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I Introduction

With the aim of producing cheap electronics on a large scale, much effort has
been devoted to identifying potential active components in electronics and opto-
electronics. In this context, organic materials based on m-conjugated molecules
emerged as outstanding candidates for organic field effect transistors (OFETS) [1],
organic solar cells (OSCs) [2], and organic light emitting diodes (OLEDs) [3,4] due
to their visible light-matter interaction and low molecular weight. Among them,
oligo- and poly-thiophenes offer the unique combination of chemical stability, effi-
cient electronic conjugation, and synthetic flexibility which allows for the deliberate
adjustment of properties through substitution at the thiophene ring [5]. Poly (3-
hexylthiophene) (P3HT) has already established itself as an organic semiconductor
for OFETs and OSCs [6,7]. Oligothiophenes bear the advantage of having a well
defined structure, and thus producing more defect-free thin films compared to poly-
thiophenes. Among others, a-sexithiophene proves to be a very promising candidate
for the use in OFETs [§].

To optimize the performance of these materials, extensive knowledge of their chemi-
cal composition and fundamental properties, including electronic structure and their
reponse to electro-magnetic radiation, is required. X-ray absorption spectroscopy
(XAS) represents a powerful technique for this purpose. It is used to determine the
local geometric and electronic structure of a material, and can identify the chemical
fingerprint of elements and detect specific bonds in molecules [9]. First-principles cal-
culations are invaluable in interpreting such experimental data. Density-functional
theory (DFT), mainly in the core-hole approximation [10], is often applied to simu-
late XAS in organic materials. While this approach is fairly accurate for K absorp-
tion edges, it falls short to reproduce other absorption edges where coupling effects
between the subedges are important. Here, a fully relativistic approach with an ex-
plicit treatment of the electron-hole interaction is a significant step forward [11-13].
Many-body perturbation theory (MBPT) represents the state-of-the-art formalism
to calculate neutral excitations in solids [12]. In this work, we calculate XAS from
ab-initio MBPT by treating the electron-hole interaction through the solution of
the Bethe-Salpeter equation (BSE), using a fully relativistic treatment of the core
states [11,14]. By using a (L)APW+lo basis set, we treat all electrons on the same
footing, which allows for accessing the core region. This approach is implemented
within the all-electron full potential exciting code for DFT and MBPT calcula-
tions [15]. It was previously successfully applied to a number of absorption edges [12],
such as the nitrogen K edge of azobenzene monolayers [16] and the titanium Ls
absorption edge of TiOy [14].

Core excitations in oligothiophenes (nT, n is number of monomer rings) were pre-
viously explored mainly for short oligomers such as 2T [17-22]. A thorough inves-
tigation of XAS and the electronic structure for longer oligomers is still missing.
In this work, we study the carbon K, sulfur K, and sulfur L, 3 absorption edges
in crystalline 2T, 4T, and 6T. When available, our results are compared with pub-
lished experimental data. By considering transitions from core states of inequivalent
atoms, we probe their individual chemical environment. We discuss the properties
of core excitations, i.e., exciton binding energies and spectral features, in relation
with the oligomer length and analyze their excitonic character.



II Structural Properties of
Oligothiophene Crystals

In this work, we investigate crystals of oligothio-
phenes (nT) with an even number of rings: bithio-
phene (2T), quaterthiophene (4T), and sexithio-
phene (6T). In Fig. 2.1, we illustrate the oligothiophene
monomer with n representing the number of rings in the
oligomer. Each thiophene ring consists of sp? hybridized
carbon (C) and sulfur (S) atoms, as well as hydrogen (H)
atoms. S atoms form two covalent o bonds while C atoms
form three covalent ¢ bonds. The remaining six valence
electrons, one from each C atom and two from the S
atom, remain in 2p orbitals perpendicular to the molec-
ular plane, thus forming the aromatic 7-electron cloud.
The aromatic character leads to the (quasi) planar form
of the oligothiophene molecules which is preserved in the
crystalline phase [5,23].

Figure 2.1: The oligoth-
iophene molecule a-nT.
The number of repeating
thiophene rings is indi-
cated by n.

The lattice parameters of oligothiophenes at ambient conditions and the chemi-
cal formulas of all investigated materials are given in Tab. II.1. In this work, we
perform calculations for a-nT! where the thiophene rings are connected at the a-
C site, i.e., the C atoms with covalent bonds to the S atoms. The structure of
oligothiophene crystals is characterized by the herringbone arrangement of multiple
inequivalent molecules in the unit cell. These molecules interact with each other
through van der Waals forces. Such an arrangement is commonly found in organic
crystals consisting of planar linear molecular chains [24]. In the case of a-2T, two in-
equivalent molecules are in each unit cell [25]. Dependent on the growth conditions,
two different polymorphs have been identified for a-4T [26,27] and a-6T [28,29]: a
high temperature phase (HT) and a low temperature phase (LT) with two and four
inequivalent molecules per unit cell, respectively. In this work, we solely focus on
the HT polymorphs with two molecules in the unit cell to directly compare our re-
sults between the different oligothiophenes. All investigated materials crystallize in
a monoclinic structure: a-2T belongs to the P2;/c space group, whereas a-4T/HT
and a-6T/HT to the P2;/a space group. The unit cells of the 2T, 4T, and 6T
crystals is shown in Fig. 2.2. The long molecular axis is approximately aligned with
the c axis. This is reflected in the increase of the lattice parameter ¢ with increasing
oligomer length n. The other lattice parameters, b and ¢, are comparable in value
for all investigated systems. Here, the short molecular axis is approximately aligned
with the the b axis. This anisotropy of the molecule leads to the highly anisotropic
electronic and optical properties observed in oligothiophenes [5,23].

La-nT is also referred to as 2,2’-nT.



(a) a-2T (b) a-4T/HT (¢c) a-6T/HT

Figure 2.2: Unit cell (top), the ac plane (middle), and the herringbone arrangement
of two inequivalent molecules (bottom) for 2T, 4T, and 6T crystals. C atoms are in
green, S atoms in yellow, and H atoms in black.

Table I1.1: Lattice parameters of oligothiophene crystals from [25,26, 30].

a[A] b[A] c[A] Bl
a-2T | CgHgSs 8.81 5.77 7.87 107.1

a-6T/HT | CoqHoySe 9.14 2.68 20.67 97.8




III Theoretical Foundations

This chapter introduces the theoretical concepts needed to calculate XAS from ab-
initio many-body perturbation theory. Section 1 introduces density functional the-
ory, focusing on the Kohn-Sham formalism and the expansion of the resulting equa-
tions in the (L)APW+lo basis set. In Section 2, we describe the main concepts of
many-body perturbation theory which are most relevant for this work. Section 3
presents its application to core excitations, while Section 4 introduces the basics of
X-ray absorption spectroscopy.

1 Density-Functional Theory

All properties of a system of interacting particles, such as electrons and nuclei, can
be obtained by solving the many-body Schrédinger equation. However, for real-
istic systems, this task is impossible to solve due to the high amount of degrees
of freedom. It is therefore necessary to introduce approximations for any practical
applications. The Born-Oppenheimer approximation [31] serves as a first simplifi-
cation: The nuclei can be viewed as almost stationary compared to the electrons,
enabling the separation of the electronic and nuclear wavefunctions. One now has

to solve the equation for the electronic wavefunction ¥ (ry,...,ry)?!
EW(ry,...,vy) = [T+ U+ V] U (... ry) (1.1)
vZ o1
= ; + = Z|rz—r]| Zm R, U (ry,...,tN),
(1.2)

where N represents the number of interacting electrons in a potential of nuclei with
atomic number Z; at position R;.

The exact electronic wavefunction, determined by 3NN independent variables, can
be obtained as a linear combination of Slater determinants. This approach is known
as the configuration interaction method. While this method can be applied to small
systems, its computational cost for extended systems is scaling unfavorably.

Density-functional theory (DFT) serves as an alternative approach, as it enables
to calculate the electron density n(r) instead of the electronic wavefunction. The
main advantage of this approach is that the number of independent variables is re-
duced to the 3 spatial coordinates, thereby ensuring excellent scalability to larger

systems. All observables can be expressed as functionals of the electron density.
The Hohenberg-Kohn theorem is the foundation of DFT.

1.1 Hohenberg-Kohn Theorem

The basic lemma of Hohenberg and Kohn states that the external potential vey(r) is
a unique functional of the ground-state density n(r) of an inhomogeneous interacting
electron gas [32]. The full electronic Hamiltonian H is therefore defined by the

INote that atomic units are used in this thesis.



electron density and one can express the total energy of the system as

Eufn(r)] = Fln(r)] + [vex(x) n(r) &, (1.3)

where the universal functional F[n(r)] is independent of the external potential and
contains the kinetic energy and interaction potential between the electrons. The
ground-state energy E can be obtained from the Rayleigh-Ritz variational principle:

E = m1n< ‘H’ > (1.4)

where W represents a normalized trial wavefunction for the electron system. The
Hohenberg-Kohn theorem states that this variational principle can equivalently be
formulated in terms of trial densities n(r):

E = min B, [fi(r)] (1.5)
~ min {F[ﬁ(r)] + [ () () d%} | (1.6)

7i(r)

1.2 Kohn-Sham Formalism

The Hohenberg-Kohn theorem ensures that the ground state energy is determined
by the minimization with respect to trial densities. What is missing, however, is an
expression for the functional F[n(r)]. Kohn and Sham [33] proposed the following:

Fln(r)] = +5 / / d3 &' + Excln(r) (L.7)
= To[n(r)] + Enln ()]+Exc[ ()], (18)

where the first term represents the kinetic energy of non-interacting electrons, the
second term the Hartree energy, and the third term the exchange-correlation func-
tional. The minimization in Eq. (1.6) using a Lagrange multiplier ¢ under the
constraint of constant electron number N, leads to:

SE[fi(r) —/<6§0n 2/ |r_r,| &'+ (w_e>
(1.9)

This equation resembles the problem of non-interacting electrons in an effective
potential vksg:

6n(r) d®r.
a(r)=n(r)

oo BBu(e,[n]) | 6Bxo(r, )
on(r) on(r)
where the first term represents the mean-field interaction of the electrons, the second
term the exchange-correlation potential, and the third term the external Coulomb
potential due to the nuclei. The ground state density can now be obtained by solving
the set of one-particle Schrédinger equations

(-5 + st} ) = 0,00, (111

where the density is calculated as

r) = Zl [ipa (1) (1.12)

+ Vext (T), (1.10)



These equations are known as the Kohn-
Sham equations and have to be solved self-
consistently according to the scheme illustrated
in Fig. (3.1). This will result in the exact
ground state energy and density if no approx-
imations are made. It is important to note
that the Kohn-Sham wavefunctions and eigen-
values do not represent the single-particle wave-
functions and eigenvalues of the many-body sys-
tem.

A problem arises for practical applications when

examining the exchange-correlation functional.

Its exact form is to this day unknown. As

a result, the accuracy of the DFT -calcula-

tion depends on the level of approximation for

FExc. Many approximations for the exchange- Figure 3.1: Flowchart for the self-
correlation functional with varying accuracy consistent solution of the Kohn-
have been proposed in the literature. The local- Sham equations using an unspec-
density approximation (LDA) [34] is often em- ified basis set.

ployed due to its low computational cost. In this

framework the exchange-correlation functional takes on the form:

EERA(n(x)) = [ exe(n(m) n(r) dr?, (1.13)

where ex.(n(r)) is the exchange-correlation energy per particle of the uniform elec-
tron gas. Another type of functional is given by the generalized gradient approxi-
mation (GGA) which includes the gradient of the electron density. This partially
accounts for the non-locality of the exchange-correlation functional. One popular
GGA functional was developed by Perdew, Burke, and Ernzerhof (PBE) [35]. It
includes the gradient correction without introducing any additional experimental
parameters, thereby ensuring its applicability to a wide range of systems. These
functionals, however, can not accurately describe electron dispersion, i.e. van der
Waals interaction. As a result, they are inaccurate in describing molecular crys-
tals [36]. As reviewed by Klimes and Michaelides [37], several corrections have been
proposed in recent years. For an overview of the different approaches we refer to
references [36-38]. In this work, we employ the LDA functional and as such, we
expect our obtained results to slightly differ from experimental results.

1.3 Numerical Solutions of the Kohn-Sham Equations

The differential Kohn-Sham equation (1.11) has to be solved numerically. The Kohn-
sham wavefunctions are thus expanded in a basis set ¢.(r)

Uy (r) = b dh(r), (1.14)

p=1



that properly describes physical properties. Inserting Eq. (1.14) into Eq. (1.11),
yields the eigenvalue problem:

(H—2,0)C =0. (1.15)

Here, the Hamiltonian H is defined as

vQ

H; = <¢17 5

and O represents the overlap matrix with the elements

0u= (64| 1) (L17)

The eigenvector C contains the coefficients ¢, given in Eq. (1.14). The eigenval-
ues are then obtained by diagonalizing the matrix in Eq. (1.15). In order to keep
computational cost manageable, only a limited amount of basis functions P can be
taken into account. It is therefore essential to choose a basis set that requires only
few basis functions while providing sufficient accuracy.

The (L)APW-lo basis set [39] is employed for all the calculations in this work and will
be introduced briefly. Electrons far away from the nuclei act as almost free electrons
and can accurately be described by planewaves. Electronic wavefunctions near the
nuclei resemble atomic-like wavefunctions. As a result, one can seperate the space
into two regions, the interstitial (I) region and the muffin-tin (MT) spheres. The
latter are non-overlapping spheres with radius Ry centered on the atoms labeled
by R,.2 The interstitial region fills the remaining space between the muffin-tins. In
the augmented planewave (APW) basis set, the Kohn-Sham wavefunctions can then
be expressed as [40]

Yk (r) = EG: ke dria(r), (1.18)

with

;Afn—ﬂto? U (Tas Enk) Yim(Ta), Ta < Ryt
m

Or+a(r) = , (1.19)

%ei(’”G)'r, rel
where r, = r — R, and (2 represents the unit cell volume. Here, the MT sphere is
expanded in terms of spherical harmonics Y,,(T,) and radial functions w74, €nk)-
The coefficients AJ'S are defined by the continuity condition at the sphere bound-

ary. In order to linearize the eigenvalue problem, the radial function w(rq, k) is
expanded to first order around the linearization energy:

Oy (T €)

o (1.20)

ula<roc7 gnk) ~ ula(rom gla) + (Eloc - gnk)
E=E€la

o (Ta Ela)

2Note that muffin-tin radii can differ for different atomic species.



This defines the linearized augmented planewave (LAPW) basis set [39]:

12: {Aﬁ:f ula(raa Ela) + Blma ula(raa Ela)} Yim(fa)a Ta S RMT
¢k+G(I') ="

% ikt @) rcl

(1.21)

The coefficient B¢ is introduced due to the unknown quantity (£ — €nx). The
continuity condition of ¢rig(r) as well as its spatial derivative at the muffin-tin
boundary determine the coefficients A¥*¢ and BFTY. Such an approach, however,
harbors additional problems such as the disability to describe states with the same [
but different principal quantum numbers. This applies to cases where the elements

have valence as well as core electrons.

Alternatively, one can introduce local orbitals (lo) [41], that are only defined within
the MT spheres

5aa551155mm5 [aﬁula (Tou 5[04) + bﬁula(raa Ela)] YZm(i:a)a To S RMT
Ps(r) = , (1.22)
07 r c I

and are added to the (L)APW basis functions with fixed energy parameters. Here,
the parameters a, and bg are determined by the continuity condition of ¢s(r) and
its normalization to one. With this the (L)APW+lo basis set is defined as:

Uk (T Z Cn Prra(r) + Z Cpp Pa(T (1.23)

Compared to the LAPW basis set, this introduction of local orbitals results in a
smaller linearization error while the error in the total energy is still O(€;q —&n1)? [15].

The basis is now completely defined and can be used to solve Eq. (1.15). The
dimension of the matrices H and O are limited by the condition |k + G| < Gpax.
This planewave cutoff G, alone is not an appropriate parameter: If the muffin-
tin radius Ry is reduced, more planewaves are required to accurately describe the
interstitial region where the wavefunction is now varying more strongly. In other
words, a decrease of Ryt requires an increase of G ., in order to achieve the same
level of accuracy. Therefore, a more appropriate dimensionless cutoff parameter is
the product RYR G .y, where RRE corresponds to the smallest MT radius in the
considered system.



2 Many-Body Perturbation Theory

Density functional theory allows for the calculation of the ground state properties
of a system. It fails, however, in describing its excited states.

Absorption spectroscopy probes neutral excitations: An electron is excited to an
unoccupied state, by absorbing an incoming photon, while leaving behind an unoc-
cupied state, a hole. The electron and the hole interact with each other and also
with the remaining electrons in the system. As a result, one is confronted with a
complicated many-body problem. Many-body perturbation theory (MBPT) is able
to simplify this problem by mapping the many-body problem to a set of single-
particle problems. To achieve this, electron and hole are treated as quasiparticles,
i.e. effective states dressed by the full interaction with the many-body system. They
interact with each other through the Coulomb interaction that is screened by the
remaining electrons. To describe quasi-holes and quasi-electrons simultaneously, an
effective two-particle Hamiltonian is introduced. It is derived form a two-particle
Green’s function formalism.

This section provides the main concepts of MBPT that are relevant to the theo-
retical treatment of X-ray absorption spectroscopy. A more detailed treatment of
MBPT and its application to neutral excitations can be found in [42-46].

2.1 Dielectric Response

The electric displacement D is linearly related to the electric field E by the micro-
scopic dielectric tensor e:3

Di(r,w) = / e (r,1, W) B (r,w) . (2.24)

The dielectric tensor describes the linear response of a system to an external elec-
tromagnetic field. It can also be expressed in terms of the complete polarization P:

e e, v, w) =8(r,v) + /v(r,r”)P(r/,r”,w) a*r”, (2.25)

where v(7, ") represents the bare Coulomb potential. In a crystal with translational
symmetry, the dielectric tensor can be Fourier-transformed into reciprocal space:

1 . : AW
(r, ' w) = 5 Y 3 O+ G g+ G w)e 1T, (2.26)
a G,G’

Here, q is a vector from the first Brioullin zone, G and G’ are reciprocal lattice
vectors, and 2 is the crystal volume. When discussing about optical spectroscopy,
one is typically interested in the average response of the system rather than in the
response on the atomic scale. The average response is given by the macroscopic
dielectric function ey(q,w). It is defined by the G = G’ = 0 component of the
inverse microscopic dielectric tensor:

1

76_1(% aw) (2.27)

€M (q7 w) =

3This is only valid for linear homogeneous materials.
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According to Eq. (2.25), the inverse microscopic dielectric function can be obtained
by calculating the complete polarization P. Matrix inversion then yields the macro-
scopic dielectric function, see Eq. (2.27).

2.2 BSE for the Two-Particle Correlation Function

The calculation of the complete polarization P is performed by solving the Bethe-
Salpeter equation (BSE) for the two-particle correlation function L [44]:

P(1,2) = —iL(1,1,2,2), (2.28)
where
L(1,1,2,2") = G»(1,1',2,2") — G(1,2))G(1, 2). (2.29)

Go(1,1’,2,2') represents the two-particle Green’s function and the G(1',2'), G(1,2)
single-particle Green’s functions. The two-particle correlation function L is then
defined as the two-particle Green’s function G5 excluding the disconnected part,
represented as the product of single-particle Green’s functions G. Note that we
have introduced the notation of (1) — (ry,t).

The Bethe-Salpeter equation for L(1,1’,2,2') assumes the form of a Dyson’s-like

equation:

L(1,1,2,2)) = Lo(1,1,2,2) + /d(3,3’,4,4’)L0(1, 1',3,3)2(3,3,4,4')L(4,4,2,2),
(2.30)

where the function Lg is introduced as the independent motion of two particles
Lo(1,1',2,2") = G(1',2)G(2,1), (2.31)

and the kernel = contains the effective two-particle interaction. It is obtained as the
functional derivative of the Hartree potential Vi and self-energy ¥ with respect to
the single-particle Green’s function:

0Vu(4,4) +%(4,4)]
9G (3,3

2(3,3,4,4') = (2.32)

The Hartree potential Vi; can also be defined in terms of single-particle Green’s
functions as?:

Vi (4,4') = —15(4,4’)/G(5,5+)v(5,4)d(5). (2.33)

The challenge now is to calculate the interaction kernel = in a numerically man-
ageable way. For this purpose, approximations for the self energy ¥ are needed,
such as setting the self-energy in Eq. (2.32) to zero. In this approach (Hartree ap-
proximation), the particles in the system behave as free particles in a self-consistent

4We introduce the notation 1+ — (ry,t; +07).
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potential field.

A more sophisticated approximation to the interaction kernel = is to replace the
self energy in Eq. (2.32) by the self energy in the GW-approximation [47].

In this approach, the self energy ¥ is given as [46,47]:
¥(1,2) =iG(1,2)W(1,2). (2.34)
Here, W is the dynamically-screened Coulomb interaction
W(1,2) = /6_1(1,3)U(3,2)d(3), (2.35)
with the dielectric matrix expressed in the random phase approximation (RPA):
€(1,2) = 6(1,2) +i/v(1,3)G(2,3)G(3,2)d(3). (2.36)

The interaction kernel = can be obtained by inserting Eqs. (2.33) and (2.34) into
Eq. (2.32):

oW (4,4)

0G(3,3)
(2.37)

2(3,3,4,4") = —i6(3,3))6(4,4)0(3,4) +i6(3,4)8(3, 4)YW(3,3') + iG(4, 4')

The first term represents the unscreened exchange interaction, while the second one
contains the electron-hole attraction given by the screened interaction W. The third
term is commonly neglected in the numerical evaluation of the BSE as it is much
smaller compared to the two other terms [48]. As a result, the interaction kernel
takes on the form:

2(3,3,4,4") = —i6(3,3)5(4, 4')u(3,4) + i6(3, 4)8(3', 4)W (3, 3). (2.38)

2.3 Reformulation of the BSE as an Eigenvalue Problem

The numerical calculation of the Bethe-Salpeter equation (2.30) requires a reformu-
lation from an integral equation to a matrix eigenvalue problem. The main concepts
are introduced in the following. A detailed derivation can be found in [44,45].

In a crystal, the four-point functions L, Ly and = must all obey the translational
symmetry, i.e. for a given lattice vector R:

Liri+R,r) +R,ras + R,r), + R) = L(ry,r], 12, 15). (2.39)

Thus, we can express the four-point functions as a sum of Ly, where q is a vector
from the first Brioullin zone and L inhibits the full symmetry of the crystal:

L(ry,r], 1o, 1) = > Lg(r1, 1), 12,15). (2.40)
q

The vector q can be identified as the momentum transfer of the transitions. In
this work, we consider the optical limit of X-ray spectroscopy, q — 0, and thus
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we only consider the Ly contribution. It will be denoted as L(ry,r},ro,r5). This
function can be expanded in terms of a complete set of Bloch functions which will
be approximated by the Kohn-Sham wavefunctions®:

L(I‘l, rlla Iy, I‘/2) = Z w; (rl)wiz (1“/1)1% (1'2)1/}:4 (r/2>L(i1i2)7(i3i4)' (241>

11,12,13,54

With this, the correlation function can be expressed as the matrix equation:

Liiyin) (i510) (W) = Y {1 - L )E}(

Jaja

' Lo (2.42)

217’2)7(j3j4) (]3-74)7(7'3744)

Using the representation of the Green’s function in the GW-approximation, the
function L° can be expressed as

(f742 fll) 1113 Z2'L4

L” i) = —1 , (2.43)
(i192),(7314) eig_il_w_lé

where € represents the single-particle energies and f the Fermi-Dirac distribution
function. We introduce an excitonic Hamiltonian H¢ defined as

H(eiliz),(igu) = (62'2 - E2'1)(52'113 i2%4a (flz fn)E (4142),(i314)> (2'44)

and obtain:

L(i1i2),(i3i4)(w) =1 [He - w](zlzz (i3i4) (f14 f’LB) (245)

5The notation i; = niky, (i1i2) = (n1k1, noks —q) with the quantum numbers nk is introduced.
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3 Application to Core Excitations

In this section we introduce the concepts of MBPT for calculating the macroscopic
dielectric tensor that are needed for X-ray absorption spectroscopy. The imple-
mentation of optical and X-ray absorption spectroscopy within the (L)APW-+lo
formalism is discussed in [15,44] and [14], respectively.

3.1 Effective Hamiltonian

The BSE for the two-particle correlation function L is reformulated as a matrix
eigenvalue problem in section (2.3). In the case of core spectroscopy, one can simplify
Eq. (2.45): All transitions occur from fully occupied core states ¢ (f. = 1) to fully
unoccupied conduction states u (f, = 0) . The Dirac-Fermi distribution functions
f can be inserted into Eq. (2.45) and yield a reduced excitonic Hamiltonian®

e H
ujciky,cousks ujciky,uzcoko

e e
H, = <H01u1k1,02u2k2 Hcelulkl,u262k2> , (346)

where the block matrices can be written as:

e _ _ i—
cruiki,cousks — (Emlq 601)5010251“1@ + 12¢ urky cousks

(3.47)
H§1U1k17u202k2 = 1Z¢;u1k uzeoks (3.48)

5101k1,cgugk2 = - { §1u1k1,u262k2}* (349)
5101k17u202k2 == { §1U1k1,02U2k2:|* . (350)

The off-diagonal blocks (in Egs. (3.48) and (3.49)) can be neglected in the Tamm-
Dancoff approximation (TDA). This approximation is valid in the optical limit if
the binding energies of the excitations are small compared to the band gap [49]. In
this work, we consider X-ray absorption spectroscopy in the optical limit where the
energy difference between core and conduction states is typically several hundred eV,
whereas binding energies are typically on the order of a few eV. We assume the TDA
to be valid in this work. We note, however, that its validity for X-ray absorption
spectroscopy is not thoroughly explored. The Hamiltonian H, then splits into two
block-diagonal parts. Additionally, only the Hermitian first block in Eq. (3.47) has to
be calculated because its eigenvalues and eigenvectors uniquely define the eigenvalues
and -vectors of Eq. (3.50). The eigenvalue problem with the eigenvectors A2, can
be expressed as:

Z HBSE /k/Aé\/’U/k, - E/\Ak <351)

cuk,c’u cuk*
cdu'k

The eigenvectors represent the expansion coefficients of the excitonic wavefunction
®A (r,r’) with transition energy E* in the single-particle wavefunction of electron
and hole:

CI))\(r€> rh) = Z Aé\ukwuk(re)wck(rh)*' (352)

cuk

5Note that the indices i; .. .74 have been explicitly expressed as band indices.
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Here, r. and rj; are the positions of the excited electron and hole, respectively.
Knowing the solution of the eigenvalue problem and using the spectral theorem, the
two-particle correlation function L can be expressed as:

Ai\lulkl A?Q'U/QkQ ’
L01U1k1702u2k2 = _iz E.)\[_ o } . (353)
The transition coeflicients ¢y are calculated as
(ck k
ZAcuk C |p| “ >7 (354)
cuk €uk — €c

where €, and €. are the single-particle energies of the conduction and core state,
respectively, and (ck |p|uk) the momentum matrix elements between both states.
Then, the imaginary part of the dielectric tensor is obtained as

Im ey (W) = — |t2]> 0(w — Ey). (3.55)

HBSE

The effective Hamiltonian is calculated using Eq. (3.47)

e e—
cuk,c’'u'k’ = (Euk - Ec)(scc’éuu’ -+ lzcuk,c’u’k’a (356)

where the interaction kernel = is defined by Eq. (2.41) as

E(iria), (isia) :/d37"1d3 WP rad®rhy, (T1) W (B0, (T2) s, (Th)E(11, 1), T2, 15). (3.57)

The interaction kernel and two-particle correlation function are expanded in single-
particle wavefunctions in section 2.3. In that derivation, the characters of the single-
particle states are neglected. The spin index ¢ = 1,2 for spin-up and spin-down
states is introduced in the following. The use of spinorial states ensures the inclusion
of spin-orbit coupling for the description of core states.

The effective Hamiltonian can be seperated
HPSE = e + g* + H¢, (3.58)
where H%% is the diagonal contribution
diag

chk,du'k’ = (€uk — €C>5CC’5UU/5kk/- (3.59)

H? is the repulsive exchange part and contains the short-range part of the bare
Coulomb potential v(r,r’):

chk cdu'k! — / d3 d3 ' Z ¢cka uka I' I‘ Z @Z) k' o’ ¢u’k' ( /). (360)
H¢ is the attractive direct part and contains the screened Coulomb interaction W (r,r’):

ngkcu’k’ = —/d3rd3r’2wcko(r ’k/ r r Z¢ukg %/k' ,( /). (361)



15

The BSE Hamiltonian in X-ray absorption spectroscopy can be separated into
atomic contributions [14]. The imaginary part of the macroscopic dielectric function
can therefore also be expressed as a sum of the individual atomic contributions

Imey = Imey, (3.62)

where « represents the different atoms. In this work, we calculate the contributions
to the dielectric function by the individual atoms of the unit cell.

3.2 Description of Core States

In the previous section we introduced the importance of treating accurately spinorial
states to correctly describe core states. The Dirac equation determines electron en-
ergies and wavefunctions, and includes relativistic corrections such as the spin-orbit
coupling. Core states are tightly bound and strongly localized around the corre-
sponding atoms. As a result, the respective potentials are assumed to be spherically
symmetric. The full Dirac equation can be thus transformed into a set of coupled
radial equations. Since the Dirac Hamiltonian commutes with the total angular
momentum operator J=L+ S, the Dirac equation can be separated into a ra-
dial and spherical part. The spherical part consists of spin spherical harmonics,
namely the eigenfunctions of J* and J,. They are constructed from two-dimensional
spinors, which are eigenfunctions of S? and S, and from the spherical harmonics,
the eigenfunctions of L? and L,. The spin spherical harmonics Q.6)j,m are defined

as:
l+M+%Y i
R \ 2 -1 (F)
Q(l,%)lJr%,M(T) = PRV ’ NE (3.63)
Vi Yo 1 (7)
and

I-M+1

o Y- (7)

i (F) = e N (3.64)
\ "o Yo 1 (7)

The 4-component Dirac wavefunction is then written as [50]:

U (1) 01 (T) ) |

—iv, (1) Qs (F) (3.65)

1/}R,M(r> = (

where u,(r) and —iv,(r) are the radial functions for the large and small component,

respectively. The quantum number x is introduced as a unique index for a state
(1,s)5, M:

-1, J=1+
l, J=1-

K =

(3.66)

N NI
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The radial functions are determined by the coupled radial Dirac equations [51]:

ou, 1, k—1

5 = % (Vs — €x) Uk + ( . ) Uy (3.67)
vy, k+1 1 s

S ( > Ve £ 2¢ {1 + o (e UKS))} . (3.68)

The non-relativistic conduction states are obtained as solutions of the scalar-relativistic
Hamiltonian. In order to compute matrix elements between core and conduction
states, the small component of the core states is neglected [11,14]. The core wave-
function for a given atom « at position R,, then takes on the form:

UH(T)QH,M(:E‘)7 T'a S RMT
Ve (r) = : (3.69)
0, rel

3.3 Description of Conduction States

Conduction states are calculated by a full potential all-electron DFT calculation
using the (L)APW+lo basis set. They are treated in the zero-order regular approx-
imation (ZORA) [52] to the Dirac equation without the spin-orbit coupling term,
thereby taking into account relativistic effects within the muffin-tin spheres. The
Kohn-Sham Hamiltonian within the muffin-tin spheres can then be written as:

1
e e (3.70)
T 2e?

where viq is the spherically averaged effective Kohn-Sham potential. For the many-
body calculations, the Kohn-Sham wavefunctions ¢ (r) of atom « are expanded in
a basis of spherical harmonics within the muffin-tin sphere:

= D Ui (1a) Yim(Fa). (3.71)
Im

Here, the radial function is given in the (L)APW+lo basis by Eq. (1.23). Since
we want to calculate matrix elements between spinorial core states and conduc-
tion states, an approximation of the spinorial character of the conduction states is

required. In this work, we assume an average contribution between the two-spin
channels [14]:

1
Ve = (*?) Yik- (3.72)
V2

As a result of this approximation, we can employ spin-unpolarized DFT calculations
as a starting point for the X-ray absorption spectroscopy calculations.
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4 X-Ray Absorption Spectroscopy

X-Ray Absorption Spectroscopy (XAS) measures the absorption coefficient near the
absorption edge of an element as a function of X-ray energy. Beer’s Law defines the
energy-dependent X-ray absorption coefficient u(E), by relating the incoming inten-
sity Iy of X-ray beams to the transmitted intensity I, behind a sample of thickness
d:

I,(d) = Iye #B)1, (4.73)

In Fig. 3.2, a schematic view of
the X-ray absorption coefficient p(FE)
as a function of incidence photon
energy FE is displayed. We can
identify three main features: (1)
The overall smooth decrease of u(E),
(2) the occurrence of sharp peaks
known as absorption edges, and (3)
small oscillations near the absorption
edges.

The overall decrease of the absorption
coefficient is due to the background ab-
sorption of the atoms. The absorption
edges reflect the transition of a bound
core electron to an unoccupied state. As
listed in Tab. III.1, they are commonly
denoted by their initial atomic state.

Figure 3.2: Schematic view of the X-ray
absorption coefficient p(F) as a function
of incidence photon energy E. Figure
taken from [53].

The oscillations above the absorption

Table IIL.1: Notation for X-ray absorption edges are known as the X-ray absorption

edges. Listed are the three deepest atomic fine structure (XAFS). Two regions are
states. commonly distinguished: the X-ray ab-

sorption near edge structure (XANES)?,

Absorption edge  Initial atomic state ~ usually about 30eV above the absorp-
tion edge, and the extended X-ray ab-

é( ;Sl/ 2 sorption fine structure (EXAFS), the re-
1 51/2 gion beyond the XANES. Transitions
L2,3 2]91/27 2p3/2

to bound unoccupied states character-
ize the region close to the absorption
edge. XANES is therefore sensitive to
the chemical environment of the probed atom and can be used to detect the pres-
ence of specific bonds in molecules, such as C—C and C=C bonds in organic materi-
als, determine intra-molecular bond lengths, and derive the orientation of molecules
in solids or on surfaces [9]. EXAFS is characterized by transitions from the core
electron to free or continous unoccupied states and is able to reveal the local struc-
ture of the sample [54,55]. In this work we are only interested in the XANES region.

The polarization dependence of the K absorption edge is commonly used to probe

TXANES is also known as near edge X-ray absorption fine structure (NEXAFS)
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the amplitude and directionality of the molecular orbitals on the excited atom [9],
as well as the orientation of an organic material on a substrate [17,56,57]. In this
work, the ¢* and 7* resonances are of particular interest for the carbon K and
sulfur K absorption edges of the investigated systems. They can be described as
dipole transitions from the 1s initial state to the p component of the final state.
When we assume a constant resonance shape and only a change in peak height, the
change in resonance intensity is proportional to the change in oscillator strength.
The intensity can then be expressed as

I oc[(fle-pli)|” (4.74)

using Fermi’s golden rule. Here, e is the unit electric field vector, p the transition
dipole moment, ¢ the 1s initial state, and f the molecular orbital final state.

In an aromatic heterocyclic molecule such as
thiophene, the spatial orientation of the ¢* or-
bitals can be represented by the plane spanned
by the atoms and the 7* orbitals by a vector per-
pendicular to this plane. This is illustrated for
the 2T molecule in Fig. 3.3. For a transition from
the spherically symmetric 1s state to a 7* orbital
created by linearly polarized light, the matrix el-
ement |(f|e- p|i)| points in the direction of the
7* orbital O and simplifies to [58]:

I o |e- (flpli)| o cos?é. (4.75) Figure 3.3: Schematic illustration

of the spatial orientation of o*
Here, § is the angle between the electric field 45d 7* orbitals for the bithio-

vector E and the direction of the 7 orbital O. phene molecule.
Analogously, one can derive the expression for a
transition to a o* state as [5§]

I o sin? 7, (4.76)

where v is the angle between E and the normal n of the molecular plane. Equa-
tions 4.75 and 4.76 lead to a simple description of the dipole selection rules for K
absorption edges: The resonance intensity associated with a molecular orbital final
state is at its maximum if E points in the direction of the orbital, and it vanishes if
E is perpendicular to the direction [9)].



IV Computational Parameters

All calculations in this work are performed using the full-potential all-electron
exciting code [15] for DFT and MBPT calculations. In the framework of the
(L)YAPW+lo method, we treat the 1s, 2s, and 2p states of sulfur, and the 1s state of
carbon as core states. The XAS spectra are calculated via the solution of the BSE
as implemented in the exciting code [11,14].

As a starting point for the BSE, the Kohn-Sham electronic structure is computed
within the local-density approximation (Perdew-Wang functional) [34]. Converging
the total energy leads to the employed computational parameter set: a 8 x8x6 k-grid
and a planewave cut-off BRjR G = 5.0 for 2T, a 3x5x2 k-grid and B Gy = 5.0
for 4T, and a 3 x 5 x 1 k-grid and Rﬁ‘% Gmax = 5.0 for 6T. Muffin-tin spheres Ryt
of 1.2aq for C, 0.8 ag for H, and 2.0 a¢ for S are considered. Quasiparticle energies
are approximated by the Kohn-Sham single-particle energies, and thus we expect
the absorption onset to be underestimated by about 10%. A scissors operator is
therefore applied to align the calculated spectra to experimental references when
available. This is a common practice for theoretical XAS results. [11,16]

For the calculation of the carbon K absorption edge, we adopt a 6 x 6 x 4 k-grid and
a planewave cut-off RM® G . = 4.5 for 2T, a 3 x 5 X 2 k-grid and R3R G ax = 4.0
for 4T, and a 8 x 8 x 6 k-grid and RYP Gax = 4.0 for 6T. Local-field effects for the
C K absorption edge are treated for a cut-off |G + ¢, of 4.5a," for 2T, 3.0ao ™"
for 4T, and 3.0 ap~* for 6T. The screening of the Coulomb potential is calculated in
the random phase approximation, including all valence bands and 200 unoccupied
states. 50, 70, and 60 unoccupied states are included in the diagonalization of the
BSE for the C K absorption edge for 2T, 4T, and 67T, respectively.

The absorption spectrum from the sulfur K edge is performed for a 6 x 6 x 4
k-grid and a planewave cut-off RIE Gax = 4.5 for 2T, a 3 X 5 x 2 k-grid and
R G ax = 4.0 for 4T, and a 3 x 5 X 2 k-grid and RYR Gax = 4.0 for 6T. Local-
field effects are included with a cut-off |G + q|,,, of 4.5a¢™" for 2T, 3.5a¢™" for
4T, and 3.5a9! for 6T. The screening of the Coulomb potential is computed for all
valence bands and 200 unoccupied states. The diagonalization of the BSE includes
100, 120, and 120 unoccupied states for 2T, 4T, and 67T, respectively.

For the sulfur Ly 3 absorption edge calculation, a 4 x 4 x 4 k-grid and a planewave
cut-off RIE Gy = 4.5 for 2T, a 3 X 5 X 2 k-grid and RYR G . = 4.0 for 4T, and
a3 x5 x 2 k-grid and RyE Gax = 4.0 for 6T is adopted. A cut-off |G + ¢,
of 5.0aq™! for 2T, 3.0ap~! for 4T, and 3.0ay~! for 6T is applied for the inclusion
of local-field effects. The screening of the Coulomb potential is computed for all
valence bands and 200 unoccupied states. The diagonalization of the BSE includes
100 unoccupied states for 2T, 100 for 4T, and 130 for 6T.

The adopted parameters ensure a convergence of the spectral shape and an ac-
curacy of 20meV for the lowest energy eigenvalue. If not specified otherwise, we
apply an artificial Lorentzian broadening of 150 meV to all investigated absorption
edges.
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V Electronic Structure
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Figure 5.1: Band structure and total density of states (TDOS) around the band gap
for 2T (left), 4T (middle) and 6T (right). Subbands corresponding to the uppermost
valence band pair and lowest conduction band pair are in blue. Energies are relative
to the Fermi level, in the mid gap, marked by the dotted line.

X-ray absorption spectra are highly dependent on the local electronic structure of
the absorbing atoms. The quantum-mechanical selection rules determine the spec-
tral features: dipole allowed transitions (Al = £1) from core to conduction states
produce the spectral features. The analysis of the electronic structure in terms of
the band structure and density of states is therefore crucial for interpreting the XAS.
In the following, the conduction states are discussed since they are probed by XAS.

Band structures are calculated along high-symmetry points of the monoclinic unit
cell. The considered high-symmetry points in units of (27/a, 2w/b, 27/c) are
' =(0,0,0), C = (0.5,0.5,0), X = (0.5,0,0), Y = (0,0.5,0), and Z = (0,0,0.5).
In Fig. (5.1) the band structures of crystalline 2T, 4T, and 6T around the band
gap are depicted. Our results for the band structure of crystalline 4T and 6T show
good agreement with previously published results obtained with the semi-empirical
extended Hiickel theory method [26,28], DFT [30,59], and experiments [59]. One
characteristic feature of molecular crystals is evident: Each band is split due to
the presence of two inequivalent molecules in the unit cell (see Fig. 2.2). The lowest
conduction band pair (LUMO pair) and highest valence band pair (HOMO pair) are
highlighted in blue. With increasing molecular length, additional subbands in the
valence and conduction region appear. This is also reflected in the density of states
where subbands are represented by sharp peaks. The peaks in the lower conduction
bands are well seperated in 2T and 4T but are overlapping in 6T. The band pairs
are generally non-degenerate and exhibit band splitting except at the Brioullin zone
boundaries X and Y, i.e. along the a* and b* directions. These results show good
agreement with calculations performed by Klett et al. [30] for 6T crystals. The band
splitting of the HOMO pair is at its maximum at the I point and we obtain values
of 454 meV, 286 meV, and 287 meV for 2T, 4T, and 6T, respectively. The previously
reported band splitting at I' of 450 meV for 4T and 420 meV for 6T by Siegrist et
al. [26,28] is higher than ours. We attribute this difference to the different under-
lying theoretical approaches, i.e. ab-initio DFT versus the semi-empirical quantum
chemistry approach. The largest band dispersion for the HOMO pair is along the
T'C, TX, and I'Y paths. These paths can be related to the geometrical axes in the
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Figure 5.2: Projected density of states for hydrogen, carbon, and sulfur atoms in
2T (top), 4T (middle) and 6T (bottom). The grey area represents the total density
of states and energies are relative to the Fermi level.

unit cell: the path along T'C is in the a*b* plane, and T'X (T'Y) is parallel to the a*
(b*) axis. Minimal dispersion can be found along the I'Z path which is parallel to
the c* axis and represents approximately the long molecular axis. In summary, the
band dispersion is largest along directions that are perpendicular to the long molec-
ular axis and minimal along directions parallel to it (see also Fig. 2.2 and Tab. II.1).
Charge-carrier mobilities are therefore expected to be the highest in directions in the
a*b* plane regardless of oligomer length. Our findings are supported by previously
published results for 4T [26] and 6T [28,30,59] crystals. Similiar results have also
been found in other molecular crystals, such as in oligoacene [60] and sexiphenyl
crystals [61]. The overall flat band character of the conduction states around the
band gap can be attributed to the dominant role of the organic p orbitals.

The projected density of states (PDOS) of the conduction bands is shown in Fig. 5.2.
The lower lying conduction bands up to 3eV are represented by sharp peaks. These
peaks have mainly C p and S p character and are formed by the antibonding 7*
orbitals of the oligothiophene molecules. The LUMO subbands are formed by 7*
orbitals, as illustrated in Appendix B, and therefore are expected to contribute sig-
nificantly to the C K-edge and S K-edge absorption spectra. The contribution from
the C p states is similiar for all subbands below 3 eV, while that of the S p states
is decreasing when going to higher energy bands. Additionally, there are also small
contributions from S d states. This hybridization with S d states, while seemingly
insignificant, plays a crucial part in explaining the aromatic character of oligoth-
iophene [62] as well as its electronic structure [63]. The LUMO subbands should
therefore also contribute to the S Lo 3 absorption edge. The DOS of all investigated
systems has its strongest peak at approximately 3eV where multiple hybridized
states contribute (see also Fig. 5.1) including the o*(C-S), the ¢*(C-C), and the
0*(C-H) orbitals. As a result of this hybridization, we expect significant contribu-
tions from these bands to all investigated absorption edges. The region from 3.5eV
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to 5eV has mainly C p character and can be attributed to higher lying o*(C-C) or-
bitals with small contributions from S d, S p, S s, and C s states. From 5eV to 8eV
we find hybridized states of S p, S d, and C p states character. At energies above
8 eV, the DOS is dominated by hybridized C p - S d states with contributions from
C s and S p states. The overall PDOS is very similiar for all investigated systems.
The main differences are the occurrence of additional bands and a slight red shift of
the strongest peak with increasing oligomer length. Additionally, from 3 eV to 5eV,
the contribution from C p states shifts to higher energies with increasing oligomer
length.



VI XANES of Oligothiophene Crystals

Figure 6.1: Nomenclature for the inequivalent atoms in 2T, 4T, and 6T oligomers.
The black dotted line indicates the reflection symmetry of the oligomer.

In this chapter, we present our results for the carbon K, sulfur K, and sulfur Lo 3
absorption edges of n'T crystals. The absorption edges are calculated for all inequiva-
lent atoms in the unit cells. The adopted nomenclature is illustrated in Fig. 6.1. We
find that the atoms on one half of the molecule are equivalent to the corresponding
atoms on the other half. It is therefore sufficient to calculate the absorption spectra
for only one half of the oligomer. The spectra of both inequivalent molecules in the
unit cell are identical. The numerical equivalence was tested for several parameter
sets and spectra were found to be identical in all cases.

The different absorption edges are primarily discussed for one oligothiophene crys-
tal: The C K edge and S Ly 3 edge are presented for 2T and the S K edge for 4T.
We then analyze the similarities and the differences for increasing oligomer length n.

As discussed in Chapter III, we are interested in the imaginary part of the macro-
scopic dielectric tensor. Its number of inequivalent components depends on the crys-
tal symmetry. All investigated oligothiophenes crystallize in a monoclinic structure,
thereby reducing the number of independent components to four. The macroscopic
dielectric tensor then assumes the form:

€ez 0 €2
EM — 0 Eyy 0
€zz 0 €

Every excitation energy of the isolated molecule gives rise to two non-degenerate
bands of excited states for the corresponding crystal structure. The cause of this
splitting is the presence of two inequivalent molecules in the unit cell: The transi-
tion dipole moments for both molecules are not oriented parallel to each other, thus
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giving rise to two non-degenerate excited states with orthogonal polarizations [64].
This is known as the Davydov splitting in molecular crystals [64]. Excitations from
the K absorption edge of nT crystals lead to the formation of a bright exciton with
large oscillator strength and a dark exciton with almost vanishing oscillator strength.
In the case of the Ly 3 absorption edge, excitations generate several excitons with
non-vanishing oscillator strength.

1 Carbon K Absorption Edge

The C K absorption edge of molecular crystals is commonly investigated to de-
termine the orientation of the molecules on a substrate [9]. Oligothiophenes have
been studied experimentally and theoretically in this context: HT-2T /4T monolay-
ers on metal surfaces are typically oriented with their molecular planes parallel to
the substrate [17-19] while 6T thin films adopt a more upright geometry on glass
substrates [57]. The effect of long chain oligomers on the spectral features, however,
is not well explored and has only recently been studied for short chains up to 3T in
the gas phase [20]. Additionally, the assignment and the analysis of the C K absorp-
tion edge is well explored for the thiophene monomer but is increasingly difficult for
longer chains with the appearance of additional bands in the electronic structure.
With this work, we further supplement experimental XAS from the C K absorption
edge with an analysis of spectral features and bound excitons for oligothiophenes
up to 6T. Our ab-initio approach enables us to accurately determine the origin of
spectral features. Additionally, we identify similarities and differences for increasing
oligomer length.

1.1 Analysis of XAS of Crystalline 2T

2 T T T T T T T T T T T T
2T — Cip = 2T A — C1
= C2p S Ca
e — GCip|| 8 — Cs
T — Cup S, — C4
210 2 Sum of all C
® 3
8 E
=
%02 4 6 8 10 12 260 261 262 263 264 265 266 267 268
Energy [eV] Energy [eV]

Figure 6.2: Left: Projected density of states of the C p states of 2T. The grey area
represents the sum of all inequivalent C p contributions. Energies are relative to
the Fermi level (set to zero in the mid-gap). Right: Absorption spectra from the
C K edge of 2T. Shown is the solution of the BSE for the inequivalent C atoms
as the average over the diagonal Cartesian components of the imaginary part of
the macroscopic dielectric tensor. The blue line denotes the contributions from all
inequivalent C atoms.
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Figure 6.3: Absorption Spectra from the C K-edges considering inequivalent C atoms
in 2T. Excitation energies (red vertical bars) and their oscillator strength indicated
by the height of the bars for a BSE calculation. Solutions of the BSE and the
independent particle approximation (IPA) are in black and blue, respectively. The
dashed line represents the independent particle onset.

We start our analysis of the C K absorption edge by comparing the IPA and BSE
solutions for 2T crystals. In Fig. 6.3, we show the spectra obtained from the inequiv-
alent C K absorption edges as an average of the diagonal Cartesian components.
The IPA spectrum is proportional to the PDOS of the conduction states, weighted
by the momentum matrix elements between core and conduction states, (ck |p|uk).
Since transitions to states with p orbital character are dipole-allowed, we can relate
the C p PDOS, shown in Fig. 6.2, with the obtained IPA spectra.

The first peak at the IP onset represents transitions to the LUMO subbands. Note
that this peak is weak for Cs,, because the LUMO subbands are not localized on this
atom (see Appendix B). Beyond the first peak, the IPA spectrum is reflected by the
p PDOS of the inequivalent C atoms: A broader band of excitons with a bandwidth
of about 3eV to 4€V is found above the first peak. They are formed by transitions
to the bands in the range from 2.0eV to 5.0eV. Here, the second peak corresponds
to transitions to the LUMO+-1 subbands with 7* character. This peak is less intense
for Cs because of its small p orbital contribution to these bands. For the C atoms
with a bond to a sulfur atom (C;, C,), we find a pronounced third peak at 3.2eV
representing transitions to bands with ¢* character associated with the S-C bond.
At energies higher than 5.0eV, the PDOS does not exhibit any pronounced peaks

but oscillates around a value of about 0.4eV~'ay 3.

The inclusion of the attractive electron-hole interaction in the BSE shifts the ab-
sorption to lower energy by more than 2.5eV and leads to a significant redistribution
of oscillator strength to a few excitons (see Fig. 6.3). Local field effects (LFE) do
not play a major role in the formation of the excitons (for details see Appendix B).
By comparing singlet and triplet excitations, we obtain differences between the ex-
citation energies of less than 150 meV which undermines the predominant role of the
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screened Coulomb interaction for the XAS. This is a result of the highly localized
character of the excitons and has previously been found for the nitrogen K absorp-
tion edge of azobenzene monolayers [16]. LFE play a more dominant role in optical
excitations of n'T crystals where the singlet-triplet splitting is of the same order than
the binding energies [65].

We can identify several peaks in the BSE spectrum that are redshifted compared
to the IPA features. Our labeling of the peaks is indicated on the right side of
Fig. 6.2. The first peak A is formed by transitions to the LUMO subbands with
C-S hybridized 7* character and covers a range from 261.3eV to 262eV. It is dom-
inated by an exciton with large oscillator strength. Since all C atoms contribute
to the aromatic character of 2T, this feature is present in all spectra (see Fig. 6.3).
Although it is weak in the IPA spectrum of Cgs, it is dominant in the corresponding
BSE spectrum. Here, it is formed by transitions with 7* character to the LUMO
and LUMO+1 subbands. According to our DFT calculations, the 1s core levels of
the four inequivalent C atoms are seperated by 1eV which is comparable to the
difference of 0.8 eV between the excitation energies of the A peaks. We can further
distinguish two types of C atoms: C atoms with a covalent bond to S, called a-C,
and C atoms without such a bond, called 5-C. The shift of the a-C atoms to higher
excitation energies is consistent with the higher electronegativity of sulfur compared
to carbon. The largest excitation energy of peak A is found for the C; atom which
connects the two thiophene monomers in 2T and is not bound to a hydrogen atom.
Our results reproduce a trend that was previously observed for polycyclic aromatic
hydrocarbons where C atoms bound to hydrogen have lower excitation energies than
C atoms without such bonds [66]. Similiar results were found for 2T in the gas phase
using the half core hole approximation [20]. The 3-C atoms, Cy and Cs, also exhibit
lower exciton binding energies of E, = 2.66eV and Ej, = 2.88¢eV compared to the
a-C atoms, C; and Cy4, with E, = 3.01eV and E, = 3.06¢eV for peak A. Here, we
define the binding energy of the lowest lying exciton as the difference to the IPA
counterpart of peak A, i.e. the IP onset. Such binding energies are typical for
Frenkel excitons in molecular crystals [16,67]. They are significantly larger than in
the optical excitations of oligothiophene crystals, which are typically below 1€V [65].
The splitting of the lowest lying excitons ranges from 152meV for C; to 125 meV
for C3. These values are smaller than the reported Davydov splitting for oligothio-
phene crystals of 0.3¢eV to 1.0eV [68,69] and are an indication of the reduced role
of intermolecular interactions in XAS.

The second peak B at 262.5eV originates from the $-C atoms and is dominated
by an exciton with large oscillator strength. It is of 7#* character and formed by
transitions to the LUMO and LUMO+-1 subbands for Cy whereas it is solely formed
by transitions to the LUMO+1 subbands for C3. The third peak C from 263.2eV
to 263.4 eV is attributed to states associated with the S-C bond of the a-C atoms.
It is formed by transitions to bands from 3.0eV to 3.5eV of ¢* character, see also
the PDOS of 2T in Fig. 6.2. Additionally, there are small contributions of delocal-
ized excitons with ¢* character from C,. Lastly, we observe the peak structure D
with contributions from all C atoms where many transitions with mixed ¢* and 7*
character occur.
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Figure 6.4: Left: Shown is the C K absorption edge of crystalline 2T including
contributions from all inequivalent C atoms. The solution of the BSE is shown in red
and experimental data taken from [17] is shown in blue. A Lorentzian broadening
of 250meV is applied. Right: Diagonal components of the macroscopic dielectric
tensor projected on the Cartesian axes. Shown is the solution of the BSE with
contributions from all inequivalent C atoms. A Lorentzian broadening of 150 meV
is applied.

Our theoretical results are in very good agreement with previously published exper-
imental data by Vaterlein et al. for 2T multilayers on Ag(111) [17]. For comparison
with experiment, we shift the absorption onset by 24.1eV to align the spectra at the
first peak. Since no information of the setup of the X-ray absorption measurement
was available, we applied an average over the diagonal Cartesian components of the
dielectric tensor. As shown in Fig. 6.4, we are able to accurately reproduce the four
spectral features found in their results: (A) a broader resonance corresponding to
transitions to the LUMO subbands, (B) a shoulder-like resonance due to transitions
to the LUMO+1 subbands, (C) a third resonance due to transitions to higher bands
with o* character associated with the a-C atoms, and (D) a shoulder they assign to
higher Rydberg excitations. In our results, Peak B appears as a shoulder of peak
A instead of Peak C. The relative position of peak B, however, is well replicated.
Due to the limited experimental resolution, it is not possible to identify all excitonic
features contributing to Peak D. The remaining peaks however are clearly resolved.
It is evident that the chemical environment of the C atoms significantly alters the
corresponding absorption spectrum. Additionally, we can determine that the spectra
for bulk material and multilayers are directly comparable. Since the intermolecular
van der Waals interaction in molecular crystals is significantly weaker than the co-
valent bonding within the molecules, the core excitations are strongly localized on
the corresponding molecules. The spectral features are therefore mainly determined
by intramolecular interactions.

On the right side of Fig. 6.4, the diagonal components of the macroscopic dielectric
tensor are projected on the crystalline axes'. We analyze the polarization depen-
dence of the spectral features to further characterize and support our assignment of

!The transformation from Cartesian to crystalline axes and its effect on the spectral features is
detailed in Appendix A.
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the resonances. Peaks A and B, formed by transitions to 7* orbitals, are primarily
polarized along the a axis with only small contributions from polarizations along
the b and ¢ axes. The situation is reversed for peak C which is formed by transitions
to o* orbitals. These results can be explained by the polarization dependence of
the K absorption edge, detailed in Section III.4 : The resonances are most intense
when the polarization is parallel to the direction of the final molecular orbital. As
shown in Fig. 2.2, the molecular plane of 2T can be approximated by the b-c¢ plane
where ¢ is the long molecular axis. The 7* resonances are therefore most intense
for polarizations along the a axis which is perpendicular to the molecular plane.
Analogously, the o* resonances are most intense for polarizations in the b-c¢ plane.

1.2 Dependence on the Oligomer Length
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Figure 6.5: Absorption spectra from the C K absorption edge of crystalline nT from
all inequivalent C atoms as the average over the diagonal Cartesian components.
The red and blue lines denote the solution of the BSE and the independent particle
approximation (IPA), respectively.

We now want to explore the dependence of the spectral features on the oligomer
length. The BSE and IPA absorption spectra from all inequivalent C K absorption
edges of nT are shown in Fig. 6.5. The overall spectral structure of the BSE and
IPA solution is remarkably similar for increasing oligomer length n. The spectral
features of the four inequivalent C atoms of 2T can be clearly resolved. The longer
oligomers 4T and 67T contain eight and twelve inequivalent C atoms, respectively.
Summing over all contributions leads to a smoother spectral shape for these crystals
compared to 2T. The 1s core level energies of the inequivalent C atoms differ up to
0.1eV in all investigated systems.

The most pronounced differences in the BSE spectra occur at the absorption onset
in the range from 260eV to 263eV. Here, the 7 resonances are blueshifted for in-
creasing oligomer length, i.e., the lowest lying excitation of 2T is shifted by 0.24 eV
and 0.31eV for 4T and 6T, respectively. In 4T and 6T, peak A is also split into
two distinct peaks, A; and Ay, that are separated by 0.9eV, corresponding to the
1s core level energy difference. Additionally, peak B is not resolved in 4T and 6T
but contributes to peak A, instead. We attribute the blueshift of the 7* resonances
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to two effects that are commonly found in linear oligomers such as oligoacene [70]:
With increasing oligomer length, the e-h pair is more delocalized and the effect of
the dielectric screening is increased. This reduces the average Coulomb interaction.
The effect is more pronounced when going from 2T to 4T than from 4T to 6T
because the e-h pair is still mainly localized on the respective atom and does not
spread over the whole length of the molecule. It is important however to distin-
guish where exactly the probed atom is located. The delocalization of the e-h pair
decreases the closer the atom is to the edge of the molecule. This results in a shift
to lower excitation energies for the atoms on the outer thiophene ring compared to
inner thiophene rings (see also Fig. 6.1). Additionally, C; experiences a significant
redshift compared to the other a-C atoms because of its additional hydrogen bond.

This effect is illustrated in Fig. 6.6 2T A — Ale
where the contributions stemming from — o—C
the a- and the -C atoms are resolved vlB G
separately.  We can identify a shoul- i
der originating from C; between peaks
A, and A, of 7 character in 4T and
6T. Peak C, however, is not signifi-
cantly shifted for C;.  With increas-
ing oligomer length n, we are there-
fore able to clearly distinguish the con-
tributions of the C atoms based on
their covalent bonding to S and H =
atoms. ° 6T AlA

..................
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In summary, four different spectral fea-
tures are found in the spectrum from the
C K edge: (1) The first peak A; is pri-
marily formed by transitions of the ($-C
atoms to the LUMO subbands. There are
also contributions from higher LUMO sub- Figure 6.6: Absorption spectra from
bands with 7* character especially for the the C K absorption edge of crys-
longer molecules 4T and 6T where addi- talline nT. The spectral contributions
tional bands appear. (2) The second peak of all inequivalent a(3)-C atoms are
A, is formed by contributions from the a- in black (lightblue). The total sum of
C atoms with transitions primarily to the all inequivalent C atoms is in red and
LUMO subbands. In the case of 2T, peak the contribution from C; is the green
A and peak B are experimentally observed dashed line.

as the first and second peak, respectively.

For 4T and 6T, peaks B and A, are effectively overlapping in energy. (3) The third
spectral feature C is attributed to transitions from states associated with the S-C
bond of the a-C atoms. It is formed by transitions to bands with ¢* character and
its excitation energy is not heavily affected by the oligomer length. The intensity of
peak C in 4T is enhanced due to transitions with 7* character from the 5-C atoms.
(4) Lastly, we find the peak structure D which is formed by multiple transitions
with mixed ¢* and 7* character. Our assignment of the spectral features for 6T

260 261 262 263 264 265 266 267 268
Energy [eV]
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are further supported by experimental results for 6T thin films on indium tin oxide
covered glass [57]. Hormann et al. resolve the aforementioned four peaks: The first
two peaks are attributed to 7* resonances and the other two to ¢* resonances. In our
calculations, the last peak D consists of resonances with mixed ¢* and 7* character.

Table VI.1: Binding energy of the lowest lying exciton in the C K absorption edge of
n'T. Shown is the range from smallest to largest binding energy for the inequivalent
atoms of the different types of carbon atoms. The splitting of the respective excitonic
state is given in brackets. All properties are in units of eV.

C type a-C 5-C

min max min max
2T 3.0 [0.15] 3.1 [0.14] 2.7 [0.13] 2.8 [0.13]
4T 2.3 [0.06] 2.3 [0.06] 2.0 [0.06] 2.1 [0.06]
6T 2.0 [0.05] 2.1 [0.05] 1.7 0.05] 1.9 [0.05]

We can further compare the binding energies of the lowest lying excitons for all in-
equivalent C atoms. Our results are summarized in Tab. VI.1. We find that binding
energies from transitions from the a-C atoms are larger than from the 5-C atoms due
to the higher electronegativity of S compared to C. With increasing n, the exciton
binding energies and splitting of the lowest excitonic states are decreasing for both
C types. The same trend has been observed for the band gap of nT, which depends
almost linearly on the inverse of n [71], and the optical excitations of crystalline
nT [65]. We attribute this effect to reduction of the average Coulomb interaction
with increasing n: The excitons corresponding to 7* resonances are increasingly de-
localized along the molecular chain which enhances dielectric screening, and thus
results in the reduction of their binding energies. We want to note that the e-h
wavefunction is delocalized only along the molecular chain and no charge transfer
to adjacent molecules occurs for the lowest lying exciton pair for all investigated
systems. This is in contrast to optical excitations where charge transfer excitons
can be found for long-chain molecular crystals such as pentacene [46].

In summary, the attractive electron-hole interaction rules the formation of bound
excitons in XAS while LFE play a minor role. Spectral features of the C K absorp-
tion edge can be attributed to transitions from two types of C atoms exhibting or
not exhibting a covalent bond to a S atom. We have shown that our calculation for
the bulk crystal replicates the experimental spectrum for 2T multilayers [17] which
highlights the predominant molecular-like character of the spectral features. The 7*
resonances are blueshifted up to 0.3eV with increasing n. Binding energies of the
lowest lying excitons are decreasing by up to 1eV with increasing oligomer length.
We attribute these results to the reduction of the average Coulomb interaction with
increasing n, due to two effects: (1) delocalization of the e-h pair and (2) enhanced
dielectric screening.
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2 Sulfur K Absorption Edge

The S K absorption edge is commonly investigated to study the chemical compo-
sition of sulfur-containing fossil fuels. In this context, monothiophene [18,72, 73],
substituted thiophenes [74], and aromatic thiophenic compounds [73,75] have been
previously studied. To the best of our knowledge, results for oligothiophenes with
longer chain oligomers are still missing. In this section, we explore the dependence
of the S K absorption edge of nT crystals on the increasing oligomer length. We
determine the origin of the spectral features as well as the difference of chemically
inequivalent S atoms in 4T and 6T.

2.1 Analysis of XAS of Crystalline 4T
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Figure 6.7: Left: Projected density of states of the S p states of 4T. The grey area
represents the sum of all inequivalent S p contributions. Energies are relative to
the Fermi level (set to zero in the mid-gap). Right: Absorption spectra from the
S K edge of 4T. Shown is the solution of the BSE for the inequivalent S atoms
as the average over the diagonal crystalline components of the imaginary part of
the macroscopic dielectric tensor. The blue line denotes the contributions from all
inequivalent S atoms.

Since there are no experimental references for oligothiophene crystals except monoth-
iophene, we will focus on 4T crystals where only 2 inequivalent S atoms contribute
to the XAS. We start our analysis of the S K absorption edge by comparing the
solutions from the IPA and BSE for the inequivalent S; and S, atoms of 4T. The
corresponding spectra are shown in Fig. 6.7 and Fig. 6.8 as the average of the diag-
onal crystalline components of the macroscopic dielectric tensor?.

Analogous to the C K absorption edge, we can directly relate the S p PDOS of
the conduction states in Fig. 6.7 to the corresponding IPA spectrum. Its features
are reflected by the PDOS: The IPA spectrum is dominated by an intense peak B’
which corresponds to the peak at 3.0eV in the PDOS. It is formed by transitions to
bands with ¢* character associated with the single S-C bond. At the IP onset, we
find peaks with low intensity. They correspond to transitions to the LUMO+n sub-
bands with 7* character. In this range, Sy contributes more heavily to the LUMO

2The difference between Cartesian and crystalline components is illustrated in Appendix A.
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Figure 6.8: Absorption spectra from the inequivalent S K absorption edges of 4T.
Shown is the average over the diagonal crystalline components of the imaginary part
of the macroscopic dielectric tensor. Excitation energies (red vertical bars) and their
oscillator strength are indicated by the height of the bars. Solutions from the BSE
and the independent particle approximation (IPA) are shown in black and blue,
respectively. The dashed line represents the independent particle onset.

subbands, whereas S; contributes equally to all LUMO+n subbands. This result
is as expected since the LUMO is less localized on the S atom at the edge of the
molecule (see Appendix B). At energies above 2397 eV, the IPA spectrum does not
exhibit any pronounced peaks. This is reflected in the PDOS: It oscillates around a
value of 0.5eV~tay~3 for energies higher than 5.0eV.

The inclusion of the electron-hole interaction in the BSE redshifts the spectrum
by 1.9eV and redistributes the oscillator strength to a few excitons. For the deep S
K absorption edge, LFE play a minuscule role and induce no noticeable shift of the
excitation energies (see Appendix B). The two inequivalent S atoms in 4T, with the
1s levels separated by 6 meV in the KS spectrum, contribute to the total absorption
spectrum in Fig. 6.7. The BSE spectrum is dominated by two peak structures. Our
labeling is indicated in Fig. 6.7 and Fig. 6.8. Peaks A and B are dominated by an
exciton with large oscillator strength, whereas peaks C and D are formed by sev-
eral transitions with non-vanishing oscillator strength. The lower-lying peak A has
about half the intensity of peak B, and we find that both peaks are separated by
0.3eV. We obtain the binding energies of the two most intense peaks, A and B, as
the difference to their IPA counterparts, i.e., the IP onset for peak A and peak B’
for B. The exciton corresponding to peak A has a binding energy of 1.90eV for S;
and 1.89eV for Sy. These values are comparable to the binding energies found for
the C K absorption edge of 4T in Sec 1.2. For peak B, we obtain binding energies
of 3.98eV and 3.93 eV for S; and Ss, respectively. They are, remarkably, more than
twice as large than for the exciton of peak A. We attribute this difference to the
underlying orbital character of the transitions and the aforementioned delocaliza-
tion of the e-h wavefunction: Peak A is formed by transitions to 7* orbitals that are
delocalized along the oligomer chain. The significant delocalization of the e-h pair
of peak A and increased dielectric screening then reduces the average Coulomb in-
teraction. In the case of peak B, transitions to o* orbitals occur. Here, the excitons
are strongly localized on the respective S atom. As a result, the exciton binding
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energy of peak A is reduced compared to peak B. The splittings of the excitonic
state corresponding to peak A and B are 1 meV and 3meV, respectively. They are a
magnitude smaller than our reported splitting in the C K absorption edge of about
60 meV. These results indicate the highly localized character of the e-h pair and the
minuscule role of intermolecular interactions for the deep S K absorption edge.

The most pronounced differences between the two inequivalent S atoms can be
found in the peaks C and D. They are formed by several transitions with primarily
m* character, although they also exhibit mixing with ¢* states. For both inequiv-
alent S atoms we find that peak C has very low intensity while peak D is more
pronounced. While the energy position of peak C is only shifted by 30 meV between
transitions from S; and Sy, peak D is redshifted by 250 meV. As a result, peak C
appears as a shoulder of peak D in the spectrum from S,.
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Figure 6.9: Excitonic weights of peak A and B of the S; and S, K absorption edge
in crystalline 4T plotted on top of the Kohn-Sham band structure. The size of the
red circles represents their magnitude. Energies are relative to the Fermi level (set
to zero in the mid-gap).

For a quantitative comparison of the excitonic character of peaks A and B, we dis-
play in Fig. 6.9 the corresponding weights (see Eq. 3.54) plotted on top of the KS
band structure. Peak A of S; is formed by transitions to the LUMO, LUMO+1, and
LUMO+2 subbands with 7* character. For Sy, peak A is dominated by transitions
to the LUMO subbands. Peak B is formed by transitions to the bands associated
with the S-C single bond with o* character. The range of involved bands spans from
2.7¢eV to 4.0eV for S; and from 2.7€V to 3.3¢eV for S;. We find that the underlying
character of peaks A and B coincides in the spectra from the inequivalent S atoms.
What changes, however, is the number of participating energy bands in the tran-
sitions which is determined by the corresponding S p PDOS displayed in Fig. 6.7.
The homogenous distribution of the excitonic weights in reciprocal space reflects the
localized intramolecular character of the e-h wavefunction in real space.

To further complement this quantitative analysis of the excitons, we visualize in
Fig 6.10 the distribution of the e-h wavefunction in real space for a fixed hole po-
sition (see Eq. 3.52). The exciton wavefunction corresponding to peak A clearly
resembles the character of a 7* orbital, being delocalized along the molecular chain,
while peak B assumes the character of the final ¢* orbitals, being localized on the
respective S atom and corresponding thiophene ring. Moreover, we find that the
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Figure 6.10: Real-space representation of the electron distribution of the exciton
corresponding to peak A (top pictures) and B (bottom pictures) for the S; and Sy
K absorption edge in crystalline 4T. The hole is fixed near the probed atom and is
marked by the red dot. The unit cell is indicated by the rectangle.

exciton wavefunction of both peaks is more delocalized when probing transitions
from the atom in the inner thiophene ring, So. This, in turn, leads to the smaller
exciton binding energies for excitations from Sy compared to S;. For both peaks,
the e-h pair is confined on the respective 4T molecule and its wavefunction is not lo-
calized on adjacent oligomers. Our results for the S K absorption edge indicate that
the distribution of the lowest-lying excitons in real space is solely intramolecular,
determined by the covalent bonds within the oligomers.

2.2 Dependence on the Oligomer length
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Figure 6.11: Absorption spectra from the S K absorption edge of crystalline nT from
all inequivalent S atoms. The red and blue lines denote the solution of the BSE and
the independent particle approximation, respectively. Shown is the average over the
diagonal crystalline components of the imaginary part of the macroscopic dielectric
tensor.

The BSE and IPA absorption spectra from all inequivalent S K absorption edges of
n'T are shown in Fig. 6.11. The overall spectral shape and intensity of the peaks are
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very similar for all investigated systems. Peak B, however, is slightly enhanced in
4T compared to the other systems.

The main differences in spectral shape occur for the two lowest lying peaks in the
BSE spectrum. The first peak, A, is blueshifted with increasing oligomer length
n. Similar to the C K absorption edge, this effect is stronger when going from
2T to 4T than from 4T to 6T: Peak A of 2T is higher in energy by 0.28¢eV in 4T
and 0.31eV in 6T. Peak B of 2T, on the other hand, is only higher in energy by
0.07¢V in 4T and 0.15¢eV in 6T. The effect is therefore most pronounced for the
m* resonances while the o* resonances experience almost no shift. Similar results
were found for a-substituted thiophenes where the 7* resonances vary substantially
compared to the o* resonances for different ring substituents [74]. Analogous to
the explanation for the C K absorption edge, we attribute this blueshift to the re-
duction of the average Coulomb interaction with increasing n. Peaks A and B are
split by 0.5eV in 2T, 0.3eV in 4T, and 0.3eV in 6T. For comparison, published
experimental results report values of 0.5 eV for thiophene multilayers [76] and 0.7 eV
for thiophene in solution [74]. We would estimate a splitting larger than 0.5eV for
monothiophene crystals according to the aforementioned blueshift with increasing n.

In Fig. 6.12, we distinguish the contributions
from inequivalent S atoms in all investigated
systems. Peaks A and B are nearly identical
for transitions from all S atoms. The split-
ting of both peaks between the inequivalent
S atoms is less than 60 meV. i.e., on the or-
der of the core level shift of S 1s (33 meV)
in 6T. We attribute the small difference be-
tween S atoms to the different chemical char-
acter of the respective C bonding partners.
Remarkably, peak D from S; is blueshifted
by 0.2-0.3eV with respect to its counterpart
from the other S atoms in 4T and 6T. This
result is somewhat suprising since we would
expect a small redshift of 7* resonances of 6Tl
Si, due to the decreased correlation effects
for the S atom at the edge of the molecule.
Convergence issues could be one possible ex-
planation. This, however, seems rather un-
likely, since this feature is present for both 4T
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were performed. Another possible explana-
tion is the different contributions to the elec-  Figure 6.12: Absorption spectra from
tronic structure from both S atoms. This will the S K absorption edge of crys-
be further explained in the following section tga]line nT with the contribution from
which presents the S L 3 absorption edge. As all inequivalent S atoms in blue.

far as we know, this blueshift of peak D for

S1 has not been reported previously since most studies concentrate on thiophenic
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compounds with one S atom [73-76].

To summarize, we find four main spectral features in the S K absorption edge
of nT crystals: (1) The first peak A is formed by transitions to the subbands with
7* character associated with the LUMO orbital in the thiophene molecule. (2) Peak
B is most intense and is formed by transitions to the subbands with ¢* charac-
ter associated with the S-C bond. (3) The weakest resonance C has mixed 7* and
o* character. (4) The peak D is also formed by multiple transitions to bands with
hybridized 7* and o* character. Our assignment of peaks A and B coincides with ex-
perimental results for thiophene multilayers [76] and molecular thiophene [18,72,74].
Hitchcock et al. have assigned peaks C and D to transitions to higher lying ¢* or-
bitals [18]. Our results indicate that they are actually formed by transitions with
mixed 7 and o* character.

Table VI.2: Binding energies of the two most intense excitons, A and B, in the S
K absorption edge of crystalline nT. Values are obtained as the difference in the
excitation energy to their respective IPA counterpart, i.e, IP onset for A and B’ for
B. All energies are in units of eV.

Peak A B

Atom Sl 82 Sg Sl SQ Sg
2T 2.6 4.2

4T 1.9 1.9 4.0 3.9

6T 1.7 1.7 1.6 3.9 3.9 3.8

Lastly, we compare the binding energies of the excitons corresponding to peaks A
and B for the investigated systems (in Tab. VI.2). Analogous to our results for the
C K absorption edge, the exciton binding energy of peak A is reduced by about 1eV
when going from 2T to 6T. Additionally, we find smaller values for the spectra from
S atoms in the inner thiophene rings (S; > Ss > S3). We attribute this result to
the reduction of the average Coulomb interaction with increasing oligomer length.
The exciton binding energies of peak B are also slightly reduced with increasing n,
with the reduction in 6T being of 0.4eV. The smaller decrease compared to peak
A originates from the underlying character of the transition: ¢* resonances are less
affected by the increased aromatic character of longer oligomers and remain largely
localized on the probed atom and on the respective monomer (see also Fig. 6.10).
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3 Sulfur L;3 Absorption Edge

The S Ly 3 absorption edge has been studied experimentally for different oligothio-
phene films such as monothiophene [17-19], bithiophene [17,21,22], and polythio-
phene films [77]. The main goal was to identify the formation of chemisorptive bonds
with a substrate and it previously revealed the cleavage of the C-S bond of monoth-
iophene films on Pt(111) [19]. The assignment of the spectral features, however,
appears rather controversial in the literature [17,18,21,22]. First principles studies
of core spectra commonly supplementing experimental results are performed in the
half core hole approximation. While this approach is known to be accurate for K
absorption edges, spin-orbit coupling effects are neglected, and thus L, 3 absorption
edges can hardly be reproduced. The approach employed in this work, however,
enables us to accurately treat spin-orbit coupling. Our results match very well the
experimental splitting of 1.3 eV in the S 2p levels of thiophene [78,79]. In this section,
we present an accurate calculation of the S Ly 3 absorption edge for oligothiophene
crystals. We provide a comprehensive assignment of the spectral features and an
in-depth analysis of their origin in terms of electronic contributions. Finally, we
investigate the dependence of exciton binding energies and the spectra with respect
to the oligomer length.

3.1 Analysis of XAS of Crystalline 2T
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Figure 6.13: Left: Projected density of states of the S s and S d states of 2T. Energies
are relative to the Fermi level (set to zero in the mid-gap). Right: Absorption
spectra from the S Lo 3 absorption edge of 2T averaged over the diagonal Cartesian
components. Excitation energies and their oscillator strength indicated by the height
of the vertical bars, as obtained from a BSE calculation. Spectra from the BSE and
the independent particle approximation are shown in black and blue, respectively.
The dashed line represents the independent particle onset.

In Fig. 6.13, the S Lo 3 absorption edge of 2T obtained from the BSE and the IPA
is shown. Since dipole-allowed transitions occur only from the inital core p states
to conduction states with s or d character, we start our analysis by comparing the
S s and d PDOS of 2T on the left side of Fig. 6.13 with the IPA absorption spec-
trum. The IPA spectrum reflects the features in the PDOS: The two intense peaks
at 170.1eV and 171.3 eV correspond to the peaks at 3.0eV and 5.0eV in the PDOS,
respectively. The first peak is formed by transitions to bands associated with the
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Figure 6.14: Separation of the S Ly 3 absorption spectrum in Lo, L3, and cross term
contributions. A Lorentzian broadening of 150 meV is applied.

S-C bond, while the second peak is formed by transitions to bands with hybridized
S s and d character. At the IP onset, we find a peak with low intensity. It is formed
by transitions to the LUMO subbands which exhibit small contributions from the S
d states. In the high-energy part of the IPA spectrum the oscillator strength is non-
vanishing. This reflects the PDOS after 6.0eV where it is dominated by increasing
contributions from S d states.

As seen on the right side of Fig. 6.13, in the solution of the BSE the spectrum
is redshifted by 3eV compared to the IPA spectrum and the oscillator strength
is redistributed to a few excitons. LFE, however, play no significant role in the
formation of excitons and shift the excitation energies by less than 150 meV (see
Appendix B).

We can identify several features that originate from the L, and L3 absorption edges,
as well as by their mixing. The approach employed in this work enables us to sep-
arately calculate the contributions from different initial core states. We display the
full Lo 3 absorption spectrum as well as its subedges in Fig. 6.14. Here, Ly (L3)
denotes contributions from the 2p; /> (2p3/2) states alone, and cross terms represent
the difference between the total L 3 spectrum and the sum of the Ly and L3 spectra.
The L, spectrum is, as expected, blueshifted by 1.3eV compared to to the Lz spec-
trum due to spin-orbit coupling. In the independent particle picture, we obtain a
branching ratio of 2 : 1 for the L3 and Ly subedges, which reflects the ratio between
the number of M j-states. The cross terms significantly lower the branching ratio by
transferring intensity from the L3 to the Lo edge. This effect is most pronounced
from 167.0eV to 167.5eV where significant mixing of both subedges occurs. Similar
results have been found for the L, 5 absorption edge of 3d transition elements, e.g.,
in TiOy where the branching ratio is reduced to approximately 1 : 1 [11].
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Table VI.3: Excitation energies (E) of the spectral features in the S Ly 3 absorption
edge of crystalline 2T. Exciton binding energies Ej, are obtained as the difference

in excitation energy with respect to their IPA counterparts, i.e., the IP onset for
7 (LUMO) and peak B’ for o*(S-C) resonances.

Peak E [eV] Ey [eV] Assignment
As 165.3-165.4 2.6 2ps/2 — m* (LUMO,LUMO+1)
B, 165.7-165.9 43 psn — 0*(S-C)
Ay 166.6 1.3 9p1/2 — 7 (LUMO,LUMO+1)
B, 167.0-167.1 3.0 21y — 0*(S-C)

2p3 /2 — ™ (LUMO)
C 167.3-167.6 0.6 935 — 1 (LUMO)

2p1 /2 — 0*(S-C)
D3 168.2 2p3/2 — mixed o*, 7*(LUMO+1)
Cy 168.5-168.9 2p1 /2 — ™ (LUMO)
Dy 169.5 2p1 /2 — mixed o*, 7*(LUMO+1)

We now further analyze the BSE spectrum from the S Ls 3 absorption edge of crys-
talline 2T. To guide the reader, we label the spectral features in Fig. 6.13. Here,
the subscripts, 2 and 3, denote if the feature originally stems from the L, or Lj
edge. An enumeration of all spectral features and corresponding binding energies is
given in Tab. VI.3. The Ls 3 spectrum is dominated by three peak structures with
comparable intensity: (1) peak Bs, (2) the peak structure formed by peaks By and
Cs, and (3) peak Cs. First, we analyze the features originating from the L3 absorp-
tion edge, i.e., the S 2ps/, states. The shoulder Aj is formed by four excitons with
low oscillator strength, and corresponds to transitions to the LUMO and LUMO+1
subbands with 7* character. The intensity of this feature is very small due to the
predominant p character of the LUMO subbands (see Fig. 5.2). For the lowest lying
exciton, we calculate a binding energy of 2.6eV and a splitting of 44meV. It is
delocalized along the molecular chain but confined on the respective 2T molecule.
Analogous to the lowest lying excitons in the C K and S K absorption edges, the
e-h wavefunction is not localized on adjacent molecules. The second peak, Bs, is
solely formed by transitions to the ¢* orbitals associated with the S-C bond. It is
dominated by 4 excitons with large oscillator strength. They are highly localized
on the respective S atom and 2T molecule, evident by the larger binding energy
of 4.3eV compared to As. The splitting of the lowest lying excitons of peak Bj is
150meV. Remarkably, the binding energies of peaks A3 and Bj are almost equal
to the ones obtained for the two intense peaks, A and B, in the S K absorption
edge of 2T. The exciton splittings, however, are considerably larger for the S Lo 3
absorption edge and are comparable to the results found for the C K absorption
edge, where the splitting ranges from 130meV to 150 meV. This results from the
comparable energies of the C 1s and S 2p core states.

Several excitons contribute to the third peak Cs. It is predominately formed by
transitions with 7* character to the LUMO subbands. The overlap with peak B,
leads to an additional mixing with transitions from the S 2p;/; to the o* states,
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but this does not significantly alter its excitonic character. Lastly, we can identify
the shoulder D3 at 168.2eV which is dominated by an exciton with large oscillator
strength. It is formed by transitions with mixed 7* and ¢* character to the LUMO+1
subbands and higher bands up to 5.0eV. As shown in the PDOS in Fig. 6.13, these
higher lying states are of mixed S s and d character. A quantitative comparison of
the excitonic character of all peaks is given in Appendix B. For the Ly absorption
edge, the spectral features are blueshifted by 1.3eV due to the spin-orbit coupling,
but the corresponding transitions occur to the same conduction states as in the Lg
edge. Peak B, also results from significant mixing between transitions from the S
2ps3/2 states to the LUMO subbands and transitions from the S 2p; s, states to bands
with ¢* character.

2T 2_., -+ Exp.
DA 3 — BSE

Tr(lm em)/3 [arb. unit]

167 168 169 170 171
Energy [eV]

164 165 166

Figure 6.15: S Ly 3 absorption spectrum of 2T averaged over the diagonal Cartesian
components. The solution of the BSE is shown in red and experimental data taken
from [17] is shown in blue. A Lorentzian broadening of 400 meV is applied (top
curve). A smaller broadening of 150 meV is applied to resolve all spectral features
(bottom curve).

In Fig. 6.15, we compare our results with the experimental spectrum obtained for
2T multilayers on Ag(111) [17]. The calculated spectrum is shifted by 15.3eV to
align it at the first absorption peak with the measured one. We apply a Lorentzian
broadening of 400 meV to reproduce the experimental spectrum. Since no informa-
tion on the setup of the measurements is available, we compute the spectrum as
the average over the diagonal Cartesian components of the macroscopic dielectric
tensor. The three intense resonances found in the experimental spectrum, (1), (2),
and (3), are well replicated by our calculation. With such a broadening, we are not
able to resolve less intense features that are experimentally observed, e.g. the Aj
shoulder at 165.3eV. It is, however, well known that each peak in the Ly 3 XAS has
its own broadening [80]. For an even more quantitative agreement with experiment,
we would therefore need to apply an energy-dependent broadening. Nonetheless,
a smaller broadening of 150meV is sufficient to resolve the less intense features.
In excellent agreement with our results (see Tab. VI.3), all previous studies assign
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resonance (1) to transitions from S 2ps/, states to o* orbitals associated with the
S-C bond [17,18,21,22]. Viterlein et al. [17] assign the second resonance (2) to a
superposition of S 2p;, — ¢* (S-C) transitions and Rydberg-like transitions from
the S 2ps/, states to higher energy o* orbitals, which actually is in disagreement
with our results,. They assign the third resonance (3) to Rydberg-like transitions
from S 2p,,, states to higher energy o* orbitals. We, on the orther hand, assign
the second resonance (2) to the superposition of S 2p;/, — o* (S-C) transitions and
S 2p3j2 — 7 (LUMO) transitions. The splitting between the two peaks contribut-
ing to the second resonance (2), By and Cs, is 0.4eV. This is in good agreement
with the experimental value of 0.4eV [22]. Consequently, the third resonance (3),
i.e. peak Cs, is formed by S 2p;/; — 7* (LUMO) transitions. Our assignment is
in agreement with other published experimental results [18,21,22]. Some effort has
also been made to correctly describe the less intense features in the S Lj 3 spectrum
commonly observed in experimental results [17,18,22]. Our results, however, are the
first comprehensive assignment of all spectral features using many-body theory: We
attribute the weak shoulder Az at 165.3 eV to S 2p3/, — 7* (LUMO,LUMO+1) tran-
sitions. This peak is resolved in multiple experiments [17,22]. Peak A, at 166.6€V,
however, has not been resolved. Additionally, Koller et al. [22] found that the third
resonance (3) is straddled by two weaker resonances which they assign to transitions
from the S 2p states to the LUMO+1 subbands. Our calculation matches very well
this result: We find two weaker resonances, D3 and Dy, that straddle the intense
resonance C,. Here, peaks D3 and Dy are formed by transitions with mixed 7* and
o* character from the S 2p;/, and S 2p3/, states to the LUMO+1 subbands and
higher bands up to 5.0eV (see also the PDOS in Fig. 6.13).

3.2 Dependence on the Oligomer Length
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Figure 6.16: Absorption spectra from the S Ly 3 absorption edge of crystalline nT
from all inequivalent S atoms. The red and blue lines denote the solution of the BSE
and the independent particle approximation, respectively. Shown is the average over
the diagonal Cartesian components of the imaginary part of the dielectric tensor.

We now want to identify similarities and differences in the XAS at increasing
oligomer length. The BSE and IPA absorption spectra from the S Ly3 edge for
all inequivalent S atoms are shown in Fig. 6.16. We obtain a splitting of 1.3eV
between peaks Az (Bs) and Ay (Bs), which is reduced to 1.2eV in 4T and 6T. The
overall spectral shape as well as the intensity of the peaks are very similar for all
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investigated systems. In the high-energy part of the BSE spectrum of 2T the oscil-
lator strength increases above 155¢eV. This does not occur in the absorption spectra
of 4T and 6T, due to the smaller number of higher lying conduction states included
in the correspondign calculations (see Chapter IV).

A noticeable difference in the spectra of 2T to 67T is the blueshift of the two lowest
lying peaks, A3 and Bgs, as well as peaks A, and By with increasing oligomer length
n. Analogous to our previous results for the lowest lying peaks in the C K and S K
absorption edge, we find that this shift is larger when going from 2T to 4T than from
4T to 6T. Remarkably, it is almost rigid for these resonances: The first peak, As, of
2T is shifted by 0.22¢eV in 4T and 0.29eV in 6T. The more intense second peak of
2T, Bs, is shifted by 0.22¢eV in 4T and by 0.25eV in 6T. This is in contrast to our
results for the C K and S K absorption edges where we found a more pronounced
shift for the 7* resonances compared to the ¢* resonances. This blueshift is nearly
identical to the one calculated for peak A of the S K absorption edge. We therefore
attribute this effect to the delocalization of the e-h pair with increasing n.

The most pronounced difference in the spectra for the three oligomers appears for
the second resonance (2) in the range from 151.5€eV to 153.0eV. The energy differ-
ence between the two peaks contributing to this resonance, By and Cg, is decreasing
with increasing oligomer length n: Both peaks are separated by 0.4€eV in 2T while
by 0.3eV and 0.2eV in 4T and 6T, respectively. This is the result of the afore-
mentioned blueshift of peak By as well as of the individual contributions from the
inequivalent S atoms: We find that the separation of the peaks By and Cj is only
decreasing for the S atoms in the inner thiophene rings, So and Ss;. This effect is
illustrated on the left side of Fig. 6.17, where we distinguish the contributions from
the inequivalent S atoms in all investigated systems.

Similar to the S K absorption edge, the two lowest lying peaks, As and Bs, are
nearly identical in the spectra from all S atoms. The splitting of both peaks be-
tween the spectra from inequivalent S atoms is less than 70 meV, which is one order
of magnitude larger then the core-level shift of S 2p states of 3meV in 6T. We at-
tribute this behaviour to the slightly different chemical character of their respective
C bonding partners. The situation is different for the higher energy peaks, Cy and
Cs3: As shown on the right side of Fig. 6.17, these peaks are blueshifted by 0.3 eV for
the spectra from the S atom in the outer thiophene ring, S;, compared to the spectra
from the other S atoms. Remarkably, this value is similar to the blueshift of the
high energy peak D in the S; K absorption spectrum ranging from 0.3eV to 0.4eV.
We believe this shift originates from the different contributions of the S atoms to the
electronic structure, since it occurs in both S absorption edges. Another supporting
argument concerns the nature of the shifted resonances: Peaks Cy and Cj in 4T
and 6T are mainly formed by transitions to the LUMO and LUMO+1 subbands
with 7* character. These subbands are of S p character hybridized with S d states
(see PDOS in Fig. 5.2). Dipole-allowed transitions from the S 2p states hit the S d
contribution of the LUMO+n bands. To prove this, we project for the inequivalent
S atoms of 6T bands with S d character on top of the Kohn-Sham band structure in
Fig. 6.18. We find that the LUMO subbands are mainly of Sy and S3 d character.
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Figure 6.17: Left: Absorption spectra from the S L3 absorption edge of crystalline

n'T with the contribution from all inequivalent S atoms in blue. Shown is the average

over the diagonal Cartesian components. Right: Separation of the S L 3 absorption

spectrum of crystalline 6T in the Lo and L3 contributions from all inequivalent S
atoms.
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Figure 6.18: S d projected band character for the inequivalent S atoms in 6T. Energies
are relative to the Fermi level, set to zero in the the mid-gap.
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Figure 6.19: Excitonic weights of the most intense exciton contributing to the peak Cs
in the spectra from the Sy, S, and S L 3 absorption edges in crystalline 6T, plotted
on top of the Kohn-Sham band structure. The size of the red circles represents the
magnitude of the weights. Energies are relative to the Fermi level (set to zero in the
mid-gap).

For a quantitative comparison with the excitonic character of peak Cs, we display
in Fig. 6.19 the weight of the most intense exciton contributing to this peak. The
excitonic character reflects the bandcharacter of the LUMO+n subbands: Peak C;
from S; is solely formed by transitions to the LUMO+1 subbands, while it is given
in the spectra from Sy and Sz by transitions to both the LUMO and LUMO+1
subbands. This leads to a blueshift of the corresponding resonance in the spectrum
from S; compared to its counterpart in the spectra from the other S atoms. It is
important to note that this shift only occurs for weakly bound excitons and not
strongly bound excitons, such as those corresponding to peak Ajz (see Fig. 6.17).

Table VI.4: Binding energies of the lowest lying excitons contributing to the peaks
A3 and Bj in the S Ly 3 absorption edge of crystalline nT. Values are obtained as
the difference in the excitation energy to their respective IPA counterpart, i.e., IP
onset for A and B’ for B. All energies are in units of eV.

Peak A3 B3

Atom Sl SQ Sg Sl SQ 83
2T 2.6 4.3

4T 1.9 1.9 3.9 3.8

6T 1.7 1.7 1.6 3.9 3.9 3.8

Lastly, we compare the binding energies of the lowest lying excitons contributing
to peaks Az and Bj for all investigated systems (Tab. VI.4). The exciton binding
energy of peak Aj is reduced by about 1eV when going from 2T to 6T. We at-
tribute this result to reduction of the average Coulomb interaction with increasing
oligomer length. Smaller values are found for the spectra from the S atoms in the
inner thiophene rings (S; > Sy > S3). This is resulting from the e-h pair being more
delocalized when probing transitions from the atoms in the inner thiophene rings.
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The binding energies of the excitons corresponding to peak Bz are only reduced
by about 0.5eV compared to peak Az. The smaller decrease compared to peak Aj
originates from the nature of the transitions: ¢* resonances are less affected by the
increased aromatic character of longer oligomers and remain largely localized on
the probed atom and on the respective monomer. Remarkably, these results are
almost identical to the ones obtained for the lowest lying peaks, A and B, in the S
K absorption edge (compare Tab. VI.2). We attribute this behaviour to the similar
nature of the transitions: In both absorption edges, the lower lying peaks are formed
by transitions to the same conduction bands: (1) the LUMO+n subbands and (2)
the bands of o* character associated with the S-C bond at approximately 3eV (see
PDOS in Fig. 5.2). These bands of mainly C p and S p character are also hybridized
with the S d states. This hybridization leads to the similar exciton properties for
the S K and S Lo 3 absorption edges.



VII Summary and Outlook

In this work, we have calculated the electronic structure and core spectra of olig-
othiophene crystals nT (n=2,4,6), a well known family of semiconducting organic
molecular crystals. All calculations were performed in the (L)APW+lo formalism
using the all-electron full potential exciting code for DF'T and MBPT calculations.
X-ray absorption spectra were calculated from ab-initio MBPT through the solution
of the BSE. Our investigation of the electronic structure was concentrated on the
conduction states, since they are probed by X-ray absorption spectroscopy. The
lower lying conduction bands are formed by 7* orbitals while the most intense peak
in the density of states at 3¢V is formed by ¢* orbitals. The individual atomic con-
tributions to the unoccupied states were used to analyze the obtained core spectra.
Our results for the electronic band structure are in good agreement with previously
published results.

We find that the attractive electron-hole interaction is the driving force behind
core-level excitations in these systems. Exciton binding energies are on the order
of eV. We obtain a singlet-triplet splitting which is one order of magnitude smaller
than exciton binding energies; thus, local-field effects play a miniscule role. The
overall spectral shape and intensity of the main peaks in all the absorption edges is
very similar for all investigated systems. The exciton binding energies, however, are
decreasing by up to 1.0eV, going from 2T to 6T. This is resulting from a reduction
of the average Coulomb interaction, due to (1) the increased delocalization of the
e-h pairs with increasing oligomer length and (2) an increased effect of the dielectric
screening. 7* resonances, which are delocalized along the molecular chain, are af-
fected more strongly than ¢* resonances, which are localized on the respective atom.

In the carbon (C) K absorption edge, the spectral features can be assigned to
transitions from two types of C atoms: C atoms with a covalent bond to S and C
atoms without such a bond. The full BSE spectrum is dominated by three intense
excitonic resonances: The first two resonances correspond to transitions from both
C types to the LUMO subbands with 7* character. Going from 2T to 6T, we obtain
binding energies of the lowest lying excitons ranging from 3.1eV to 2.1eV. The
third resonance is formed by transitions to states with ¢* character associated with
the S-C bond. Our results are in excellent agreement with published experimental
results for 2T and 6T multilayers.

In the sulfur (S) K absorption edge, the contributions from inequivalent S atoms to
the spectrum are nearly identical in all the systems. We observe two types of intense
excitonic resonances. The first resonance is formed by transitions to the LUMO+n
subbands with 7* character, while the second resonance is formed by transitions to
bands with ¢* character. Going from 2T to 6T, we obtain exciton binding energies
of 2.6eV to 1.6 eV and 4.3 eV to 3.8 eV for the first and second resonance, respectively.

For the sulfur L, 3 absorption edge, we find that the spectrum can not be sepa-
rated into its subedges, due to the small spin-orbit coupling between the S 2p; /» and
S 2ps)o states. It is dominated by three intense resonances: (1) The first resonance
is formed by S 2p3/, — 0* (S-C) transitions, (2) the second resonance results from
significant mixing between S 2p,/, — o* (S-C) and S 2p3/, — 7 (LUMO) transi-
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tions, and (3) the third resonance is formed by S 2p;/; — 7* (LUMO) transitions.
For the excitons contributing to the two lowest lying peaks, we find binding energies
of 2.6eV to 1.6eV and 4.3€eV to 3.8V, respectively. The contribution to the second
and third resonance from the S atom at the edge of the oligomer is slightly different
compared to the one from the other S atoms. This difference originates from the
different contributions of these atoms to the LUMO+n subbands. Our approach
accurately replicates experimental spectra for 2T multilayers.

This study provides a comprehensive description of core excitations in oligothio-
phene crystals. As such, our results are important in view of a complete characteri-
zation of the light-matter interaction in these materials. Our work further confirms
the predictive power of many-body perturbation theory in determining the character
of the excitonic resonances and their dependence on the oligomer length.

In the future, we aim to further investigate the effect of intermolecular interactions
on the absorption edges. By comparing the calculated spectra for the crystalline and
molecular form of oligothiophene, we can determine the dependence of the spectral
features on the packing density. In conjunction with the present results, this can
provide insight into the electronic properties of oligothiophene and polythiophene
films. We also plan to collaborate with colleagues specialized in XAS, to compare
our results for the exciton binding energies, and their dependence on the oligomer
length, with experimental data. We believe that our calculated exciton binding en-
ergies underestimate the experimental values. The LDA functional, which is used
in this work, is known to be inaccurate for molecular crystals [36], where a descrip-
tion of the intermolecular van der Waals interaction is important. As such, we aim
to investigate the dependence of our results on the employed exchange-correlation
functional.
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A Transformation from Cartesian to
Crystalline Axes

As a result of the monoclinic symmetry, the Cartesian axes y and z are equivalent
to the crystalline b and c axes. This results in €, and €., being equal to € and €,
respectively. The latter defines the response polarized parallel to the long molecular
axis, see also Fig. 2.2. It is important to note that the crystalline a axis differs from
the Cartesian x axis by the monoclinic angle 5. The transformation is given by [81]:

Ime,, 0 Ime,, sin (3
Ime,, = (sinﬂ 0 cos 6) . 0 Im e, 0 . 0
Ime,, 0 Ime,, cos f3

For the C K and S Ly 3 absorption edges, this results in small changes of intensity.
In those cases, the Cartesian axes are a good approximation for the crystalline axes.
For the S K edge, however, this is not the case. The intensity of the two strongest
peaks is significantly redistributed because they contain relevant fractions from the
zz and xz components. This is depicted in Fig. A.3 and A.4 for the spectrum
from S;. We want to emphasize that a comparison with experiments on crystalline
samples is allowed if the Cartesian components of Im €); are transformed into those
corresponding to the crystalline axes.
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Figure A.1: The Cartesian diagonal x element and its transformation into the crys-
talline component a for the C; K absorption edge of 2T (left), 4T (middle), 6T
(right).
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Figure A.2: The Cartesian diagonal x element and its transformation into the crys-
talline component a for the Sy L3 absorption edge of 2T (left), 4T (middle), 6T
(right).
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Figure A.3: The Cartesian diagonal x element and its transformation into the crys-

talline component a for the S; K absorption edge of 2T (left), 4T (middle), 6T
(right).
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Figure A.4: Redistribution of intensity for the two lowest peaks results in the crys-
talline aa component for the S; K absorption edge of 2T (left), 4T (middle), 6T
(right).



B Supplement to Chapter VI

Visualization of LUMO subbands

(a) LUMO subband 1 (b) LUMO subband 2

Figure B.1: Lowest unoccupied molecular orbitals of the 2T crystal. An isovalue of
0.002 is used for the isosurfaces. The unit cell is indicated by the rectangle.

(a) LUMO subband 1 (b) LUMO subband 2

Figure B.2: Lowest unoccupied molecular orbitals of the 4T crystal. An isovalue of
0.001 is used for the isosurfaces. The unit cell is indicated by the rectangle.
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(a) LUMO subband 1 (b) LUMO subband 2

Figure B.3: Lowest unoccupied molecular orbitals of the 6T crystal. An isovalue of
0.0005 is used for the isosurfaces. The unit cell is indicated by the rectangle.
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Figure B.4: Non-vanishing components of the imaginary part of the macroscopic
dielectric tensor of the four inequivalent C K absorption edges of 2T. Shown is the
solution of the full BSE.
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Figure B.5: Non-vanishing components of the imaginary part of the macroscopic
dielectric tensor of the eight inequivalent C K absorption edges of 4T. Shown is the
solution of the full BSE.
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the solution of the full BSE.
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S; K absorption edge of 2T (left), 4T (middle), 6T (right). Shown is the solution
of the full BSE in black, the independent particle approximation (IPA) in blue, the
triplet solution with H* = 0 in red, and the random phase approximation with
H¢ =10 in green.
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Figure B.10: Non-vanishing components of the imaginary part of the macroscopic
dielectric tensor of the inequivalent S Lo 3 absorption edges of 2T (top), 4T (middle),
and 6T (bottom). Shown is the solution of the full BSE.
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Figure B.11: Influences of the different contributions to the BSE Hamiltonian on the
Sy Lo 3 absorption edge of 2T (left), 4T (middle), 6T (right). Shown is the solution
of the full BSE in black, the independent particle approximation (IPA) in blue, the
BSE with H* = 0 in red, and the random phase approximation with H¢ = 0 in
green.
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Figure B.12: Excitonic weights of the intense peaks of the S L, 3 absorption edge in
crystalline 2T plotted on top of the Kohn-Sham band structure. The size of the red
circles represents their magnitude.
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