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Abstract

The present thesis is a theoretical study of several x-ray spectroscopies – x-ray absorption, x-

ray photoelectron, radiative and non-radiative resonant Raman scattering spectroscopy. The

main focus point is investigating the role of the nuclear dynamics in molecules (naphthalene,

biphenyl, the water dimer, HCl) on these spectra.

The theoretical tools we use consist of the basic equations of the relevant x-ray spectroscopy.

Wave packet methods are also used. The molecular parameters needed for our simulations

are obtained through suitable quantum chemical calculations, mainly based on either wave

function or density functional methods. Our simulations are compared with experimental

data, where available.

Simulations of x-ray absorption and x-ray photoionization spectra for naphthalene and

biphenyl show that the spectral shapes are heavily influenced by the joint effect of two

factors – chemical shifts and excitations of vibrational progression. In both of the stud-

ied molecules, similar vibrational modes are excited, giving rise to a significant vibrational

broadening of the spectra. Comparison between the two molecules and also comparison to

the reference case – benzene, provides useful insight into the molecular behavior under core

excitation.

In a further step, we consider the O1s x-ray photoelectron spectrum of the water dimer. A

substantial broadening of the two bands originating from the donor and the acceptor oxygen

is found. It is caused by excitations of soft intermolecular vibrational modes, associated with

the hydrogen bond.

Another strong influence of the nuclear dynamics is clearly seen in the resonant x-ray Raman

scattering of HCl. Vibrational collapse is observed experimentally and confirmed theoret-

ically for two cases: resonant excitation of the Kα line and off-resonant excitation of the

elastic peak. These two collapses can be strictly realized for excitations in the hard x-ray

region. Our considerations show that using this technique, one can eliminate the broaden-

ings caused by the lifetime of the core excited state and the vibrational broadening, and

hence, considerably increase the spectral resolution.

Finally, we predict an interference effect in the resonant Auger scattering from fixed-in-

space molecules. By exciting a molecule to a dissociative state and measuring the angular

distribution of the Auger electrons in coincidence with the molecular ion, one can observe

this effect. The interference pattern can be used after Fourier transformation for extracting

structural data about the studied system.
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Chapter 1

Introduction

“Nothing in this world is to be feared . . .

only understood.” - Marie Curie

Humans are curious species, this is one of the things that differs us from the rest of the

animal world. Since the dawn of our civilization people have been carrying the need to

understand the surrounding world - the always rising sun and moon, the stars, the regularly

changing seasons. Later, practical needs called for more knowledge. This is even more so in

the present days.

Today’s science and technology needs deeper and thorough understanding of the surrounding

world. On all time- and space-scales there are interesting phenomena that deserve attention

– from the nanomaterials to the interplanetary science, from the atto-second physics to

precisely determining the age of the known Universe.

The importance of studying the structure and properties of matter should be obvious. There

are plenty of examples where deep insight into the undergoing physical processes helped in

understanding certain phenomena or even predicted new ones. A few examples are given by

the organic light emitting devices, carbon nanotubes, multi-photon materials, conducting

polymers. A deep understanding of how molecules interact with each other, what are their

physical properties, has a great significance from both practical and purely scientific points

of view. The ultimate goal in this research is helping the design of new, still unknown,

materials with desirable behavior.

A major tool in probing and studying molecular properties and interactions is spectroscopy.

It was not until 1666 that Newton showed that the white light from the sun could be

dispersed into a continuous series of colors. Newton introduced the word “spectrum” to

8



CHAPTER 1. INTRODUCTION 9

describe this phenomenon. Later, Kirchhoff established that each element and compound

has its own unique spectrum, and that by studying the spectrum of an unknown source, one

can determine its chemical composition. With these advancements, spectroscopy became a

true scientific discipline.

A great deal of chemically interesting data can be obtained by interpreting various spectra.

The information which we are interested in is the position and the intensity of the spectral

lines. From that we can draw conclusions about certain characteristics of the studied system.

The main task of spectroscopy is solving the inverse spectroscopic problem – once a spec-

trum is available to determine from it the molecular parameters: geometry, energy levels,

force constants, etc. In principle, an exact solution of this problem cannot be found. There

are various reasons for that – inaccuracies in the experiment, approximations in the available

physical models, nonlinear connection between the molecular parameters and their mani-

festation in the spectra. At this point the theory can help by building relevant theoretical

models and comparing their outcome with the experimental results – a powerful tool provid-

ing us with deep and insightful knowledge. Today, spectra of all energy ranges are routinely

calculated. The theory is developed well enough so to predict with high level of accuracy

the energy levels and the probability for transitions between them.

When a molecule absorbs visible light or higher energy radiation (ultra-violet, x-ray) it

undergoes an electronic excitation - single electron is placed on a higher energy level. Such

an electronic transition changes the distribution of the electrons, and the nuclei respond

to the new force by readjusting their positions. The overall effect is that the molecule

vibrates, in other words, the electronic transition is accompanied also by a vibrational

excitation. Usually, this results in effective broadening of the spectra and only in rare cases

the vibrational lines can be resolved and clearly observed.

X-ray spectroscopy has certain advantages over all other types of spectroscopies. First, the

wavelength of the x-ray radiation which is comparable to the nuclear distances. This makes

x-rays very powerful in structure studies.1 The second advantage is the element selectivity

of the x-ray transitions. It makes the x-ray spectroscopies useful in structure studies (XPS,2

EXAFS,3 x-ray holography4), as well as in studies of electronic5 and magnetic properties.1

The x-ray spectroscopies have experienced fast progress in the recent years owing to enor-

mous technological advances incorporated in the new generation of x-ray radiation sources.

These provide highly monochromatic light with very high intensity, which ultimately leads

to increased spectral resolution. Due to this fact, it has been possible to observe new effects

and processes, including vibrational fine structure.6–8 Some other interesting phenomena,

specific for the x-ray region, are associated to Auger decay,9–12 post-collisional interaction,13

different interference effects,12 selective excitation of orbitals using polarized light, etc.
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X-ray radiation excites core electrons, the ones closest to the atomic nucleus. As these

have very different energies for the different chemical elements, such x-ray excitation is

highly selective. It occurs also that the chemical environment around the excited atom

slightly influences the core electrons energies. Hence, the excitation energy for the same

chemical element in different molecules will vary. These slight deviations introduced by the

chemical bonding or surrounding are called chemical shifts. One could imagine that both

the vibrational structure and the chemical shifts will play a key role in forming the x-ray

spectrum of a given molecule.

The aim of this thesis is to explore in deeper details the influence of nuclear dynamics on var-

ious x-ray spectra. We are interested in the physical processes leading to electron-vibrational

excitations, their effect on the overall behavior of the studied systems and manifestation in

the spectra. We will see how the vibrational structure and other effects co-operate to shape

the spectra. The vibrational structure is not the only manifestation of the nuclear degrees of

freedom. For example, the interference of an Auger electron emitted by different atoms leads

to an interference pattern which is very sensitive to the nuclear positions. As it is pointed

out in the thesis, this effect can be useful in structure determination. The tools that help us

in the solution of these problems are mainly quantum chemical and wave packet methods,

backed up by the main equations of x-ray spectroscopy. Our theoretical considerations are

compared to experimental data where available. We study different systems (HCl, the water

dimer, naphthalene and biphenyl) using various x-ray techniques – x-ray absorption, x-ray

photoelectron, resonant x-ray Raman and Auger scattering spectroscopies.

This thesis is organized as follows. First, studies of the x-ray absorption and x-ray photoelec-

tron spectra of naphthalene and biphenyl are presented, analyzing the effects of the vibra-

tional structure and chemical shifts. An investigation of the photoelectron spectrum of the

water dimer follows. Then we move our attention to resonant Raman scattering. Initially,

we consider the radiative scattering by HCl in the hard x-ray region, which demonstrates

new possibilities for radiative x-ray Raman spectroscopy with high resolution. Finally, a

theoretical study of interference effects in Auger scattering of fixed-in-space molecules is

conducted.



Chapter 2

Principles of XPS and NEXAFS

In order to study a system of interest by means of spectroscopy, we need a light source. The

x-rays are confined in the wavelength region 10 nm – 10 pm, which in energy translates as

124 eV – 124 keV. A subsequent division in soft x-rays (100 – 1000 eV) and hard x-rays

(above 1 keV) is commonly used. In present days, x-rays produced by synchrotrons are used

to perform spectroscopic measurements. Synchrotrons have the advantage of producing very

intensive, tunable, highly monochromatic, polarized light, which is vital for a high-resolution

experiment.

When a material is irradiated by x-ray radiation, a photon is absorbed and a core electron

is promoted to a higher energy level. If the incoming radiation has higher energy than the

binding energy of the electron, ionization occurs. This is the realm of the x-ray photoelectron

spectroscopy (XPS). In case the electron is not ionized, but only excited to an unoccupied

molecular level, the technique is called near-edge x-ray absorption fine structure (NEXAFS),

or just x-ray absorption spectroscopy (XAS). There is a qualitative difference between XPS

and NEXAFS which is due to the excited electron. In XPS it leaves the system and no

longer influences its properties, while in NEXAFS the electron reaches an unoccupied level

with anti-bonding character, and thus substantially changes the behavior of the system.

A number of phenomena follow the excitation of a core electron. Among the most interesting

of them are Raman scattering and Auger scattering. The core excited state is quite high in

energy (binding energy:14 C1s – 284.2 eV, N1s – 409.9 eV, O1s – 543.1 eV) and relaxation to

lower states is natural. A valence electron drops down to fill the core hole and the released

energy is used for spontaneous photon or electron emission. In the case of photon emission,

the process is called x-ray Raman scattering. If the energy is used to eject another electron

from the molecule, the process is referred to as Auger Raman scattering.

11
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2.1 XPS

When the photon energy, ω, exceeds the ionization threshold of a level i, the electron

occupying it absorbs the energy and is ionized. The spectrometer detects the photoelectron

distribution over energies, ε, and propagation directions, k, described by the XPS cross-

section σ(ε). The strength of the XPS resonance is defined by the squared scalar product

of the photon polarization vector, e, and the transition dipole moment, dkj = 〈ψk|r|ψj〉.
When the photon energy is close to the ionization threshold the photoelectron energy is

small and we have to explicitly solve the Schrödinger equation for the wavefunction ψk of

the photoelectron in the field of the molecular ion. If the energy is high (as in valence x-ray

photoionization) the wavefunction of the electron can be approximated by a plane wave:

ψk ≈ 1

(2π)3/2
eık·r

The transition dipole moment, dkj ∝ k, is oriented along k for 1s core ionization.

The XPS is usually broadened by a vibrational progression7,15,16 (see Sec. 2.3.2). To ac-

count for this, we need to include in the XPS cross-section Franck-Condon factors (eq. 2.6).

Summing over all excited electronic states j and all vibrational states υ, we receive:

σ(ε) ∝
∑

j

∑

υ

|e · dkj|2
∏

i〈0|υi〉2
(

ε− (ω − Ij − ∆j
υ)
)2

+ Γ2
j

, (2.1)

where ∆j
υ

=
∑

i(ε
j
υi
− εj0i

), εjυi
is the vibrational energy associated with the υth vibrational

level of mode i in the electronic state j, υ = (υ1υ2 . . .) is a vector of vibrational numbers υi

for all modes in the system, Ij is the ionization potential of the adiabatic transition and Γj

is the lifetime broadening of the core ionized state. A widely used quantity in the field of

XPS is the binding energy: BE = ω − ε.

In case the photoelectron has kinetic energy lower than about 60 eV, a phenomenon called

post-collisional interaction (PCI) becomes important.13,17 The major decay channel for light

elements is the Auger decay. After ejection of a slow photoelectron, the system relaxes and

emits a fast Auger electron. The PCI is connected to exchange interaction between the

photoelectron and the Auger electrons. If the latter has higher kinetic energy, at some point

it surpasses the photoelectron. Initially, the photoelectron escapes from a molecular ion with

charge +1, but after it is surpassed by the Auger electron, the effective charge is increased

to +2. This leads to stronger Coulomb interaction and lowering of the photoelectron’s

kinetic energy, which is transfered to the fast Auger electron. The PCI effect is observed as

pronounced asymmetry and broadening of the peaks in spectra.
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Generally, the XPS spectrum depends on the excitation energy. In case of core excitation

near the ionization threshold, three effects are observed. First, excitations to the so called

shape resonance region. These contain quasi-bound states above the ionization threshold

in which the photoelectron is trapped due to multiple scatterings from neighboring atoms.

Eventually, the electron escapes or tunnels out of the shape resonances. The second effect

is the post-collisional interaction. The third reason for the ω-dependence of the XPS profile

in molecules is the different energy dependence of the partial cross-sections of the atomic

levels.

The shape of the XPS vibrational profile is also sensitive to ω. For very high excitation

energies, the wavelength of the photoelectron, k, becomes comparable with the amplitude

of vibration, a0 (size of the vibrational wavefunction). Now, the phase of the photoelectron

and photon wavefunctions needs to be taken into account.18,19

XPS was first used as an analytical tool in chemistry and solid state physics. As indicated

above, the position of the core levels is very sensitive to the chemical surrounding of an

atom, and these core levels can be probed by means of XPS. The tiny deviations in the core

electron energy are known as chemical shifts. The main reason for their appearance is the

change of the Coulomb interaction between the core electron and the valence electrons from

atom A caused by the valence electrons of another nearby atom B.

2.2 NEXAFS

The photoabsorption may be considered as the basic spectroscopic process. The photoab-

sorption profile (Fig. 2.1) is formed due to resonant excitation from the ground state |0〉 to a

discrete state |j〉, or to a continuum state. Firstly peaks appear due to excitations to unoc-

cupied molecular orbitals. Then the Rydberg progression follows the density of states, close

to the ionization threshold. When the excitation energy exceeds the ionization threshold,

weak two-electron excitations are also observed, known as “shake-up” resonances. Finally,

in the continuum region are present the broad shape resonances near the absorption edge

and the weak oscillations of the extended x-ray absorption fine structure (EXAFS) at higher

energies. We focus our attention on the near-edge x-ray absorption fine structure (NEX-

AFS). The NEXAFS spectra have the advantage over XPS that they possess information

for the unoccupied molecular orbitals.

The spectral shape of the x-ray absorption profile is described by the NEXAFS cross-section,
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Figure 2.1: Typical XAS profile: the LUMO resonance exhibits vibrational structure, followed by

the Rydberg states, and in the continuum region, broad shape resonances.

which has the following form for randomly oriented samples:

σ(ω) =
4

3
παω

∑

j

∑

υ

|dj0|2
∏

i〈0|υi〉2Γj

(ω − ωj0 − ∆j
υ)2 + Γ2

j

, (2.2)

where υ = (υ1υ2 . . .) and ∆j
υ

=
∑

i(ε
j
υi
−εj0i

); dj0 is the transition dipole moment between the

ground, |0〉, and core excited, |j〉, electronic states; ωj0 = Ej(R
j
0) − E0(R

0
0) is the adiabatic

transition energy, with Rj
0 the equilibrium geometry of the jth electronic state, α ≈ 1/137 is

the fine structure constant. As in XPS, the absorption profile exhibits vibrational structure,

which is accounted for by introducing many-mode FC factors (Sec. 2.3.2).

2.3 Electron-vibrational transitions

Many problems simplify significantly by choosing a suitable coordinate system. When it

comes to molecular vibrations, it is suitable to change from cartesian to the so called normal

coordinates. Atomic units are used throughout this section.

2.3.1 Normal coordinates

The potential energy of a system, V , can be expanded in a Taylor series around the station-

ary geometry r0:
20

V = V (r0) +
∑

i

(

∂V

∂ri

)

r0

ri +
1

2

∑

i,j

(

∂2V

∂ri∂rj

)

r0

rirj + . . . (2.3)
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where the sums go over 3N cartesian displacements, rk, of the N atoms in the molecule.

Cutting the expansion down to the second-order term introduces the harmonic approxima-

tion. We can set V (r0) to zero, and the first derivatives are all zero at the equilibrium

geometry, which leads to the following expression for the potential energy, valid for small

displacements from equilibrium:

V =
1

2

∑

i,j

(

∂2V

∂ri∂rj

)

r0

rirj (2.4)

Now we can introduce the mass-weighted coordinates, qi:

qi = m
1/2
i ri,

where mi is the mass of the atom being displaced by ri. The classical expression for the

total energy of the system can then be expressed as:

E = T + V =
1

2

∑

i

q̇2
i +

1

2

∑

i,j

(

∂2V

∂qi∂qj

)

q0

qiqj

Now we want to find a set of new coordinates, which are linear combinations of the mass-

weighted coordinates, so that the total energy expressed in them will not contain any cross

terms (qi 6= qj):

E =
1

2

∑

i

Q̇2
i +

1

2

∑

i

κiQ
2
i (2.5)

The coordinates, Q, which achieve this are called normal coordinates, and κ has the meaning

of a force constant. In the case of a non-linear molecule, 6 of the normal coordinates

correspond to translations and rotations. The vibrations corresponding to the remaining

3N-6 normal coordinates are called normal modes.

The hamiltonian of the system has the following form, using normal coordinates:

Ĥ =
∑

i

(

−1

2

∂2

∂Q2
i

+
1

2
κiQi

)

.

The great simplification introduced by the normal coordinates is now obvious – the 3N-

dimensional Schrödinger equation is reduced to 3N harmonic oscillator Schrödinger equa-

tions. This means that the vibrational wavefunction of the molecule is a product of wave-

functions for each normal mode:

|ψ〉 =
∏

i ψυi
(Qi), ψυi

(Qi) = Nυi
Hυi

(xi)e
−x2

i /2,

xi = ω
1/2
i Qi, Nυi

=
(

2υiυi!π
1/2
)−1/2

,

where Nυi
is a normalization factor, Hυi

(xi) are the Hermite polynomials, ωi is the vibra-

tional frequency of normal mode i and υi is the vibrational quantum number.
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2.3.2 Vibronic transitions

The electronic and nuclear subsystems in a molecule have different characteristic times due

to the big difference in their masses. The electronic motion has a characteristic timescale

of . 0.1 fs, while the typical time for a nuclear framework vibration is > 1 fs. Because

of this, the electrons respond almost instantaneously to displacements of the nuclei. This

allows the separation of the nuclear and the electronic degrees of freedom. This so-called

Born-Oppenheimer (BO) approximation, breaks down in the vicinity of electronic potential

surface crossings.

Usually, only the lowest vibrational level is populated at room temperature. Therefore,

we will restrict our considerations only to the case of excitation starting from the ground

vibrational state. In general, the position of the minimum for the two potentials differs, as

V
e

V

Qi

Q0
eQ0

Figure 2.2: Electronic vertical transition in a single mode system. The dashed lines confine the

Franck-Condon region, where excitation to the higher state can take place. Q0 and Qe
0 denote the

minimum position of the ground, respectively, the excited state potential.

well as their width (force constant). As the electronic transition takes place in the initial

geometry, it reaches higher vibrational levels of the excited state – the molecule vibrates.

The amplitude of the transition probability from the ground electronic state, |00〉, to the

υi-th vibrational level of the excited electronic state e, |eυ〉, is given by the transition dipole

moment. In the framework of the BO approximation it is the product of the electronic

transition dipole moment, µ0e, and the overlap of the vibrational wave functions, 〈0|υi〉, of
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the ground and excited electronic states:

〈00|µ̂|eυi〉 = µ0e〈0|υi〉. (2.6)

Here, we neglect higher-order corrections from the Herzberg-Teller expansion of the transi-

tion dipole moment, (∂µ0e/∂Q)〈0|Q|υi〉, as they are usually small. One can note that higher

overlap of the vibrational wavefunctions, and higher transition probability, respectively, will

be realized at the vertical point, where the excited state vibrational wave functions take max-

imum. This is the reason for the realization of a vertical transition and is the essence of the

Franck-Condon (FC) principle, which claims that the nuclear locations remain unchanged

during the electronic transition (see Fig. 2.2). The overlap integral between vibrational wave

functions of the two states is easily evaluated:21

〈0|υi〉 = (−1)υie−Si/2S
υi/2
i√
υi!
, Si =

ωi(∆Qi)
2

2
, ∆Q = Q0 −Qe

0, (2.7)

where Si is referred to as the Huang-Rhys parameter and Q0 and Qe
0 are the positions of

the minima of the ground and excited state potentials, respectively. The square of this

integral, 〈0|υi〉2, is known as the Franck-Condon factor. It should be noted that the FC

factor has non-zero values for all vibrational states υi that fall into the FC region. Hence,

the electronic excitation is split by several vibronic excitation – vibrational progressions.

In order to calculate the FC factor, we need to find the displacement of the two electronic

states, ∆Q. For small displacements, however, we can neglect the change in the width of

the potentials and regard them as harmonic potentials:

V e(Q0) = V e(Qe
0) +

κ

2
(∆Q)2

Forming the first derivative of the excited state potential V e at the ground state geometry,

we reach
(

∂V e

∂Q

)

Q0

= κ∆Q, κ = ω2
i

Thus, all the information we need to calculate the FC factors is the frequency of the normal

mode and the gradient at the vertical point of transition of the excited electronic state in

normal coordinates.

The majority of molecules are polyatomic and, hence, they have multiple vibrational modes.

The above-presented scheme is easily generalized in this case. The total FC factor of a

many-mode molecule is a product of FC factors of the individual modes:

〈0|υ〉2 =
∏

i

〈0|υi〉2 (2.8)
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where |υ〉 is a vector: |υ〉 = |υ1υ2υ3 . . .〉.
The Huang-Rhys parameter, Si, has the meaning of an effective quantum number of the

vibrational state reached upon vertical excitation (see Paper III). For rather large molecules

some of the modes will have Si � 1. Usually, this is the case of low-frequency or soft

vibrational modes. The harmonic approximation, used in eq. (2.7), breaks down completely

for these modes and one must use an alternative approach for calculating the FC factors.

One can treat the soft modes with large HR parameters as a quasi-continuum near the

vertical transition. In this case, the FC factor can be approximated by the FC factor of a

bound-”continuum” transition:22

〈0i|υi〉2 =
1√
π|γi|

exp

[

−
(

εi

γi

)2
]

, γi =
Fi√
ωi

= ωi

√

2Si, (2.9)

where εi is the deviation of the mode energy from the energy of the vertical transition. Such

a treatment of the soft vibrational modes significantly simplifies the many-mode FC factor

(2.8) and the cross-section expression (see Paper III).

2.3.3 Vibronic coupling

In general, the separation of the electronic and the nuclear degrees of freedom is impossible

and we need to search for solutions of the Schrödinger equation as superpositions of the BO

electronic states Ψi(r,Q):

Ψ(r,Q) =
∑

i

Ψi(r,Q)χi(Q).

The mixing coefficients χi(Q) obey the following set of coupled equations:23

(TQ + Ei(Q) − E)χi(Q) =
∑

j

Λijχj(Q) , (2.10)

where TQ is the nuclear kinetic energy operator and Ei(Q) is the energy of the ith electronic

state. The non-adiabatic operator is given by

Λij = −
∫

dr Ψ∗
i [TQ,Ψj] ,

where the square brackets denote a commutator: [A,B] = AB − BA.

To first order in the perturbation Λij, the expansion of the electron-vibrational wave function

has the form

Ψ(r,Q) ≈ Ψiχ
0
iνi

(Q) +
∑

j,νj

〈χ0
jνj

|Λij|χ0
iνi
〉

E0
jνj

− E0
iνi

, (2.11)
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E0
jνj

is the total electron-vibrational energy of state j and χ0
jνj

is the respective vibrational

wave function with vibrational quantum number νj. It is clearly seen that the electronic

states Ψj and Ψi are coupled through the vibrational motion of the nuclear framework.

To understand which states can mix together, we need to consider their symmetry properties.

In order to keep the perturbation correction non-zero, the matrix element should span the

totally symmetric representation: Γ(χ0
jνj

) × Γ(Λij) × Γ(χ0
iνi

) ⊃ A1. Transitions between

states satisfying this condition are allowed. Note that asymmetric vibrational motion could

change the spatial symmetry of a particular state, and thus allow for a dipole forbidden

electronic transition.

Usually, the vibronic coupling is negligible due to large separation of the electronic levels.

However, there are cases where it becomes important: when the electronic levels are close

in energy and the denominator at the right-hand side of eq. (2.11) is small. This is the

case, for instance, of electronic potential surface crossings.24 The BO approximation breaks

down also under core excitation of a molecule containing equivalent atoms. The core shell

of such molecules is strongly degenerated due to small overlap of core orbitals at different

equivalent atoms. This means that there exists a set of closely lying core excited states,

which interact through vibrational modes with relevant symmetry.

A related phenomenon is the so-called dynamical core hole localization.25,26 The excitation

of non-totally symmetric modes destroys the symmetry of the delocalized core hole electronic

states. Thus, the vibronic coupling, through excitation of non-totally symmetric modes,

leads to localization of the core hole. In calculations, this effect is easily taken into account

by artificially localizing the core orbitals of the excited center.

2.4 Computational techniques

2.4.1 Core hole simulations

A number of quantities need to be calculated in order to obtain an x-ray spectrum. The

most important of them being the transition dipole moments and energies of the ground

and core hole states. As the core hole state is highly excited, ordinary self-consistent type

of methods are not suitable, as they will lead to the ground state – the so called variational

collapse. Therefore, several specialized techniques have been devised for this purpose. Here,

they are briefly reviewed.

It is easily seen that the core hole state can be approximated by a single-particle model.

The core hole is localized at the excited center and its field influences the unoccupied levels.
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The absorption process takes place in this field, and the excited electron reaches some of

the unoccupied orbitals. This is somewhat simplified treatment of the problem, similar

to the static exchange (STEX) approximation in HF.27 In STEX, the molecular core hole

ion is fully relaxed and determines the potential in which the unoccupied levels are found

as solutions to a one-electron hamiltionian. In this method, the static potential does not

change in the field of the excited electron.

It is widely accepted that the spectral shape is determined by the final state hamiltonian,

which for the case of XAS contains a core hole28,29 – the so-called final state rule.

Another fairly simple method is the Z+1, or equivalent core hole approximation. The core

excited center in the molecule is then substituted by an atom of the following element in

the periodic table. In case the excited center is carbon, it is substituted by a nitrogen.

This leads to effectively taking into account the full relaxation of the occupied orbitals, by

modeling the increased effective nuclear charge they experience by a nucleus of the next

chemical element. The Z+1 approximation completely neglects the initial state effects.

A balanced and accurate approach is the transition potential (TP) approximation, in which

half an electron is excited and the other half stays at the core level.30,31 It is a method

particularly suitable for implementation in the DFT framework. The TP method treats in

a balanced way the effects of the initial and final states and accounts for the relaxation of

the final state. Using DFT also implies accounting for the correlation effects. The method

has been successfully applied to a variety of systems.16,32,33

Another method including both the initial and final states effects is the ∆DFT.34,35 The

excitation energies are then determined as an energy difference between the ground and the

core excited states. It has been found that for small molecules this procedure produces good

results.

2.4.2 Quantum chemical methods

For the purpose of calculating a certain x-ray spectrum with vibrational structure, a set

of molecular parameters should be available – ground and excited state energies, ground

state frequency analysis (frequencies and normal modes), excited state energy gradients

with respect to displacement along the normal coordinates and electronic transition dipole

moments. These are obtained through various quantum chemical calculations.

Two major methods have been used – the Complete Active Space Self-Consistent Field

(CASSCF) method, implemented in the DALTON package,36 and the Density Functional

Theory (DFT) method, implemented in the StoBe deMon code.37 In the water dimer cal-

culations, CASSCF was used for calculating all quantities of interest – energies, frequencies
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and analytic gradients of the excited state potential surface, with a variety of basis sets,

up to a triple-zeta quality with polarization functions. In the biphenyl and naphthalene

work, CASSCF was used to calculate the vibrational frequencies. Active spaces of [10,10]

and [12,12] types were used for naphthalene and biphenyl, respectively, with a cc-pVDZ

basis set. Energy, energy gradients and transition moments were calculated making use of

DFT. The derivatives were calculated by finite differences, as the current implementation of

DALTON allows for excited state analytical derivatives only in the Hartree-Fock scheme. In

all calculations we used the PBE functional for both exchange and correlation energy. For

all atoms, except the core excited one, an effective core potential (ECP) was used, while the

core excited center is described by the large all-electron IGLO-III basis set. This ensures

us that the core hole is completely localized and properly described. The evaluation of the

transition moments employs a rather large diffuse basis set in order to describe excitations

to delocalized unoccupied states close to the continuum with acceptable accuracy.

2.5 Applications

2.5.1 Naphthalene and biphenyl

In Papers I and II we consider the XPS and NEXAFS spectra of naphthalene and biphenyl,

respectively. Our simulations are compared against high-resolution experimental data.

The main aim was the assignment of the spectral features and understanding the differences

in the behavior of the two molecules. They are widely spread constituents of many organic

compounds, leaving specific fingerprints in the x-ray spectra. Thus, the insight provided

will be helpful in understanding more complex systems as polymers and surfaces.

It became clear that two main effects are responsible for the observed spectral shape –

vibrational broadening and chemical shifts of the inequivalent carbon atoms. Both effects

produce similar splittings in the spectra – the chemical shifts have magnitude of about

0.1-0.2 eV and the vibrational frequency of the C–C stretching mode is about 0.2 eV.

The XPS spectra of naphthalene (Fig. 2.3) and biphenyl (Fig. 2.4) compare well with ex-

periment. The measured spectra do not posses resolved vibrational structure. Nevertheless,

our calculations show that various vibrations are excited, in some cases up to the second

excited vibrational level. However, this structure is smeared out due to the overlap of

chemically shifted contributions from inequivalent carbon atoms. Our analysis shows that

similar modes are excited in both naphthalene and biphenyl spectra. In both systems the

0–0 transition dominates. In biphenyl it is followed by energy bending or out-of-plane C–C

modes, then several C–C–H in-plane bending modes and finishing with weakly excited C–
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Figure 2.3: Calculated and experimental

C(1s) photoelectron spectra of naphthalene.

The theoretical profile is shifted by 1.3 eV to-

ward higher energy in order to facilitate com-

parison with the experiment.
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Figure 2.4: Calculated and experimental

C(1s) photoelectron spectra of biphenyl. The

theoretical profile is shifted by 1.1 eV toward

higher energy in order to facilitate comparison

with the experiment.

H stretching modes. Modes involving change in the dihedral angle between the two rings

are not excited. It occurs that the biphenyl behavior (chemical shifts and vibrational fine

structure) resembles the one found in the benzene XPS, as might be expected, confirming

the idea of relative independence of the two phenyl rings. The main contribution to the

naphthalene vibrational structure have a few C–C stretching modes and C–H stretching

modes, the latter being responsible for the high-energy tails of the spectrum.

The NEXAFS spectra of biphenyl (Figs. 2.5 and 2.6), and especially of naphthalene, exhibit

fine structure. As in XPS, it is caused by the chemical shifts–vibronic structure interplay.

We find a fairly good agreement with our simulations. In both investigated molecules,

we concentrated our attention to the first prominent peak in the region of the absorption

threshold, which is due to excitations to the LUMO orbital and very small contribution

from excitations to LUMO+1. The theoretical analysis shows that only few vibrations

are excited, predominantly up to their second excited level. This means that the excited

potential surfaces are only slightly displaced from the ground state and the geometrical

relaxation of both molecules is rather small.

The NEXAFS spectrum of biphenyl resembles the benzene case, taking into account the

doubling of the system. The 0–0 line is again dominating the spectrum, followed by excita-

tions of bending C–C and C–H modes. In two of the four inequivalent atoms, also a C–C

stretching mode is excited.
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Figure 2.5: Experimental and theoretical

NEXAFS of biphenyl in wide energy range:

284–295 eV. The theoretical profile contains

only the electronic contributions and it is

shifted by 1 eV toward higher photon energy.
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Figure 2.6: Calculated and experimental

C(1s) absorption spectrum of biphenyl – NEX-

AFS: Also, contributions of the individual

atoms to the theoretical spectrum are pre-

sented.

Complete description of the experiment, the simulations and the results can be found in

Papers I and II.

2.5.2 XPS of the water dimer

In Paper III, a study of the O1s x-ray photoelectron spectrum of the water dimer is

carried out. It is the prototype system for a hydrogen bonded system and the smallest of

water clusters. After years of research, there is still controversy in the scientific community

concerning the structure of water.

In the water dimer we have the opportunity to observe the hydrogen donor and the hydrogen

acceptor oxygen atoms in pure form. In reality, each oxygen atom will donate, and respec-

tively accept, hydrogens to or from other surrounding molecules. We explored the potential

energy surfaces along the O–H and O–O directions (Fig. 2.7). The potential surfaces show

qualitative difference in the donor case, comparing to the acceptor. A double-well potential

is found for the donor along the O–H bond, as might be expected. This well represents the

opportunity of the hydrogen to be transferred to the neighboring oxygen. XPS is though

not the right tool to observe this process. A more appropriate technique will include X-ray

fluorescence or Auger spectroscopy, allowing for the wave packet in the core excited state

to propagate and reach the region of the other oxygen and decay to some final state. The
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proton transfer well in the core ionized state (Fig. 2.7) can be mapped directly using the IR

+ x-ray pump-probe spectroscopy.38

We encountered difficulties in applying the conventional scheme for calculating Franck-

Condon factors – the linear coupling model in the framework of the harmonic approximation.

It turned out, that in some cases the gradients along certain modes are quite high, completely

breaking down the harmonic approximation. To overcome this setback, we used for these

modes a quasi-continuum approximation.
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Figure 2.7: 1D potentials of the water

dimer in ground and core-ionized states with

the core-ionized acceptor and donor oxy-

gens. ∆E0 = E0(r,R) − Emin
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Figure 2.8: O1s photoelectron spectrum of

the water dimer: The dashed line displays

the resulting spectrum when all intermolecular

modes (8, 9 and 11) are treated in the quasi-

continuum approximation.

The XPS calculations show two distinctive bands in the spectrum (Fig. 2.8) due to ionization

of the acceptor and the donor oxygens, respectively. These are substantially broadened by

soft inter-molecular vibrations associated with the hydrogen bond, completely smearing out

the vibrational structure seen in the monomer spectrum. This anomalous broadening is

different for the donor (≈ 0.6 eV) and the acceptor (≈ 0.4 eV) peaks. Unfortunately, no

experiment up to now has been able to prepare sample of water dimers and measure their

spectrum.



Chapter 3

Principles of X-ray Raman scattering

Resonant x-ray Raman scattering12,39,40 (RXS) is a two-step process. The first step is ab-

sorption of an x-ray photon exciting the system from the ground, |0〉, to the core excited,

|c〉, state. Then follows a decay of the core excited to some final state, |f〉, which is usually

a valence excited. The decay could be accomplished through either of two possible channels

(Fig. 3.1): It may be induced by either vacuum zero fluctuations (radiative Raman scat-

tering, a photon is emitted) or by Coulomb interaction with the final state (non-radiative

Raman or resonant Auger scattering, an electron is ejected).

3.1 Radiative X-ray Raman scattering

The RXS process can be described by means of perturbation theory.1 In this formalism,

the scattering from electrons in molecules is a second order process in respect to the per-

turbation. The electron-photon interaction has the form

Ĥint = −α(p · A) +
1

2
α2A2 , (3.1)

where p is the momentum of the electron and A is the vector potential of the x-ray radiation.

The cross-section of the RXS scattering is given by the Kramers-Heisenberg formula:

σ0(ω, ω1) = r2
0

ω1

ω

∑

f

∣

∣

∣

∣

∣

Z(e1 · e)δf0 +
∑

c

(e1 · dfc)(dc0 · e)〈f |c〉〈c|0〉
ω − ωc0 − ∆c0 + ıΓ

∣

∣

∣

∣

∣

2

δ(ω1 + ωf0 + ∆f0 − ω).

(3.2)

Here, r0 = α2 ≈ 2.82×10−13 cm is the Thomson radius or the classical radius of the electron,

ω and ω1 are the frequencies of the incoming and emitted photons with polarizations e and

25



CHAPTER 3. PRINCIPLES OF X-RAY RAMAN SCATTERING 26

f
f

eγ γ γ

Nonradiative (Auger)
scattering  channel

Radiative  scattering
           channel

−

c c

0 0

Figure 3.1: Decay channels in the Raman scattering process: left – radiative Raman scattering;

right – resonant Auger scattering.

e1, respectively, |0〉, |c〉 and |f〉 are the vibrational wavefunctions of the ground, core excited

and final states, ωc0 = Ec(R
c
0) − E0(R0

0) and ωcf = Ec(R
c
0) − Ef(Rf

0 ) are the adiabatic

transition energies, while dc0 and dfc are the corresponding transition dipole moments. The

change of the vibrational energy under scattering and core excitation is denoted as ∆f0 and

∆c0, respectively.

The first term in eq. (3.2), proportional to the number of electrons in the molecule, is respon-

sible for the Thomson scattering (see Fig. 3.2). It influences mainly the elastic scattering.

The second term at the right-hand side of eq. (3.2) is responsible for the resonant elastic

and inelastic scattering (Fig. 3.2): core excitation 0 → c and spontaneous decay c→ f . The

lifetime Γ−1 of the core excited state determines not only the width of the absorption band,

but also strongly influences the dynamics of the wave packet in the core excited state. In

eq. (3.2) we neglected the small lifetime broadening of the final state, Γf � Γ, and a small

non-resonant term shown schematically in Fig. 3.2.

3.1.1 Scattering duration

Under core excitation, a coherent superposition of vibrational states, or wave packet, is

created. The dynamics of this wave packet in the core excited state influences the RXS

spectral shape. To understand the dynamics of the resonant scattering, it is instructive to

write down the scattering amplitude in the time-dependent representation, using the Fourier
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Figure 3.2: Feynman diagrams representing the different terms in the Kramers-Heisenberg ex-

pression of radiative RXS.

transform of the stationary scattering amplitude expression (eq. 3.2):

F =
∑

c

〈f |c〉〈c|0〉
Ω − εc + ıΓ

= −i
∞
∫

0

dt e−t/T 〈f |e−iĤct|0〉 ≈ −i
τ
∫

0

dt e−t/T 〈f |e−iĤct|0〉 , (3.3)

where Ω = ω − ωc0 + ∆c0 is the detuning and Ĥc is the nuclear hamiltonian of the core

excited state. One can see that RXS has a characteristic time – T . It appears that this

time is complex and is usually called complex duration of the RXS:

T =
1

Γ − ıΩ
= TΓ + ıTΩ. (3.4)

The real part, TΓ = Γ/(Ω2 + Γ2), describes the suppression of large-time contributions to F

due to the irreversible decay of the core excited state. The imaginary part, TΩ = Ω/(Ω2+Γ2),

the so-called “dephasing time”, describes the suppression of large-time contributions due to

fast oscillations of the integrand in eq. (3.3) in the case of large detuning. The dephasing

offers a unique opportunity to alter the scattering duration:12,41

τ = |T | =
1√

Γ2 + Ω2
, (3.5)

by varying the frequency of the incident photon (see Fig. 3.3). For large detunings from the

resonance, Ω, the integrand in the RXS amplitude (3.3) experiences fast oscillations which

cancel out long-time contributions. This means that only times shorter than the scattering

duration, t < τ , contribute to F .
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Figure 3.3: Long-time contributions to the scattering amplitude F (t) are canceled out due to

destructive interference. F (t) is non-zero for times t < τ . Thus, the detuning provides a way of

controlling the scattering duration, and consequently, the nuclear dynamics of the RXS process.

This is a useful concept from an experimental point of view, as it gives the opportunity

to control the scattering time and, hence, the nuclear dynamics using ordinary, stationary

measurements.

3.1.2 Role of the spectral function

In a real experiment, the RXS spectral shape is distorted due to several effects:

• Finite width of the the spectral function of the incident x-ray radiation – Φs(ω
′−ω, γs).

The radiation produced by the synchrotron is not perfectly monochromatic.

• Finite spectral width of the spectrometer – Φi(ω
′
1 − ω1, γi). The spectrometer has

inherent spectral resolution, which limits our observation.

• Photoabsorption of both incident and emitted x-rays – most important for the elastic

scattering, in which the final state is the ground state.

To account for the first two effects, we need to convolute the spectrum with the respective

spectral functions. Experimental measurements suggest that the shape of Φs(ω
′ − ω, γs) is
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a gaussian with half width at half maximum (HWHM) γs:

Φs(ω
′ − ω, γs) =

1

γ

√

ln 2

π
exp

(

−
(

ω′ − ω

γs

)2

ln 2

)

(3.6)

σ(ω, ω′) =

∫∫

dω dω1Φs(ω
′ − ω, γs)σ0(ω, ω1)Φi(ω

′
1 − ω1, γi) (3.7)

3.1.3 Time-dependent formalism

It is natural to use a time-dependent method to study the dynamics and the spectral shape

of the RXS process. As it was already mentioned, the scattering process has a certain time

scale, so a wave packet method can give interesting insight.

During the absorption process, a wave packet is excited to the core excited potential sur-

face. The energy is initially contained in the electronic degrees of freedom, but the excited

electronic structure initiates nuclear dynamics – vibrations. By solving the time-dependent

equations one could explore the wave packet dynamics and obtain the RXS spectrum. The

wave packet techniques have a strong advantage over the time-independent methods – they

do not require explicit knowledge of the eigenfunctions, only the shape of the potential sur-

faces. This advantage is even more pronounced in the case where excitation to dissociative

state occurs, as the energy spectrum in this case is continuous.

In the time-dependent formalism, the Kramers-Heisenberg formula reads:

σ0(ω, ω1) =
1

π

∞
∫

0

σ(ω, τ)eı(ω−ω1)τ dτ , (3.8)

σ(ω, τ) = 〈Ψ(0)|e−ı(Ĥf−E0)τ |Ψ(0)〉 + 〈0|ρ†qe−ı(Ĥf−E0)τρq|0〉
+i
[

〈Ψ(0)|e−ı(Ĥf−E0)τρq|Ψ(0)〉 − 〈Ψ(0)|ρ†qe−ı(Ĥf−E0)τ |Ψ(0)〉
]

, (3.9)

where |Ψ(0)〉 is a wave packet integrated over its entire evolution time on the core-excited

potential surface

|Ψ(0)〉 = V1

∞
∫

0

e−ı(Ĥc−E0−ω)tV̂ |0〉e−Γtdt , (3.10)

|Ψ(t)〉 = e−ıĤf τ |Ψ(0)〉 (3.11)
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To obtain the spectrum, σ0(ω, ω1) is convoluted with the spectral function of the incident

radiation, Φs(ω − ω′, γs), and of the measuring instrumentation, Φi(ω1 − ω′
1, γi) (eq. 3.6).

The three terms in eq. (3.9) has the following meaning: the first one represents the resonant

cross-section, the second one – the photoionization channel, and the third – the interference

between resonant and direct channels.

3.2 Applications

3.2.1 HCl Raman scattering in the hard x-ray region

The spectral resolution of RXS spectra is usually restricted by several factors – vibrational

broadening, the lifetime of the core excited state, non-monochromatic incident radiation and

finite resolution of the spectrometer. An inherent feature of RXS is the opportunity to avoid

the lifetime broadening of the core excited state if the final state is bound. In Paper IV

we demonstrate that it is possible to eliminate also the vibrational broadening by properly

tuning the incident radiation frequency. This gives a unique possibility of radiative RXS

spectroscopy in the hard x-ray region beyond the limitations of lifetime and vibrational

broadenings.

The suppression of the vibrational broadening was predicted and observed earlier.42,43 The

quenching of the vibrational structure, or collapse effect, is realized in two cases: 1) identical

ground and final states; 2) identical core excited and final states. These two different

collapse effects were observed in resonant Auger scattering in the soft x-ray region, where

the coincidence of the potentials is accidental. Very recent measurements (Paper IV)

demonstrated both collapse effects in the Cl1s radiative RXS spectra of the HCl molecule.

A qualitatively new result here is that both types of vibrational collapses are natural and

common effects in the hard x-ray region. Indeed, the condition of identical potentials of

the ground and final states is strict for the elastic transition (0 → 1s−1 → 0), while the

potentials of the core excited and the final state are almost the same for the Kα scattering

(0 → 1s−1 → 2p−1).

In the hard x-ray region, the lifetime of the core excited state is Γ−1 . 1 fs. Nevertheless this

short time, the nuclear dynamics is active and the spectra exhibit vibrational progression.

Considering the elastic band, one can clearly see that for resonant excitation the scattering

profile will be vibrationally split (Fig. 3.4), as the decaying wave packet may reach different

vibrational levels of the ground state. However, if we tune far away from the resonance,
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ing (right) substantially broadens it.

the vibrational structure collapses to a single line. As the scattering duration, τ , is very

short in this case, the wave packet does not have time to propagate. The only allowed decay

transition is down to the ground vibrational level. The width of this single line collapses

to the total broadening, γs, introduced by the spectral function of the incident radiation

and the spectrometer. It is worthwhile noting that the only broadening of the elastic band

for large detuning comes from limitations of the experimental techniques. By using strictly

monochromatic x-ray radiation and increasing the resolution of the detectors one can in

principle obtain unlimited spectral resolution.

It turns out that in the hard x-ray region the potential surfaces of 1s−1 and 2p−1 states are

almost parallel. A possible explanation of this fact is that the core hole in both cases results

in similar interatomic interaction as the cloud of valence electrons penetrates the two shells

by an almost equal amount. As the two potentials are parallel, transitions at all points of

the wave packet propagation path have the same energy and result in a single narrow line

in the spectrum. This effect is very similar to the atomic resonance44 observed in the soft

x-ray region, where the decay occurs in a region where the molecule is dissociated and the

surfaces of the core excited and final states are parallel (far from the equilibrium distance).

The shape of the Kα line in the experiment is doublet due to spin-orbit splitting of the 2p

level. A single component has the following spectral shape:

σ0(ω, ω1) ∝
〈0|ε〉2

Ω2
1 + Γ2

∝ exp (−[(Ω1 − Ω)/∆]2 ln 2)

Ω2
1 + Γ2

, (3.12)
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lines – Kα line (2p−16σ∗ final state), Kβ line (1Π final state) and the elastic peak of HCl. B)

Dispersion of the maximum peak position of the three lines for different excitation energies.

where Ω1 = ω1 − ωcf(∞), ωcf is the resonant frequency of the Kα line in the isolated Cl

atom, ∆ is the half width at half maximum of the FC factor (3.12). The exponent represents

the FC factor of a bound-continuum core excitation transition.

When the incident photon energy is that of the resonant transition, the Kα line is narrow

(Fig. 3.5). Its width collapses to the value defined by the lifetime broadening of the core

excited state. If we tune away from the resonance, the width of the spectral band rises

(Fig. 3.6). Eq. (3.3) shows that for large detuning (short scattering duration) the scattering

amplitude resembles the one for the direct transition 0 → f . Thus, the spectral profile is

broadened by the dominating FC factors (Fig. 3.5) and the spectral shape becomes distorted.

The FC contribution in eq. (3.12) is dispersive, while the Lorentzian contribution in the

denominator does not depend on the change of the excitation energy. The interplay between

these two contributions (similar to the Stokes doubling effect45) is responsible for the profile

distortion and dispersion law that deviates from the linear Raman law (Fig. 3.6). It is

interesting to note that the structure of eq. (3.12) is very similar to the expression describing

the Stokes doubling effect.45 The role of the spectral function in the Stokes doubling effect

is that of the FC factor for a bound-continuum transition.
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Polarization anisotropy

From eq. (3.2) one can see that the cross-section of the Raman scattering depends on the

polarization vector of both incident and emitted photons. The molecules are randomly

oriented in gas phase. Thus, the RXS cross-section needs to be averaged over all molecular

orientations. The X-ray Raman scattering from disordered molecules is strongly anisotropic.

The origin of this anisotropy is the following:12,46 By changing the excitation frequency one

can select unoccupied levels of different spatial symmetry. For instance, mainly molecules

aligned along e are excited when the frequency is tuned in resonance with a σ∗ level. In a

way, the polarized incident radiation selects only molecules with certain orientation and the

rest are not excited. This “ordered” gas emits photons with certain polarization, depending

on the symmetry of the occupied orbital involved in the second step of the RXS process.

If the occupied orbital is of σ symmetry, the emitted photon polarization, e1, is parallel to

e, and if the occupied orbital is of π symmetry, e1 is perpendicular to e. The situation is

reversed if the initial photon is tuned to a π∗ resonance.

The anisotropy of resonant scattering from disordered molecules depends on the final state:

σf ∝ ζf(θ). For instance, the polarization dependence is different for the 1Σ+ and 1Π final

states of the studied HCl molecule:

ζΣ(θ) = ζelast(θ) = [1 + 2(3 cos2 θ − 1)/5]/9, ζΠ(θ) = [1 − (3 cos2 θ − 1)/5]/9.

Here, θ is the angle between the polarization vectors of the incident and the scattered x-ray

photons. The resonant elastic scattering has the same anisotropy factor as the 1Σ+ state.

The HCl RXS experimental data display unexpected polarization dependence for the elastic

peak.47 Contrary to θ = 0◦, the experiment shows complete suppression of the elastic peak

for θ = 90◦. The reason for this is the interplay of the rather strong reabsorption of elastic

radiation near the top of the photoabsorption and the anisotropy of the scattering.

The cross-section of the elastic scattering (3.2) consists of an isotropic (off-resonant and

Thomson scattering) and resonant contribution:12,48

σel(ω, ω1; θ) = (σT /3) cos2 θ + σel
0 (ω, ω1)ζ

el(θ).

For the used experimental setup, the ratio of relative intensities of the elastic and inelastic

Π peak, Iel(θ) ≈ σel(ω, ω1; θ)/σ
Π(ω, ω1; θ)(1 − e−µL)/µL, for 90◦ and 0◦ is:

Iel(90◦)

Iel(0◦)
=

σel
0

2(5σT + 3σel
0 )
,

where µ = µ(ω1) is the absorption coefficient of elastic radiation and L is the size of the gas

cell. In the HCl case, σel
0 . σT .49 This explains the strong suppression of the elastic peak

for 90◦ geometry: Iel(90◦)/Iel(0◦) . 1/16.
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3.2.2 Electron interference in Auger scattering from fixed-in-space

molecules

Radiative and non-radiative RXS have many common features.12 However, these two types

of Raman scattering differ by the emitted particle. Contrary to the radiative RXS, the

emitted particle in the resonant Auger scattering is an electron. The Auger electron has

rather small wave length, comparable with the internuclear separation. Due to this, one can

expect some interference effects which we will address in this section.

Let us consider the resonant Auger scattering by fixed-in-space diatomic homonuclear molecules

(Fig. 3.7). Spectra from oriented in space molecules can be obtained by employing the so-

called photoelectron-photoion coincidence technique.

AA

θ

ω

e−

Figure 3.7: Origin of the interference between electrons emitted from the left and the right atom

of molecule A2.

The basic Auger process for fixed-in-space homonuclear diatomics can be schematically

represented in the following way:

ω + A2 →
AA∗

A∗A
→ A+

2 + e− → A+ A+ + e−. (3.13)

Absorbing an X-ray photon with polarization vector e and momentum k, the molecule

experiences a resonant transition from the ground state (0) to either of the core-excited

states (c) – A∗A or AA∗, with the core-hole in the first or second atom. This means that

there are two possible ways (channels) of reaching the core-excited state. The molecule

decays to the final dissociative state (f) and ejects an Auger electron e− with energy E

and momentum p. The amplitude of the scattering process, consisting of core excitation
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(1sn → ψν) and decay (ψi → 1sn, ψj → ψ−
p ), reads:

F ≈ 1

ω − ων1s + ıΓ

∑

n

〈ψ−
p 1sn|ψjψi〉〈ψν|(e · d)|1sn〉eık·Rn , (3.14)

where Γ is the lifetime broadening of the core excited state, d is the ground state dipole

moment of A2 and Rn is the radius vector of the nth atom. The wave function of an Auger

electron in the vicinity of the nth atom depends on Rn:

ψ−
p = φ(n)

p eıp·Rn ,

where the dependence of φ
(n)
p on Rn is rather weak.

After some transformations, one can reach to the following expression for the amplitude of

the scattering process:

F ≈ f1e
ı(k−p)·R1 + f2e

ı(k−p)·R2 (3.15)

The two terms describe scattering through the two distinguishable channels – A∗A and AA∗,

respectively.

Squaring F and forming the scattering cross-section expression, we get:

σ(E, θ) ∝ ∆(E − ω + ωf0,Γf)

(ω − ων1s)2 + Γ2
[1 + ξ cos(p ·R)]. (3.16)

Here, R = R2 − R1. One can note that the term σint ∝ cos(p · R) accounts for the

interference effects between the two scattering channels.

The interference term has a pronounced angular dependence, easily seen by rewriting

eq. (3.16) in the following way:

σint

σdir

= ξ cos(pR cos θ) ,

where θ is the angle between the momentum p of the Auger electron and the internuclear

axis (Fig. 3.7).

The interference pattern (Fig. 3.8) can be used for obtaining structural information. The

Fourier transform of the interference term produces a structure function containing data

about bond lengths and bond angles. This approach can be straightforwardly extended to

polyatomic molecules also. In conventional measurements with randomly oriented molecules,

the interference pattern is suppressed due to orientational averaging:

cos(p ·R) =
sin(pR)

pR
� 1.

To avoid such a suppression, electron-ion coincidence measurements can be used.50–52

More details and rigorous treatment of the problem can be found in Paper V.
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Conclusions

A brief summary of the main results that have been obtained throughout this thesis reads

as follows:

• XPS and NEXAFS spectra of naphthalene and biphenyl were calculated and compared

with experimental results. Overall, a good agreement is found.

• The spectral shape appears to be strongly influenced by both vibrational structure

and chemical shifts of inequivalent carbon atoms.

• The simulations allow an assignment of the active vibrational modes of the XPS and

NEXAFS spectra. It turns out that only a few vibrational modes are excited, but

they still significantly broaden the spectra.

• The O1s photoelectron spectrum of the water dimer is analyzed. Contrary to the

monomer spectrum, it consists of two vibrationally unresolved bands, originating from

excitations of the donor and acceptor oxygens.

• Soft intermolecular vibrational modes, associated with the hydrogen bond, are respon-

sible for significant broadening of the two bands: 0.4 eV for the acceptor band and

0.6 eV for the donor band.

• It is found that nuclear dynamics strongly influences the radiative x-ray Raman spectra

of HCl in the hard x-ray region, although the lifetime of the core excited state is quite

short (∼ 2 fs).

• Both theoretical and experimental studies evidence the possibility of x-ray Raman

spectroscopy beyond the vibrational broadening limit. The collapse of the vibrational

37
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structure occurs for resonant excitation of the Kα line, while it takes place for large

detunings in the case of the elastic peak.

• A strong interference effect in the resonant Auger scattering from fixed-in-space molecules

with equivalent atoms is predicted.

• The interference of indistinguishable channels forms a Bragg pattern in the angular

distribution of Auger electrons.

• Auger scattering from fixed-in-space molecules contains structure information that can

be utilized to analyze polyatomic molecules.
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[22] F. Gel’mukhanov and H. Ågren, Phys. Rev. A 54, 379, 1996.
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