phase ethylene [74] shows no difference (see below). To avoid beam damage,
we scanned the samples during the measurements. We found no indication of
beam induced processes in the condensed layers, as the XE spectra did not
change during long exposure to the synchrotron light.
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ωv (eV) d (a.u.) cosϕf0 ζf0 (10−6 a.u.2)

1b2g 283.92 0.0733z 1 2.558

1b1u 278.27 0.0765z -1 2.788

1b1g 276.55 0.0586y 0 2.254

3ag 274.97 0.0822x 0 4.435

1b2u 273.69 0.0658y 0 2.839

Table 4.1: Excited state parameters: vertical excitation energy (ωv), transition
dipole moments (d), cosϕf0, where ϕf0 is the angle between the transition dipole
moments of core excitation and decay, and the anisotropy factor ζf0. 1b2g denotes
the core excited state produced by the 1s → LUMO transition, while the rest of
the states are valence excited and produced by a decay transition from an orbital
with the respective symmetry to the core hole. Only non–zero components of the

transition dipole moment are listed: dz, dy, dx.

Fiq (10−3 a.u.)

mode symm. ωq(eV ) 1b2g 1b1u 1b1g 3ag 1b2u

3 (C-H sym. stretch) ag 0.379 1.498 0.624 -0.881 0.063 -0.784

4 (C-H asym. stretch) b3u 0.379 1.098 -0.023 0.031 0.039 0.007

5 (C-C stretch) ag 0.207 -0.498 -1.424 0.152 -2.127 -0.522

7 (H-C-H scissoring) ag 0.165 -0.106 -0.701 -0.750 0.420 -1.527

Table 4.2: Vibrational normal modes excited in X–ray absorption and X–ray Ra-
man scattering. ωq denotes the vibrational frequency, Fiq = dEi/dQq represents the
gradient along the particular mode for the vertical core excitation 1b2g state and
for decay to four final states: |1b−1

1u 1b2g〉, |1b−1
1g 1b2g〉, |3a−1

g 1b2g〉, |1b−1
2u 1b2g〉. The b3u

mode vibronically couples core excited states of gerade and ungerade symmetry.

4.2.3 Computational Details

We have simulated the spectra utilizing strict ab initio methods based on the
wave packet technique described in [39, 54, 151] and the theoretical descrip-
tion given here. Computations of the valence and virtual transition moments
from the C 1s were performed in the dipole approximation and have been done
within the framework of the density functional theory (DFT) using the StoBe
code [152] and employing the PW91 density functional for both exchange and
correlation contributions. The transition energies were taken directly from the
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a) b)

Figure 4.4: a) The ethylene molecule with the coordinate system used in our
work. b) The energy levels of ethylene involved in the scattering process (in eV).

The two inner shell orbitals (2ag and 2b3u) are omitted as irrelevant.

ground state Kohn–Sham orbital energies. The gradients of the core excited po-
tential along normal modes were computed using an effective core potential for
the non–excited carbon, thus effectively localizing the core hole. The core excited
center was described by a rather large IGLO–III basis set.

The RIXS spectral profile was computed making use of the scattering cross
section [Eq. (4.3)] and the Franck–Condon amplitude including the treatment of
the vibronic coupling [Eq. (4.5)]. The spectral function Φ(ω1 − ω, γ) was modeled
by a gaussian with γ = 0.1 eV . We considered RIXS from randomly oriented mole-
cules and averaged the electronic factor ζf0 over all molecular orientations for
the experimental geometry χ = 35.3◦, where χ = ∠(k1, e) is the angle between the
wave vector k1 of the emitted photon and the polarization vector of the incident
photon e. The core hole lifetime broadening was set to Γ = 0.1 eV, corresponding
to the estimated Carbon 1s core hole lifetime for ethylene [153, 154].

The Franck–Condon amplitudes were computed in harmonic approximation
making use of the gradient Fiq = dEi/Qq along mode q in the equilibrium geom-
etry of the ground state. The changes of the vibrational frequencies under elec-
tronic excitations are ignored in our simulations. We have only taken into ac-
count those four vibrational modes which were found to give significant con-
tribution to the XAS and RIXS spectra (see Table 4.2). All modes have been
computed up to Nνj = 11.

The energy scale of the computed spectra was adjusted with respect to the
experimental values by a constant offset to match the top of the absorption
resonance.
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4.2.4 Results and Analysis

Ethylene belongs to the D2h symmetry group, the ground state |0〉 electronic
configuration is:

Core : (1ag)2(1b3u)2 = ψcore

[...]

Valence : (1b2u)2(3ag)2(1b1g)2(1b1u)2

In Fig. 4.4, we show the molecule and its energy levels in the reference frame
used in this work. Ethylene has two near degenerate core orbitals in delocalized
representation, here referred to as ψcore. They result from the linear combination
of the C 1s atomic orbitals. The HOMO (1b1u) has π character. The LUMO with
π∗ character is the (1b2g) orbital.

The benzene molecule has D6h symmetry and its electronic configuration in
the ground state |0〉 is:

Core : (a1g)(e2g)(b1u)(e1u) = ψcore

[...]

Valence : (2e1u)4(2e2g)4(3a1g)2(2b1u)2(1b2u)2

(3e1u)4(1a2u)2(3e2g)4(1e1g)4

The HOMO (1e1g ) is a π orbital. The lowest unoccupied molecular orbitals
(1e2u) and (1b2g) have π∗ character.

We first measured the absorption spectra in the region of the carbon K–edge
to characterize the scattering intermediate state for ethylene and benzene. In
the following, we performed RIXS at both molecules with selective excitation of
defined intermediate states.

Ethylene

In Fig. 4.5, we show carbon K–edge X–ray absorption spectroscopy (XAS) of
condensed ethylene and theoretical simulations in the resonance region. The
spectrum shows an absorption resonance at 284.37 eV with fine structure. The
resonance is clearly separated from a continuum region at higher energies with
two broad resonances at 287.8 eV and 288.68 eV. We will at first discuss the
resonance and turn to the higher energy states later. We compared the spectra
with high–resolution XAS of ethylene measured in the condensed phase [68]
and in the gas–phase [74]. The first resonance represents the C 1s → π∗(1b2g)
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Figure 4.5: X–ray absorption spectrum of condensed ethylene. Thick line: exper-
iment; thin line: simulation in the region of the π∗–resonance. Four modes are
calculated (see Tab. 4.2): b) 0→0; c) ν5(0→1); d) 60% ν3(0→1) / 40% ν4(0→1); e)

ν5(0→1) + [60% ν3(0→1) / 40% ν4(0→1)]; f) ν3(0→1) + ν4(0→1)
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Figure 4.6: RIXS of ethylene at the C K–edge in the region of the C 1s → π∗

resonance. Panel (1): Absorption spectrum with partly assigned vibrational states;
(2): RIXS spectra (exp.) with excitation at the energies indicated; (3): Simulated
RIXS at the according energies. RIXS spectra are plotted vs. the energy difference
of outgoing and incoming photon ∆ω = ω1 − ω. The experimental spectra are

arbitrarily scaled to equal maximum height.

transition, i.e. excitation into an electronic state |ψ−1
core1b2g〉. The appearance of

this feature is identical in the gas phase and condensed phase measurements.
This assures the properness of our preparation and affirms that the condensed
ethylene in the region of the π∗–resonance can act as a model for a free molecule.
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Figure 4.7: RIXS of ethylene at the C K–edge in the rydberg region. Panel (1):
Absorption spectrum; (2): RIXS spectra (exp.) with excitation at the energies
indicated, plotted vs. the energy difference of outgoing and incoming photon ∆ω =
ω1 − ω. The inset shows non–resonant calculations from [155]. The spectra are

arbitrarily scaled to equal maximum height.

The resonance fine structure stems from vibrational excitations. We also show
our simulations of the XAS. Our theoretical simulation has shown that only four
vibrational modes are active in the scattering process (see Sec. 4.2.3). According
to our simulations and in agreement with Gadea et al. [74], we can assign the
vibrational states: Maximum (b) corresponds to the 0 → 0 transition, (c) to the
excitation of an ag C–C stretch mode, (d) contains the excitation of a b3u CH2

mode, and (e) the combined excitation of the C–C and the CH2 mode (see figure
caption).

We have measured RIXS for selective excitation into the vibrational states
of the π∗–Resonance and performed RIXS simulations at the according energies.
The resonant scattering with excitation into the π∗ resonance is presented in Fig.
4.6. Panel 1 contains the XA spectrum from Fig. 4.5 in the π∗ resonance region,
with the vibrational progression assigned in the plot. Panel 2 contains experi-
mental RIXS spectra, taken at excitation energies indicated in the XA spectrum
by the horizontal lines. Panel 3 contains the corresponding simulations. We
convoluted the simulated spectra with a gaussian of 0.4 eV to mimic the spec-
tral distribution of the incident photon and the instrumental broadening. In
addition, we show the computations with only 0.1 eV broadening to illustrate
the underlying spectral structure. The RIXS spectra are displayed on an energy
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loss scale corresponding to the energy difference between outgoing and incoming
photon.

The experimental RIXS data and the theoretical simulations both show strong
excitation energy dependence. We first turn to the experimental data (Fig. 4.6
panel 2). When exciting below the resonance energy (a), an isolated, nearly
symmetric peak centered at 0 eV energy loss with FWHM of 0.4 eV and two
broad features at -7.8 eV and -9.4 eV can be seen. The feature centered at 0 eV
is commonly called the “elastic” peak. This band corresponds to scattering into
the electronic ground state (|0〉 → |ψ−1

core1b2g〉 → |0〉). The features at -7.8 eV and
-9.4 eV correspond to scattering into electronically valence excited final states
(|0〉 → |ψ−1

core1b2g〉 → |3a−1
g 1b2g〉 and |1b−1

1g 1b2g〉). We have tentatively assigned the
corresponding states following our simulations and in agreement with Gunnelin
et al. [141] and Triguero et al. [155] as marked in the figure.

When increasing the excitation energy, two qualitatively different effects can
be observed: a broadening of the features that is asymmetric toward lower en-
ergies, and the appearance of additional features. After resonant excitation on
top of the electronic resonance (b), the peak at 0 eV becomes asymmetric toward
lower energies. Exciting into the higher vibrational resonances (c–g), this feature
splits into two contributions, one staying at 0 eV and one moving toward lower
energies with increasing excitation energy. The lower energy fraction decreases
in intensity with increasing excitation energy compared to the part at 0 eV. The
features representing the valence electronically excited final states |1b−1

1g 1b2g〉 and
|3a−1

g 1b2g〉 broaden and merge when increasing the excitation energy to the elec-
tronic resonance (b) and further to the first vibrational level (c). They become
increasingly asymmetric and their center of gravity moves toward lower ener-
gies. Increasing the incident photon energy to higher vibrational levels (d–f) not
only changes the appearance of the states visible with detuned excitation: Ad-
ditional features show up, assigned to the valence excited final states |1b−1

1u 1b2g〉
and |1b−1

2u 1b2g〉. These features gain intensity with increasing excitation energy.

Our simulations (panel 3 of Fig. 4.6) agree well with the experimental spectra.
In particular, the observed increasing asymmetry and the separation of a band
of loss features of the scattering into the electronic ground state is resembled
in the simulations. They also reflect the reduction of the intensity of these loss
features with increasing excitation energy as well as the collapse of the loss
features upon negatively detuned excitation. Simulations for an energy value
detuned by -2 eV from the resonance position, where we have no experimental
data for comparison, show that for this hypothetical detuning, the band at 0 eV
collapses completely and only a single elastic scattering line remains.

The valence electronically excited final states are found to be formed by bands
of closely spaced loss features. These bands undergo strong modulations when
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tuning the excitation energy: They broaden and the intensity is strongly redis-
tributed within each band. They move their center of gravity and even shape a
bimodal structure in some states. After excitation negatively detuned from the
absorption resonance, the bands narrow and form clear maxima. This can e.g.
be seen nicely in case of the |1b−1

1g 1b2g〉 final state in ethylene (Fig. 4.6). This
band is approx. 1 eV wide with a sharp maximum when exciting detuned (a).
When tuning the incident photon energy resonantly into the vibrational progres-
sion of the intermediate state |ψ−1

core1b2g〉, this band broadens (b–c). Upon further
increase of the excitation energy, it splits into a bimodal shape consisting of a
narrow contribution with a sharp maximum staying at fixed energy and a less
intense broad band at lower energies.

The convolution of these states resembles the experimental data in high de-
tail, in particular the broadening and merging of the states, the increasing asym-
metry and the overall broadening of the whole spectral range. Also reflected is
the formation of special features in the spectra, e.g. the sharp ridge at -7.8 eV
in the spectra (f) that can be found in both experiment and simulations. Upon
excitation detuned, only the final states |1b−1

1g 1b2g〉 and |3a−1
g 1b2g〉 contribute to

the spectra, whereas after excitation with higher energies, the additional final
states |1b−1

1u 1b2g〉 and |1b−1
2u 1b2g〉 show up.

We now turn to RIXS at energies in the Rydberg or continuum region. A com-
parison of the higher energy region in the XAS (Fig. 4.5) with data published by
Gadea et al. [74], Rabus et al. [156] shows significant differences between gas
phase and condensed ethylene. Our spectra agree with the condensed measure-
ments published before [68]. In the region above 287 eV, the gas–phase mole-
cules show several discrete resonances, whereas in the condensed case only two
very broad states remain. The Rydberg states here overlap due to van–der–Waals
interaction of the closed packed molecules and the fine structure quenches and
broadens [67].

RIXS spectra measured after excitation into the Rydberg region are depicted
in Fig. 4.7 panel 2. The excitation energies are indicated in the XA spectrum
in panel 1 by the horizontal lines. The experimental spectra show only weak
excitation energy dependence and resemble the non–resonant X–ray emission
spectrum (XES) of ethylene [141] very closely. For a tentative assignment of the
emission from the valence orbitals we have inserted purely electronic XES cal-
culations from [155]. The peak around 0 eV for scattering into the electronic
ground state is at first (a) quite strong, although weaker as on resonant excita-
tion into the π∗. With increasing excitation energy its intensity then decreases.
Exciting detuned (a), the peak is clearly asymmetric and on top of the first res-
onance (b), the formation of a second band centered at ≈ −0.6 eV can be seen.
After increasing the excitation energy further it again becomes symmetric. We
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Figure 4.8: X–ray absorption spectrum of condensed benzene.

observe emission from the 2b3u, 1b2u, 3ag, 1b1g and 1b1u electronic orbitals, roughly
equally strong for all excitation energies. Tuning the excitation energy into the
rising flank (a) of the Rydberg region, these states are quite well separated. Scat-
tering on top of the two broad resonances, these states broaden and smear out,
while after excitation above these resonances (d) they again separate. When ex-
citing at the second broad resonance (c), the emission from the 1b1u orbital is
found to be slightly enhanced above the others.

Benzene

Carbon K–edge XAS of condensed benzene is presented in Fig. 4.8. As in ethyl-
ene, we can separate the resonance with a maximum at 284.85 eV and a higher
energy region with two broad features around 287.5 eV and 288.8 eV. We again
discuss the resonance region first. We compared the spectra to XAS reported
for condensed [68] and free [72] benzene with similar result as for ethylene. The
shape of the C 1s → π∗(1e2u) resonance agrees for condensed and gas phase
with our measurement, backing our preparation and the model function of the
condensate for the isolated molecule in the π∗ resonance region. Our spectrum
resolves all reported features except for a small state right above the absorption
maximum reported by Ma et al. [68]. The fine structure represents the vibra-
tional progression of the π∗ resonance. Following the discussion summarized by
Rennie et al. [72], we can assign (b) to the 0 → 0 transition and (c) to an e1u ring
stretch and deformation. (d) combines the former mode with an a1g C–H stretch
mode.

Fig. 4.9 shows the resonant scattering data for condensed benzene. For com-
parison, we again show the XA spectrum in panel 1 and indicate the excitation
energies with horizontal lines. The RIXS spectral distribution changes strongly
with excitation energy. For scattering into the electronic ground state, we ob-
serve a behavior very similar to ethylene. Excitation detuned from the electronic
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Figure 4.9: RIXS of benzene at the C K–edge in the region of the C 1s → π∗

resonance. Panel (1): Absorption spectrum with partly assigned vibrational states;
(2): RIXS spectra (exp.) with excitation at the energies indicated. RIXS spectra are
plotted vs. the energy difference of outgoing and incoming photon ∆ω1 = ω − ω.

The spectra are arbitrarily scaled to equal maximum height.

resonance (a) gives rise to a single, slightly asymmetric peak at 0 eV (”‘elastic
peak”’). The 0 eV feature broadens and becomes more asymmetric when tuning
the excitation energy on top of the resonance (b) and into the first level of the
vibrational progression (c). Upon excitation with higher energies (d–g), it splits
into two contributions, one staying at 0 eV and one moving toward lower ener-
gies similar to the ethylene case. The intensity of the moving fraction decreases
with increasing excitation energy.

The region of valence excited final states between -16 eV and -3 eV were
compared to data published [139] and electronic simulations from [155] for a
tentative assignment of the spectral features as labeled in the plot. Due to the
multitude of valence orbitals in benzene, these features convolute several final
states. Exciting detuned from the resonance (a), we see two broad peaks: The
first at -9.4 eV we assign to the |2b−1

1u 1e2u〉, |1b−1
2u 1e2u〉 and |3e−1

1u 1e2u〉 final states,
the other peak at -7.4 eV is assigned to |1a−1

2u 1e2u〉 and |3e−1
2g 1e2u〉. Upon exci-

tation on top (b) of the resonance and into the vibrational progression (c–g),
these two features change their shape and width and their relative intensity ra-
tio. The states represented by these features show different excitation energy
dependence; the changes in peak shape and in relative intensity reflect this.
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Figure 4.10: RIXS of benzene at the C K–edge in the rydberg region. Panel (1):
Absorption spectrum; (2): RIXS spectra (exp.) with excitation at the energies
indicated, plotted vs. the energy difference of outgoing and incoming photon ∆ω =
ω1 − ω. The inset shows non–resonant calculations from [155]. The spectra are

arbitrarily scaled to equal maximum height.

Upon resonant excitation into the vibrational progression (b–g), additional fea-
tures show up. They increase in relative intensity to the other features with
increasing excitation energy. We assign the features at -14.4 eV to |2e−1

2g 1e2u〉, at
-12.6 eV to |3a−1

1g 1e2u〉 and at -5 eV to |1e−1
1g 1e2u〉. The intensity ratio between the

peaks at -9.4 eV and -7.4 eV is roughly 4 : 1 below resonance (a). On top (b) and
above resonance (c–g), the peak at -7.4 eV gains relative intensity and the ratio
alters to about 2 : 1. In agreement with the increasing intensity of ungerade final
states, we conclude that this intensity change reflects an increase of scattering
into the |3e−1

2g 1e2u〉 final state.
The higher energy part of the XAS spectra (Fig. 4.8 and Fig. 4.10 panel 1)

reflects the condensed case [157] missing some fine structure visible in the gas
phase [72]. Comparing to Rennie et al. [72] we assign the peak at 287.5 eV to the
broadened 3s Rydberg state and the peak at 288.8 eV to the π∗(1b2g) excitation.
In benzene, the ionization potential lowers below the C–H∗ resonance [67].

RIXS at the Rydberg states is displayed in Fig. 4.10. The inset shows non–
resonant XES calculations [155] in the adiabatic limit neglecting changes in the
vibrational wave function and allowing for a tentative assignment of the spectral
features. In benzene, stronger variations of the relative intensity of the peaks
with the excitation energy can be observed as compared to ethylene, whereas
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Figure 4.11: Participator channel: Purely vibrational inelastic X–ray scattering
(Soft X–ray vibrational Raman) at C2H4 at 284.37 eV (compare Fig. 4.6). The
vibrational modes 3, 4, and 5 (Tab. 4.2) contribute to the spectra: a) 0→0; b)
ν5(0→1); c) 93% ν3(0→1) / 7% ν5(0→2); d) ν3(0→1) + ν5(0→1); e) 69% ν3(0→2) /

20% ν4(0→2) / 11% [ν3(0→1) ν5(0→2)]; f) ν3(0→2) + ν5(0→1)

the separation and width of the features do not change noticeable. The feature
at 0 eV varies a little bit with excitation energy without a clear trend and keeps
its overall shape and width. Its center of gravity stays at 0 eV. Upon excitation
into the region of the 3s Rydberg resonance at 287.5 eV (a–c), the π (1e1g) peak at
-7 eV is enhanced compared to the other features. Exciting around the π∗(1b2g)
resonance at 288.8 eV, the peak at -9 eV (1a2u or 3e2g ) is enhanced over the
others.

4.2.5 Discussion

Both ethylene and benzene show partly very similar effects in the RIXS. We will
jointly discuss both molecules to work out the analogies and differences. The
RIXS scattering depends strongly on the excitation energy. In the π∗ resonance
region, even small variations of the incident photon energy have big influence
on the scattering profile. In the energy region > 2 eV above the resonance, the
variations are smaller but still significant. The simulations only cover the region
of the absorption resonance. We will first evaluate the π∗ region and than discuss
how the interpretation can be extended to the region of continuum excitation.

Generally, the scattering simulations reflect the experimental data good in
shape, intensity, and position of the spectral features. In the following discus-
sion, we will, thus, jointly discuss both data sets and not distinguish between
experiment and calculations. In the RIXS spectra two energy regions can be
separated: A region of small energy losses between −4 eV and 0 eV and a region
of higher energy losses. The energy loss features in the region at 0 eV origi-

91



4 Weakly interacting molecules: Vibronic scattering dynamics

nate from vibrational excitations, since electronic excitations in both molecules
require higher energies. We call this the participator region, since the under-
lying electronic transition is the decay of the initially excited (“participating”)
electron. The final state of the scattering represented by this energy region is
the electronic ground state. The region of higher energy losses contains com-
bined electronic and vibrational — i.e. vibronic — loss features. It corresponds
to scattering into optically and vibrationally excited final states.

The participator region shows a single line when scattering far detuned from
an absorption resonance that is usually called the elastic peak. Upon resonant
excitation into the vibrational progression of the π∗ resonance we find vibra-
tional features appearing in this channel. The vibrational band becomes wider
with increasing incident energy. The intensity is redistributed between these
vibrational states when tuning the excitation energy across the π∗ resonance,
at higher energies the vibrational band exhibits a bimodal envelope structure.
In Fig. 4.11 we show a detail of the RIXS spectra of ethylene. The participator
band consists of distinct vibrational lines. Only the peak at 0 eV corresponds to
elastic scattering.

To understand the origin of this vibrational lines, we look at the scattering
cross section (Eq. (4.3)). For scattering into the electronic ground state, the
electronic final state coincides with the electronic initial state (|f〉 = |0〉). The
spectral function then becomes Φ(∆ω + ω0ν0,00, γ). From this, we can see that
this band composes of vibrational lines that represent direct excitations 0 → ν0

of vibrational states in the electronic ground state. The energy spacing of the
lines corresponds to the vibrational energy of ground state vibrational modes. In
the participator channel, we, thus, observe purely vibrational Raman spectra in
the soft X–ray regime, that are resonantly enhanced tuning into a molecular res-
onance. As normal Raman spectroscopy, this allows to investigate ground state
vibrational properties of a system. This observation of purely vibrational states is
in principal possible only in a photon–in–photon–out spectroscopy, where elec-
tronically not excited final states can be reached. Basing on the theoretical
analysis we have assigned the vibrational states as indicated in Fig. 4.11. The
mode analysis reveals, that only those final states are active in the scattering,
where the parity of the total wave function is conserved.

The spectator region contains combined electronic and vibrational loss fea-
tures. The vibrational band belonging to a specific electronic final state is rel-
atively narrow and have a single maximum when scattering with an incident
energy away from the absorption resonance. The vibrational bands widen, when
tuning the excitation energy into the π∗ resonance. Similar to the purely vi-
brational band, some vibronic bands form a bimodal structure. The spectator
channel corresponds to scattering into electronically excited final. Looking at
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a) b) c)

Figure 4.12: Scheme of transitions. Displayed is the case for |f〉 = |0〉. Panel a)
shows the excitation into the core excited intermediate state |i〉. Panels b) and
c) show the decay into the final state with different excitation energies and thus
scattering duration. b) Detuned scattering / short duration: The intermediate
state wave packet had no time to evolve in the intermediate state, the initial prob-
ability density is down projected onto the final state |f〉. c) Resonant scattering
/ long duration: The nuclear wave packet has equilibrated in the intermediate

state, before the decay takes place.

the spectral function in Eq. (4.3) we see that the energy position of a single
vibrational line represents the sum of the energies of the vibrational and elec-
tronic excitation present in the particular final state. In the spectator channel,
we, thus, probe the vibrational properties of valence excited final states.

The mechanism of the vibrational band formation is similar for the participa-
tor and the spectator channel. The intensity of the vibrational states arises from
the scattering amplitude (Eq. (4.4)) and (Eq. (4.5)). From this expression, we get
in general a scattering amplitude for vibrationally excited final states. For the
limit of large detuning compared to the vibrational spacing in the intermediate
state (Ω = ω − ωi

0 � ωiνi,00) and to the intermediate state lifetime Ω � Γ, the
scattering amplitude [Eq. (4.4)] collapses from the sum over all channels to a
direct term due to the condition of completeness (we discuss the case for a single
vibrational mode for clarity):

Fνf
≈

∑
νi

〈νf |νi〉〈νi|0〉
Ω

≈ 〈νf |0〉
Ω

, with
∑
νi

|νi〉〈νi| = 1 (4.7)
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a) b) c)

Figure 4.13: Scheme of transitions. Displayed is the case for |f〉 �= |0〉. Panel a)
shows the excitation into the core excited intermediate state |i〉. Panels b) and
c) show the decay into the final state with different excitation energies and thus
scattering duration. b) Detuned scattering / short duration: The intermediate
state wave packet had no time to evolve in the intermediate state, the initial prob-
ability density is down projected onto the final state |f〉. c) Resonant scattering
/ long duration: The nuclear wave packet has equilibrated in the intermediate

state, before the decay takes place.

This has different consequences for the participator and the spectator chan-
nels. In the purely vibrational Raman or participator channel, the electronic
initial and final state is the same, the ground state. The vibrational states of
a particular electronic state are orthonormal (〈0, ν0|0, 0〉 = δν0,00 ), thus the ma-
trix element of pure vibrational transitions in Eq. (4.7) vanishes for all but the
0 → 0 transition, which is the elastic scattering. This results in a complete col-
lapse of the vibrational structure. The spectator channel contains transitions
between vibrational states belonging to different electronic states. They are not
orthonormal and, thus, even allowed for detuned excitation.

We demonstrate the formation of the vibrational bands in Fig. 4.12 (partici-
pator channel) and Fig. 4.13 (spectator channel). In panel a) of both figures the
excitation transition into the core excited intermediate state is shown. As men-
tioned before, the excitation is considered as sudden. In the Franck–Condon
picture, thus, the probability density of the vibrational ground state is projected
onto the core excited state. To understand the difference between detuned and
resonant scattering we invoke the scattering duration time concept. The dura-
tion time τ of the scattering process is defined by:

τ = 1/
√

Ω2 + (Γ/2)2 (4.8)
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The time scale of the nuclear motion is defined by the period of vibration ων.
In the limit of large detuning the total scattering time is too short for the vibra-
tional wave packet to evolve in the intermediate state. In this case, excitation
and decay follow each other suddenly and the nuclei cannot move in between.
In the immediate decay, the initial probability density of the ground state is un-
changed projected on the final state. This is equivalent to a direct transition
from the initial to the final state. In the participator channel (Fig. 4.12 b) the
final state is the electronic ground state. The potential surfaces coincide and
according to the Franck–Condon principle only a single line corresponding to
the 0 → 0 transition is observed. For the valence excited final states in the spec-
tator channel (Fig. 4.13 b), the potential surfaces do not coincide. Therefore,
transitions into vibrationally excited states are possible. In the case of detuned
excitation, the formation of the spectrum can be understood as a result of a
direct Franck–Condon transition between the initial ground state and the final
state.

On resonant excitation, the scattering duration τ becomes sufficiently large
for the nuclei to move on the potential surface of the core excited intermediate
state. The decay thus takes place in a different configuration than the excita-
tion. This situation is depicted in panel c) of Fig’s. 4.12 and 4.13. Now the
probability density is redistributed in the intermediate state. The RIXS spectral
profile is determined by channel interference between scattering over different
vibrationally excited intermediate states |νi〉. Additional vibrational excited final
states become allowed in the decay transition — which again follows Franck–
Condon. The formation of a bimodal structure in some vibrational bands in this
situation can now be explained qualitatively. The probability density is highest
at the turning points of the oscillator. The decay thus takes preferable place at
these two coordinates, leading to two band maxima.

We now turn to the discussion of the selection rules applicable for electronic
transitions. If only the electronic wave function is considered, the Raman se-
lection rule would allow only scattering into those final states where the to-
tal parity of the electronic wave function is not changed with respect to the
ground state. In ethylene this is the case for the |1b−1

1g 1b2g〉 and the |3a−1
g 1b2g〉 final

states, in Benzene for the |2b−1
1u 1e2u〉, |1b−1

2u 1e2u〉, |3e−1
1u 1e2u〉 and the |1a−1

2u 1e2u〉 final
states. Nevertheless, upon resonant excitation scattering into the “dipole forbid-
den” final states |1b−1

2u 1b2g〉 and |1b−1
1u 1b2g〉 in ethylene and |2e−1

2g 1e2u〉, |3a−1
1g 1e2u〉,

|3e−1
2g 1e2u〉, and |1e−1

1g 1e2u〉 in benzene can be observed.

Instead, the scattering process is governed by the total wave function of
the scatterer, including electronic and nuclear wave function. The activation
of asymmetric vibrational modes can couple core excited states of different sym-
metry, effectively localizing the core excited state (Jahn–Teller–effect, see 4.2.1).
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Figure 4.14: Core hole localization in ethylene: Due to vibronic
coupling through the asymmetric mode b3u (see Table 4.2), the core
excited state localizes in the carbon atom 1 or 2. The scattering can

now happen through interfering scattering channels.
Q0

1 2
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The transition dipole moment of the decay transition dfi then becomes non–zero
for gerade and ungerade final states:

dfi ≡
⎧⎨
⎩ 〈ψf |r|1b3u〉, if f = g

〈ψf |r|1ag〉, if f = u
(4.9)

and the multi mode scattering amplitude [Eq. (4.5)] opens additional scatter-
ing paths for each localized core hole (Fig. 4.14). In the limit of large detuning
|Ω|, all intermediate state vibrational modes are excited equally and the scatter-
ing amplitude (4.5) reduces to

Fνf
≈ 〈νf |00〉

2Ω
(1 + Pf ). (4.10)

One can see that we here converge to the case of pure electronic selection
rules because the amplitude vanishes (Fνf

= 0) for ungerade final states f = u.
Both simulation and experiment clearly demonstrate this effect.

This process of vibronic coupling upon resonant excitation and “sharpening”
of the selection rules is to be understood as a dynamic process. If the scat-
tering duration is sufficiently large — as it is the case in resonant excitation
— the molecule has enough time to distort to a non–symmetric configuration,
where the core excited states are no longer represented in the ground state sym-
metry of the molecule and thus the selection rules can no longer operate on
the delocalized representations. When we detune from resonant excitation, the
scattering duration becomes too short for the molecule to change symmetry. In
a sudden scattering process, the molecular configuration symmetry and, thus,
the according selection rules are conserved.

We can test our interpretation model for the case of RIXS of ethylene and
benzene in the Rydberg and continuum region. Here, different effects can be
observed. In both molecules, these spectra roughly resemble the non–resonant
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Figure 4.15: Schematic plot of the energy dispersion of spectator and participa-
tor / elastic contribution. The markers indicate the position of the participator
(squares) and the 3ag (circles) in ethylene (Fig’s. 4.6 and 4.7) as an example. The
dashed line represents Raman dispersion, the thick solid line fixed emission en-

ergy (XES).

XES spectrum, indicating the joint excitation of intermediate states with differ-
ent electronic symmetry. The enhancement of specific final states then indicates
the slight pronunciation of an intermediate state with a certain symmetry. In
ethylene, e.g. the 1b1u orbital is enhanced upon excitation into the upper res-
onance (Fig. 4.7 c). This resonance contains large contributions from the 3p
Rydberg state [158], that corresponds in molecular orbital description to the
3b3u orbital [143]. The enhancement, thus, represents the parity selection rule
for the |1b−1

1u 3b3u〉 final state. Similar effects can be observed in benzene.

In the ethylene Rydberg region, we can also find the effect of strong vibra-
tional contributions to all final states upon excitation into the lower resonance
(b). This state corresponds to the 3sσ Rydberg orbital and 4ag molecular orbital.
The intensity enhancement of the 0 eV feature scattering at this energy indicates
a strong participator decay contribution. Above this outer resonance, the 0 eV
feature becomes weaker and converges to elastic scattering. The fingerprints
of resonant scattering involving vibrational dynamics can be nicely summarized
here: Firstly, the formation of broad vibrational bands causing a merging of the
electronic excited final states; Secondly, the formation of a vibrational loss band
in the scattering channel representing the ground state final state, even with a
visible bimodal structure; and, thirdly, a clear reduction of these effects when
detuning from the resonance (spectrum (a) in Fig. 4.7).

So far, we have not discussed the energy position of the spectral lines. The
energy dispersion of the spectra is different for resonant excitation and excita-
tion in the Rydberg region. We have plotted the energy dispersion of the different
features in Fig. 4.15 schematically. In the resonant scattering at the π∗, the ob-
served spectral bands become wider with increasing excitation energy and their
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center of gravity moves toward higher energy losses. But, the position of a spe-
cific vibronic transition — as visible in the calculations — stays at fixed energy
difference of incoming and outgoing energy. At the resonance, these features,
thus, follow the Raman law. In the Rydberg region, all features except for the
0 eV line move to higher energy losses with increasing excitation energy. The
outgoing photons of the valence ionized final states, thus, stay at fixed emission
energy (XES features). The crossing point between the Raman and the XES dis-
persion indicates a threshold value, e.g. the conduction band edge, above that
the energy of the excitation relaxes before the decay. Above this threshold, the
initially excited participator electron relaxes and its energy information is lost
before the decay. Below the threshold Raman scattering is observed and the
0 eV feature is participator decay. Above the threshold the scattering converges
to the XES case and the 0 eV feature is simply elastic scattering.

4.2.6 Conclusion

We have observed and explained purely vibrational and vibronic Raman scatter-
ing in RIXS. The resonant enhancement of the vibrational contributions to the
RIXS profile opens a perspective for new applications of RIXS. The availability of
high brilliance light sources and the upcoming development of X–ray spectrome-
ters with improved resolution will allow for the use of RIXS as an element specific
vibrational spectroscopy, opening fantastic perspectives in the investigation of
large complex molecules.

Our investigation of ethylene and benzene evidences the potential and the
necessity of a dynamical interpretation of resonant inelastic X–ray scattering.
Ethylene is a linear hydrocarbon with near degenerate core orbitals, benzene a
cyclic aromatic molecule with both degenerate and near degenerate core orbitals.
A comparative discussion of these two quite different molecules supports the
general relevance of our interpretation for RIXS on any molecule.

The nature of the scattering process changes significantly with the dura-
tion of the scattering. On resonant excitation, indeed, even in the soft X–ray
regime, the scattering duration becomes sufficiently large to probe nuclear dy-
namics with RIXS. Tuning the photon energy away from the resonance shortens
the scattering duration. A similar effect has been observed 32 years ago in
conventional resonance Raman spectroscopy [159]. However in RIXS, the pure
vibrational Raman collapses in the limit of large detuning.

Upon resonant scattering, the RIXS spectral profile becomes constituted by
the intermediate state dynamics and the formation of vibrational bands. The
increasing possibility to utilize RIXS with small bandwidth resonant excitation,
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thus, requires an interpretation based on a complete treatment of coupled elec-
tronic and vibrational processes5.

5Acknowledgements: This work was supported by the Access to Research Infrastructure (ARI)
Program, the Swedish National Research council (VR) and the Deutsche Forschungsgemeinschaft
(Grant DFG Fo343/1-1). M.N. acknowledges support from “Grant in aid of Japan Society of
science fellows”. Valuable support from Lisbeth Kjeldgaard and MAXlab staff is gratefully ac-
knowledged.
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Chapter 5

RIXS of hydrocarbon adsorbates
on Si(001)

The first white light excited soft x-ray emission spectra of metal surface adsor-
bates already illustrated the potential to examine the local partial density of
states (local p-DOS) of a selected adsorbate atom [48]. With the availability of
tunable and highly brilliant synchrotron radiation in the following years, the ex-
periments first focused on the symmetry selectivity of XES (demonstrated for CO
[160]), followed by experiments utilizing the ability to selectively excite inequiv-
alent atoms (N2 [161]). A very nice example illustrating the power of RIXS as a
method to investigate the atom and chemical state specific valence structure is
the case of glycine adsorbed on Cu(110) [162]. Glycine (OCOH–CH2–NH2) binds
trough the NH2–group and the two oxygen atoms — becoming equivalent upon
adsorption — to the surface. By selective excitation at the atomic resonances, it
is possible to deconvolute the overall valence electronic structure into the four
components arising from the O atoms, the C atom in the OCOH–group, the C
atom in the CH2–group, and the N atom. For the bonding of CO to metal sur-
faces, the application of RIXS has led to a re–consideration of the mechanism
establishing the surface chemical bond [17–20].

In this chapter, I present the application of resonant inelastic X–ray scatter-
ing to determine the electronic structure of hydrocarbons on a silicon surface.
Here, one can tap the full power of the method lying in the polarization resolved
and symmetry selective, atom specific determination of the valence electronic
structure. From this, a detailed picture of the chemical bond will be drawn.

Moving the focus from metallic systems to adsorbates on semiconductors has
demanded to look closer at the dynamic properties of RIXS. While in the case
of metallic systems, the interpretation of the scattering as a two–step process
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has been quite successful, the investigations on semiconductors presented here
demand for deeper consideration of the full scattering description.

At first, I will briefly summarize the literature on RIXS investigating the chem-
ical bonding of these molecules to a transition metal surface. The following
sections then contain the semiconductor adsorbate studies performed in this
thesis. In Paper VI, the first general application of RIXS to a semiconductor
adsorbate is presented. The screening situation is found to be different from
the metal case. The experimental RIXS spectra are compared to simulations in-
voking a detailed bonding model of ethylene on silicon. Paper VII illustrates the
dynamic and screening properties of RIXS at molecular adsorbates on silicon,
in particular emphasizing the vibrational contribution and the conditions for a
loss of coherence in the scattering process. In Paper VIII finally, the chemical
bonding of benzene to Si(001) will be discussed based on the electronic struc-
ture determined with RIXS. In section 5.5, I summarize the findings about the
bonding of small hydrocarbon molecules to the Si(001) surface and compare to
the bonding situation on metals.

5.1 Hydrocarbon adsorbates on metals

The electronic structure of benzene and ethylene adsorbed on metals has been
experimentally and theoretically studied with RIXS [31, 148, 163, 164]. It has
been possible to determine the nature of the new electronic orbitals formed upon
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Figure 5.1: Polarization resolved RIXS of
C2H4/Cu(110), from [148].
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Figure 5.2: Molecular orbital plots of the π and π∗ orbitals of ethylene adsorbed
on Cu(110), from [148]. In the left panel, the orbitals of free ethylene are shown,
the middle panel contains combinations of these orbitals with substrate d–states
upon adsorption. In the right panel, the binding energy and intensity of the cor-

responding RIXS features is indicated.

adsorption. Triguero et al. [31] have presented a model theory for soft x-ray
scattering in the case of metal adsorbates.

The bonding of unsaturated hydrocarbons to metals has been described in
the so called DCD model developed by Dewar [165] and Chatt and Duncanson
[166], commonly called the donation/back-donation mechanism. The bonding
is mediated by the adsorbate π-system: electrons from the occupied molecu-
lar π orbital are donated into the metal d-band, and in exchange, electrons are
back-donated from the metal into the former unoccuopied π∗ orbital. By means
of the atom specificity and orbital symmetry selectivity of XES and utilizing the
polarization selective excitation of the RIXS process, it has been possible to ex-
perimentally verify the DCD model [148].

Fig. 5.1 shows the x, y and z components1 of the X–ray emission spectra from
C2H4/Cu(110) after resonant excitation into the first molecular π-resonance
(284.8 eV) and after non-resonant excitation with 5 eV higher photon energy.
The upper two panels show the x– and y–components and thus the orbitals ly-
ing parallel to the surface. The states visible in the y–spectrum2 reflect the C–C

1The reference frame used in ref. [148] differs from the one used throughout this thesis. The x
and y axis are permuted. This also has influence on the notation of the molecular orbitals. The
CH orbitals denoted as 1b3u and 1b2g (ref. [148]) are called 1b2u and 1b1g in this thesis.

2The notation of the first state in the y spectrum as 1b1u is wrong, this is the 2b1u orbital.
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C2H4/Cu(110) 3ag C6H6/Cu(110) 3e2g

Figure 5.3: Molecular orbital plots of the σ–orbitals of ethylene and benzene ad-
sorbed on Cu(110), from [148].

bonding σ-system (2b1u and 3ag). The C-H bonding moiety (1b3u and 1b2g) can be
observed with x–polarization. The z-component exhibits not only the expected
π orbitals 1b2u and the 3ag as in free ethylene, but also broad band–like state
denoted as π̃. This state arises from the interaction of the molecular π–system
with the Cu d–orbitals and reflects the DCD model.

The interaction of the ethylene π–orbitals with the substrate d–states is illus-
trated in the molecular orbital plots in Fig. 5.2. For both cases, π and π∗ form
strong binding combinations with the Cu d–orbitals at high binding energies and
weaker combinations when going upwards in energy toward the fermi edge. Ad-
ditionally, a σ–π mixing is observed and an according distortion of the ethylene
σ orbital upon interaction with the surface (Fig. 5.3).

For the case of benzene adsorbed on Cu(110), much weaker changes from
the gas–phase case have been observed. The σ–π mixing is smaller and the σ–
orbital less distorted (Fig. 5.3). This observation corresponds to the amount
of donation/back–donation in the DCD model experimentally determined by
Triguero et al. [148]. Here, the respective values per carbon atom are only half
as large in benzene as in ethylene. This is also in line with the chemisorption
energies per carbon atom, being more than two times higher for ethylene than
for benzene.
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5.2 Electronic structure and screening dynamics of
ethene on single–domain Si(001) from resonant in-
elastic x-ray scattering3

Abstract
We present a resonant inelastic x-ray scattering (RIXS) study of a
strongly bound adsorbate on a semiconductor surface, C2H4/Si(001).
The valence electronic structure as well as the photon energy depen-
dence in RIXS can be studied without the dominating effect of dy-
namic metallic screening. We demonstrate that for this strongly cou-
pled system the RIXS spectrum resulting from a selective excitation
into the unoccupied σ∗CSi resonance can be interpreted with the help
of density-functional calculations. In addition, we show how excita-
tion into different resonances leads to a significant photon energy de-
pendence of the RIXS spectral features, not seen in strongly coupled
adsorbate systems on metals.

The investigation of resonant inelastic scattering in the soft x-ray spectral
range using third-generation synchrotron radiation sources has recently at-
tracted great interest as a powerful method for detailed electronic structure de-
termination [61, and references therein]. The inelastic-scattering process can
be described as a transition from the electronic ground state of a system via
an intermediate resonant core-excited state into a final state which is electron-
ically and/or vibrationally excited. This event can be studied by either detect-
ing scattered photons or secondary Auger electrons. The former case involving
photons in the incoming as well as the outgoing channel has the advantage of
being almost independent of the sample environment, thus enabling even elec-
tronic structure studies of complex interfaces and liquids. Resonant inelastic
x-ray scattering (RIXS) is governed by the dipole operator, and therefore has
a well-defined polarization dependence and anisotropy, which provides insight
into spatial orientation and symmetry properties of the systems studied [45].
Furthermore, due to the element specificity of the resonant excitation process,
one is able to probe the electronic structure of complex heteronuclear systems
for selected states [18, 61]. In crystalline solids, momentum conservation in
RIXS can be used to access the k-resolved band structure [167]. In adsorp-
tion systems, RIXS effectively suppresses contributions from the much larger
number of substrate atoms and thus permits to access the atom-specific va-

3Peer reviewed paper. This section has been published as Paper VI: Föhlisch, Hennies, Wurth,
Witkowski, Nagasono, Piancastelli, Moskaleva, Neyman, and Rösch [6], Physical Review B 69,
153408 (2004).
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lence electronic structure of the adsorbate [17, 18, 45], allowing significantly
improved understanding of the surface chemical bond [17, 18].

In free molecules, RIXS depends strongly on the energy of the incoming pho-
ton as a result of the interference of degenerate or near-degenerate intermediate
states in the scatteringprocess [39, and references therein]. Furthermore, ex-
citation to different resonances leads to significant differences in the spectral
shape of the scattering spectra because of strong symmetry selection rules [39].
For adsorbed molecules, this situation changes because coupling to the sub-
strate, which modifies the dynamic response of the core-hole RIXS intermediate
state, has to be taken into account. To date only adsorbates on metallic sub-
strates have been investigated with RIXS. For these adsorbates, dynamic metal-
lic screening leads to a significant loss of coherence in the scattering process.
Fully angle resolved RIXS investigations were performed for weakly coupled C2H4

(Refs. [148] and [31]) and C6H6 (Refs. [148] and [163]) on Cu(110). In case of
C2H4/Cu(110), the excitation to two different resonances is reflected only weakly
in the spectral shape, which was attributed to the highly efficient screening in
the core-hole intermediate state [31, 148]. For C6H6/Cu(110) a stronger photon
energy dependence was observed, most likely due to the weaker coupling of the
aromatic C6H6 which preserves the localized, molecular nature of the adsorbate
[148, 163].

This is in line with the present understanding of the femtosecond dynam-
ics of the adsorbate/substrate charge transfer in the intermediate core excited
state, achieved in resonant inelastic-scattering studies with Auger electrons
[27, 168, 169] where a direct correspondence between coupling strength and
chargetransfer probability was found [27].

In the following we will present a RIXS study for an adsorbate on a semi-
conductor surface, where for a strongly bound adsorbate the valence electronic
structure as well as the photon energy dependence in RIXS can be studied
without the dominating effect of dynamic metallic screening. As a model sys-
tem for the early stages of the formation of Si-C layers, we investigated an or-
dered C2H4 adsorbate layer on a single-domain Si(001) surface. This system has
been thoroughly characterized experimentally and theoretically [1, 56, 84]. We
demonstrate that for this strongly coupled surface complex, the RIXS spectrum
resulting from selective excitation into the unoccupied σ∗CSi resonance can be
interpreted with the help of density-functional (DF) calculations. In addition,
we show how excitation into different resonances leads to a significant photon
energy dependence of the RIXS spectral features, even though the molecule is
strongly perturbed upon interaction with the substrate.

The experiments were performed at beamline I511 at Max-Lab, Sweden. The
bandwidth of the exciting radiation was set to 0.2 eV for the C K edge. The
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x-ray emission spectrometer[35] can be rotated around the optical axis of the
exciting synchrotron radiation and was operated at 0.5 eV bandwidth. Switch-
ing the direction of observation relative to the surface of the sample results in
the detection of valence molecular orbitals (MO’s) of different orientation. In
normalemission, valence states in plane are probed while in grazing emission
in-plane and out-of-plane orbitals contribute to the spectrum [45]. Assuming
a linear superposition of these contributions, a subtraction procedure allows
us to separate the spatial contributions to the valence states [45]. The quality
of the sample was assured through repeated x-ray photoelectron spectroscopy
(XPS) measurements and the spectra were collected by scanning the sample in
front of the spectrometer to minimize beam damage. We used p-doped Si(001)
surfaces, 5◦ miscut towards the [110] direction, yielding a single (2 × 1) domain
orientation over the whole Si surface [100], as verified by low energy electron
diffraction. Two of these single-domain crystals were mounted at 7◦ grazing in-
cidence rotated 90◦ around the surface normal, permitting to excite and detect
in the direction parallel to the surface (along and perpendicularto the Si-dimer
rows) as well as perpendicular to the surface.

The molecule C2H4 belongs to symmetry group D2h with the electronic config-
uration (1ag)2 (1b3u)2 (2ag)2 (2b3u)2 (1b2u)2 (3ag)2 (1b1g)2 (1b1u)2 (footnote4), where
the MO 1b1u is denoted as π orbital; the lowest unoccupied MO is 1b2g (π∗). The
adsorption system of C2H4 on Si(001)-(2 × 1) exhibits local C2 symmetry ac-
cording to angle-resolved UV photoemission spectroscopy (ARUPS) [56, 84]. In
combination with first-principles calculations, C2H4 was shown to be adsorbed
on top of a Si(001)-(2 × 1) dimer, with the C-C bond axis rotated in the surface
plane by 11.4◦ relative to the Si-Si dimer axis [56, 84]. This rotation, originally
attributed to the spatial overlap of valence MO’s between neighboring C2H4 ad-
sorbates, leads to the formation of a one-dimensional band-like dispersion of the
1b2u- and 1b1g-derived C-H bonding states along the dimer rows of the Si(001)-
(2 × 1) surface. Our recent polarization-dependent near-edge x-ray-absorption
fine-structure investigation of the unoccupied adsorbate states [1] confirms the
picture of the surface chemical bond derived in those earlier studies. In ab-
sorption with the electric-field vector oriented normal to the surface, two equally
strong absorption resonances were observed below the ionization threshold at
285.3 eV and 286.5eV. Assuming sp3 hybridized carbon atoms [1, 56, 84] with
tetrahedrally oriented bonds, the resonance at 285.3 eV was assigned to the
π∗-derived states related to C-Si (σ∗CSi) bonds. The resonance at 286.5 eV was
assigned to a state that results from the coupling to a C-H antibonding state
involving CH2 moieties which are bent away form the surface [1].

4The notation reflects the choice of axes shown in Figs. 1 and 3, which differs from the con-
ventional choice for ethene molecule, see Merer and Mulliken [143]
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To interpret the present RIXS spectra, all-electron DF calculations, using a
local-density approximation, were carried out [170, 171] for the substrate model
cluster Si9H12. The same basis set as in Ref. [172] was employed. The Si9H12
cluster was derived from a previously used model [172] by reducing the top layer
representation to six Si atoms. First, a C2v symmetry constraint was applied to
the cluster C2H4/Si9H12 , with the C-C bond of ethene oriented along the Si-
Si dimer bond (x direction) nearest to the adsorbate and with the C2H4 moiety
parallel to the (001) surface. The geometry of ethene as well as the dimer Si-Si
and Si-C distances were allowed to relax (within C2v constraints). This cluster
model was also considered in reduced (C2) symmetry, but calculated spectral
features showed only minor differences, despite the resulting noncollinearity of
C-C and Si-Si bonds (see below). For clarity, we discuss the C2v data.

The RIXS spectra were modeled invoking the commonly used ground-state
approximation [17, 45, 148, 173], which is believed to furnish a sufficiently ac-
curate description of experimental x-ray data. Thus, the dipole matrix elements
for transitions between the C 1s levels and valence MO’s of the adsorption com-
plex were calculated using ground-state orbitals. The transition energies were
approximated by differences between the Kohn-Sham energies of the valence
orbitals and C 1s a1 and b1 symmetry-adapted orbitals. Within the dipole ap-
proach, the intensity I(ε) of a transition from a valence orbital |f〉 of energy εf to a
previously generated hole in the core state |i〉 of energy εi is I(ε) ∝ (εi− εf )4〈i|r|f〉2
[17, 45, 148, 173].

In Fig. 1, we show the anisotropy of our angle-resolved spectra for scattering
into the σ∗CSi excitation resonance at 285.3 eV. Due to symmetry selection rules
for scattering off the C 1s core level, the RIXS spectral features with the electric-
field vector in a given direction stem from C 2p-type valence orbitals oriented
in the same direction. Using the known ultraviolet photoemission spectroscopy
(UPS) binding energies[84] and the results of our calculations, we can assign the
spectral features to the adsorbate valence level structure. MO’s of free ethene
are invoked to assign the UPS spectrum of the adsorption system, assuming
that they contribute preferentially to the corresponding states of the coupled
system. For direct comparison, Fig. 2 shows simulated RIXS spectra for the
C2v cluster model; they exhibit the same strong polarization dependence as the
experimental results, yielding very similar overall profiles.

To elucidate this, we illustrate the relationship between MO symmetry and
angular anisotropy for a few examples. For the 1b2g (π∗) derived MO (b2 char-
acter in C2v symmetry), which becomes occupied upon interaction with the Si
substrate, we experimentally observe a strong RIXS signal for z polarization, but
only weak contributions for the polarization vector along x and y directions. This
is also found in the simulated RIXS spectra, which reflect the fact that only the C
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Figure 5.4: Angle-resolved carbon K-edge
RIXS excited at the σ∗

CSi resonance (285.3
eV) on single-domain C2H4/Si(001), re-
solving the adsorbate valence electronic
structure along the crystallographic axes.
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2pz orbitals contribute to this state. The spectral assignment is more difficult for
the x- and y-polarized cases because here several states, closely spaced in en-
ergy, contribute. With the computational model, we assign the two strong bands,
observed only for y polarization, to contributions derived from the 1b2u (b1) and
1b1g (a2) MO’s. These bands directly reflect C-H bonding MO’s which are antisym-
metric with respect to the C-C bond; these MO’s are only moderately perturbed
upon adsorption, thus keeping their dominant C 2py character. In contrast, the
former σ(CC) and π(CC) MO’s, 3ag and 1b1u, respectively, undergo strong mixing
of C 2px and C 2pz components (a1 in C2v symmetry) due to chemisorption and
therefore appear with different intensities under z and x polarizations. Thus, we
can directly observe how strongly the valence electronic structure of ethene is
modified upon adsorption. The optimized nonplanar geometry of the adsorbed
C2H4 moiety manifests a considerable sp3 character of the carbon atoms. Thus,
the RIXS anisotropy directly reflects the spatial orientation of particular C 2p
orbitals. In view of earlier findings [56, 84], we reoptimized the adsorption clus-
ter model in C2 symmetry, allowing a rotation of the ethene moiety about the Si
surface normal. The resulting structure features two methylene groups twisted
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Figure 5.5: Simulated carbon K-edge
RIXS spectra from a C2v model of the
C2H4/Si(001) adsorption complex. ∆ε is
the energy difference between valence and
core (C 1s) Kohn-Sham levels. The la-
bels give the dominant ethylene contribu-
tions to the respective orbitals (symmetry
shown in parentheses) of the adsorbate-

substrate complex.

with respect to one another. The C-C axis is rotated relative to the Si-Si bond
by 15.4◦◦, in satisfactory agreement with the result of periodic calculations [56].
This suggests that the symmetry reduction is an inherent feature of the ethene
adsorption complex, which distorts from an energetically unfavorable collinear
conformation; interadsorbate repulsion at high coverage may enhance this ef-
fect.

We also performed angle-resolved RIXS for scattering into the CH∗
2 excitation

resonance at 286.5 eV, which we compare in Fig. 3 directly to RIXS results from
the lower lying σ∗CSi excitation resonance. The two RIXS spectral distributions
vary significantly. In the picture of femtosecond charge transfer on the time
scale of the core-hole lifetime, spectral features which change with the photon
energy are related to the coherent RIXS process, whereas spectral features inde-
pendent of excitation energy are related to radiative decay processes associated
with loss of coherence in the core–excited intermediate state. Thus we conclude
that ethene on Si falls into the former category where a significant contribution
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Figure 5.6: Excitation energy de-
pendence of RIXS on single-domain
C2H4/Si(001) for scattering into the
σ∗

CSi (285.3 eV) (open circles) and the
CH∗

2 (286.5 eV) (full circles) excitation
resonances.
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of coherent scattering processes is observed for a strongly coupled adsorbate,
which shows notable electronic rehybridization in the ground state as discussed
above. In particular, the spectral intensities of some of the valence states vary
significantly, whereas energetic shifts are less pronounced. Comparing with our
assignment given above, the most prominent effects occur in the spectral re-
gion of the 1b1g and 1b1u derived MO’s. This may reflect the fact that those states
couple most efficiently to the respective core excited states, but a more elaborate
theoretical description is needed to elucidate this problem.

In summary, we demonstrated that the valence electronic structure, and
hence the chemisorption of a strongly bound adsorbate on a semiconductor sur-
face [C2H4 /Si(001)], can be studied in detail with the help of RIXS experiments
and DF calculations. In addition, we showed how excitation into different reso-
nances leads to a significant photon energy dependence of the RIXS spectral fea-
tures, not seen in strongly coupled adsorbate systems on metals. This indicates
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a very different dynamic screening response for strongly coupled adsorbates on
semiconductors as compared to metal surfaces.5

5Acknowledgements: This work was supported by Access to Research Infrastructure (ARI)
Program, Deutsche Forschungsgemeinschaft, Fonds der Chemischen Industrie, and the ”Grant-
in-Aid for Japan Society for the promotion of Science Fellows.”Valuable support from Max-lab staff
is gratefully acknowledged. L.V.M. thanks the Alexander von Humboldt foundation for financial
support.
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5.3 Intermediate State Relaxation in Resonant Inelastic
X-ray Scattering of Silicon Surface Adsorbates6

The electronic structure of matter is routinely determined by means of resonant
inelastic X–ray scattering (RIXS) [18, 39, 41, 61]. RIXS excels as well in be-
ing element and chemical state selective as a soft X–ray spectroscopy, as in its
advantages as a photon-in/photon-out spectroscopy. RIXS can be applied in-
dependently of the sample environment, e.g. to semiconductors, insulators and
liquids [12, 15]. RIXS is governed by selection rules giving detailed symmetry
information of the systems under investigation. Resonant, polarization selective
excitation in ordered adsorbates facilitates a strict symmetry decomposition of
the electronic density of states by selective excitation of a particular interme-
diate core excited state of defined symmetry [31]. The local probe character of
RIXS allows for a determination of the adsorbate electronic structure separately
from the contribution of the larger number of substrate atoms [45].

In most cases, RIXS is applied to investigate electronic properties, disregard-
ing nuclear (vibrational) inelastic loss processes. Generally coupled electronic
and vibrational, i.e. vibronic, loss processes are probed in RIXS [4, 46, 137, 138].
In the case of free ethylene e.g., the explicit consideration of coupled electronic
and vibrational states is required to fully assign RIXS spectral states [4]. For
the case of metal surface adsorbates, however, a purely electronic treatment in
the framework of the ground state interpretation has successfully been applied
(CO/Cu(100) [45]; C2H4/Cu(110) and C6H6/Cu(110) [31]). Little dependence of
the scattering profile on the choice of the intermediate state has been observed.
This is explained by the fast metallic screening leading to a full relaxation of
the scattering intermediate state. The RIXS spectral profile in case of metal
adsorbates thus converges to the non resonant scattering case.

In this work we demonstrate the characteristics of the RIXS process at semi-
conductor surface adsorbates. We will show, that the intermediate state screen-
ing dynamics differ significantly from the case of metal adsorbates and depends
on the interaction strength between adsorbate and semiconductor substrate. We
have carried out an experimental and theoretical study on the excitation energy
dependence of RIXS at C6H6/Si(001) and C2H4/Si(001) and distinguished reso-
nant and non–resonant scattering processes. Electronic and vibrational spectral
features have been identified.

The hydrocarbon surface chemical bond in a transition metal system is car-
ried by the d–states, whereas the itinerant sp–band mediates the fast metallic

6Paper in manuscript. This section is intended for publication as Paper VII: Hennies, Nagasono,
Pietzsch, Witkowski, Piancastelli, Wurth, Triguero, and Föhlisch [7].
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screening. For adsorbates on semiconductor surfaces, having a different band–
structure, strong differences in the resonant scattering profile can be observed
[6]. The specific character of the resonantly excited intermediate state deter-
mines the RIXS spectral profile. This has strong influence on the electronic and
vibrational scattering profile.

Experiment

The experiments have been performed at beamline I511-1 at MAX-lab, Sweden.
The samples used were cut from a P–doped silicon crystal with an intended de-
viation of 5◦ of the [001] direction, yielding a single domain (2×1) surface dimer
reconstruction. Benzene (C6H6) and ethylene (C2H4) were absorbed at room tem-
perature. C6H6 adsorbs on Si(001)–(2×1) in an ordered butterfly configuration,
i.e. an 1,4–cyclohexadiene like structure [2, 8]. C2H4 was shown to adsorb in
a single species on top of a Si(001)–(2×1) dimer [1, 56]. Two single domain
Si(001) crystals were mounted at 7◦ grazing incidence rotated 90◦ around the
surface normal. The grazing incidence X–ray spectrometer [61] was detecting
X–ray emission with the propagation vector in the plane perpendicular to the in-
cident beam axis and could be rotated around the beam axis. This setup allows
to detect the X–ray emission in all three directions in space with respect to the
single domain surface orientation. The polarization vector of the emitted pho-
tons lies in the plane perpendicular to the direction of detection. It is possible
to separate the single polarization components assuming a linear combination
of these contributions [45].

For the excitation of the resonant X–ray scattering spectra the bandwidth of
the incident photons was set to ∼ 500 meV for ethylene (∼ 250 meV for benzene).
The overall instrumental resolution of the X–ray emission spectra was ∼ 1 eV
(∼ 470 meV). All respective values in this work denote the full–width–at–half–
maximum (FWHM).

Calculations

We have simulated the RIXS spectral profile on the base of the ground state
interpretation applying the theory of polarization resolved RIXS with selective
resonant excitation [31]. Computations of the valence and virtual transition mo-
ments were performed in the dipole approximation and have been done within
the framework of the density functional theory (DFT) using the StoBe code [144].
The transition energies were taken directly from the ground state Kohn-Sham
orbital energies. The substrate was in the case of C6H6 represented by a Si17H20

cluster model with the molecule absorbed in the structure from Hennies et al.
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Figure 5.7: X–ray absorption spectrum of C6H6/Si(001). The polarization vector of
the incident photon is aligned along the z direction. The arrows indicate the exci-
tation energies chosen for the RIXS. The inset shows the adsorption configuration

with the reference frame used in this work.

[8]. C2H4 was modeled on a Si77H76 cluster in the C2v configuration obtained
from DFT slab calculations by Birkenheuer et al. [56]. The three layers silicon
cluster contains a central subunit of six Si atoms, which are described at the
all-electron level and form the centers of the interaction with the chemisorbed
ethylene. The surrounding Si atoms are described by using a four-electron mod-
ified core potential (MCP) model developed by Suzanne, et al. [174], here only
the 3sp valence electrons are treated explicitly. Hydrogen atoms are introduced
to the silicon cluster to saturate the Si atoms. The all-electron basis set for
Si was the triplet-zeta valence polarization (TZVP) [175] in a generalized [5s,4p]
contraction and with one added d function. For the benzene molecule we used
for the carbon atom the TZVP in a generalized [4s,3p] contraction and with one
added d function; while for hydrogen the primitive (5s) basis set from ref [176]
was used contracted to [3p,1s], augmented with one p function. All calculation
were done using the gradient corrected BP86 [177, 178] exchange and correla-
tion potentials.

Results and Analysis: C6H6/Si(001)

At first, we performed X–ray absorption spectroscopy (XAS) to determine the po-
larization resolved unoccupied valence density–of–states (DOS) of the adsorbate
system (Fig. 5.7). The polarization vector of the incoming photon was aligned
perpendicular to the surface. In this geometry excitation into π–type unoccu-
pied orbitals is performed. C6H6/Si(001) exhibits a strong π∗ type resonance at
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Figure 5.8: Polarization resolved carbon K–edge RIXS spectra of C6H6/Si(001)–
(2x1). Panel 1: Experimental data excited at 286.9eV. Panel 2: Calculations of the
non–resonant scattering profile. Panel 3: Non–resonant calculations of gas–phase

benzene [155].

284.8eV [2]. We have performed RIXS selectively exciting into this resonance
and at 286.9eV, corresponding to excitation above this resonance.

In Fig. 5.8 panel 1 we show the polarization resolved RIXS spectra taken with
an excitation energy of 286.9eV. The experimental RIXS data are plotted on a
photon energy difference scale, indicating the difference in energy (∆ω) between
incoming (ω) and outgoing (ω′) photon. The spectra for x, y, and z components
show strong anisotropy, assuring the symmetry selectivity of the method and the
ordering of the adsorbate. The x and y spectra, with the polarization vector lying
in the surface plane, show the states with major σ contribution. The z spectra
contain the out–of–plane polarization, and thus the π derived states. In order to
assign and interpret the experimental data we have computed the polarization
resolved non resonant X–ray emission spectra of C6H6/Si(001) (Fig. 5.8 panel
2). Here, the energy scale denotes the binding energy. We get good agreement
between experiment and theory7 when the simulated spectra are convoluted
with a gaussian of γ = 0.5 eV. In particular, the general shape and width of the

7At the time I hand in this thesis only calculations with an “butterfly” fold angle of 152◦ are
available, which most probably do not reflect the perfect geometry. Nevertheless, the agreement
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spectra is well modeled by the calculations. The broadening of the simulated
spectra reflects the total instrumental broadening and the excitation bandwidth.
The experimental broadening can also contain vibrational contributions.

The isolated benzene (C6H6) molecule has D6h symmetry and the electronic
ground state |0〉 configuration is (1a1g)2 (1e1u)4 (1e2g)4 (1b1u)2 (1a1g)2 (2e1u)4 (2e2g)4

(3a1g)2 (1b2u)2 (2b1u)2 (3e1u)4 (1a2u)2 (3e2g)4 (1e1g)4. The HOMO (1e1g ) is a π orbital.
The lowest unoccupied molecular orbitals (1e2u) and (1b2g) have π∗ character.
C6H6 has six symmetry adapted (near) degenerate core orbitals, two pairs of
same symmetry. In the adsorbate, the symmetry is reduced to C2v.

We use the gas phase (D6h) notation tentatively assigning the spectral fea-
tures as indicated in the figure, in order to illustrate the origin of the electronic
states of the adsorbate system. We briefly summarize the differences in the elec-
tronic structure of C6H6/Si(001) compared to the case of free benzene [155]. The
x and y components do not change much, indicating that the σ system of ben-
zene keeps its character upon adsorption. Clear changes occur in the spectral
z component representing the “π” system. The π states 1a2u and 1e2u lower in
energy and a strong contribution arises from the former π∗ (1e2u LUMO), becom-
ing partly occupied upon interaction with the substrate silicon dimer atoms. A
slight σ–π mixing can be observed. A detailed discussion of the chemical bond
formation of benzene on Si(001) can be found in [Paper VIII][8].

The RIXS profile for scattering 2.1 eV above the absorption resonance ex-
hibits a definite non–resonant shape. This is comparable to the case of adsor-
bates on metals. We will now evaluate, how the choice of the intermediate state
influences the scattering process. The excitation energy dependence of the po-
larization resolved RIXS for scattering into the π∗ resonance and above we show
in Fig. 5.9. Panel 2 contains the RIXS spectra recorded with an excitation en-
ergy of 286.9eV as discussed above. Panel 1 contains RIXS spectra taken with
resonant excitation into the π∗ resonance at 284.8eV. We see a clear excitation
energy dependence of the RIXS spectral shape mostly pronounced for the x and
z components. The 3e2g state in the x spectra and the 1e1g and 1e2u states in z de-
crease in intensity when scattering into the π∗ resonance. The spectral features
in both x and z are significantly broadened upon resonant excitation, causing
a merging of the states in the z component. These states can clearly be sep-
arated when scattering at the higher energy. The y states undergo only subtle
modifications, neither intensity changes nor a clear broadening can be observed.

We have performed calculations based on the theory developed in [31] of the
RIXS spectra for selective excitation into the π∗ resonance taking interference
between degenerate core orbitals into account. In Fig. 5.10 we show the com-

is already very good. It is intended to perform additional simulations before submission of this
paper.
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Figure 5.9: Excitation energy dependence of the experimental K–edge RIXS spec-
tra of C6H6/Si(001).

puted resonant spectra. In the x and z component, we have observed significant
changes in the experimental data. We find the main spectral changes when scat-
tering at the π∗ reflected by the calculations, namely the enhancement of states
derived from ungerade orbitals. The simulations verify the selective character of
the resonant excitation into the LUMO π∗.

So far we have analyzed the excitation energy dependence of the shape and
intensity of single features, but not their energy position. The scattering simula-
tions only account for the intensity changes arising from the selective excitation.
The energy position of a spectral feature in the ground state model is always the
same and thus independent from the excitation. In the simulations (Fig’s. 5.8
and 5.10), in principle no energy dispersion can be observed. In the experiment,
a dependence of the emission energy from the excitation energy can be seen. The
difference between the two excitation energies is ∆E = 2.1eV . The RIXS spectral
features shift by 0.3eV in emission energy. Thus, they appear at 1.8eV higher
photon energy difference (Fig. 5.9). This is a clear indication for additional loss
processes that can be observed as an energy shift of the whole spectrum. They
are neither electronic nor vibrational excitations in the benzene molecule. These
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Figure 5.10: Resonant scattering simulation for excitation into the π∗ of
C6H6/Si(001)–(2×1).
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Figure 5.11: Participator channel in experimental K–edge RIXS spectra of
C6H6/Si(001). The scattering final state is the electronic ground state.

excitations could be identified in the spectra. The losses therefore have to belong
to electronic or vibrational substrate excitations.

RIXS spectra consist of two qualitatively different parts. Additionally to the
above discussed valence excited inelastic spectral features, a feature around
0 eV energy loss can be observed. This stems in the case of surface and bulk
systems usually from elastic scattering of the incident photon beam and is nor-
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mally removed from the data before analysis [6, 18, 164, 173, e.g.]. We have
looked at the experimental excitation energy dependence of this feature (Fig.
5.11) in C6H6/Si(001). The “elastic” peak shows a significant excitation energy
dependence. Scattering into the π∗ resonance (panel 1) results in a clear asym-
metric shape of the peak. When tuning the energy above the π∗ absorption
resonance, as in panel 2, the asymmetry is removed.

Results and Analysis: C2H4/Si(001)

A similar analysis has been performed for C2H4/Si(001). Fig. 5.12 shows the
XAS spectrum [1]. In contrast to C6H6/Si(001), in the adsorbed ethylene mole-
cule the π∗ resonance looses its molecular character and splits into two contribu-
tions. We have performed RIXS selectively exciting into the two new resonances
formed upon adsorption.

The isolated molecule C2H4 belongs to the symmetry group D2h with the elec-
tronic configuration (1ag)2(1b3u)2(2ag)2(2b3u)2(1b2u)2(3ag)2(1b1g)2(1b1u)2. Ethylene
has two symmetry adapted, near–degenerate core orbitals, which result from
the linear combination of the atomically localized C 1s orbitals. The MO 1b1u is
denoted as π orbital; the lowest unoccupied MO is 1b2g (π∗). In the adsorbate,
the symmetry is reduced to C2v.

The polarization resolved RIXS spectra for scattering at the higher energy of
286.9eV we show in Fig. 5.13 panel 1 (footnote8). Here, too, a clear spatial
anisotropy can be observed. Panel 2 contains the simulated polarization re-
solved non resonant X–ray emission spectra of this system, again revealing good
agreement with the experiment. A tentative assignment of the spectral features
following gas–phase notation (D2h) is given in the figure. In ethylene, a strong
σ–π mixing between states with x and z polarization can be observed. The y
spectrum, containing the C–H binding states, changes less.

To further investigate the nature of the scattering process, RIXS has been
performed with selective excitation into the two absorption resonances. In Fig.
5.14, the energy dependence of the RIXS spectra for scattering at two energies,
285.3 eV and 286.5 eV, is shown. The spectra show clear differences of the
intensity of the observed spectral features between the excitation energies. For
scattering at 285.3 eV, the π∗ feature in the z spectra is clearly enhanced, with
respect to the second excitation at higher energy. This is also the case for the 1b1g

peak in the y spectrum. In the x spectrum, a strong intensity gain is observed
for the 1b1u (π). At the same energy, some intensity fills into the high energy
flank of the y spectrum.

8For the present work the symmetry deconvolution procedure for the ethylene spectra was
carefully re–evaluated and yields slightly different results as in an analysis published earlier [6].
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Figure 5.12: X–ray absorption spectrum of C2H4/Si(001). The polarization vec-
tor of the incident photon is aligned along the z direction. The arrows indicate
the excitation energies chosen for the the RIXS. The inset shows the adsorption

configuration with the reference frame used in this work.
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Figure 5.13: Polarization resolved carbon K–edge RIXS spectra of C2H4/Si(001)–
(2x1). Panel 1: Experimental data excited at 286.5eV. Panel 2: Calculations of the
non–resonant scattering profile. Panel 3: Non–resonant calculations of gas–phase

ethylene [155].
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Figure 5.14: Excitation energy dependence of the experimental K–edge RIXS spec-
tra of C2H4/Si(001).

We performed resonant scattering simulations for selective excitation into
the LUMO to model the experimental excitation of 285.3 eV. They are shown in
Fig. 5.15. The 1b1g feature with y polarization at -8 eV is strongly enhanced for
excitation with 285.3 eV, as well as the π∗ peak in z polarization, resembling the
photon energy dependence of the experimental data. The observed differences
in the x component are not reflected by the calculations.

The ethylene RIXS spectral features occur at constant emission energy, inde-
pendent from their excitation energy. They thus shift in photon energy difference
(Fig. 5.14) by exactly -1.2 eV, equaling the difference in excitation energy.

In Fig. 5.16 we show the elastic scattering at ethylene on silicon for excitation
with the two different excitation energies. No significant changes in this feature
can be observed.

Discussion and Conclusion

In both adsorbate systems, C6H6/Si(001) and C2H4/Si(001), the scattering pro-
file for excitation at the higher energy is clearly non–resonant, as the comparison
of experimental data, non–resonant, and resonant calculations reveals. This
indicates that upon scattering at this energy a relaxed intermediate state is
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Figure 5.15: Resonant scattering simulation of carbon K-edge RIXS spectra of
C2H4/Si(001)–(2×1) excited with 285.3 eV.
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Figure 5.16: Elastic scattering in experimental K–edge RIXS spectra of
C4H2/Si(001).

reached, which carries no specific symmetry information. A similar observation
has been made for adsorbates on metals [31, 45]. There always a fully relaxed
intermediate state has been reached, independently from the excitation energy.

In the here observed semiconductor adsorbate systems, however, the RIXS
profile is clearly excitation energy dependent. Scattering with the lower energy
at the π∗ resonance strongly enhances selected electronic final states, indicating
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a preferred symmetry of the intermediate state. In the case of C6H6/Si(001), the
π∗ (1e2u) has ungerade character. Due to dipole selection rules the decay accord-
ingly has to occur from ungerade valence orbitals to preserve the symmetry of
the systems total wave function. These orbitals are enhanced upon resonant
scattering. In the case of benzene on silicon thus, this interpretation using the
symmetry of the molecular states of a free molecule works very well. The π∗ (1b2g )
of C2H4/Si(001) has gerade symmetry. Scattering at this resonance, neverthe-
less, enhances the 1b1u (π) in x, the 1b1g in y, and the 1b2g (π∗) in z. Here the
parity selection rule is obviously no longer valid. These states have a1, a2 and
b1 symmetry in the C2v notation, respectively. Applying selection rules on the
reduced adsorbate symmetry, the selectively excited unoccupied valence state
has to be of b1 symmetry. The first NEXAFS resonance (Fig. 5.12) at 285.3 eV
can thus be attributed to have major 1b2g (π∗) character.

In both systems, the intermediate state reached with the lower excitation
energy has clearly a preferred symmetry. Benzene seems to keep its molecular
character to a wide extend and the parity of the molecular states still influences
the scattering. The ethylene molecule is stronger distorted upon adsorption and
the parity of the orbitals is no longer defined. Instead, the symmetry selectivity
of the resonant scattering can be explained invoking the orbital representations
in the reduced adsorbate symmetry group.

The intermediate state reached by resonant excitation into the π∗, relaxes
differently in both adsorbates. In ethylene on silicon, the emission features
occur at constant emission energy. In benzene, the RIXS spectral profile shifts
in energy with the excitation energy, even though not by the same amount.

The RIXS spectrum consists of two qualitatively different contributions, the
participator or “elastic” band and the spectator or “inelastic” band. The partici-
pator scattering channel corresponds to the decay of the initially excited electron
and leads to the electronic ground state. This feature is located at 0 eV energy
loss (Fig’s. 5.11 and 5.16). The spectator channel is the scattering to valence
electronically excited final states as shown in Fig’s 5.8, 5.9, 5.13 and 5.14. The
resonant scattering participator channel of a free hydrocarbon contains energy
loss features due to vibrational excitations (purely vibrational Raman), while
the spectator channel contains combined electronic and vibrational excitations
(vibronic Raman) [Paper IV][4]. The 0 eV feature in benzene exhibits a clear
asymmetry upon resonant scattering. This asymmetry can only be due to vibra-
tional loss processes. The intensity ratio between the peak maximum and the
asymmetric tail indicates, that this feature has major participator character and
only minor elastic scattering contribution. This is clear evidence for the initially
excited electron to be still present at the time of the decay. At higher energy, the
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Figure 5.17: Simple model for the relaxation of the scattering intermediate state
and energy balance of the scattering process.

asymmetry is lost in benzene, and the feature collapses to pure elastic scatter-
ing. In ethylene on silicon at neither energy a asymmetry can be observed.

We interpret these findings strictly phenomenologically and discuss them in
a simple model as sketched in Fig. 5.17. In ethylene, the excitation energies
correspond to ω2 and ω3 in the figure. In the absorption step the intermediate
states |i2〉 and |i3〉 are reached. Both intermediate states relax, before the decay
of the core excited state takes place. Defining |ψ−1

coreπ
∗〉 = |i2〉 as the core–LUMO

excitation, |iR〉 is not fully symmetry relaxed and conserves the gerade charac-
ter. The decay profile of this relaxed intermediate state has, thus, a preferred
symmetry. The intermediate state |i3〉 reached by higher excitation fully relaxes
and |iR′〉 has no specific symmetry. Both relaxed intermediate states are of the
same energy, thus, the emission occurs at fixed energy (ω′2 = ω′

3).

In the benzene case, the intermediate state (|ψ−1
coreπ

∗〉 = |i1〉) reached after
resonant excitation directly decays and does not relax. After excitation above the
resonance (ω3) the intermediate state (|i3〉) fully relaxes in energy and symmetry
(|iR′〉). The difference in emission energy corresponds to the energy difference of
|i1〉 and |iRes〉, and, thus, does not equal the energy difference of the excitation.

The relaxation of the intermediate state is mediated by the substrate. The
adsorbate–substrate interaction is differently strong for the two adsorption sys-
tems. In the case of ethylene [Paper I][1], the carbon atoms re–hybridize to a
state near sp3, and the molecular π system is destroyed upon adsorption. This
strong interaction is reflected in the X–ray scattering and leads to a full energy
relaxation of the intermediate state. The bond formation of benzene on silicon
is different, the π system is retained and the carbon atoms binding to the sur-
face are only slightly hybridized away from their gas–phase sp2 state. This weak
interaction accounts for the conservation of the scattering intermediate state.
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The intermediate states lying higher in energy in both systems fully relax.
Here, in the adsorption step multiple continuum states are excited. These states
have a wide spatial extension and can overlap with the substrate conduction
band states, opening various relaxation channels. Even in weakly interacting
condensed molecules [Paper V][5], scattering at these states leads to a full relax-
ation of the intermediate state.

Comparing to adsorbates on metals, we seemingly have to invoke different
relaxation mechanism. In metals, the bonding is carried by the d–states and the
intermediate state relaxes trough metallic screening mediated by the itinerant
metal sp–bands. A semiconductor has a different band structure. Near the ad-
sorbate π–resonances, the substrate DOS has a band–gap. The whole substrate
band–structure (s and p states) is involved in the surface chemical band. The
relaxation there is mediated by the substrate chemical bond.

In the present study vibrational contributions have been identified in the res-
onant scattering spectra of a surface adsorbate (C6H6/Si(001)) for the first time.
Atomic center specific vibrational contributions are resonantly enhanced in RIXS
[Paper IV][4], when the scattering intermediate state survives long enough for
the excited nuclear wave packet to evolve. The participator asymmetry directly
images scattering into carbon contributed ground state vibrational modes, the
vibronic bands image vibrational properties of valence excited final states. With
increased resolution, RIXS at this and similar systems could be utilized as an
adsorbate and atom specific vibrational spectroscopy.

In the valence excited RIXS final states (Fig. 5.9) we find the vibrational pro-
file reflected in the observed broadening of the states upon resonant excitation,
causing the combined electronic and vibrational bands to merge and smear out.
The vibrational envelope of one specific electronically excited final state can be
wider than the spacing between the electronic final states. Upon scattering at
the higher energy, the vibronic profile narrows and the states become clearly
separable.

The scattering calculations of the resonant and non–resonant spectral profile
resemble the experimental findings. The comparison of DFT based simulations
and experimental data leads to the conclusion that by resonant scattering at the
LUMO an intermediate state of preferred symmetry is reached and by positively
detuned excitation the intermediate state relaxes in symmetry. The relaxation
in energy and the vibrational band formation can not be accounted for in these
computations. To investigate the relaxation process in greater detail, calcula-
tions of the surface density of states for the different adsorbate systems would be
necessary to identify the screening and relaxation pathways. This could be done
in band structure calculations performed in a solid–state code. The screening of
excited electronic states in metal adsorbates depends on the surface projected
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band structure [179, 180]. Although the semiconductor situation is different (as
discussed above), it be can assumed, that the surface band structure here, too,
influences the screening of the excited state. Furthermore, for the a bonding
situation as in the present case, the surface band structure can be expected to
be strongly influenced by the specific adsorbate. An extension of the theoretical
treatment in this direction is a necessary next step.

Summarizing, we find the resonant inelastic X–ray scattering at adsorbate
systems to be dependent on the specific system. Different substrates, but also
the particular bonding situation, influences the characteristics of RIXS. To un-
derstand the relaxation mechanism in greater detail, an improved computational
treatment is required.9
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5.4 Bonding Configuration of Benzene adsorbed on
Si(001)–(2×1) refined from Resonant Inelastic X–ray
Scattering10

Abstract
The bonding configuration and electronic structure of benzene ad-
sorbed on Si(001)–(2×1) is investigated with resonant inelastic X–ray
scattering (RIXS). The two–step model of resonant soft X–ray spec-
troscopy implemented within the Density Functional Theory (DFT)
framework is applied to simulate the non–resonant spectral profile.
The aromatic system of the benzene molecule keeps its character to a
wide extend upon adsorption. The comparison of experimental data
and theoretical computations allows to determine the molecule to ad-
sorb in a slightly folded “butterfly” configuration with an opening an-
gle of near 152◦.

Benzene is the smallest and simplest aromatic hydrocarbon and thus acts
as a model adsorbate for the wider class of cyclic hydrocarbons interacting
with semiconductor surfaces. Its interaction with the technologically important
Si(001) surface has been subject of several studies [2, 57, 66, 109–114]. In these
studies, there has been a long debate about the actual adsorption configuration
of benzene on Si(001). The latest experimental studies [2, 111] prefer a dis-
torted configuration in the so called “butterfly” structure, but the exact amount
of distortion of the molecule upon adsorption could by now not experimentally
be determined.

We present here a polarization resolved resonant inelastic X–ray scattering
study of benzene adsorbed on the single domain Si(001)–(2×1) surface. RIXS
is a tool allowing for a detailed investigation of the adsorbate specific valence
electronic structure in a symmetry resolved manner [20, 31, 44, 45]. By com-
parison with simulated RIXS spectra obtained from density functional theory
(DFT) [31, 155] we can examine different bonding configurations and determine
the chemical bonding and exact geometric structure of the adsorbed molecule.
By this, we try to refine the understanding of the adsorption configuration of
benzene on Si(001).

The Si(001) surface exhibits a (2×1) reconstruction with two silicon surface
atoms forming a Si dimer and, thus, saturating one dangling bond. One dan-
gling bond per Si atom remains and accounts for the high reactivity of the
surface. Taguchi et al. [66] have investigated the adsorption of benzene on

10Paper in manuscript. This section is intended for publication as Paper VIII: Hennies, Nagasono,
Pietzsch, Witkowski, Piancastelli, Wurth, Triguero, and Föhlisch [8].

127



5 RIXS of hydrocarbon adsorbates on Si(001)

silicon in a combined thermal desorption spectroscopy (TDS), high resolution
electron energy loss spectroscopy (HREELS) and low energy electron diffraction
(LEED) study. They found the benzene molecule from the TDS to adsorb non–
dissociatively with nearly one molecule per two Si dimers. The analysis of the C–
H and C–C stretching frequencies, particularly the appearance of the existence of
C=C double bonds reveals the presence of sp2 and sp3 hybridized C atoms in the
adsorbed molecule. The LEED pattern gave strong evidence for the preservation
of the Si dimers upon adsorption. The authors propose two possible adsorp-
tion models, a tilted structure in a 1,3–cyclohexadiene–like configuration and a
structure in later work called “butterfly” that is 1,4–cyclohexadiene–like. The
adsorbate–substrate bonding is believed to be established by two sp3 hybridized
carbon atoms forming di–σ bonds to the silicon dimer atoms. In theoretical in-
vestigations a long time no consensus could be achieved between the tilted [109],
the butterfly [57], and a flat lying “pedestal” [57, 110] structure. A comparative
experimental valence band photo emission (UPS) and DFT study [111] has pre-
ferred the “butterfly” structure and confirmed the di–σ bonds arising from the
interaction of the C and Si π lobes building new bonding (“σ”) orbitals. Con-
tradictory findings from two independent scanning tunneling microscopy (STM)
studies [112, 113] and a NEXAFS (near–edge X–ray absorption fine–structure)
study [114], however, still left ambiguities about the real model. The “butterfly”
structure has qualitatively been confirmed by our polarization resolved NEX-
AFS study [2], but, the NEXAFS does not allow to quantitatively determine the
bonding configuration.

The “butterfly” model as proposed by Birkenheuer et al. [57] is depicted in
Fig. 5.18. From the DFT structure optimizations the surface coordinated Cd

X
Y

Z

H
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Si
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Z

Sid

SiSi

C C
Cd

HH

H

α

Figure 5.18: “Butterfly” adsorption configuration of C6H6/Si(001) with the refer-
ence frame used in this work. The inset shows the structure in y–z–projection.
α indicates the “fold–angle” of the “butterfly” and is in this figure set to 137◦ as

proposed by Birkenheuer et al. [57].
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atoms are found to be nearly sp3 hybridized with their bond angles close to the
ideal sp3 hybridization angles. Gokhale et al. [111] have supported this model by
comparison to UPS. The electronic valence structure of the adsorbed molecule
reveals more similarities with 1,4–cyclohexadiene than with free gas–phase ben-
zene. Other configurations, like the “pedestal” or “tilted”, have been ruled out by,
claiming that there the electronic structure is significantly different. The accu-
racy of this comparison facilitates a decision between the competing adsorption
models, but can not evaluate details of a certain structure.

It is worth to mention that UPS only probes the overall valence structure
of the adsorbate and the substrate. An advantage of our RIXS study over the
UPS measurements is that we are able to resolve the adsorbate specific valence
structure.

In the case of ethylene adsorbed on Si(001) we found in an other study that
the C atoms strongly re–hybridize upon adsorption and that both the π and σ

characters are completely distorted [1]. From TPD measurements it is known
that benzene desorbs purely molecularly [66, 111] from Si(001) at about 200K
lower temperatures than ethylene [75, 78] — which partly dissociates before
desorption. The TPD indicates a much weaker interaction of the the Si(001)
surface with the benzene molecule than with ethylene.

Experimental Setup and Data Treatment

The experiments have been performed at the Swedish national laboratory MAX-
lab in Lund at beamline I511-1. The beamline is equipped with an end station
operated in UHV dedicated for X–ray absorption spectroscopy (XAS), photoelec-
tron spectroscopy (XPS) and X–ray emission spectroscopy (XES) measurements
on adsorbate, surface and bulk samples. The station consists of a preparation
chamber operated at a base pressure of low 10−10 torr connected to an analysis
chamber (at mid 10−11 torr). The analysis chamber is equipped with a Scienta
SES 200 hemispherical electron analyzer for XPS and constant final state XAS
measurements. XES is detected with a grazing incidence soft X–ray fluorescence
spectrometer [61]. The analysis chamber can be rotated allowing to choose the
direction of detection freely in the plane perpendicular to the beam axis.

For the excitation of the resonant X–ray scattering spectra, the bandwidth of
the incident photons was set to ∼ 250 meV. The overall instrumental resolution
of the X–ray emission spectra was ∼ 470 meV. All respective values in this work
denote the full–width–at–half–maximum (FWHM).

As substrate, we used P–doped silicon with a (2×1) single domain surface
reconstruction. The (001) surface of Si crystals cut with an intentional 5◦ devia-
tion of the surface normal from the [001] direction to the [110] direction exhibits
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diatomic steps with terraces of 8.5 dimers width in a single (2x1) domain [100].
We mounted two samples with a 90◦ rotation around the surface normal with
grazing incidence of the synchrotron light at an angle of 7◦ with respect to the
surface plane. This setup allowed to measure angle resolved X–ray emission
spectra with the direction of detection oriented normal to the surface and in the
surface plane normal and parallel to the dimer axis.

To obtain a defect depleted, clean Si(001)–(2×1) surface, the crystals were
first heated in the UHV at 800 K for 12 hours, followed by cycles of sputtering
with xenon at room temperature and at 800 K with subsequent annealing to
1250 K. The surface ordering was checked with LEED and surface cleanliness
was monitored with XPS. Saturated monolayers C6H6 were prepared by exposing
the silicon substrate at room temperature to gaseous benzene at a pressure of
P = 5 · 10−7 torr for 200 s.

The high purity liquid benzene was further purified by repeated freeze–pump–
thaw cycles. Cleanliness of the adsorbate was assured by checking the vapor
with a mass spectrometer. To avoid beam damage, the samples were scanned
during the measurements and fresh systems were prepared in short intervals.
XPS measurements assured that no photon induced reactions occurred in the
adsorbate complex during measurements.

We have detected the X–ray emission in all three directions in space sepa-
rately, corresponding to the propagation vector of the scattered photon. The
polarization of the outgoing photon lies in a plane perpendicular to the direction
of propagation. Each measured spectra in x, y and z direction thus represents
a superposition of contributions with two polarization vectors, yz, xz and xy,
respectively. Assuming a linear combination of these components, we can sepa-
rate the single polarization components with a simple procedure [6, 45]. In the
following, we will only discuss the separate components for each polarization.

Computational Details

In the present study, we apply the two–step model of resonant soft X–ray spec-
troscopy to simulate the non–resonant X–ray emission spectra [31, 155]. In
order to evaluate the non–resonant X–ray emission spectra, it is necessary to
compute the dipole transition moments between the valence and core orbitals,
as well as the de–excitation energies. The calculation of these quantities is per-
formed in the framework of DFT using the optimized Kohn–Sham SCF ground
state orbital (DFT–Frozen approximation). All calculations are carried out with
the StoBe program [144].

We used a silicon cluster to model the interaction of benzene with the (001)–
(2×1) silicon surface. The silicon cluster contains seventeen silicon atoms. A
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central subunit of six Si atoms, which are described at the all-electron level,
forms the centers of the interaction with the adsorbed benzene. The surrounding
Si atoms are described using a four-electron modified core potential (MCP) model
developed by Suzanne, et al [174], here only the 3sp valence electrons are treated
explicitly. The all–electron basis set for the central Si atoms was the triplet–zeta
valence polarization (TZVP) [175] in a generalized [5s,4p] contraction and with
one added d function. For the benzene molecule we used for the carbon atom
the TZVP in a generalized [4s,3p] contraction and with one added d function;
while for hydrogen the primitive (5s) basis set from ref [176] was used contracted
to [3p,1s], augmented with one p function. The basis set described were used
both for the geometry calculations and for the determination of the spectra. All
calculation were done using the gradient corrected BP86 [177, 178] exchange
and correlation potentials.

The starting configuration was taken from Birkenheuer et al. [57], based on
their comparison of the simulated photoemission spectra and vibrational spec-
tra. They arrive at the conclusion that the benzene forms an adsorption complex
of local C2v symmetry with one Si surface dimmer in a 1,4–cyclohexadine–like
fashion and with the adsorbate plane parallel to the the surface. This structure
is named the “butterfly” configuration. In the present study, we have further re-
fined the butterfly configuration to account for the spectral features observed in
the non–resonant experiment. This is done by varying the benzene plane angle.
In Fig. 5.18 we show a projection of the adsorbate complex in the y–z–plane with
the varied angle α indicated.

The coupling of the vibrational and electronic wave functions influences the
RIXS process [4]. Upon resonant scattering in free molecules, the electronic
spectral states evolve into broad bands with vibrational structure, which can
merge and smear out the spectral envelope profile. Our analysis of the excitation
energy dependence of RIXS of C6H6/Si(001) — published in [7] — reveals that
excitation at 286.9eV leads to an emission profile similar to the non–resonant
case. By detuning from the absorption resonance — as it is the case for the
spectra presented here — this vibrational structure collapses and the electronic
character of the spectral states is restored to a wide extend. We can therefore
base a reliable discussion of the data on a solely electronic interpretation of the
data as expressed by the ground state interpretation DFT calculations.

Results and Analysis

The benzene molecule has D6h symmetry and its electronic configuration in the
ground state |0〉 is:
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Figure 5.19: Polarization resolved carbon K–edge RIXS spectra of C6H6/Si(001)–
(2x1) excited at 286.9eV. The polarization vector of the outgoing photon reflects

the orientation of the corresponding valence electronically excited final state.

Core : (1a1g)2(1e1u)2(1e2g)4(1b1u)2

Valence : (1a1g)2(2e1u)4(2e2g)4(3a1g)2(1b2u)2

(2b1u)2(3e1u)4(1a2u)2(3e2g)4(1e1g)4

The highest occupied molecular orbital (HOMO) is the 1e1g (π), the lowest
unoccupied molecular orbitals have π∗ character.

In Fig. 5.19, we show the polarization resolved RIXS spectra taken with an
excitation energy of 286.9 eV. The data show strong polarization anisotropy.
The x and y spectra, with the polarization vector lying in the surface plane,
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show the states with major σ contribution. The z spectrum contains the out-
of-plane polarization, and, thus, shows the π derived states. The x spectra
show two intense broad features with maxima at −8.7 eV and −11.3 eV. The
asymmetric shape of these two features indicate that they are composed of more
than one contribution. The peak at −8.7 eV has a clearly visible high energy
shoulder at −7 eV. Toward lower energies between −13 eV and −18 eV, a broad
and decreasing band of states shows up. The spectra with y polarization show
similar states with different intensity distribution. At low energies, two maxima
at −16.5 eV and −14.5 eV are distinguishable. The feature at −11.3 eV is broader
as in the x polarization. For y polarization, the higher energy feature has its
maximum at −9.3 eV. The high energy shoulder of this peak is broader and more
intense than for x polarization. The spectra with z polarization show a different
set of features. We can distinguish three clear maxima with decreasing intensity
from −5.2 eV, −6.3 eV, to −10 eV. At the lower energy side a band of states is
visible with decreasing intensity down to −14 eV.

To assist in the assigning and in the interpretation of the experimental data,
we compute the polarization resolved non–resonant X–ray emission spectra of
C6H6/Si(001) (Fig. 5.20). We get good agreement between experiment (Fig. 5.19)
and theory (Fig. 5.20). In particular, the shape of the spectra with the main
features discussed above is reflected by the calculations. To facilitate the dis-
cussion we have plotted the symmetry resolved XES spectra of free Benzene
(dashed lines) beneath the adsorbate spectra. We use the gas phase (D6h) nota-
tion to keep the discussion simple and to illustrate the origin of the electronic
states of the adsorbate system. The peak assignment presented here bases on
an in–detail analysis of those molecular orbitals contributing to the calculated
spectra with a large dipole transition moment. We concentrate on the states that
can be clearly identified in the experimental spectra.

We start our discussion with the low energy features at −19 eV, −15.5 eV,
and −12 eV, which are derived from the 1e1u, 1e2g, and 3a1g states, respectively.
These features change their position and shape only little upon adsorption. The
degeneracy of the 1e1u and 1e2g states is lifted and they split by 0.5 eV and 1 eV,
respectively. In the case of free benzene all these are pure in–plane states. In
the adsorbate calculations a clear out–of–plane component (z polarization) can
be observed. Comparing with the experimental data, we find the admixture of
the lower two states 1e1u and 1e2g to the z spectra clearly overestimated by the
simulation, whereas the z intensity of the 3a1g feature is reproduced correctly.
The higher energy features between −12 eV and −5 eV are discussed for in–plane
and out–of–plane polarization separately.

In x and y polarization, features at −11 eV, −9 eV, and −6 eV can be identified.
The peak at ∼ −11 eV stems from the 1b2u, 2b1u, and 3e1u orbitals. The degeneracy
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Figure 5.20: Calculated polarization resolved non–resonant X–ray emission spec-
tra of a C2v C6H6/Si17H20 cluster modeling the adsorption on Si(001)–(2x1) (solid
lines). The fold angle α was set to 152◦. Beneath each spectra we show the calcu-
lated corresponding components of the X–ray emission from free benzene (dashed

lines). The peak assignment follows gas phase notation.

of the 3e1u is lifted and all these states split into overlapping bands of states in
the region of −12.2 eV to −9.7 eV. The y spectrum has some (≈ 10%) additional
contribution from the 1a2u (π) at this energies. The peak at ∼ −9 eV only contains
the former 3e2g state.

Upon adsorption a new band of states occurs at −6 eV. It has a different
origin in the x and y component. The y contributions stem from the former 3e2g

and 3e1u orbitals, the x spectra is composed of 3e2g and has some admixture from
the formerly unoccupied LUMO 1e2u. This band is a little stronger pronounced
in the calculations compared to the experimental data.
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Figure 5.21: Variation of the adsorbate configuration. Each panel contains the
calculated spectra (similar to Fig. 5.20) for the indicated value of the “butterfly”

fold angle of the adsorbed benzene molecule.

The z spectrum exhibits three peaks at −10.3 eV, −8 eV, and −6 eV and a
shoulder at −11.3 eV. This shoulder stems from the 3e1u, the peak at −10.3 eV
from the 1a2u. The feature at −8 eV has mainly 1e1g character. To this also the
3e1u, 1a2u, and 3e2g contribute, in decreasing amount. The feature centered at
−6 eV contains major contributions from the LUMO 1e2u and the 3e1u and some
minor ones from the 3e2g.

The analysis of experimental data and theoretical simulations shows a strong
in–plane anisotropy and only a weak mixing of π derived states into the in–plane
x and y polarizations. Previous studies [57, 181] have analyzed the adsorp-
tion of benzene on different substrates, both metals and semiconductors, re-
sulting in different possible stable chemisorption structures. These structures
differ mainly in the degree of re–hybridization within the benzene molecule upon
chemisorption. This degree of internal re–hybridization is strongly related to the
“fold” angle of the benzene molecule. In the case of XES, it gives rise to a σ–π
symmetry breaking with an altered angular dependence for the emitted X–ray
photons [181].

In Fig. 5.21, we show the computed polarization resolved non–resonant XES
spectra for four different fold angles, 180◦, 166◦, 152◦, and 137◦. 180◦ corre-
sponds to an adsorbed planar molecule, where the H atoms are slightly lifted
away from the surface. Comparing the calculations for 180◦, 166◦, and 152◦,
we see a rather similar general trend in the spectral shape with some changes
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in intensity. Particularly, the intensity ratio between the most intense peaks
in x and z polarization shows strong variations, as well as the spectral region
between −5 eV and −10 eV in the z component. The spectra with a fold angle
of 137◦ show a significantly different signature. The spectral shape of all three
spatial components changes drastically compared to the less distorted geome-
tries. The double peak structure at ∼ −9 eV and ∼ −11 eV changes significant
in x polarization and vanishes in the y spectrum. The π∗ contribution to the y
and z spectrum is strongly enhanced. The best agreement between experiment
and simulations is obtained for the spectra calculated with a fold angle of 152◦.

The character of the surface chemical bonding is reflected in the occupied as
well as in the unoccupied valence density of states. In Fig. 5.22, we show a car-
bon K-edge XAS spectrum of C6H6/Si(001) from [2], resolving the atom specific
unoccupied valence states with out–of–plane orientation. The system exhibits a
strong π∗ resonance, comparable to the case of free benzene, also indicating that
the nature of the aromatic π–system is conserved to a wide extend.

Discussion

The absorption of the benzene molecule onto the Silicon substrate is found to
have different influence on the in-plane and out-of-plane electronic states. The
profile of the z polarized spectrum changes significantly. The in-plane-states of
adsorbed benzene, visible with x and y polarization, keep to a large extend their
gas phase spectroscopic appearance. By taking a closer look at the molecular
orbital plots, we can obtain further information about the interaction and there-
fore the orbital character reflected in the spectral features. We can separate two
effects: A change of the states within one symmetry and a mixing of states of dif-
ferent symmetry. For simplicity reasons we keep gas phase notation, therefore
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Figure 5.22: Carbon K–edge NEXAFS of C6H6/Si(001)-(2x1). The polarization
vector of the incident light has been aligned along the z axis. RIXS was performed

at the energy indicated by the arrow.
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Figure 5.23: Comparison of the π–orbitals of benzene in gas–phase (left) and
adsorbed on Si(001) (middle). The right panel shows the z component of the cal-
culated RIXS spectra and indicates the binding energy of the according orbitals.
The plane of projection is the x–z–plane with the substrate coordinated Cd atoms

and the Si dimer atoms.

the in–plane states are denoted as σ states and the out–of–plane are denoted π

states.

In the z spectrum the spectral features change strongly. The π states 1a2u

and 1e1g move significantly toward lower energies. The π∗ — unoccupied in
free benzene — becomes partly occupied. These changes are clearly induced
by the interaction with the substrate as comprised in the established Dewar
[165] and Chatt and Duncansson model (DCD) [166] or by the alternative “spin–
uncoupling” description [182].

The π/π∗ states form strong bonding combinations with the Si 3pz orbitals.
In Fig. 5.23 we show molecular orbital plots of the 1a2u, 1e1g, and 1e2u states
interacting with the silicon surface. The 1a2u (π) in the lowest panel hybridizes
with the substrate p state to a combination bonding vertically between adsorbate
and substrate and laterally within the C ring and between the Si dimer atoms.
Going higher in energy, the 1e1g (π) is found to be strongly bonding in the adsor-
bate complex, but anti–bonding between the Cd and the Sid atoms, respectively.
The 1e2u (π∗), which has become occupied upon adsorption, forms a combina-
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Figure 5.24: Comparison of the 3e2g (σ)–orbital of benzene in gas–phase (left)
and adsorbed on Si(001) (right). The plane of projection is the x–z–plane with the

substrate coordinated Cd atoms and the Si dimer atoms.

tion binding within the adsorbate complex, within the C ring, and between the
Si dimer.

These orbitals strongly interact with the substrate, but keep their molecular
character to a wide extend, as a comparison of the molecular orbital plots of the
free molecule and the adsorbate reveals. This is compliant with the unoccupied
valence structure of adsorbed benzene as can be seen from the XAS data [2]
(Fig. 5.22). Here the π∗ resonance is nearly unperturbed compared to the free
molecule.

The main changes of the x and y spectra are due to a rearrangement of the
σ states and, where applicable, the removal of their degeneracy. These states
barely change their energy position. The changes within the σ can be under-
stood as a consequence of internal re–hydridization leading to changes of the
molecular symmetry. Upon absorption the molecular symmetry reduces from
D6h to C2v, thus, the partly degenerate σ states mix and rearrange. Neverthe-
less, these changes do not alter significantly the overall character of the σ–states.
Some admixture of π and π∗ states to the in–plane states can be observed. y gets
some π and x gets some contribution from π∗. As we see from the fold–angle
dependence (Fig. 5.21), the π–admixture to the y polarization stems from the
inward fold of the π–lobes and increases with stronger folding. The π∗ appear-
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Table 5.1: Optimized parameters for the “butterfly” adsorption structure of
C6H6/Si(001) refined in this work by comparison of calculated and experimental
RIXS spectra and obtained from “first principles” calculations reported by Birken-

heuer et al. [57]

Property This work Birkenheuer et al. [57]

∠(CCdC) 117.9 109.9

∠(CCdSid) 99.5 104.8

∠ dihedral α 152.0 ∼137.011

ance in the x component on the other hand is due to the interaction with the
substrate and reflects that the Si-C bond is inwardly oriented along the x axis.

In Fig. 5.24 two sample orbitals arising from the 3e2g (σ) interacting with the
silicon substrate atoms are sketched. They are very similar to the free benzene
orbitals. They polarize in the presence of the silicon surface, due to the repulsive
interaction with the substrate states. This results in the upward lift of the H
atoms. The lower panel shows a bonding combination with the Si 3px orbitals.
They are partly hybridized with the Si 3s orbitals, resulting in a slight rotation
of the px lobes. The upper panel shows a combination basically non–bonding of
the nearly undistorted σ states of adsorbate and substrate. Both plots illustrate
the σ–π mixing in the adsorbed benzene as well as in the silicon substrate.

We find the admixture of out–of–plane (z) states to the in–plane (x and y)
polarizations not perfectly modeled by the simulations compared to the exper-
imental data. The π/π∗ contribution is overestimated. The in–plane states at
higher binding energy broaden in the calculations due to a removal of their de-
generacy, but still occur as separate features. In the experimental data instead,
these states build a broad, not separable band. These states have wide lateral
dimensions in the adsorbate layer as well as in the substrate. This sets lim-
its to their calculation in the confined cluster model. The out–of–plane states
are found to be represented much better in the simulations. These states have
strong local character (Fig. 5.23). Since they carry the surface chemical bond,
an analysis of the bonding mechanism can be relied on this simulations.

The computational variation of the fold angle and the good agreement with
the experimental data allows us to refine the adsorption configuration of ben-
zene adsorbed on Si(001). The fold angle in the butterfly configuration has,
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5 RIXS of hydrocarbon adsorbates on Si(001)

X
Y

Z
H

C

Si

Figure 5.25: Adsorption model of C6H6 on Si(001)–(2×1) in the flattened “butter-
fly” configuration as evaluated in the present paper.

according to our finding, to be close or above 152◦12. This finding differs from
the geometry reported by Birkenheuer et al. [57] with a fold angle of 137◦. In
Tab. 5.1 the parameters optimized in our work are listed. When calculating the
RIXS spectra in the strongly distorted geometry proposed there, we find e.g. the
π∗ contribution to the spectra with y and z polarization strongly enhanced. This
indicates a very strong π∗ back–donation in the chemisorption process, a fact
not reflected in the experimental X–ray emission spectra. Furthermore, the σ

states change completely compared to the free molecule in this strong folded
configuration and appear significantly different in x and in y polarization, both
not observable in the experimental spectra.

Conclusion

Our investigation of the electronic structure of benzene adsorbed on Si(001) al-
low us to provide a detailed picture of the adsorption of benzene on Si(001).
From the spectroscopic finding, the molecule keeps its σ character to a wide
extent and undergoes some modifications in the π system. The π∗ orbital be-
comes occupied, π and π∗ orbitals lower in energy. The π and π∗ orbitals are
mainly involved in the bonding. Although they hybridize with the Si 3px and 3pz

states, they keep their molecular character to a wide extend. We find a slight
re–hybridization of the surface coordinated Cd atoms, as a result of the σ–π mix-
ing and thus the folding of the molecule. The configuration is clearly not sp3.
Instead, the bond angles (Tab. 5.1) indicate a configuration close to sp2.

12At the time I hand in this thesis only calculations with the values for α presented here are
available. The optimal angle is most probably slightly smaller than 152◦. Nevertheless, the
agreement is already very good. It is intended to perform additional simulations before submission
of this paper.
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C6H6: Bonding Configuration [Paper VIII] 5.4

We have demonstrated that the RIXS spectroscopic signature is very sensitive
to small changes in the adsorbate configuration, allowing us to systematically
optimize the adsorbate geometry. We find the wings of the “butterfly” flapped
toward the horizontal with a dihedral angle α of 152◦.13

13Acknowledgements: This work was supported by the Access to Research Infrastructure (ARI)
Program and the Deutsche Forschungsgemeinschaft (Grant DFG Fo343/1-1). M.N. acknowledges
support from “Grant in aid of Japan Society of science fellows”. Valuable support from Lisbeth
Kjeldgaard and MAXlab staff is gratefully acknowledged.
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5 RIXS of hydrocarbon adsorbates on Si(001)

5.5 Summary: Small hydrocarbons adsorbed on differ-
ent surfaces

In the preceding papers, I have discussed the electronic structure and bond-
ing of ethylene and benzene on Si(001). Scattering at hydrocarbons adsorbed
on silicon above threshold can be described in pure ground–state X–ray emis-
sion calculations. By this means, the symmetry and polarization resolved atom
specific electronic valence structure can be obtained. This allows to check and
improve the concepts describing the surface chemical bonds formed by ethylene
and benzene on Si(001).

Both molecules bind to the substrate in a similar manner, but with different
strength. The bonding is formed by a hybridization of the σ and π orbitals of the
adsorbate with the Si 3px,z and 3s states. The formerly unoccupied π∗ orbital of
ethylene and benzene becomes partly occupied upon adsorption. For the bond-
ing of ethylene, the simple concept of an interaction involving only the π orbitals
of adsorbate and substrate [98] has been replaced by a detailed description of
the changes in both σ and π systems. The character of the π system is com-
pletely lost upon adsorption. A strong mixing of σ and π character can bee seen.
In the benzene molecule, a distortion is evident. However, the spectral signature
differs only in the π∗ states significantly from the free molecule. Only little σ–π
mixing can be observed. The carbon atoms that bind to the surface Si atoms are
only slightly hybridized away from the gas–phase sp2 state.

The interaction of small hydrocarbon molecules with transition metal sur-
faces has successfully been interpreted in the Dewar [165] and Chatt and Dun-
canson (DCD) model [166]. Here, the prototype system is ethylene on Cu(110)
[148]. This concept has been extended to other molecules and metal surfaces
[148, 164, 183]. In the DCD model, the surface chemical bond is formed by a
donation/back–donation mechanism involving the “frontier orbitals” of adsor-
bate and substrate. Molecular π electrons are donated into the metal, while
electrons from the metallic d–states are back–donated into the unoccupied anti–
bonding molecular π∗ orbital. The donation/back–donation is accompanied by
a σ–π mixing. This causes the H atoms to lift upwards out of the surface plane.
The bonding mechanism includes, strictly spoken, not only the “frontier” π or-
bitals of ethylene, but also the σ states by re–hybridization.

The hydrocarbon molecules adsorbed on silicon are stronger distorted than
on metal. In ethylene, the H atoms are lifted higher away from the surface. The
benzene molecule is not planar, as in the case of a metal adsorbate, but folded
like a “butterfly”. In both molecules, the degree of re–hybridization and the
amount of donation/back–donation is higher than in the Cu adsorbate. σ and
π states mix in the spectra stronger than in the metal case. In the hydrocarbon
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Summary: Small hydrocarbons adsorbed on different surfaces 5.5

bonding to the silicon substrate, not only the silicon “frontier” 3px,z, but also the
3s orbitals are involved. This indicates a re–hybridization also of the substrate
states.

The DCD model, thus, can be invoked to describe the interaction of benzene
with the Si(001) surface, where the internal changes in the adsorbate electronic
valence structure can be approximated by a separate external π–interaction with
the substrate in a donation/back–donation picture, accompanied by a σ–π mix-
ing leading to a internal configuration change in the geometry of the adsor-
bate. In ethylene on silicon the electronic structure of adsorbate and substrate
changes too much, to be satisfyingly described in a frontier orbital approach.
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6 Summary: Coherence in resonant inelastic X–ray scattering

Chapter 6

Summary: Coherence in
resonant inelastic X–ray
scattering

For the modeling and interpretation of a specific RIXS experiment, one decision
has to be made: Is it necessary to treat the scattering process fully coherent in
an one–step description, or is an approximation justified? In nearly all systems
but the simplest molecules, a one–step full scattering description is up to now
virtually impossible. In most cases, it therefore has to be decided whether an ap-
proximated description is appropriate. The scattering itself coherently links the
initial and final states. In other words, the symmetry of the total wave function
and the energy are naturally conserved. But it is possible to observe a loss of
coherence — i.e. a loss of information between incoming and outgoing photon.
In this case, the initial excitation has relaxed in the system. The information
about the participator electron is lost and the scattering final state cannot fully
be described. The case of a scattering process appearing coherent is usually
called resonant. This case is characterized by the possibility to derive the full
symmetry and energy information of the scattering final state from the incom-
ing and outgoing photon. The case where the specific information about the
incoming photon is lost in the scattering profile is called non–resonant.

In this thesis, I have presented RIXS of hydrocarbon molecules. The nature
of the scattering process depends on the sample and the type of excitation of
the system. In the case of weakly interacting condensed molecules, the scatter-
ing at a molecular resonance appears to be fully resonant. Scattering at close
lying continuum states at higher energies shows strong non–resonant behav-
ior. Upon resonant scattering, the intermediate state dynamics in the nuclear
wave function govern the scattering process. The spectral profile becomes deter-
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mined by the formation of broad vibrational bands. Vibronic coupling changes
the selection rules for the allowed electronic scattering transitions. An one–step
treatment considering the electronic and nuclear wave function has been suc-
cessfully applied.

I want to emphasize that vibrational effects can always influence the scatter-
ing profile. This is in principle independent from the intermediate state scatter-
ing dynamics and the kind of theoretical model applied to the scattering process.
But — as pointed out in Paper IV — only under certain conditions, the vibra-
tional contributions can implicitly be treated as a broadening of the electronic
spectral states. In this case a pure electronic treatment is appropriate. This sit-
uation can be found for detuned excitation in free molecules, for non–resonant
scattering at semiconductor adsorbates or in the case of metal adsorbates. In
the free molecules, the changes of the nuclear wave function in the resonant
scattering intermediate state are so strong that the vibrational band formation
becomes constitutive for the spectral profile. In this case, the nuclear wave func-
tion has to be explicitly treated in the scattering description. This is the reason
why the demand for a one–step treatment and for the consideration of the total
wave function accompany each other in the systems presented here.

A similar observation has been made for hydrocarbons adsorbed on Si(001).
Tuning the incident photon energy into the first molecular resonance leads to
clear resonant contributions to the scattering profile. This makes at least a
treatment in the coupled two–step model (TSII [30, 31]) necessary. In the case of
C6H6/Si(001), a full one–step description including vibrational effects would be
desirable. If the incident photon energy is increased over the X–ray absorption
edge, the scattering profile becomes non–resonant and can be described in pure
ground state X–ray emission calculations.

In the case of transition metal adsorbates the scattering profile matches the
non–resonant case, independent of the excitation energy [45]. This is explained
by the fact that due to the fast screening in a metallic adsorbate system always a
fully relaxed — and thus always the same — intermediate state is reached. The
specific information of the incident photon is lost into the substrate on a time
scale much faster than the scattering process. A rough estimate can be made
of this effect. The C 1s core hole lifetime is ∼ 6 fs [184]. Tuning the incident
photon energy into the resonance makes the scattering duration time ∼ 6 fs,
too. For CO adsorbed on Ru the transfer time of an electron from the LUMO
to the metal substrate has been determined to be 0.6 fs [168]. Independent of
the excitation energy, always a fully relaxed intermediate state is reached. This
state carries neither energy nor symmetry information about the initially exciting
photon. Thus, the emission profile is that of an ionized system. A detuning of
the incident photon energy shortens the scattering duration time. A detuning
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6 Summary: Coherence in resonant inelastic X–ray scattering

Figure 6.1: Relaxation model
for scattering resonantly (ω1) vs.
non–resonantly (ω2). The inter-
mediate states |in2 〉 reached by ω2

relax to |iR〉.
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Figure 6.2: Continuum excita-
tion model for scattering above

the resonance.

i3  

ω3

ω'3

0

i1
ω2

ω'2

f2

f3 

of 1 eV e.g. would lead to a shortening by a factor of ten in the C 1s case.
Turning back to the estimate given, this means that in such a detuned case,
the scattering duration would have roughly the same time scale as the electron
transfer process. This should have a significant influence on the scattering
profile. However, no such data exists for adsorbates on metals.

In a free molecule and in the case of semiconductor adsorbates, the electron
excited into the LUMO can not decay through such fast channels. When no
relaxation can take place, the intermediate state survives long enough to deter-
mine the decay process. Thus, in the intermediate state both energy and sym-
metry of the excitation process is retained. Benzene and ethylene adsorbed on
silicon show differences in the RIXS excitation energy dependence. These have
in detail been discussed in Paper VII. In benzene, clear vibrational contributions
to the resonant scattering profile have been observed; in ethylene, these could
not be identified. In benzene, the emission energy of the electronically excited
final states is different for resonant excitation and excitation above; in ethyl-
ene, it is not. Scattering at the higher lying continuum states has to be treated
differently. In all cases — metal and semiconductor adsorbates and condensed
molecules — the spectral profile matches the non–resonant one.

In the condensed molecules clear Raman scattering has been identified at
the resonant and XES behavior exciting above. The case of adsorbed benzene
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is similar. Two different pictures can be drawn to explain this behavior: The
relaxation picture (Fig. 6.1) and the continuum model (Fig. 6.2).

The relaxation picture is model is sketched in Fig. 6.1. When exciting into
a molecular resonance with an energy ω1 below the relaxation threshold, the
intermediate state decays directly and the emission occurs at an energy ω′1.
The spectral distribution in this case shows a resonant signature, i.e. carries
clear symmetry information. Excitation at higher energies ω2 and ω3 above a
relaxation threshold leads to the intermediate states |i2〉 and |i3〉, respectively.
These intermediate states relax on a time scale much faster than the scattering
duration, e.g. by a fast charge transfer to the substrate. The relaxed interme-
diate state |iR〉 is independent of the incident photon energy ω2,3. The emission
appears at fixed energy ω′

2 = ω′
3. The emission profile corresponds to the non–

resonant case and the information of the initially excited electron is lost.

In the continuum picture (Fig. 6.2), scattering into a resonant state with
the incident energy ω1 is treated as in the relaxation picture. Excitation into
the continuum states leading to the XES case with energy ω2 and ω3 is treated
different from the former model. The initially excited electron is always fully
described in the final state. This electron can be relaxed, removed (as a photo
electron) or in a molecular state. It’s symmetry is not well defined and the
emission spectra show the XES profile. Exciting with two different energies ω1

and ω2 leads to the final states |f1〉 and |f2〉 including the energy of the excited
electron — equal, if it is relaxed, removed or in a molecular state. The emitted
photon occurs at fixed energy independent of the excitation.

These two models are strictly spoken equivalent. The relaxation in the first
model corresponds to an additional excitation present in the scattering final
state of the second model. This could e.g. be an excitation of the substrate
continuum states by the transfer of an electron. The final state |f〉 in the con-
tinuum model thus equals the sum of the final state |f〉 in the relaxation model
plus the additional excitation performed by the relaxation process. Dependent
on the application, each model has its advantages. The relaxation model is well
suited to explain why the interpretation of the chemical bonding in Paper VI
and Paper VIII works so well. There, scattering at higher energies is success-
fully interpreted with the non–resonant calculations and thus corresponds to a
fully relaxed intermediate state. Scattering at the molecular LUMO resonance
consequently needs a resonant treatment.

In the case of free molecules, the continuum model has the advantage of not
needing an external relaxation channel like a charge transfer to explain the non–
resonant behavior. Instead, the excitation of a multitude of molecularly located
final states can account for the non–resonant emission profile. Nevertheless, in
the case of condensed molecules presented here, a relaxation of the interme-
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6 Summary: Coherence in resonant inelastic X–ray scattering

diate state due to decay into neighboring molecules is also possible. However,
the question of the interplay of intra–molecular and inner–molecular relaxation
processes is too complex to be addressed within this work1.

1This question is a central topic of the PhD project of S. Vijayalakshmi on resonant photo
emission and core–hole–clock spectroscopy and is discussed in [185]
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Chapter 7

Conclusion

The starting hypothesis that dynamic processes in the scattering intermediate
state have significant influence on the RIXS profile has been proven true. Nu-
clear dynamics in the resonant scattering intermediate state of free hydrocar-
bons and of benzene adsorbed on silicon enhance significantly the vibrational
contributions to the spectral profile. Thus, in the interpretation of RIXS, the
electronic and vibrational wave functions have to be considered. For excitation
detuned far above an absorption resonance, the RIXS profile of adsorbates on
semiconductors can be approximated by purely electronic simulations in the
ground–state interpretation. This facilitates a study of the symmetry and polar-
ization resolved electronic valence structure and allows for an interpretation of
the surface chemical bond.

In this thesis, I have concentrated on basic aspects of the spectroscopical
method and their interpretation. The hydrocarbon molecules in different chemi-
cal environments act as model systems for the characterization of the scattering
process. I have summarized these findings in Chap. 6. The investigation of
the surface chemical bond in this context serves as a sample application. The
chemical bonding of small hydrocarbon molecules is summarized and compared
in Chap. 5.5. Small hydrocarbons and semiconductor surface adsorbates have
turned out to be suitable systems for this model investigation.

The vibrational modes of the hydrocarbon molecules are spaced wide enough
to be accessible within the given limits of experimental resolution. The spacing
allowed for a selective excitation of vibrational states. The ethylene molecule has
shown to be reasonably complex for a theoretical treatment including coupled
vibrational and electronic contributions. The benzene molecule, however, is al-
ready too complex for the approach presented here. It could by now not been
simulated and waits for an improvement of the theoretical model. This is work
to be done in the near future.
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7 Conclusion

The screening and bonding situation on silicon allowed for an identification
of resonant scattering phenomena in the adsorbed molecules. For the first time,
a vibrational contribution to the RIXS profile of an adsorbate has been reported.
To interpret these experimental data, a resonant but purely electronic treatment
in the ground–state approach has been applied. Although this model cannot ac-
count for any vibrational effects, it has still turned out to be a good choice.
Carefully considering the boundary conditions of the RIXS spectral profile for-
mation, this model gives a very good approximation. It has, on this base, a
justification to be applied to RIXS on surface adsorbate systems. However, there
already exist e.g. time–dependent solid state computational tools. An applica-
tion of these methods to the calculation of RIXS spectra opens an interesting
perspective.

Experimentally, RIXS is still limited by the resolution that can be achieved.
This makes the interpretation of the spectra difficult and leaves last ambigui-
ties. Here, it can be trusted that the ongoing development of light–sources and
spectral analyzers will improve the method.

The element specific enhancement of the inelastic scattering cross section
of the vibrational contributions to the RIXS profile opens a perspective to new
applications of RIXS. Supposing an ongoing rapid evolution of high brilliance
soft X-ray sources based on synchrotron storage rings and the upcoming Free-
Electron-Lasers, it becomes possible to study purely vibrational excitations by
means of RIXS. The development of new soft X–ray spectrometers could vivify
this evolution. With improved experimental techniques, purely vibrational soft
X–ray Raman spectroscopy allows to directly link vibrational information to a
selected atomic center. With soft X–ray spectroscopies, the large number of
chemically relevant elements are addressable. This application of RIXS would be
of high interest for a large class of investigations in materials science, chemistry,
biology and environmental sciences.

In the investigation of surface adsorbate systems, RIXS has demonstrated its
superiority over other tools for valence electronic structure determination. It has
been shown that the specific advantages of RIXS — known from the investiga-
tion of adsorbates on metals — can also be employed investigating semiconduc-
tor surface adsorbates. The polarization and symmetry separation possible with
RIXS facilitates the interpretation of the surface chemical bond. RIXS thus ex-
cels UPS, where the contributions from different atoms cannot be separated and
the symmetry interpretation is much more difficult. Implying necessary techni-
cal improvements, RIXS could develop into a routinely used surface chemistry
tool.

The RIXS investigation presented in this work has a little bit further eluci-
dated the interplay of electrons in matter. This study has enlightened certain
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mechanisms and opened perspectives to further applications of systems with
higher complexity. At the same time, the restrictions of experimental and theo-
retical methods have been illustrated and the demand for an ongoing develop-
ment in this field has been emphasized.
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Comment on my contribution

Comment on my contribution

This thesis represents an interpretation of RIXS based on experimental data
and theoretical simulations. The experimental work was performed in a re-
search team, the theoretical work in close cooperation with other groups. I was
lucky to have the opportunity to play a central role in this joint effort. I ac-
tively participated in all experimental work — which was performed at MAXlab
in Lund, Sweden. I shared the responsibility for the preparation and realization
of the experiments with my advisor Alexander Föhlisch. In the period dedi-
cated to analysis and interpretation in the last year of my thesis, I was working
closely together with the theoretical chemistry groups in Stockholm during two
stays in Sweden. The calculation of the vibrational RIXS of the free molecules
has been performed by the team around Faris Gel’mukhanov. The DFT clus-
ter calculations of the surface adsorbates in [Paper VII] and [Paper VIII] have
been performed by Luciano Triguero with my participation. I have prepared the
theoretical data for publication and analyzed and discussed them as presented
here. I have only included papers in this thesis where I have contributed essen-
tially in the experimental work, analysis, interpretation and writing. This is also
reflected by the rank of my name in the respective author lists.
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[73] H. Köppel, F. X. Gadea, G. Klatt, J. Schirmer, and L. S. Cederbaum. Multistate
vibronic coupling effects in the K-shell excitation spectrum of ethylene: Symmetry
breaking and core-hole localization. J. Chem. Phys., 106:4415, 1997. URL http:
//dx.doi.org/10.1063/1.473488.
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F. Gel’mukhanov, and H. Ågren. Bond-Length-Dependent Core Hole Localiza-
tion Observed in Simple Hydrocarbons. Phys. Rev. Lett., 83:1315, 1999. URL
http://dx.doi.org/10.1103/PhysRevLett.83.1315.

[142] P. Glans, P. Skytt, K. Gunnelin, J. H. Guo, and J. Nordgren. Selectively excited X-
ray emission spectra of N2 . J. Electron Spectrosc. Relat. Phenom., 82:193, 1996.
URL http://dx.doi.org/10.1016/S0368-2048(96)03065-4.

[143] A. J. Merer and Robert S. Mulliken. Ultraviolet spectra and excited states of
ethylene and its alkyl derivatives. Chem. Rev., 69:639, 1969.

[144] StoBe-deMon version 1.0. K. Hermann, L.G.M. Pettersson, M.E. Casida, C. Daul,
A. Goursot, A. Koester, E. Proynov, A. St-Amant, D.R. Salahub, et.al., StoBe Soft-
ware, 2002.

[145] F. Gel’mukhanov, T. Privalov, and H. Ågren. Collapse of vibrational structure in
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coupling in surface chemisorption of unsaturated hydrocarbons. J. Chem. Phys.,
108:1193, 1998. URL http://dx.doi.org/10.1063/1.475481.
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