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Part I:

Conceptual Introduction





1. Populärvetenskaplig Sammanfat-
tning

1.1 Elektronhöljets Fysik,
Studier av Fria och Adsorberade Molekyler
Under de senare decennierna har elektronhöljets fysik vuxit som forskning-
sområde. Det finns många orsaker till detta; en viktig drivkraft har emellertid
varit att helt nya så kallade icke-konventionella ljuskällor tillkommit. Lasern är
ju ett välkänt verktyg i detta sammanhang. Vid sidan av lasern har emellertid
har en ny källa för elektromagnetisk strålning utvecklats: Synkrotronljuset.

1.2 Vad är Synkrotronljus?
Elektromagnetisk strålning uppstår då elektriska laddningar accelereras.
Synkrotronljuset utsänds av elektriska laddningar, i praktiken antingen
elektroner eller positroner, som i en accelerator har fått relativistiska energier.
När sådana laddningar accelereras, dvs när de avböjs i magnetiska fält, utsänds
synkrotronstrålning. Termen synkrotronstrålning är något oegentlig eftersom
de flesta synkrotronljusanläggningar utnyttjar en s.k. lagringsring som inte är
en accelerator utan en ring där elektroner lagras vid hög (relativistisk) energi.
Vid den svenska anlägganingen MAX laboratoriet finns f.n. tre lagringsringar
för produktion av synkrotronljus i drift. En fjärde är planerad (MAX IV) och
kommer när den byggts att bli världens främsta synkrotronljusring.

1.3 Innerskalselektroner
Elektronerna i atomer och molekyler har bestämda energinivåer. Man talar o
matt de befinner sig i olika skal. Denna nomenklatur ger en bra uppfattning av
elektronfördelningen eftersom elektronerna faktiskt fördelar sig kring atom-
kärnan i en struktur som liknar skal i en kinesisk ask. Den allra viktigaste
distinktionen vad gäller skalen är den mellan ytterskalselektroner och inner-
skalselektroner. Det är bara elektronerna i det yttersta skalet i en viss atom i
en molekyl som kan växelverka direkt med elektronerna i de andra atomerna i
samma molekyl. Innerelektronerna befinner sig i närheten av atomkärnan och
är alltså mycket atomär till sin karaktär
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Innerskalselektronerna i ett en molekyl är specifika för atomslaget, de kän-
ner av de lokala egenskaperna t.ex.för en molekyl, eller en molekyl på en
metallyta (en sådan kallas adsorbat) , eller en atom i en halvledare. Detta gör
att spektroskopi som utnyttjar vakanser i en innerelektronnivå (Innerhålsspek-
troskopi) är mycket användbar. En av de viktigaste framstegen som åstadkom-
mits genom synkrotronljuset är att det möjliggjort nya typer av studer av in-
nerdskalselektroner i atomer, molekyler vätskor och fasta material.

1.4 Elektronspektroskopi
Elektronspektroskopi är en av de mest använda teknikerna som utnyttjar
synkrotronljus för att studera både gasformiga, vätskeformiga material samt
ytor av fasta material. Den moderna högupplösande elektronspektroskopin
utvecklades på femtiotalet av Kai Siegbahn (Nobelpris 1981) och hans
studenter. Denna spektroskopi bygger på att man kan mäta kinetiska energin
hos elektroner. Principen är mycket enkel och bygger på elektrostatisk
deflektion av elektronerna. Det finns många varianter av moderna
spektrometrar. Mest använd är elektrostatiska spektrometrar. De elektroner
som skall energianalyseras släpps in mellan två laddade elektroder. Genom
avlänkning i det elektrostatiska fältet kommer elektroner med olika kinetisk
energi att lägessepareras vid detektionsplanet, där en s.k. multikanalplatta kan
utnyttjas som detektor. Signalen från detektorn, som förstås måste undergå
“massage” av en dator, ger information om hur många elektroner som
kommer ut vid en viss kinetisk energi Ek.

1.5 Fotoelektronspektroskopi och
Augerelektronspektroskopi
Pierre Auger upptäckte på tjugotalet att om ett prov belyses med röntgenstrål-
ning så kommer det ut två slags elektroner. Fotoelektronerna, har vi talat om
ovan, har en energi beror av röntgenstrålningens våglängd, dvs av fotonernas
energi. Dessutom upptäckte Augerelektroner vars energi inte ändras med rönt-
genstrålningens energi. Dessa har fått namnet Augerelektroner.

Den kinetiska energin som fotoelektronerna erhåller ges av Einsteins
berömda fotoelektriska lag:

Ek = hν − E (Innerelektron joniserade tillståndet) − E (Grundtillståndet)

Där hν är den absorberade fotonens energi.
Augerelektronerna har vi redan behandlat ovan. Eftersom Augerprocessen

innebär att den energi som jonen erhållit via fotojonisation deexciteras och
överlämnas till elektronen kommer Augerelektronens energi att kunna skrivas
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som:

Ek = E (Innerelektron joniserade tillståndet) − E (Dubbel joniserade tillståndet)

Detta innebär att Augerelektronernas energi är oberoende av energin hos de
fotoner som skapade innerelektronvakansen. Om fotonenergin ändras ligger
Augerelektronernas kinetiska energi still. Detta är ett mycket effektivt sätt att
experimentellt klarlägga skillnaden mellan det två typerna av elektroner. Med
synkrotronljus kan man enkelt ändra fotonenergin och därmed se vilka elek-
troner som kommer ut med konstant energi och vilka som ändrar energi och
således är fotoelektroner.

I avhandlingen redovisas resultat rörande elektronhöljet såväl fria
molekyler som molekyler på ytor. De experimentella resultaten har
behandlats med teoretiska modeller och visar hur man med synkrotronljus
och elektronspektroskopi kan erhålla en mycket detaljerad kunskap om de
molekylära systemen.
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2. Introduction

In chaos Nature’s laws hid veiled in night. God said, “Let Crystal be," and all
was light. It did not last; the devil howling “Ho! Let Surface be!" restored the

status quo.
-anonymous, after Alexander Pope

A good reason to carry out fundamental research on isolated molecules is
that in the universe more than 99.99% of visible matter is in gas-phase. Un-
derstanding what happens for gas-phase matter means understanding the basic
rules of the cosmos. So it is necessary for us to experimentally and theoreti-
cally study free molecules before starting our “star trek”. In outer space, for
example, the road from the Solar System to the Pleiades Star Cluster is full
of radiation in the energy range of soft and hard X-rays. This radiation is pro-
duced by high-energy reactions of stars and travels in a distance of millions of
light years in the ultra high vacuum environment. The important interactions
between these high energy photons and matters are core-level electron ion-
izations and excitations in atoms and molecules. These processes are mostly
interesting subjects of current scientific research.

Figure 2.1: The Pleiades Star
Cluster.

As a powerful tool, synchrotron radiation
has been used in many scientific areas like
gas-phase molecules, surface and interface
studies, material science and biology. At syn-
chrotron radiation facilities, we can obtain
monochromatized and tunable X-ray radia-
tion. During my Ph. D. period, our research
group has focused on using this tool to ex-
plore the principles of molecular core-level
electronic and nuclear dynamics and semi-
conductor surface chemistry processes.

Beside the use of experimental methods,
to understand the intrinsic complexity of
these processes, we have also shared our efforts on learning, developing and
applying novel theoretical methods.

This thesis is a summary of part of my research works in the last few years.
The instrumentation that we used on synchrotron radiation facilities is de-
scribed in Chapter 3. The basic experimental methods and theoretical methods
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are described in Chapter 4. The results of the papers included are discussed
and summarized in Chapter 5. All the papers are included in Part II.

This thesis is based on seven papers, belonging to two main subjects. Paper
I, II, III and IV concentrate on the experimental and theoretical studies of free
molecule core-hole relaxation dynamics. Papers V ,VI and VII contain the
studies of small epoxy organic molecules chemisorbed on the Si (100) surface.
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3. Instrumentation

3.1 Synchrotron Radiation
Synchrotron radiation is one of the most flexible light sources in terms of wave-
length tunability available nowadays. In this chapter, its general properties and
some examples of instrumentation we have used will be briefly described.

3.1.1 What is Synchrotron Radiation ?

The synchrotron radiation is named after a kind of particle accelerator called
“synchrotron”. In a synchrotron, charged particles, typically the electrons,
are accelerated around a fixed circular path by an electric field. At the same
time of kinetic energy increasing of charged particles, the magnetic field in
synchrotron will also be increased to hold the particle path. The accelerated
charged particles can produce a photon beam with a wide wavelength range.
It is called “synchrotron radiation”.

As a natural result of adding an acceleration perpendicular to the velocity of
the charges, the radiation emitted from the charge is characteristic of the par-
ticle speed and trajectory. Since one of the properties of synchrotron radiation
is the very extended energy range, from far infrared to hard X-rays, its usage
bloomed quickly since its discovery in the year 1946. At the beginning, syn-
chrotron radiation was only generated as a byproduct of particle accelerators,
and these devices are called first-generation sources. The second-generation
sources are storage rings dedicated to synchrotron radiation and equipped with
bending magnets. The third-generation facilities are characterized by inser-
tion devices, namely undulators and wigglers, which produce more intense
and better-quality radiation.

3.1.2 Bending Magnet

A bending magnet is one of the simplest instrumentations that can produce
synchrotron radiation. In the magnetic field, the electron with kinetic energy
around 1 GeV and velocity near to light speed feels an acceleration perpendic-
ular to its trajectory and emits photons. Because of the speed of the electron,
most of the photons are emitted in a small forward solid angle, which is called
the “central radiation cone”. As shown in figure 3.1, the radiation spectrum of
bending magnets radiation is like the black-body radiation, a continuum spec-
trum. The radiation photon energy with highest radiation intensity is expressed

9
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Figure 3.1: Electron trajectory in bending magnet and synchrotron radiation energy
distribution, “F” is the flux and “�ω” is the photon energy. [1].

in Eq. 3.1. It is related to the electron velocity v and the magnetic field B.

Ec =
3e�Bγ2

2m
(3.1)

γ = 1

/√
1 − v2

c2
(3.2)

Ec(keV) = 0.6650E2
e (GeV) B (T ) (3.3)

At the second-generation synchrotron radiation facilities, the electron beam
positions, currents and electron kinetic energies are all optimized for better
brilliance 1, photon flux, spot size and beam stability. To achieve better beam
performance, the “insertion devices” were developed and used.

3.1.3 Insertion Devices

The third-generation synchrotron radiation facility is characterized by the ap-
plication of “insertion devices”. There are two kinds of insertion devices: undu-
lator and wiggler. Both of them are composed by periodical magnets, as shown
in Figure 3.2. They have similar structures but different magnitude of the mag-
netic field. The electrons with GeV kinetic energy move along the insertion
devices, and the periodical magnetic field makes the trajectory of electron un-
dulating or wiggling.

λ =
λu

2γ2

(
1 +

K2

2
+ γ2θ2

)
(3.4)

K =
eB0λu

2πmc
= 0.9337B0 (T ) λu (cm) (3.5)

E(keV) =
0.9496E2

e (GeV)

λu (cm)
(
1 + K2

2 + γ
2θ2

) (3.6)

1Brilliance = Photons/(T ime × S pot S ize × Convergence × 0.1%Band Width)
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Figure 3.3:Comparison of undulator and wiggler for the electron trajectories and their
radiation energy distributions [1]. “F” is the radiation flux.
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Figure 3.2: The structure of an undulator [1].

An undulator is character-
ized by relatively weaker pe-
riodical magnetic field than
the wiggler and, as shown
in Figure 3.3, its radiation is
characterized by line spec-
trum, partial coherence and
small emittance. The elec-
tron trajectory in an undula-
tor has small amplitude di-
verging from the central po-
sition due to weak magnetic
field intensity, meaning that
K � 1 in Eq. 3.4, and the
effective speed of electron (projected velocity on the moving direction of elec-
tron) is almost equals to the light speed. Eq. 3.4 shows that the photon energy
of the harmonics generated by the undulator depends upon the intensity of
magnetic field which can be finely tuned by changing the gap of the undulator,
the magnet period length and the electron beam energy.

The radiation polarization is related to the trajectory of electrons in the in-
sertion devices. In the most common case, with the homogeneous magnetic
field in the gap of the undulator, the electron undulates in the plan perpendic-
ular to the magnetic field. Hence linear polarized radiation is obtained with
the photon electric-field-vector perpendicular to the undulator magnetic field.
Some advanced undulators have modified magnetic field patterns, and they can
provide more flexible choices, like elliptically and circularly polarized lights
and possibilities of changing both the polarization and the electric-field-vector
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direction of the radiation in experiments. Typical examples are the undulators
available in synchrotron facilities BESSY (Germany) and SPring-8 (Japan).

A wiggler is another kind of insertion device. It has much stronger peri-
odical magnetic field comparing to an undulator. The K value in Eq. 3.4 is
much larger than 1 in the case of wiggler. The effective speed of electrons in
a wiggler is much smaller than the light speed and destroys the coherence of
the radiation. So the wiggler radiation has a dipole-like spectrum distribution
and is often used to obtain higher intensity for hard X-ray radiations used for
crystallography-related techniques.

All our experiments were performed on undulator beamlines.

3.2 Hemispherical Electron Analyzer
In the interaction between synchrotron radiation and atoms, molecules and sur-
faces, with enough photon energy, emitted electrons can be detected. These
electrons may not only be produced by photoionization process, but could also
be produced in the Auger decay process or autoionization process. By detect-
ing the binding energy, energy distribution (line shape and line width) and pho-
ton energy dependence and electron emission angular distribution, enormous
information can be obtained for the electronic structure, electronic and nuclear
dynamics, atomic bonding characters, macro-structures and so on. To detect
the electron, different kinds of electron energy analyzers are widely used in
various scientific areas. Hemispherical electron energy analyzers are one the
most popular type of analyzers used together with synchrotron radiation for
medium and high kinetic energy electrons (>10 eV). In this thesis, two types
of commercial hemispherical electron analyzers are used, one is the Scienta
R4000 electron analyzer from VG Scienta company, and the other one is the
PHOIBOS 100 electron analyzer from SPECS GmbH. We have used them to
measure the electron kinetic energy, electron yield and electron emission an-
gular distribution in different projects.

3.2.1 General Principles

As shown in Figure 3.4, a typical hemispherical electron analyzer is composed
by several parts. The first part (1 in Figure 3.4) is composed by electrodes
putting bias voltages on electrons emitted from sample. By optimizing the
bias voltages, the low electron collection rate due to the deviations of sam-
ple position from the focus position of analyzer can be greatly improved. In
Scienta R4000, these electron collecting electrodes are called “up”, “down”,
“left” and “right”. The second part (2 in Figure 3.4) of the analyzer are the
retarding/accelerating electrodes. In this part the retarding/accelerating volt-
age adjusts the electron kinetic energy to the value of the chosen pass energy
Ep, and by scanning this voltage, the scanning of electron kinetic energy can
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Figure 3.4: The principle structure of hemispherical electron energy analyzer. Quali-
tatively, the electron trajectories in the hemispherical part correspond to different enter
angles and kinetic energies. The solid lines correspond to the trajectories of electrons
with kinetic energy of Ep, dot lines (- · -) correspond to the trajectories of electrons
with higher kinetic energies.

be performed. After this part, the electrons with kinetic energies close to Ep

will be refocused by electrodes (3) and go through the entrance slit, which has
a slit size of S1, into the hemispherical part. The hemispherical part is com-
posed by a outer electrode with radius of R1 and a inner electrode with radius
of R2. R̄ = (R1 + R2)/2 is the mean radius. By applying voltages between the
outer and inner hemispheres, the electrons with different kinetic energies can
be dispersed. As shown in Figure 3.4, in the hemispherical part, the electron
having kinetic energy of pass energy (Ep (eV), corresponding to the hemi-
sphere voltage (V)) will be imaged in the middle of the detector located at the
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end of hemisphere. Those with higher or lower kinetic energies will hit the
position on detector off the center. The imaged electrons will be displayed by
the MCP/screen at the end of hemisphere. The energy and angular dispersions
of these electron signals will be detected by a 2D CCD camera and digitally
transferred to the computer.

In measurements, as expressed by Eq. 3.7, the energy resolution ΔE is re-
lated to the pass energy Ep, the entrance slit size S1 and the analyzer constant
mean radius R̄. So, in actual application to obtain a fixed instrumental energy
resolution for electrons with various kinetic energies, the pass energy Ep and
entrance slit size S1 are usually fixed when the electron kinetic energy is being
scanned.

ΔE = Ep ×
S 1

2 · R̄ . (3.7)

3.2.2 Angular Resolved Photoemission

As mentioned at the beginning of this section, besides the binding energy and
line shape, the electron emission angular distribution does also contain plenty
of important information. The angular resolved photoemission spectroscopy
(ARPES) technique is one of the hottest techniques applied in surface science
and studies of low dimension systems [2]. From the angular distribution, sur-
face and bulk band structures, surface morphology, molecular structure and
chiral properties can be derived. In our works, we have attempted to search for
the circular dichroism of methyl oxirane adsorbed Si(100) surface using the
ARPES technique with PHOIBOS 100 electron analyzer, in Paper VII. The
electron optical systems of a hemispherical electron energy analyzer can be
optimized for different purposes, e.g. real space imaging, inverse space imag-
ing (angular imaging) or improving electron transmissions [3]. For the purpose
of obtaining the emission angle information, SPECS PHOIBOS 100 electron
analyzer provides several angular dispersion control modes. HAD (High An-
gular Dispersion) mode can image the emission angle of ±3◦, MAD (Medium
Angular Dispersion) mode can image the emission angle of ±4◦, LAD (Low
Angular Dispersion) mode images the emission angle of ±7◦ and WAD (Wide
Angle Dispersion) mode images the emission angle of ±13◦. As shown in Fig.
3.5, in these modes the electron emission angles are imaged rather than the real
space. With the help of 2D CCD camera, both the emission angle distribution
and kinetic energy distribution can be obtained simultaneously.

3.3 Beamlines and Experimental Setups
A “beamline” includes the source of synchrotron radiation, namely either
a bending magnet or an insertion device, the optical system and the “end
station”. The radiation source determines the basic character of the radiation,
like photon energy range, brilliance, photon polarization. The optical system
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Figure 3.5: The simulated electron trajectories in the PHOIBOS 100 electron ana-
lyzer under the angular dispersion mode of LAD (Low Angular Dispersion) [3]. The
trajectories in blue and black are from separated spatial points on sample. In the “Lon-
gitudinal Distance”, the sample is placed at 0 mm, the iris is located at 150 mm, the
hemispherical part starts from 350 mm, ends at 660 mm where the electron emission
angular distribution is imaged. The view point in this figure is from the side of Figure
3.4.

usually consists of several slits, focusing mirrors and, most important, a
monochromator. By the optical system, the photons, usually in the energy
range of 50 eV to 1500 eV, are monochromatized and transferred to the
experimental chamber at the end station, which is equipped with various
instruments for data acquisition.

3.3.1 MAX II, I411 and I511

MAX-lab is the national laboratory of Sweden which
is dedicated to accelerator physics, nuclear physics
and synchrotron radiation-based research. Our ex-
perimental work was performed on beamlines I411
and I511, which are installed on the 1.5 GeV electron
energy, third-generation electron storage ring MAX
II.

Beamline I411 is mainly dedicated to gas-phase research with soft X-rays.
The undulator installed has 44.5 periods and λu=58.8 mm period length. It
produces soft X-ray photons in the energy range from 50 eV to 1500 eV [4].
The monochromator installed is a Zeiss SX700 with plane grating [5]. The ex-
perimental end station is equipped with a commercial hemispherical electron
energy analyzer Scienta R4000. The electron energy analyzer can be either
rotated around the photon beam direction to perform angle-resolved measure-
ment, or it can be placed at the “magic angle”, 54.7˚ relative to the electric-
field-vector of radiation, to avoid angular distribution effects. To obtain good
signal intensity, a gas cell is usually used in our experiment to increase the
pressure of the sample without breaking the vacuum of the whole system and
affecting the free path length of free electrons. The working pressure we used
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is around 10−6 Torr in the main chamber. On this beamline, experiments can
be performed using UPS, XPS, XAS, AES, coincidence and other techniques.

Our surface experiments were performed on beamline I511 [6], which has
two branches, one for surface-related experiments and the other one for bulk-
related experiments. This beamline is using the same type of undulator and
monochromator as beamline I411. With a flip mirror, the radiation beam can
be transferred to either one of the end stations. Before the end station of surface
branch, two elliptical mirrors focus the radiation beam at the measuring posi-
tion. The end station has two experimental chambers, the analysis chamber and
the preparation chamber. On the preparation chamber, LEED, mass spectrom-
eter and ion sputter gun are installed for clean surface and adsorbed surface
preparation and characterization. A 3-dimensional motor-controlled manipu-
lator is to hold the sample and transfer the sample between the two chambers.
On the analysis chamber, a SES-R4000 commercial hemispheric electron en-
ergy analyzer and a XES spectrometer are installed. They can be rotated around
the beam axis and high resolution angular-resolved UPS, XPS, XAS, AES and
XES spectra can be obtained.

3.3.2 BESSY, UE56-2

BESSY, “Berliner Elektronenspeicherring-
Gesellschaft für Synchrotronstrahlung”, Berlin,
Germany, has a 1.7 GeV storage ring. We used
the UE56-2-PGM1 surface science beamline,
which is equipped with specially designed
undulators allowing fast switching of synchrotron
radiation polarization [7, 8]. The beamline has
two Sasaki-type elliptically polarizing undulator
modules as light source. As shown in Figure 3.6, the undulator has four
groups of periodical magnets. By changing the relative positions of them, the
vertically and horizontally linear polarized light, positively and negatively
circular polarized light and other elliptically polarized light can be obtained.

With the plane grating monochromator, a beamline resolving power 2 of
6000 to 13000 can be obtained for photon energy from 89 to 1328 eV [8]. The
end station is equipped with a SPECS PHOIBOS 100 electron analyzer with
which experiment of XPS, NEXAFS, UPS can be performed. The sample is
held by a “five and a half dimensions” (X, Y, Z, rotation around manipulator
axis, rotation around surface vector, flipping up and down) manipulator.
With the help of this manipulator, full angular resolved experiments can be
performed by using the angular dispersion modes of the PHOIBOS 100.
Thanks to the ability of fast switching synchrotron radiation polarizations,
experiments for surface circular dichroism can be performed.

2Resolving power = Ephoton/ΔE
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Figure 3.6: BESSY fast switching Sasaki
type elliptically polarizing undulator [9]. Figure 3.7:UE56 beamline optics pattern

[10].

3.3.3 SPring-8, 27SU

SPring-8, Japan, is a high-performance synchrotron
radiation facility with really high primary electron
energy, 8 GeV. We used the C branch of the BL27SU
beamline [11, 12], which is designed for gas-phase
experiment. One particularity of this beamline is the
use of “figure-8” undulator.

As shown in Figure 3.8 and 3.9, the electron in
“figure-8” undulator travels in a way such that look-
ing in the direction of the electron beam, the electron trajectory looks like a
“8” shape. This undulator has the ability to fast switch the electric-field-vector
direction of linear polarized light. The integer harmonics of the radiation have
the electric-field-vector perpendicular to that of the half integer harmonics. A
Hettrick type monochromator [11] is installed on this beamline and photon en-
ergies from 170 eV to 2800 eV are provided. The end stations are equipped
with a high-resolution Scienta SES-2002 electron energy analyzer, time-of-
flight mass spectrometers and one energy analyzed electron-ion coincidence
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instrument. Experiments of XPS, XAS by Auger electron yield, symmetry re-
solved XAS by photo-ion yield and PEPICO can be performed.

Figure 3.8: Magnetic structure of figure-
8 undulator [13].

Figure 3.9: Electron trajectory in the
figure-8 undulator seeing from the beam
direction [14].
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4. Experimental and Theoretical
Methods

Our research line has been focused on the study of the electronic structures
of free molecules and adsorbate systems. Based on the knowledge obtained,
the complex electronic and nuclear dynamics, which is involved during or fol-
lowing the interactions between VUV, soft X-rays photons and the molecules
and surfaces, were intensively studied. In studying the electronic structure and
dynamics, the atomic and molecular orbital picture was used to describe the
electron behaviors. The “core orbitals” have high binding energies, which are
in the order of hundred eV. They are closely localized around the nuclei and be-
have atomically. The “valence orbitals” have low binding energies, which are
in the order of ten eV. They are generally delocalized in case of a molecule.
As the populated orbitals are called “occupied orbitals”, some “unoccupied or-
bitals” also exist. To study the nature of these orbitals, UPS, XPS and XAS
techniques (named as NEXAFS, TIY and symmetry-resolved photo-ion yield
in different purposes and methods) were developed and widely applied in vari-
ous scientific fields. Further information of core-hole electronic decay process
and core-hole nuclear dynamics can be obtained by AES, RAS and XES tech-
niques.

4.1 Vibrational Structure Analysis
In the molecular photo-ionization and photo-excitation processes, the vibra-
tional levels of final electronic states are populated. Such energy transfers
from electrons and photons to the nuclear motions can induce the observed
vibrational structures in the UPS, XPS, XAS and AES spectra. It is the vi-
brational structure (also called vibrational progression) that intrinsically deter-
mines the line shapes and line widths of the spectral features. By analyzing
the vibrational structures, the information of involved electronic state potential
curves, electronic configurations, state lifetimes and nuclear dynamics can be
obtained.

Under the Born-Oppenheimer approximation, the vibrational transition rate
between two electronic states can be evaluated using the Franck-Condon prin-
ciple, which says the vibrational transition rates (Franck-Condon factors) can
be calculated as the squared integral of initial and final vibrational wave func-

tions,
∣∣∣∣〈ψi

∣∣∣ ψ f

〉∣∣∣∣2. As shown in Figure 4.1, being an example of general mean-
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ing, in the cases of harmonic potentials, the magnitudes of the Franck-Condon
factors and the vibrational progression are related to the equilibrium bond
length displacement S .

In actual cases, the electronic potential curves are more complex than har-
monic potential. In some cases, the Morse potential and Lennard-Jones poten-
tial can be good approximations for some potential curves with bonding char-
acter, and they have analytical forms of vibrational wave functions. But most of
the potential curves do not have analytical forms of potential shapes and vibra-
tional wave functions. Especially, in solving the problems of wave packet prop-
agation on repulsive potentials, within large bond distance or between potential
wells, analytical methods are completely not applicable. Hence, methods that
can numerically solve the molecular nuclear motion Schrödinger equation and
obtain the vibrational wave functions are needed for detailed vibrational struc-
ture analysis of general potential surfaces.

Figure 4.1: Franck-Condon Factors and vibrational transition progressions of har-
monic potentials. S is the separation between the equilibrium points of two poten-
tial curves. The vibrational transition progression of S = 0.1, and the magnitudes of
vibrational wavefunctions, |ψ (r)|2, are also shown [15].

20



4.1.1 Discrete Variable Representation (DVR) Method

DVR (Discrete Variable Representation) method [16] is an efficient
numerical method that can solve vibrational levels and wave functions
for low-dimensional systems, for example, the diatomic molecules and
triatomic molecules. In this method, the discrete variable representation (also
called grid point representation) is used to evaluate the molecular nuclear
Hamiltonian matrix in a very simple and efficient way.
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g
y
 (

a.
u
.)

Figure 4.2:Numerical potential curves and
vibrational wave functions of O2 ground
state and core-ionized states. The vibra-
tional waves functions are solved by DVR
method.

Conventionally, the matrix ele-
ments of the Hamiltonian have to
be evaluated by calculating the inte-
grations of matrix elements Hnm =

〈φn|T + V |φm〉 upon the basis
set wave functions φn and φm.
This calculation procedure is time-
consuming and it heavily depends
on the choice of basis sets. In DVR
method, for one-dimensional sys-
tems, e.g. diatomic molecules, the ki-
netic energy operator and potential
energy operator of nuclear Hamilto-
nian can be evaluated using Eq. 4.1
and Eq. 4.2.

In these formulas, Tii′ is the ki-
netic energy operator matrix element
corresponding to the grid point num-
bers i and i′. Vii′ is the potential en-
ergy operator matrix element, V (xi)
is the potential energy value at bond
length xi. The grid points on bond
length (xi) are uniformly spaced with
the interval of Δx. m1 and m2 are
atomic masses, and m is the reduced
mass. The Hamiltonian generated in

this way is quite “sparse”, which means that it has very small contribution on
the non-diagonal matrix elements (i � i′). It takes much less computation steps
to diagonalize Hamiltonian and solve the vibrational wave functions.
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Tii′ =
�
2

2mΔx2
(−1)(i−i′)

⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩
π2
/
3, i = i′

2
(i−i′)2 i � i′

⎫⎪⎪⎪⎪⎬⎪⎪⎪⎪⎭ (4.1)

Vii′ = δii′V (xi) (4.2)

xi = i × Δx (4.3)

m =
m1 · m2

m1 + m2
(4.4)

In Papers I and II, this method was applied to obtain the ground state, core-
ionized states and double-valence-hole Auger final states’ vibrational wave
functions of the O2 molecule. In Figure 4.2 the numerical ground state, core-
ionized states potential curves and vibrational wave functions of O2 are shown.

4.1.2 Vibrational Analysis for Auger Electron Spectroscopy

The Franck-Condon principle is valid in most cases of vibrational structure
evaluation for core-level and valence-level photoemission spectra. However, in
the vibrational analysis and line shape simulations of Auger electron spectrum
(AES and RAS), this principle is not valid anymore and additional aspects have
to be considered.

In the normal Auger electron emission process there are three kinds of
electronic states being involved, the ground state, core-ionized states and fi-
nal doubly charged states. Quite commonly, as shown in Papers I and II, the
final doubly charged states are closely lying, and potential curve avoided-
crossing of electronic states with same symmetries frequently happens. In
avoided-crossing, the electronic configurations, Auger transition rates (from
core-ionized states to final doubly charged states) are exchanged. Hence, dra-
matic Auger transition rate variations upon molecular geometries can be ob-
served around the avoided crossing points. So, when the diabatic (or non-
adiabatic, avoided crossing) potential curves is applied, in order to take the
bond length dependence of Auger transition rates into account, Eq. 4.5 has to
be used in the calculation of Auger emission vibrational transition rates. This is
especially important when the avoided crossing happens in the Franck-Condon
region.

I = |〈 f |MF |n〉|2 (4.5)

MF =
√
2π 〈ψF |H − E |ψN〉 (4.6)
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In Eq. 4.5, MF is the Auger decay transition rate from electronic interme-
diate state N to electronic final state F. It could have strong bond length de-
pendence when avoided crossing happens. |n〉 and | f 〉 are the vibrational wave
functions, |ψN〉 and |ψF〉 are the electronic wave functions of intermediate state
and final state.

The necessity of applying this formalism was proven by the works of Kasper
et al. [17], Piancastelli et al. [18, 19], Sorensen et al. [20] and Papers I and II.

Secondly, in the simulation of the normal Auger transition line shapes, the
“one-step” model [21, 22] has to be used rather than the “two-step” model
[23], which was conventionally thought to be a good description of the nor-
mal Auger emission process. The “one-step” model says the photoionization
process (from ground state to core-ionized state) and the Auger decay process
(from core-ionized state to final doubly-charged state) are one coherent pro-
cess. In the molecular Auger electron spectrum, the “one-step” model further
describes the interferences between Auger transitions with common final vi-
brational level but via different intermediate vibrational levels. This is called
LVI (Lifetime Vibrational Interference) theory when no PCI interaction was in-
volved. With PCI interaction, a “one-step” model, MAPCI (Molecular Auger
Post Collision Interaction) theory should be applied, which was developed in
Paper II and further discussed in Paper III. These theories will be discussed in
detail in the later sections.

4.2 Ultraviolet Photoelectron Spectroscopy (UPS)
Valence electrons play the most important role in matter condensation and for-
mation of molecules and solids. Investigating the valence electron structures is
crucial for the understanding of the chemical properties, structures and electron
transfer characters of matters. UPS technique (including ARUPS) is the stan-
dard technique used to study the valence electron characters. In this technique,
the electrons on different valence orbitals are photoionized by VUV light (or
even higher energy in practice). According to the Einstein’s photoelectronic
effect principle,

Ekin = hν − Ebin, (4.7)

the binding energy Ebin of the valence electrons can be derived by measuring
the photoelectron kinetic energy Ekin given a well defined photon energy hν.

4.2.1 Vibrational Progression in UPS of Free Molecules

In the UPS spectrum of free molecules, the bonding characters of valence or-
bitals can be obtained by analyzing the observed vibrational progressions and
line widths. As shown in Fig. 4.1, according to the Franck-Condon principle,
the vibrational transition progression pattern is related to the equilibrium ge-
ometry difference between the initial and final states, while the equilibrium ge-
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ometry difference is in turn determined by the electronic configurations (elec-
tron populations).

Figure 4.3: The valence level pho-
toemission spectra of methane,
ethane, propane, butane, pentane,
nonane, C13H28 and C36H74 [24,
25].

The total bonding character of
a molecule is actually the add-up
of the contributions of all bonding,
non-bonding and anti-bonding orbitals.
When molecules are at the equilibrium
geometry of the ground state, taking
away (photo ionization) an electron from
a bonding orbital will render the total
electronic configuration with anti-bonding
characters, and change the equilibrium
geometry of the final state to longer bond
length. On the other side, taking away
an anti-bonding orbital electron can add
bonding characters to the total electronic
configuration, and then the equilibrium
geometry of the final state will exhibit
shorter bond length. As a natural result,
ionization of a non-bonding electron can
result in a final state equilibrium geometry
with bond lengths similar to those of
the initial state. So the UPS spectral
components for electrons ionized from
strong bonding orbitals will exhibit long
vibrational progressions and have the
maximum at higher vibrational levels. The
components for electrons ionized from
strong anti-bonding orbitals have narrower
vibrational progressions.

4.2.2 2s Bands in Photoemission of Organic Molecules

As mentioned at the beginning of this section, the valence electrons play the
main role in molecular bonding. In a simple picture, the bond formation is
due to the overlapping of atomic valence orbitals. Obviously, an outer atomic
valence orbital has larger overlaps with the orbitals of the other atoms and pays
more contributions to the formation of molecular bonds, while an inner atomic
valence orbital, has smaller overlaps and will contribute less to the molecular
bonds. In the UPS spectrum or valence level XPS spectrum, these electrons
belonging to different valence shells can be observed forming separated bands.

The well known examples are the valence photoemission spectra of organic
molecules and polymers.
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Figure 4.4: Electron spectroscopy for
chemical analysis (ESCA) [26]. The
C1s XPS spectral features shows the
energy shifts indicating the different
chemical environments.

Figure 4.5: The universal curve of
electron inelastic scattering mean free
path [27].

Carbon atom has three electronic
shells, 1s, 2s and 2p shells. The 1s shell
is a core orbital shell which does not
take part into the molecular bonding
formation. The 2s is an inner valence
shell, and it contributes less than the
outer 2p valence shell to the molecular
bonding. So, as systematically shown
by Pireaux et al. [24, 25], in Fig-
ure 4.2.1, in the valence photoemis-
sion spectrum of organic molecules,
the spectral components corresponding
to 2s valence hole show small vibra-
tional progressions indicating the non-
bonding character of 2s orbitals. At
the same time, the energy shifts of 2s
photoemission components reflects the
chemical environments and the number
of these components equals to the num-
ber of carbon atoms.

4.3 X-ray Photoelectron
Spectroscopy (XPS)
To reach the deep-lying core-level elec-
trons of atoms and molecules, high
energy photons, e.g. XVUV, X-ray,
hard X-ray, are used in the photoe-
mission technique. This kind of tech-
nique, specifically called “XPS”, treats
the electrons on the 1s orbitals for the
elements in the second row of period-
ical table, or on the 1s and 2p orbitals
for third row elements, and so on.

This technique has several advan-
tages. Firstly, as a natural result of
significant binding energy differences
for the core-level electrons of different
elements, XPS is an element-specific
method. Secondly, at variance with va-
lence electrons, core electrons do not
participate in bond formation, and are localized around the nuclei, so XPS is
a site-specific technique. Thirdly, when atoms bond to each other and form
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molecules, charge redistribution between atoms and valence configuration
changes will happen. In this case, the induced electric field can result in en-
ergy shifts of the core-level orbitals. As shown in Figure 4.4, different bonding
orders and bonding environments lead to different energy shifts for the same
element, which is called as “chemical shift”. So, as a chemical-sensitive tech-
nique, XPS technique is also called ESCA (Electron Spectroscopy for Chemi-
cal Analysis) [28]. In surface physics, by using synchrotron radiation, the pho-
toelectron kinetic energy can be controlled, and the mean free path of electron
inelastic scattering can be modified. As shown in Fig. 4.5, with a kinetic en-
ergy about 50 eV, only the electrons from a few atomic layers on the top of
surface can be detected. In this sense, XPS is also a surface sensitive method.

However, because of the ultra-short lifetime of a core-hole state, which is
in the order of femtosecond (1 f s = 1 × 10−15 second), the lifetime energy
broadening of a single vibrational component in XPS spectrum is around 0.1
eV. This makes the vibrational analysis difficult if the vibrational interval of
core-ionized state is too small.

4.4 X-ray Absorption Spectroscopy (XAS)

�
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Unoccupied

Valence 

Core 

�
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Valence 

Core 

Core Ionization 

Figure 4.6: The two parts of general XAS
spectrum and the main processes involved.

In X-ray Absorption Spectroscopy
techniques, by measuring the X-ray
attenuation or the secondary prod-
ucts, core-level electron excitation
and ionization cross sections due to
X-ray photon absorptions are ob-
tained. In the XAS spectrum there
are two parts in principle, as shown
in Figure 4.6. One part is called dis-
crete part in which spectral structures
are evident. It is produced by the
photo-excitation of core-level elec-
tron to the discrete unoccupied or-
bitals below the ionization threshold.
The other part is called continuum
part. Since it is mainly due to the
photoionization process, no obvious
structures can be found. Nowadays,
most of XAS spectra are obtained
by measuring the secondary prod-
ucts due to core-hole creation, e.g.
the Auger electrons, photo-ions, x-
ray fluorescence and so on. Depend-

ing on the detail of techniques and products, different names are used. For
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example, in the TIY technique the yields of all kinds of ions are measured,
while in the “partial ion yield” technique only the yield of a specific ion is
counted.

The cross section of X-ray absorption can be calculated according to Fermi’s
golden rule,

σXAS ∝ |〈 f | ⇀e · ⇀p |i〉|2 ρ
(
E f

)
· δ
(
E f − Ei − hν

)
. (4.8)

In this equation, |i〉 is the wave function of initial ground state, | f 〉 is the wave
function of final core-excited states, ⇀e is the unit vector of the radiation electric-
field vector, ⇀p is the linear electron momentum operator, ρ

(
E f

)
is the density

of states for final states. Eq. 4.8 shows that the X-ray absorption process is
a “dipole interaction” between the photon and electrons. Hence, the selection
rule governing is called “dipole selection rule”. It says that, the angular mo-
mentum difference between initial state and final state should be Δl = ±1,
which means that for the electron excitation from a 1s orbital, the final state
can only be a p type orbital. Furthermore, the scalar product

⇀
e · ⇀p indicates the

dependence of cross section σXAS on the angle between the photon electric-
field vector and the molecular orientation. In studying the free molecules,
with angle-resolved photoion-yield spectroscopy technique, the angular de-
pendence information and symmetries of molecular unoccupied orbitals can
be obtained [29].

4.4.1 Near Edge X-ray Absorption Fine Structure (NEXAFS)

Figure 4.7: The dependence of NEXAFS cross sec-
tion on the angle between photon electric-field vec-
tor and adsorbed molecule orientation. [30]

In surface physics, a XAS
technique focusing on the
energy range about 30 eV
above absorption edges,
which is called NEXAFS,
is widely used to study the
surface-adsorbate systems.
Since all the atoms and
molecules on a surface
are experimentally fixed
in space, by analyzing
the angular dependence
of the discrete part of
NEXAFS spectra, the
adsorbate orientations
and adsorbate-surface
interactions can be precisely
investigated [30].

The physisorption of benzene on metal surface is a good example. As shown
in Figure 4.7, for the excitations from 1s core level orbital to the p type unoc-
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cupied orbitals, by changing the angle between the photon electric-field vector
and the molecular orientations, different types of unoccupied orbitals can be
chosen to be populated.

The p type atomic orbitals can form π type and σ type molecular orbitals.
The π type orbitals are out of the molecular skeleton plane, and the σ type
is in plane. So, when the photon electric-field vector is perpendicular to the
molecular plane, the excitation cross sections to π∗ bond reach the maxima
and no σ∗ excitation can be seen in the NEXAFS spectrum, but when the
photon electric-field vector is in the molecular plan, only the σ∗ excitation can
be observed in spectrum.

On beamline I511, MAX-lab, NEXAFS experiments by measuring Auger
electron yield can be performed using the Scienta SES-R4000 hemispherical
electron energy analyzer, and the sample can be rotated to reach different an-
gles between the electric-field vector and the sample surface.

4.4.2 Density Functional Theory (DFT) method

In the discrete part of NEXAFS spectrum, intense and sharp features can be
found, and by the help of the excitation angular dependence, some of the core
excitation channels of highly symmetric systems can be experimentally as-
signed. However, dealing with a general systems without high symmetries,
the aid of theoretical simulations is crucial. Density Functional Theory (DFT)
[31, 32] is one of the most popular theoretical methods being widely applied in
quantum chemistry and solid states physics. TD-DFT (Time Dependent Den-
sity Functional Theory) method is one of the most important development of
DFT method. It expands the DFTmethod into the time scale and gives the abil-
ity of calculating the excited states. Nowadays, this method has become one of
the most important tools to investigate the chemical reaction, optical proper-
ties of condensed matter, surface and molecule photo-chemistry and so on. In
our work, Paper 1 and 2, TD-DFT [33–35]method was used to simulated the
angular resolved NEXAFS spectra. Here, I will just briefly make a conceptual
introduction of DFT method.

In a traditional many-body electronic structure calculation method, the es-
sential variable is the multi-electron wave functions Ψ = Ψ (r1, ..., rN). To ob-
tain these multi-electron wave function and the energies, we have to solve a
multi-electron Schrödinger equation,

HΨ = EΨ

= [T + V + U]Ψ

=

⎡⎢⎢⎢⎢⎢⎢⎢⎣−
N∑
i

�
2

2m
∇2
i −

N∑
i

V (ri) +
∑
i< j

U
(
ri, r j

)⎤⎥⎥⎥⎥⎥⎥⎥⎦Ψ, (4.9)

where T is the kinetic energy operator, V is the single electron potential energy
operator and U is the electron-electron interaction operator.
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However, in DFT method, the key variable is the electron density n (r),

n (r) = N
∫

d3r2

∫
d3r3...

∫
d3rN Ψ

∗ (r, r2, ..., rN)Ψ (r, r2, ..., rN) , (4.10)

while the multi-electron wave function Ψ (r1, ..., rN) is just a unique functional
of the electron density,

Ψ = Ψ [n] , (4.11)

so as the other operators and variables. By taking a non-interacting kinetic
energy TS and a effective potential VS = V + U + (T − TS ) describing all the
interactions that a single electron feels, the total energy can be written into a
non-interacting way,

E [n] = ES [n] = 〈ΨS [n]| TS + VS |ΨS [n]〉, (4.12)

and the multi-electron many-body problem can be simplified to a series of
single-electron problems. The effective single-electron equations are called
Kohn-Sham equations,[

− �
2

2m
∇2 + VS (r)

]
φi (r) = εiφi (r) . (4.13)

By solving these equations, non-interacting single-electron wave functions φi
can be obtained and further the total electron density n, which determines the
total multi-electron wave functions Ψ, can be reproduced simply,

n (r) =
N∑
i

|φi (r)|2. (4.14)

Obviously, in the whole procedure, the most important step is to find a ef-
fective potential VS to “isolate” a single electron from the others. In detail, VS

is expressed as

VS = V +
∫

e2nS (r ′)
|r − r ′| d

3r ′ + VXC [nS (r)] . (4.15)

The most tricky term is the exchange correlation potential, VXC, which includes
all the many-body interactions. In the actual applications, different types of po-
tential functionals describing the exchange interactions and correlation interac-
tions are available. They are optimized for different systems and have different
performances.

4.5 Auger Electron Spectroscopy (AES)
Auger electron emission process is the main decay process occurring after
core-hole creation for low Z elements 1, while the X-ray emission decay (radia-
tive decay) accounts only for about 10% of the total decay events. As shown in

1including the second- and third-row elements in the periodic table.
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Figure 4.8: Left: Schematic representation of core-level electron ionization and the fol-
lowing decay processes. (a), photo-ionization of core-level electron; (b), radiative de-
cay (X-ray emission) process; (c), non-radiative decay (Auger decay) process. Right:
Schematic representation of core-level electron excitation and resonant Auger pro-
cesses. (a), core-level electron photo-excitation process; (b), participator decay; (c),
Spectator decay; (d), shake up; (e), shake down.

Figure 4.8, the core-level electron hole can be created non-resonantly (photo-
ionization) and resonantly (photo-excitation). In both cases, the core-hole will
be filled by an electron coming from outer shells (including the valence orbitals
and the populated unoccupied orbitals). At the same time, another electron (the
Auger electron) from outer shells will be ejected, which is called Auger elec-
tron.

Resulting from the different core-hole states, Auger processes can be divided
into two kinds. One is referred as normal Auger process, in which the core-
level electron is ionized, and the other is referred as resonant Auger process,
in which the core-level electron is excited to unoccupied orbitals. Resonant
Auger process can follow two kinds of pathways corresponding to different
electronic configurations of the final states. One is called participator decay, as
shown in Figure 4.8 (Right, b), the electron populating an unoccupied orbital
participates in the decay process. Since the final electronic configurations of
participator decays are the same as those corresponding with valence electron
ionization, the line shape of participator Auger components in the spectra are
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very similar to the valence level photoemission spectrum, in which the vibra-
tional structure is quite well defined and peaks are well separated. The other
one is called spectator decay, shown in Figure 4.8 (Right, c), in which the ex-
cited core electron stays on the unoccupied orbital without joining the Auger
electron emission process. In spectator decay, the final configurations have two
valence holes and one electron on an unoccupied orbital, hence the density of
states is much higher than that in participator Auger decay. So the molecular
spectator Auger decay spectrum is hard to analyze. Comparing to the partici-
pator decay Auger electrons, the spectator decay Auger electrons have lower
kinetic energies.

Initial state 

Intermediate state 

Final state 

Lifetime 

broadening 

and

vibrational 

intervals. 

Figure 4.9: Schematic representation of the
coherent excitation and the interference of
common final state vibrational Auger tran-
sition channels via different intermediate
vibrational levels.

When the core electron is ex-
cited to one of the Rydberg states
of molecules, which are generally
decoupled with valence electron or-
bitals, “shake up” and “shake down”
are two probable satellite processes.
They could have considerable cross
sections and affect the Auger elec-
tron spectra significantly. As shown
in figure 4.8 (Right, d), for a shake-
up process, the excited electron lying
on Rydberg orbital can obtain energy
from the Auger electron and transit
to a Rydberg orbital with higher en-
ergy. Consequently, the Auger elec-
tron kinetic energy will be lower than
that of the normal spectator decay.
On the other side, as shown in Figure
4.8 (Right, e), the electron on Ryd-
berg orbital can also jump to an or-
bital with lower energy and transfer
energy to the Auger electrons which
will have higher kinetic energy.

It can be noticed that the core-
level electron photo-ionization and
photo-excitation processes can also
induce “shake up”, in which the va-
lence electrons obtain energies and
transit to unoccupied orbitals.

Lifetime Vibrational Interference (LVI) Effect
The “one-step” model and the “two-step” model [36] have been used to de-
scribe the Auger electron emission process (both the resonant and the normal
Auger electron emission).
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In the “two-step” model, the core-level electron excitation/ionization is
treated as independent from the Auger electron emission process. This model
is considered as a good description in the case of normal Auger decay process
when the photoelectron kinetic energy is higher than the Auger electron
kinetic energy [36]. As a contrast, the “one-step” model is based on the
unified time-independent resonant scattering theory [22, 36]; it treats the
excitation/ionization of core-level electron as a coherently interactive process
with the Auger electron emission process. It is a more general theory and
more suitable for the description of a resonant Auger process (autoionisation
process).

In molecular systems, with the Born-Oppenheimer approximation, the for-
mula of “one-step” model can be expanded into the LVI (Lifetime Vibration
Interference) theory [17, 21, 37–39] when the PCI effect is not involved. LVI
theory describes the interference between the vibrational Auger decays hav-
ing common final vibrational state but different intermediate vibrational levels
and different intermediate electronic states (the core-excited or core-ionized
states), as shown in Figure 4.9.

Figure 4.10: Typical shapes of LVI terms
with broad photon energy band pass. The
total LVI line shape (—�—) is signif-
icantly different from the line shape of
“Direct Term” (—�—) which equals to
the line shape evaluated using “two-step”
model.

In LVI theory, the total cross sec-
tion of Auger decay involving one
intermediate electronic state, IF , is
expressed as Eq. 4.16. Mlm

F is the
Coulomb Auger decay operator ma-
trix element 2 for the Auger elec-
tron out going channel lm. D is the
dipole operator matrix element rep-
resenting the core electron photo-
ionization or photo-excitation. | f 〉,
|n〉 and | 0〉 are the vibrational wave
functions of the final electronic state,
intermediate core-hole state and ini-
tial ground state. Γ is the lifetime
energy broadening of the core-hole
state. |ΨN〉,

∣∣∣Ψlm
F

〉
and

∣∣∣Ψ0

〉
are the

electronic wave functions of inter-
mediate state, final state and initial
ground state. E f and En are the vi-

2Auger decay is a Coulomb interaction.
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brational level energies of final state and intermediate state.

IF (Ekin) =
∑
f

∑
lm

∣∣∣∣∣∣∣
∑
n

〈 f |Mlm
F |n〉 〈n|D | 0〉

Ekin − En + E f + iΓ/2

∣∣∣∣∣∣∣
2

P (hν) (4.16)

Mlm
F ∝

√
2π 〈ΨN |H − E

∣∣∣Ψlm
F

〉
(4.17)

D ∝
〈
ΨN

∣∣∣ r̂ ∣∣∣Ψ0

〉
(4.18)

The Eq. 4.16 can be further expanded into a detailed form. As the expanded
form of Auger transition cross section of decay channel lm, in Eq. 4.19, two
terms can be obtained. The first term is called the “Direct Term”. It is simply a
summation of the vibrational transition intensities with including the core-hole
lifetime broadening. If the bond length dependence of Auger transition rate is
neglected, this term is then simplified as the summation of Franck-Condon
factors with convolution of Lorentzian function which has a FWHM of core-
hole lifetime broadening. The second term is called the “Interference Term”. It
represents the interferences between the vibrational Auger transitions having
the same final vibrational state but different intermediate vibrational levels.

IlmF (Ekin) =
∑
f

∣∣∣∣∣∣∣
∑
n

〈 f |Mlm
F |n〉 〈n|D | 0〉

Ekin − (En − E f ) + iΓ/2

∣∣∣∣∣∣∣
2

P(hν) (4.19)

=

{ ∑
f

∑
n

(〈 f |Mlm
F |n〉 〈n|D | 0〉)2

[Ekin − (En − E f )]2 + Γ2/4︸����������������������������������������︷︷����������������������������������������︸
Direct Term

+
∑
f

∑
m�n

[
〈 f |Mlm

F |n〉 〈n|D | 0〉 〈 f |Mlm
F |m〉 〈m|D | 0〉

× {[Ekin − (En − E f )][Ekin − (Em − E f )] + Γ2/4}
{[Ekin − (En − E f )][Ekin − (Em − E f )] + Γ2/4}2 + (En − Em)2 × Γ2/4

]
︸���������������������������������������������������������������������������������������������������︷︷���������������������������������������������������������������������������������������������������︸

Inter f erence Term }
P(hν) (4.20)

Usually, if the core-hole lifetime broadening is comparable to the interval
of intermediate state vibrational levels, the interference term will change the
Auger transition band shape significantly comparing with the line shape ob-
tained by “two-step” model, as shown in Figure 4.10.
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5. Results and Discussion

5.1 Synchrotron Radiation Study of Free Molecules
5.1.1 Auger Electron Spectroscopy of Free Molecules

Our group has focused on the core-hole induced and involved molecular elec-
tronic dynamics, in Papers I, II, III and IV, and nuclear dynamics, in Paper
3 and 4. Auger electron emission process is the main decay channel for light
elements after the core-hole creation. In the intensive studies of Auger pro-
cess, since 1920, the “one-step” model is one of the most important concep-
tual advances. In a general way, it successfully describes the resonant Auger
electron emission and normal Auger electron emission processes as coherent
phenomena. In Paper I, taking the diatomic open-shell molecules O2 as model
system, we started with trying to understand traditional questions by applying
the “one-step” model in a detailed way. In Papers II, III, based on the deep un-
derstanding and the development of new theory and methods, we are exploring
new phenomena. An attempt to understand the character of larger molecules
was performed in Paper IV.

Application of “One-Step” Model
O2 is the showcase for open-shell molecules. Its normal Auger spectrum is a
traditional topic. In Paper I, the molecular version of “one-step” model, LVI
(Lifetime Vibrational Interference) theory was applied to make the quantita-
tive assignment of the normal Auger spectrum with the help of ab initio CI
calculation, numerical vibrational wavefunction calculation and curve-fitting
procedure.

With the ab initio CI method described by Fink et al. [41], the potential
curves of O2 ground state, core-ionized intermediate states and doubly charged
final states are calculated. At the same time, the Auger decay transition rate
curves upon bond length are obtained using one-center approximation for all
the final states considered. The Auger transition line shapes were calculated
using Eq. 4.19, which includes the bond length dependence of Auger transition
rates. The obtained Auger line shapes are fitted to the experimental data [40] in
a curve-fitting procedure to correct the errors of calculated state energies and
Auger transition rates. In Figure 5.1, the energy corrected avoided-crossing
core-ionized state and doubly charged final state potential curves are shown.
The quantitative assignment of the O2 normal Auger spectrum, including the
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Figure 5.1: The ground state potential curve, curve-fitted core-ionized state potential
curves and the curve-fitted triplet final state potential curves. Different final states are
labeled with different markers: (—�—) for 1 3Δu, (—�—) for 2 3Πg, (—�—) for 3
3Σ−u , (—�—) for 4 3Δg, (—�—) for 5 3Πu, (—�—) for 6 3Πu, (—�—) for 7 3Σ−g ,
(—♦—) for 8 3Πu, (—�—) for 9 3Σ−g and (—	—) for 10 3Σ−g .

Auger transition line shapes, energies, and Auger transition rates is shown in
Fig. 5.2.

In this work, firstly, the importance of “one-step” model is underlined. In
the curve-fitting procedure, the line shape simulation is crucial. Using the LVI
formalism, the interference between vibrational transitions with common final
state but via different intermediate states are included. Secondly, the “one cen-
ter approximation” was proven to be effective. The calculated Auger transition
rates fit well will the curve-fitted Auger transition rates. Thirdly, including the
bond length dependence of Auger transition rates in the evaluation of Auger
line shapes with avoided-crossing final state potential curves is shown to be
rather important.
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Figure 5.2: The result of curve-fitting to the experimental O2 normal Auger spectrum
[40] (— · —). The curve-fitting is based on theoretical simulated Auger decay LVI
line shapes. The Auger decay components having common final states are connected
by the dashed lines and are similarly labeled (e.g. 1 and 1’). The solid line is the total
sum of the Auger decay line shapes.

Development of “One-Step” Model
In recent years, with the advances of synchrotron radiation and data analysis
technique, the vibrational structures of molecular normal Auger spectra have
become a hot topic [42–44]. In these studies, the same as in Paper I, “one-
step” model, LVI theory plays the crucial role in simulating molecular Auger
line shapes. However, always in treating the PCI effect, the approximations
that have been used are not satisfactory.

Having the detailed quantitative assignment of O2 normal Auger spectrum
which is free from PCI effect as a good model system, in Paper II, a newmolec-
ular “one-step” model, MAPCI (Molecular Auger Post Collision Interaction)
theory was developed. In Paper III, the shape resonance affected MAPCI effect
was studied.

In theory, the formula of MAPCI was started from the time-independent
resonant scattering theory of Åberg et al. [45]. Under the Born-Oppenheimer
approximation and giving that the PCI effect does not influence the Auger tran-
sition rate, and neglecting the double-ionization channel, the MAPCI formula
is obtained,

dσF

dεA
∝
∣∣∣∣∣∣∣
∑
n

〈ε|τ′n〉〈 f |MFN |n〉〈n|DN0 |0〉
∣∣∣∣∣∣∣
2

. (5.1)

where

〈ε|τ′n〉 =
∫ 〈ε|τn〉

E0 + hν − En + τn + i Γ/2
dτn (5.2)
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Figure 5.3: Left:“molecular PCI” effect. The photon energy dependent evolutions of
kinetic energies and line shapes of total Auger transition band and single final vibra-
tional transition band. Right: “atomic-like PCI” effect. The photon energy dependent
evolutions of kinetic energies and line shapes of total Auger transition band and single
final vibrational transition band. The filled area is the total Auger line shape curve, the
labeled curves represent the “Direct Term”(©) and the “Interference Term” (�) in Eq.
5.3.

is the PCI transition amplitude. εA is the final state Auger electron kinetic
energy. ε is the final state photoelectron kinetic energy and τn is the inter-
mediate state photoelectron kinetic energy. MFN = 〈ψεAF |H − E|ψN〉. and
DN0 =

〈
ψτnN |V |ψ0

〉
are the matrix elements describing the Auger decay pro-

cess and dipole ionization process. E0 and En are energies of ground and in-
termediate states. Γ is the lifetime broadening of intermediate state.

In the further expansion,

dσF

dεA
=

∑
n

∣∣∣∣∣∣〈ε|τ′n〉〈 f |MFN |n〉〈n|DN0 |0〉
∣∣∣∣∣∣
2

︸�����������������������������������︷︷�����������������������������������︸
direct term

+

∑
n�m

(
〈ε|τ′n〉〈 f |MFN |n〉〈n|DN0 |0〉

)∗(
〈ε|τ′m〉〈 f |MFN |m〉〈m|DN0|0〉

)
︸����������������������������������������������������������������������������︷︷����������������������������������������������������������������������������︸

interference term

,

(5.3)

it can be clearly seen that this theory describes the interference between the
PCI amplitude of Auger vibrational transition channels having common final
state f but different intermediate vibrational level n.
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Figure 5.4: A qualitative picture of shape resonance affect MAPCI energy shift above
ionization potential (IP).Up: the MAPCI energy shift curves of unaffected (III) and af-
fected (II) cases, the atomic maximum (IV) and gravity center (I) PCI shift are shown
for comparison. Down: the intensity variation of resonance cross section (1), popula-
tion branching ratio or high vibrational levels (n ≥ 1)(2), amount of interference (3)
and “molecular PCI” character (4).

In experiments, the O2 near threshold normal Auger spectra were obtained.
Detailed study of the energy shifting and line shape evolutions of the spec-
tral features showed that different peaks have different photon energy depen-
dent behaviors. These effects were proved by theoretical simulations as a phe-
nomenon reflecting the amount of interference effect involved.

As shown in Figure 5.3, there are two extreme cases, “molecular PCI” ef-
fect and “atomic-like PCI” effect. In “molecular PCI” effect, the interference
between vibrational transition channels are much stronger because of the com-
parable intensities of involved transitions. It shows large energy shifting and
small line shape variation upon the changing of photon energy. In the “atomic-
like PCI” effect, since one single transition channel is dominant, the interfer-
ence involved is much weaker. Then, it appears more like the atomic case, in
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which, the energy shift of peak maximum is small and severely asymmetric
line shape rises.

In the shape resonance region, the MAPCI effect is further affected because
of the vibrational branching ratio changing of core-ionized state. This was de-
scribed in Paper III, in which the NO molecular near threshold normal Auger
was studied. The branching ratio increasing of higher vibrational levels of core-
ionized state has been observed for several molecules [46, 47] in the shape
resonance region, as shown in Fig. 5.4. The shape resonance can induce the
enhancement of interference, and increasing of “molecular PCI” character.

5.1.2 Combined Techniques Study of Poly-atomic Molecules
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Figure 5.5: Left: TIY around the C K-edges. The arrows mark the photon energy val-
ues at which resonant Auger spectra were recorded. Right: RAS at different photon
energies. The labels "horizontal" and "vertical" refer to spectra taken with the polar-
ization vector in the horizontal and the vertical plane respectively.

Together with small open-shell molecules, our group is also interested in
poly-atomic molecules, i.e., methyl oxirane, N2O, CO2 and aliphatic CH3-X
(X=Br, NH2 and so on) compounds. In Paper IV, the methyl oxirane is stud-
ied with XPS, TIY, AES and RAS (Resonant Auger Spectroscopy) combined
experimental techniques and, theoretically, LDOS (Local Density Of States)
method and “independent particle” model.

Because of the large lifetime broadening, the O1s XPS of methyl oxirane is
structureless and vibrational structure could not be resolved. The assignment of
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C1s XPS spectrum was performed by comparing with ab initio result of Mul-
liken atomic charge distribution. According to the principle of chemical shift,
the CH3 radical has the largest amount of negative charge and correspondingly
the lowest binding energy, while the CH radical has the largest amount of pos-
itive charge and the highest binding energy.

The XAS (X-ray Absorption Spectroscopy) of methyl oxirane is studied
with TIY method. Due to the smaller life time broadening, the resonances to
unoccupied orbitals are precisely determined around the C K-edge. The as-
signment of the C K-edge XAS can be obtained according to the chemical
shifts of different carbon atoms. As mentioned in previous theoretical studies
[48, 49], the unoccupied orbitals of methyl oxirane are mixed with Rydberg or-
bitals. Our resonant Auger spectra also confirmed this point. In figure 5.5 the
resonant Auger spectra show a preferential spectator decay, which is a sign for
non-coupling of core-excited virtual orbitals with valence orbitals. The simi-
larity between spectral line shapes of RAS at different photon energies with
the normal Auger spectra indicates the non-bonding character of all Rydberg
mixed excitations. The RAS of the O K-edge also showed strong Rydberg or-
bital mixing feature, based on the same argument for the C K-edge.

LDOS calculation based on SCF methods and independent particle model
successfully explained the features of spectator decay channels in RAS and the
spectral line shape of normal Auger spectra.

5.2 Epoxy Molecules on Si (100) surface
The chemisorptions of epoxy molecules (ethylene oxide, methyl oxirane,
cis-dimethyl oxirane, trans-dimethyl oxirane) on single- and multi-domain
Si (100) surfaces have been investigated by our group. In Paper V and VI,
the chemisorption bonding geometries and characters of methyl oxirane and
ethylene oxide are investigated by XPS, UPS and NEXAFS techniques. In
Paper VII, the chiral property of the adsorbed methyl oxirane enantiomers is
searched by using CDAD technique.

5.2.1 Chemisorption of Methyl Oxirane

Methyl oxirane is an important chemical for polymer industry and medical
industry. The oxirane three-membered ring characterizes the molecule with
ring-opening reaction possibility and chiral geometry. As shown in Figure 5.6,
there are two possible chemisorption bonding geometries for methyl oxirane
on Si (100).

To clarify the bonding geometries at room temperature, C 1s, Si 2p core
level and valence level photoemission spectra were measured at different
electron emission angles (45˚ and normal emission angle). NEXAFS spectra
around the C K-edge were measured for different angles (0˚, 45˚ and 90˚)
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(a) (b) (c) 

Figure 5.6: The gas phase molecular structure (a), and two possible chemisorption
bonding geometries (b, c) of methyl oxirane with a Si dimer.

between the radiation E-vector and the surface plane, and also on two different
sample mountings with perpendicular Si dimer orientations. By curve fitting
procedure, the components of Si 2p XPS are obtained.
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Figure 5.7: Left: Top curve: C 1s core-level photoemission spectrum of methyl oxirane
on Si(100) 2×1 surface recorded at a photon energy of 350 eV and in normal emis-
sion. Bottom curve: gas-phase spectrum obtained at 340 eV photon energy [50, 51].
The spectral assignment for the free molecule in order of increasing binding energy
is the following: C 1s emission from carbon of the CH3 group, carbon of the CH2

group, carbon of the CH group respectively. Right: Si 2p core-level spectra of clean
and methyl oxirane-covered Si(100) 2×1 recorded at a photon energy of 150 eV and
45˚ emission. From top: deconvolution of the spectrum of the adsorbate-covered sur-
face in components related to the atoms of the surface reconstruction with different
environments, same for the clean surface[19], raw data.

By means of photoemission spectra, UPS and C 1s, Si 2p XPS, the ring
opening of methyl oxirane, and cycloaddition with Si dimer can be confirmed.
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Without the support of theory, present angular resolved NEXAFS hints to a
“standing” geometry, (b) in Fig. 5.6.

5.2.2 Chemisorption of Ethylene Oxide
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Figure 5.8: Left: Chemisorption geometry of ethylene oxide on Si (100) surface. Cen-
ter: C 1s XPS and Right: O 1s XPS of ethylene oxide adsorbed on Si(100)-(2x1).
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Figure 5.9: Left: Angular resolved NEXAFS of EO/Si (100)-(2×1) measured on a
multi domain substrate. The insets illustrate the relative orientation of E-vector, Si
dimer axis and substrate plane for the different spectra. Right: Angular resolved NEX-
AFS of EO/Si (100)-(2×1)measured on a single domain substrate. The insets illustrate
the relative orientation of E-vector, Si dimer axis and substrate plane for the different
spectra.

Ethylene oxide (EO) is the simplest epoxy molecule and as such the central
building block of more complex epoxy molecules. In Paper VII, we present a
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fundamental investigation of the adsorption of ethylene oxide on Si(100) with
an combination of synchrotron based spectroscopies, such as core-level photo
electron spectroscopy (XPS), valence band photo electron spectroscopy (UPS)
and NEXAFS.

In Figure 5.8, the C 1s and O 1s XPS spectra indicate the bonding geome-
try of Figure 5.8 (a) and confirm the ring-opening reaction with CH2-O bond
breaking. From the Si 2p XPS spectrum, by a curve-fitting procedure, this
structure was further confirmed by the existence of Si-O and Si-C components.

In Figure 5.9, the angular resolved NEXAFS spectra of single- and multi-
domain samples are shown. In these spectra, three pronounced spectral features
can be found in the geometry in which the radiation E-vector is normal to
the sample surface. Excitation energies are around 285.7 eV, 286.8 eV, and
288.7 eV. They are assigned to excitations of C-Si bond, C-C bond and the
combination of C-O and C-C bond. The strong and broad feature at excitation
energy of 293.2 eV was assigned to the σ∗-type resonance in continuum.

5.2.3 Searching for Chiral Property of Adsorbates
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Figure 5.10: Left: Emission angle imaging of C 1s photoemission spectrum with a
photon energy of 330 eV. Right: the integrated spectrum upon angles. The normal
emission is set as 0˚ in the emission angle scale.

The chiralities of gas-phase and liquid-phase methyl oxirane have been in-
tensively studied using optical rotation and VUV absorption circular dichroism
method ([49] and references within). However, its significant chirality has not
been experimentally discovered with core-level spectroscopy methods [52],
especially for the surface adsorbed phase. In Paper VII, the chiral properties
of chemisorbed enantiomers of methyl oxirane on Si (100) were tentatively
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Figure 5.11: Up: Asymmetry factor for the S-enantiomer, calculated by subtracting
the image obtained with right circularly polarized light from the image with left cir-
cular polarized light. Down: Asymmetry factor for the R-enantiomer, calculated by
subtracting the image obtained with right circularly polarized light from the image
with left circular polarized light. The blue color indicates positive value after the sub-
traction procedure and the red labels negative values

searched using the core-level (C 1s) photoemission CDAD (Circular Dichro-
ism in Angular Distribution) method.

As shown in Figure 5.10, we have used the imaging method to obtain the en-
ergy dispersion of C 1s photoelectrons and the angular dispersion of photoion-
ization yield simultaneously. Photoemission lines corresponding to the differ-
ent C atoms in chemisorbed methyl oxirane molecule can be resolved. In Fig.
5.11, the asymmetry factors for the S-methyl oxirane and R-methyl oxirane
are shown. The expecting sign changing effect was not observed. The same
finding holds for the asymmetry factors for right circularly polarized light and
left circularly polarized light. These observations which is negative for CDAD
effect could be due to the coexistence of two different chemisorption species.
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6. Conclusion and Outlook

In the present thesis, the basic concepts of synchrotron-radiation-related
techniques and the theories needed to understand the experimental data are
briefly described. In particular, two aspects of our research work are included.
One is the experimental and theoretical study of electron spectroscopy of free
molecules. The other one is the experimental study about surface adsorbate
systems.

In the projects focusing on free molecules, a lot of effort has been paid to the
understanding of molecular Auger electron spectra, including RAS and AES.
We were able to perform a very detailed assignment of the Auger electron
spectrum based on the ab initio calculation, vibrational structure simulation
and experimental data. Another main achievement was the development of
the new form of “one-step” model to include the PCI effect. In the foresee-
ing future, we are planing to complete this theory by applying it to different
cases and knowing the possible effects. An expansion of this theory into the
time-dependent domain to provide molecular nuclear dynamics information
has been put in schedule. Further generalizations of the this formalism can
lead to a molecular Auger emission theory which provides a full description
of Auger processes including valence resonant Auger emission, Rydberg res-
onant Auger emission, shake down/up involved resonant Auger, photoelectron
recapture phenomenon, and so on. This theory can be also further used in the
surface chemistry process analysis by using Auger spectroscopy technique,
and being dedicated to commercial purposes.

In the studying of surface-adsorbate systems, the presented results provide
preliminary understandings of the chemisorption of epoxy molecules on Si
(100) surface. More interesting topics are about another two epoxy molecules,
cis-dimethyl oxirane and trans-dimethyl oxirane. The experimental data for
these systems including core level and valence photoemission spectra and
NEXAFS spectra were already obtained. NEXAFS has been proven to be a
powerful tool to investigate the adsorbate geometries. To extract the angular
information of NEXAFS, we have developed a new data treating method
and a software for visualizing molecular coordinates and calculating angular
resolved NEXAFS spectrum using the ab initio results of Gaussian 03. In near
future, combining with the ab initio TD-DFT NEXAFS simulation results, we
will systematically publish the studies and understandings of this group of
chemicals. Apparently, these techniques can be generally applied to the study
of other surface-adsorbate systems and free molecules. In recent years, RAS
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(Resonant Auger Spectroscopy) technique has been developed to study the
molecular core-hole nuclear and electronic dynamics and adsorbate-surface
interactions. It strongly demands the understanding of core-excited state
electronic structures and potential curves. With our method, this kind of
information can be efficiently obtained.
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