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Abstract

Ferroelectric oxides exhibit strong coupling between structural, electronic, and optical
properties, which enables their use in photonic, optoelectronic, and quantum technolo-
gies. These couplings are investigated from first principles in two complementary direc-
tions. In the first part, a real-time formalism is developed to simulate nonlinear optical
processes such as sum and difference frequency generation (SFG, DFG), enabling the
calculation of coherent anti-Stokes Raman scattering (CARS). The approach extends
the time-dependent Berry phase polarization method implemented in the Yambo code
and allows the decomposition of the total polarization into distinct frequency compo-
nents. This formalism is examplarily tested on hexagonal boron nitride (h-BN) and
molybdenum disulfide (MoSs), predicting their strong excitonic features. In the second
part, the focus is on ferroelectric oxides, specifically lithium niobate (LiNbO3, LN) and
lithium tantalate (LiTaOgs, LT), under uniaxial stress. These materials are key com-
ponents in nonlinear optical devices, where an application of strain strongly influences
their optical response. Domain walls (DWs) play a crucial role in this context. In a first
approximation, DWs in LN can be modeled as stressed bulk material. The structural,
vibrational, electronic, and optical properties mostly of LN under uniaxial stress are
studied using density functional theory (DFT). Phonon modes have a nearly linear de-
pendence on strain, and the splitting of degenerate E modes under z and y compression
directly reflects symmetry lowering. The computed strain-dependent nonlinear suscep-
tibilities show that new tensor elements appear under uniaxial stress, consistent with
observations of second-harmonic generation (SHG) contrast at DWs. Subsequently, the
CARS spectra are calculated under stress applying the real-time approach from part
one. Furthermore, the investigation of point defects show that the formation energies
of Nby,; antisites, small bound polarons, and bipolarons decrease under strain, offering
a microscopic explanation for the enhanced conductivity observed at DWs. Overall,
this work establishes a microscopic understanding of how strain and symmetry breaking
influence the vibrational, optical, and electronic properties of ferroelectric oxides such
as LN and LT.






Zusammenfassung

Ferroelektrische Oxide weisen eine reichhaltige Kopplung zwischen strukturellen, elek-
tronischen und optischen Eigenschaften auf, was ihren Einsatz in photonischen, optoelek-
tronischen und Quantentechnologien ermoglicht. Diese Kopplungen werden ausgehend
von ersten Prinzipien in zwei komplementére Richtungen untersucht. Im ersten Teil wird
ein Echtzeitformalismus entwickelt, um nichtlineare optische Prozesse wie Summen- und
Differenzfrequenzerzeugung (SFG, DFG) zu simulieren, wodurch die Berechnung der ko-
hérenten Anti-Stokes-Raman-Streuung (CARS) ermoglicht wird. Der Ansatz erweitert
die im Yambo-Code implementierte zeitabhédngige Berry-Phasen-Polarisationsmethode
und ermoglicht die Zerlegung der Gesamtpolarisation in einzelne Frequenzkomponen-
ten. Dieser Formalismus wird auf hexagonales Bornitrid (hA-BN) und Molybdéandisulfid
(MoS2) angewendet und sagt deren starke Exzitonen-Eigenschaften voraus. Im zweiten
Teil liegt der Fokus auf ferroelektrischen Oxiden, insbesondere Lithiumniobat (LiNbOs,
LN) und Lithiumtantalat (LiTaOs, LT) unter mechanischer Spannung. Diese Mate-
rialien sind Schliisselkomponenten in nichtlinearen optischen Bauelementen, in denen
die Verspannung ihre Eigenschaften stark beeinflusst. Doménenwédnde (DWs) spielen
in diesem Zusammenhang eine entscheidende Rolle. In einer ersten Ndherung kon-
nen DWs in LN als verspanntes Volumenmaterial modelliert werden. Die strukturellen,
phononischen, elektronischen und optischen Eigenschaften von LN und LT unter Verfor-
mung werden mit Hilfe der Dichtefunktionaltheorie (DFT) untersucht. Phononenmoden
haben eine nahezu lineare Abhéngigkeit von der Verformung, und die Aufspaltung en-
tarteter E-Moden unter z- und y-Kompression spiegelt direkt die Symmetrieverringerung
wider. Die berechneten dehnungsabhéngigen nichtlinearen Suszeptibilitdten zeigen, dass
unter Spannung neue Tensorelemente auftauchen, was mit den Beobachtungen des Kon-
trasts der Frequenzverdopplung (SHG) an DWs iibereinstimmt. Anschlieffend werden
die CARS-Spektren unter Verspannung mit Hilfe des Echtzeitansatzes aus Teil Eins
berechnet. Des Weiteren zeigt die Untersuchung von Punktdefekten, dass die Forma-
tionsenergien von Nbp,;-Antisites, kleinen gebundenen Polaronen und Bipolaronen unter
Verformung abnehmen, was eine mikroskopische Erklarung fiir die an DWs beobachtete
verbesserte Leitfahigkeit liefert. Insgesamt schafft diese Arbeit ein mikroskopisches Ver-
stdndnis dafiir, wie Verspannungen und Symmetriebrechung die phononischen, optischen
und elektronischen Eigenschaften von ferroelektrischen Oxiden wie LN und LT.
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1 Introduction

Ferroelectric oxides like lithium niobate (LiNbOs, LN) and lithium tantalate (LiTaOs,
LT) are of central importance for technological applications in optics, photonics, and
quantum technologies [1-4]. Due to their nonlinear optical and piezoelectric proper-
ties [5, 6], they are commonly used in devices such as frequency multipliers, modulators,
waveguides [4, 7, 8], and thin-film integrated platforms [9-14].

Ferroelectric materials are characterized by domains with uniform polarization, which
are separated by domain walls (DWs). DWs in LN can be created, displaced, or erased
under moderate external fields, as demonstrated in poling experiments [15]. The atomic
relaxations associated with DWs extend only over a few unit cells [16], leading to local
symmetry breaking and modified bond lengths, and angles [17-20]. Especially, the local
structural distortions at DWs are very similar to those caused by compressive stress in
the bulk crystal, providing a relationship between stressed bulk and DW properties [15].
Moreover, the response of DWs to external electric fields is related to a complex redistri-
bution of local stresses [15]. This interplay between polarization switching, mechanical
deformation, and local strain fields emphasizes the need for a deeper understanding of
LN properties under stress.

The aforementioned altered bond lengths and angles at DWs are mirrored by shifts in
phonon frequencies [18]. While Raman spectra under hydrostatic pressure have been
studied extensively [21], the case of uniaxial stress remains unexplored. To discriminate
the influence of uniaxial stress fields from other factors, e.g. electrical fields [22] or
compositional heterogeneity [23], and to quantify occurring stress markers, it is essential
to gain fundamental knowledge on the relation of phonon properties and mechanical
stress fields (see Ref. [P1]).

The nonlinear optical response can be described by the expansion of the polarization in
powers of the electric field using Einstein summation convention [24]:

Pi=eo (X' & + XELE &+ XuEEE + ). (1.1)
M

i
ceptibilities describe nonlinear optical effects such as second-harmonic generation (SHG).

The susceptibility x..” corresponds to linear optical properties, while higher-order sus-
In unstrained bulk LN, nonlinear effects have been sufficiently investigated [25]. How-
ever, recent experiments have demonstrated that at DWs, new nonlinear tensor elements
appear that are forbidden by bulk symmetry [26, 27]. Since DWs are accompanied by
local stress, this prompts the question of whether uniaxial stress in bulk LN can also
activate otherwise symmetry-forbidden tensor components. Hence, investigating the lin-

ear and nonlinear piezo-optic effects, i.e., linear and nonlinear optical properties under
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stress, provides direct insight into how stress-induced symmetry breaking modifies the
nonlinear susceptibility (see Refs. [P2, P3]). These effects are particularly important in
quantum optical applications, such as broadband and tunable laser sources, optical am-
plifiers, frequency converters, single photon sources, or all-optical data processing [1-4].
In this context, stress also plays a relevant role in bulk-based applications, in particular
in proton-exchanged or ion-diffused waveguides in the LN family, where stress is believed
to cause the refractive index change [4, 7, 8].

Another key aspect concerns the microscopic origin of DW conductivity. Since in LN
the spontaneous polarization is along the z axis, 180° walls are uncharged, while z walls
are positively /negatively charged when polarization vectors of two neighboring domains
point towards to/away from the wall (head-to-head/tail-to-tail wall) [19, 28]. Practi-
cally, tilted z walls exhibit strong wall-confined conductivity useful for nanoelectronic
and photonic devices [19, 29]. Such conducting charged DWs (CDW) in LN exhibit con-
ductivities orders of magnitude larger than the surrounding bulk [30-34], which makes
them attractive for nanoelectronic applications [34-36]. The atomistic origin of the en-
hanced conductivity is not fully understood. First principles studies have shown that
mechanisms such as local band bending cannot account alone for the observed conduc-
tivity [P4]. In addition, local defects such as Nby; antisites may play a decisive role
for the CDW conductivity. These defects can host small bound polarons or bipolarons,
which are well studied and understood for bulk systems [8, 37-41]. A systematic in-
vestigation of polaron formation energies under uniaxial stress provides a pathway to
connect bulk defect physics with CDW transport phenomena.

In order to calculate the above mentioned properties of LN (and LT for the vibrational
part) under uniaxial stress along all three crystallographic directions, density functional
theory (DFT) as implemented in the Vienna Ab Initio Simulation Package (VASP) [42—
44] and Quantum Espresso [45, 46] is employed. The refractive index and SHG response
are calculated using a real-time approach based on the Berry phase formulation as
implemented in Yambo [47—49]. For almost all of the properties, theoretical predictions
are directly compared with experimental data, enabling quantitative validation.
Another feature, for which a methodological extension is neccessary, is also an objective
of this work: Coherent anti-Stokes Raman spectroscopy (CARS) is a powerful nonlinear
optical technique to probe vibrational modes within molecules or materials. In contrast
to spontaneous Raman scattering, CARS provides highly resolved images with drasti-
cally increased scan speeds [50]. As a four-wave mixing (FWM) process (see Fig. 1.1),
described by ), CARS involves two laser beams exciting atomic vibrations, and a
third beam generating a coherent anti-Stokes signal, allowing for high resolution molec-
ular imaging [51]. Primal applications are imaging of biological structures [52-55] as
well as the characterization of two-dimensional (2D) materials, e.g. carbon nanotubes,
graphene and hexagonal boron nitride (h-BN) [56-64]. However, recent studies have
highlighted that also nonlinear optical single crystals are promising materials for CARS
applications [65]. Advancements in ab initio approaches to calculate X(3) components
could further refine the interpretation of CARS-based chemical fingerprints. Since the
nonresonant background (NRB) in the CARS process (which is in principle accessible
from first principles) is experimentally not directly available [65], the ab initio real-time
simulation is a promising tool to support CARS measurements. Hence, the theoretical
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Figure 1.1: A schematic representation of the nonlinear processes studied in this work:
sum frequency generation (SFG), difference frequency generation (DFG) and nonreso-
nant background (NRB) in coherent anti-Stokes Raman spectroscopy (CARS). As in-
dicated CARS can be considered as a combination of SFG and DFG processes. The
resonant CARS signal is generated by the interaction of two laser beams exciting molec-
ular vibrations, and a third beam generating a coherent anti-Stokes signal.

framework is extended to calculate CARS spectra of LN under uniaxial stress, making
use of the calculated vibrational and nonlinear optical properties. With the implementa-
tion of real-time simulations available before the beginning of this work, only the study
of harmonic processes such as SHG was possible. Considering CARS as a combination of
sum frequency generation (SFG) and difference frequency generation (DFG) processes
(see Fig. 1.1), an approach for SFG and DFG from first principles had to be developed
to calculate the CARS response.

SFG and DFG spectroscopy are powerful experimental techniques in which the measured
spectrum corresponds to the second-order nonlinear optical response x(?) arising from
the interaction of two laser fields (see Fig. 1.1). These methods are highly sensitive to
surfaces and interfaces [66—68]. Recently, there has been increasing interest in applying
SFG and DFG to condensed matter systems. For example, SFG and DFG have been
measured in layered molybdenum disulfide (MoSy) and related heterostructures using
either band-filtered supercontinuum illumination [69, 70] or wavelength-dependent spec-
troscopy [70-72]. Notably, SFG can be made dual resonant with excitons, leading to
a strong enhancement of the response function, as recently shown in two-dimensional
materials [73]. This enables SFG to probe exciton-exciton transitions, providing an
alternative and complementary approach to pump-probe spectroscopy [74]. Designing
and interpreting such experiments requires theoretical methods that can accurately de-
scribe both nonlinear light-matter interactions and the many-body physics of excitons
in specific materials.

To date, only a few theoretical studies have addressed SFG and DFG in solids. Previ-
ous investigations of SFG have relied on simple two-band models [75] or first principles
calculations using the Greenwood-Kubo formalism within the independent particle ap-
proximation (IPA) [73], thus neglecting excitonic effects.
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A general method to extract SFG and DFG spectra from real-time simulations is in-
troduced in Ref. [P5], which will be presented in this thesis. The implementation is
based on the first principles framework of Ref. [49] as implemented in Yambo and Yam-
boPy, which describes the coupling of electrons to external electric fields via the Berry
phase formulation of the dynamical polarization [76], and incorporates many-body ef-
fects, including excitonic contributions, through an effective Hamiltonian [77]. Since
this approach is restricted to the caluclation of harmonic responses, the present work
generalizes the method to compute SFG and DFG as implemented in Yambo and Yam-
boPy as an accessible open source code [P5, P6]. In order to test this method, SFG
and DFG spectra are calculated for MoSs and A-BN monolayers, including excitonic
effects using time-dependent adiabatic GW (TD-aGW). The results are compared with
experimental data, demonstrating the method’s reliability to accurately determine the
nonlinear optical response of such materials.

The approach presented is not limited to the SFG and DFG but allows an efficient cal-
culation of other response functions, such as field-induced second-harmonic generation
(FI-SHG) [78, 79]. FI-SHG involves applying an electric field, such as laser pulses, direct
current (DC), or an intense terahertz (THz) electric field, to a crystal and measuring
the resulting second-harmonic intensity, which can provide important insights into the
material properties. Centrosymmetric crystals, which have a null second-harmonic re-
sponse (in the dipole approximation), are of particular interest because the applied field
breaks the symmetry and produces even-order harmonic radiation. For a static electric
field a real-time approach to study FI-SHG has been proposed in Ref. [80]. This work
goes a step further, and puts forward a framework to simulate FI-SHG in the presence
of time-dependent pump fields. For a hA-BN bilayer, which is a centrosymmetric crystal,
the second-harmonic response induced by a THz field breaking the inversion symmetry
is calculated.

This thesis is structured as follows: First, the fundamental theory for treating electrons
in a solid state in the electronic ground-state is summarized (see Sec. 2). This includes
the introduction of the DFT approach and its extensions neccessary to determine the
elastic, vibrational and polaronic properties of LN. Secondly, the theoretical framework
for calculating electronic excited-state, i.e. linear and nonlinear optical properties is
presented (see Sec. 3). Here, many-body perturbation theory, as well as the real-time
approach based on the work of Attaccalite and Grining [49] to calculate the nonlinear
optical response, are introduced. Since the method development for SFG and DFG is
required for the calculation of CARS spectra in LN, the implemented method and its
results on h-BN and MoSs are presented in the third part as preparation for the fourth
part (see Sec. 4). In the fourth part, the results on LN are shown, including the elastic,
vibrational, optical and polaronic properties as well as, based on the approach for SFG
and DFG, the CARS response under uniaxial stress (see Sec. 5). In the last part, the
results are summarized and an outlook is given on how the presented methods and results
can be extended. The results presented in this thesis are based on publications [P1-P15]
prepared and submitted during the finalization of this work.



2 Electronic ground-state theory

2.1 The many-body problem

The solid-state problem is inherently a many-particle problem, requiring a quantum
mechanical treatment. The study of multiple interacting particles is known as the many-
body problem. The following is a brief overview of the many-body problem, presented
based on Ref. [81].

For a system of N, electrons and NN, nuclei, the time-independent Schrédinger equation

is given by:

HU(r,R) = E¥(r,R), (2.1)

where H is the Hamiltonian operator, ¥(r, R) is the wavefunction, F is the total energy,
r = {ry,...,r;,...,ry, } denotes the electronic coordinates, and R = {Ry,..., Ry, ..., Rn.}
represents the nuclear coordinates. The wavefunction ¥(r,R) is a function of all elec-
tronic and nuclear coordinates, and the Hamilton operator H includes kinetic and po-
tential energy terms for both electrons and nuclei [82]:

H = Te + V;a—e + ‘/e—n +Tn + Vn—n . (22)
H, Hy,

Here, T. and T, are the kinetic energy operators for nuclei and electrons, respectively,
while V.. and V.. represent the Coulomb interactions between nuclei and electrons,
and between electrons themselves. The final term V... denotes the interaction between
electrons and nuclei.

023 in macroscopic systems [81],

Due to the vast number of particles on the order of 1
solving this equation exactly is infeasible, necessitating approximations.

A key simplification is the Born-Oppenheimer approximation based on Ref. [83], which
exploits the large mass disparity between nuclei and electrons. Expressing the Hamilto-
nian in atomic units, the kinetic energy of the nuclei is proportional to m /My, where m
is the electron mass and M}, the nuclear mass. Since m/Mj ~ 10~%, nuclear motion is
much slower than electronic motion. Such a seperation of the time scales of electron and

nucleus motion allows to decouple Eq. (2.1) into an electronic Schrédinger equation [83]:
Hopo(r,R) = €a(R)Ya(r, R), (2.3)
where the position of nuclei is fixed, and a Schrédinger equation for the nuclei [83]:

(es(R) +Tn) xs(R) = Exs(R), (2.4)

5
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where Hj is the electronic Hamiltonian, v, and €, are the wave function and energy
of the electrons, respectively, and xg and eg are the wave function and energy of the
nuclei, respectively. Here, o and  denote a complete set of quantum states. For each
configuration R, the electrons are considered to move in a fixed lattice. In this way,
the dynamics of nuclei are decoupled from those of electrons. The ground-state of the
electrons in each configuration R can be calculated and inserted into the differential
equation for the nuclei motion. As a result, the ground-state of a solid can be calculated
in a self-consistent way. This approximation supports modern electronic structure meth-
ods, particularly DFT, which further simplifies the many-particle problem by replacing

explicit electronic interactions with an effective potential.

2.2 Density functional theory

As a consequence of the Born-Oppenheimer approximation, the electrons can be de-
scribed independently from the nuclei by (2.3). Hence, a theory is required for de-
termining the ground-state of the electrons within a fixed lattice configuration. This
corresponds to a many-body problem, where the interaction between N, electrons needs
to be considered.

Various theories have been developed to describe electron-electron interactions in a
many-body system, e.g., Hartree-Fock and Thomas-Fermi theory [82]. These approaches
have in common that they are mean field theories, where the electron-electron interac-
tion is described by noninteracting identical electrons in an average field. However,
such theories are not sufficient to describe the complex electron-electron interactions in
solids. The Hartree-Fock method, for instance, neglects correlation effects, leading to a
systematic underestimation of the electronic band gap [82]. Although, the Hartree-Fock
method can be extended via configuration interaction to include correlation effects, this
significantly increases the computational cost as well as the storage requirements. The
Thomas-Fermi theory is a semiclassical model to describe atomic systems, where the ki-
netic energy of the electrons is described by a classical kinetic energy term. This theory
is not sufficient to describe the electronic structure of solids, as it neglects quantum me-
chanical effects [82]. However, an important feature of the Thomas-Fermi theory is that
it introduces the concept of the electron density to express the ground-state energy of
the system instead of the many-particle wave function like in the Hartree-Fock method.
This is the fundamental idea of the DFT which describes the electronic structure of
many-body systems in terms of the electron density exploiting the Hohenberg-Kohn
theorems. In the next section, the Hohenberg-Kohn theorems are presented on the basis
of Ref. [84].

2.2.1 Hohenberg-Kohn theorems

The Hohenberg-Kohn theorems provide the formal basis of DFT, establishing energy
functionals that depend only on the electron density. The electron density is defined as:

p(r) = N/|\Il(r1,r2,...,rN)|2dr2...drNe. (2.5)

The theorems state:



2.2. Density functional theory

1. First theorem: The ground-state electron density p(r) uniquely determines the
external potential vexs(r) given by the nuclei up to an additive constant. This im-
plies that the external potential is a functional of the density, vext(r) = vext[p(r)].

2. Second theorem: The ground-state energy is a unique functional of the electron
density, given by:

Elp] = Flol + [ ve()p(x)d’r, (26)

where F[p] is the universal energy functional that depends only on the electron
density, and vex (r) is the external potential. The exact, and only the exact ground-
state density minimizes this energy functional.

Both theorems are consequences of the variational principle, which states that the
ground-state energy is the minimum of the energy functional E|[p] over all possible elec-
tron densities. An important benefit of introducing functionals of the electron density is
that the number of independent variables is reduced from 3N, to three in comparison to
Hartree-Fock theory, where the wave function depends on 3N, variables. This reduction
in the number of variables makes DFT computationally more memory efficient than
Hartree-Fock theory.

The Hohenberg-Kohn theorems establish DFT as a formally exact theory for ground-
state properties, though the functional F'[p] is not explicitly known and must be ap-
proximated in practice. The universal functional contains the non-classical terms for
exchange and correlation, which are the most computationally challenging aspects of
DFT. The exchange term accounts for the indistinguishability of particles, which man-
ifests in the Pauli exclusion principle for electrons. The correlation term accounts for
electron-electron interactions that are not captured by the exchange term or the bare
Coulomb interaction. The next section will discuss the Kohn-Sham formalism based on

Ref. [85], which providing a framework for solving the many-body problem.

2.2.2 Kohn-Sham formalism

The idea of the Kohn-Sham formalism is to replace the interacting many-electron system
with a system of non-interacting electrons that yield the same ground-state density,
making DFT a mean-field theory [85]. In the Kohn-Sham formalism, the electron density
is expressed as a sum of the squared Kohn-Sham orbitals ®;(r) [85]:

plr) = 3 |@;(r)] (2.7

With this ansatz, the unknown universal functional F[p] can be described as a sum of
the kinetic energy Tg[p], the Hartree energy Fy[p|, and the exchange-correlation energy
Exc[p] 85]:

Flo] = T3[o] + Bulp] + Exclo]. (2.8)

The kinetic energy term Ts[p] is the kinetic energy of non-interacting electrons with the
density p(r). The Hartree energy Ey[p] describes the Coulomb electron-electron repul-
sion, and the exchange-correlation energy Fi.[p] accounts for the quantum mechanical
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effects of electron-electron interactions. The terms are described by the following equa-
tions [85]:

2
L= -3 [ @ viema, (2.9)
Eulp] = ;//ﬂ(:)_p(rﬂ)d:grdgr’, (2.10)
Exclpl = [ exclp)p(e)d’r: (2.11)

As a result, the total energy functional can be expressed as:
Elp] = Ti[p] + Eulp] + Exc[p] + / Vet (1) p(r) (2.12)

The variation of this energy functional with respect to the electronic density yields the
Kohn-Sham equations:

h2
<—V2 + Ueff(r)> D;(r) = €;Pi(r), (2.13)

2m
where veg(r) is the effective potential given by:
Veff (') = Vext (r) + vi(r) 4 v (r). (2.14)

Here, vy (r) is the Hartree potential and vy (r) is the exchange-correlation potential with

or(r) = / p (r/)/’d3r/, (2.15)

r—r
_ 6Ex|p]
Bl = Sty

With the Kohn-Sham equations, the many-body problem is reduced to a set of N, non-

(2.16)

interacting single-particle Schrodinger equations. The single-particle wave functions
®,(r) and eigenvalues ¢; are called Kohn-Sham orbitals and energies, respectively, which
do not correspond to the wavefunctions and eigenvalues of the true many-body system,
i.e., the electrons. However, from the Kohn-Sham orbitals, the true ground-state density
of the system can be calculated from which the ground-state properties can be derived.
The Kohn-Sham eigenvalues qualitatively represent the electronic band structure of
the system. While the energy levels themselves have no physical meaning, the band
gap is a physical quantity that can be calculated from the Kohn-Sham eigenvalues.
However, the Kohn-Sham band gap systematically underestimates the true band gap of
semiconductors depending on the choice of the exchange-correlation functional.

The DFT framework can also be expressed in spin polarized form, where the electron
density is split into spin-up and spin-down components [86]:

po(r) = |07 (r)]%, (2.17)

1€0

where o0 =71, ] denotes the spin component and i € o indicates that the sum is taken
over the Kohn-Sham orbitals of a specific spin channel. The total electron density is
then given by [86]:

8
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p(r) = py(r) + py(r). (2.18)

This only influences only the exchange-correlation potential, which is now a function of
the spin density [86]:
5EXC [pTv pd
o(r) = —————— 2.19
(r) = e oL (2.19)
where o denotes the spin component. The Kohn-Sham equations are then solved for each
spin channel separately, leading to two sets of Kohn-Sham orbitals and eigenvalues [86]:

h2 2 o o T H
<_2mv + Ueff<r)> o7 (r) = € 7 (r), (2.20)

The Kohn-Sham formalism provides a practical framework for solving the many-body
problem in DFT, enabling the calculation of electronic structure properties for a wide
range of materials. If the exchange-correlation functional Fy.[p] is given, the Kohn-Sham
equations can be solved self-consistently to obtain the ground-state density and energy
of the system. The following scheme outlines the steps involved in the self-consistent
formulation of DFT [82]:

1. Initialization: Choose an initial guess for the electron density p(r).

2. Determine the effective potential: Calculate the effective potential veg(r)
from the electron density p(r).

3. Solve the Kohn-Sham equations: Solve the Kohn-Sham equations to obtain
the Kohn-Sham orbitals ®;(r) and energies ;.

4. Update the electron density: Construct the new electron density p'(r) from
the Kohn-Sham orbitals.

5. Compare densities: Compare the new electron density p'(r) with the previous
density p(r). Distinguish between two cases:

(a) If the difference between p'(r) and p(r) is below a predefined threshold, the
calculation is converged. The last density and the corresponding total energy
are considered as the ground-state density and energy.

(b) If the difference between p’(r) and p(r) is above a predefined threshold, update
the electron density p(r) with p'(r) and repeat steps 2-5 until convergence is
reached.

This self-consistent procedure exploits the fact that the electron density of the ground-
state minimizes the total energy functional as stated by the second Hohenberg-Kohn
theorem. The total energy of the system is minimized with respect to the electron den-
sity, which is achieved by iteratively updating the electron density until self-consistency
is reached. The DFT is formally exact, but the accuracy of the method depends on the
choice of the exchange-correlation functional Fy.[p]. Several approximations have been
developed for the exchange-correlation functional, which will be discussed in the next

section.
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Figure 2.1: The enhancement factor of the PBE with x = 0.804 and p = 0.219 (orange)
and PBEsol with p = 10/81 (green) functionals. In case of LDAs the enhancement
factor is one (blue).

2.2.3 Exchange-correlation functionals

The most challenging aspect of DFT is the approximation of the exchange-correlation
functional Ex.[p], which collects (i) the difference between the exact many-body ki-
netic energy and the non-interacting kinetic energy and (ii) the non-classical part of the
electron-electron interaction, comprising exchange from the indistinguishability of elec-
trons and Coulomb correlation. On the one hand, the Thomas-Fermi theory provides a

simple approximation for the kinetic energy [81]:
Tr = 3 3n2)?/3 5/3(p)d? 2.21
F(p] 10( ) p”*(r)d’r, (2.21)

which is a local approximation that depends only on the electron density at a given point
of a homogeneous electron gas. On the other hand, the model of Thomas-Fermi theory
is not sufficient to describe the kinetic energy of non-interacting electrons in a solid, as
it neglects exchange and correlation effects, and lacks band structure. Although Paul
Dirac has extended the Thomas-Fermi theory to include exchange effects:

Bl =3 ()" [ (22

the Dirac exchange functional is still not sufficient to describe the exchange-correlation
energy of electrons in a solid. However, based on these models, exchange-correlation
functionals have been developed that are used in practical DF'T calculations even today:

o Local density approximation (LDA): Assumes that the exchange-correlation
energy at each point in space depends only on the local density, modeled after the
uniform electron gas [85, 86:

EEPA ] = [ e (p(a)) pla) . (2.23)
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2.2. Density functional theory

The exchange-correlation energy is merged from the exchange and correlation en-
ergy, where the exchange energy is calculated from the Dirac exchange functional
for a homogeneous electron gas and the correlation energy is determined by em-
pirical parametrizations. Since a homogeneous electron gas is used in this approx-
imation, the LDA works well for conducting systems like metals which behave
similar to a homogeneous electron gas. Nevertheless, the LDA has been shown
to be sufficient also for insulating systems. However, the price for the simplified
model of an electron gas is that the LDA underestimates the band gap and lattice

constants of semiconductors and insulators.

Generalized gradient approximation (GGA): In order to take into account
inhomogeneities in the ansatz of the LDA, the GGA approximates the exchange-

correlation energy as a functional of the electron density and its gradient [87-89]:
S = [ &0 (o(x), Voe)plr)d’. (224

The exchange term
S p) = [ dom(pfa))oe) Fels)d, (225)

introduces an exchange enhancement factor Fy, which is a function of the electron
density and its gradient:

_ Vol
§ = SBr) /AT (2.26)
and can be considered as a correction with respect to the LDA. On the basis of
GGA, different functionals have been developed, e.g., the Perdew-Burke-Ernzerhof
(PBE) functional which is one of the most widely used functionals in DFT calcu-
lations. The enhancement factor of the PBE functional is given by [89]:

FPPE(§) =1+ Kk —r/(1+ “—82), (2.27)

where k and p are empirical parameters. This means that the enhancement factor
is one if the gradient of the electron density is zero, which corresponds to the
LDA. In Fig. 2.1 the enhancement factor for LDA and PBE with x = 0.804 and
p = 0.219 (values for the PBE functional) is shown. The enhancement factor of
the PBE functional is larger than one for small values of s and smaller than one
for large values of s. This means that the PBE functional enhances the exchange

energy for small values of s and reduces the exchange energy for large values of s.

A disadvantage of the PBE functional is, however, that it overestimates the lattice
constants of solids by about 2% [90]. In order to correct this, the revised PBE
functional (PBEsol) has been developed, which is more accurate with respect to
structural properties of solids [90]. For structural properties, small gradients of
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Chapter 2. Electronic ground-state theory

the electron density are important, which are not well described by the PBE func-
tional. Therefore, in PBEsol u = g is chosen, which leads to a better description
of the structural properties of solids. In Fig. 2.1 the enhancement factor of the
PBEsol functional is shown in comparison to LDA and PBE. For small gradients
the enhancement factor of the PBEsol functional approaches the LDA enhance-
ment factor, while for large gradients it approaches the PBE enhancement factor.
This means that the PBEsol functional is a compromise between the LDA, which
describes structural properties more accurately than the PBE functional, and the

PBE functional, which describes electronic properties more accurately than the
LDA [90].

2.2.4 Strongly correlated systems

While LDA and GGA are sufficient to describe delocalized s- and p-electrons, for lo-
calized d- and f-electrons the LDA and GGA functionals are not suited. In order to
describe also localized electrons, a so called Hubbard Hamiltonian has been introduced
based on the tight-binding method. The Hubbard Hamiltonian describes the interaction
of localized electrons on a lattice, where the hopping term describes the kinetic energy
of the electrons, and the on-site term describes the electron-electron interaction. In the
second quantization, the Hubbard Hamiltonian is given by:

H=—t Z (C;-[Cj + c}ci) + UZnZ(nZ —1), (2.28)
(4,5) i
where ¢ is the hopping parameter, U is the on-site interaction (also called Hubbard
parameter), and c}L and ¢; are the creation and annihilation operators for an electron
at site 4, respectively. The Hubbard Hamiltonian can be used to derive a functional
for the exchange-correlation energy of localized electrons. This means that the total
exchange-correlation energy contains the exchange-correlation energy of the LDA or
GGA functional and an additional term that describes the interaction of localized elec-

trons:
Exyc[p] = EXPAp] + EfPbard[p] — BLC[p), (2.29)

where ELPA[p] is the exchange-correlation energy of the LDA functional, EILtbbard[,
is the exchange-correlation energy of the Hubbard Hamiltonian, and ES¢[o] is the dou-
ble counting correction. The double counting correction is necessary to avoid double
counting of the electron-electron interaction, which is already included in the LDA or
GGA functional. This results in the following expression for the exchange-correlation
energy [91, 92]:

/

UI UI
oAl = a5 | st LSl (230)
1 m,m’

m#£m

where U7 is the Hubbard parameter for atom I, and n{n is the occupation number of the
m-th orbital of atom I. The detailed derivation can be found in the literature [91, 92].
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2.2. Density functional theory

The Hubbard parameter can be determined empirically by altering the value of U until
calculated properties, e.g., lattice constants, match experimental values. However, this
approach can lead to overcorrection of other properties which can be underestimated or
overestimated depending on the choice of U. Therefore, another way is to determine it
in a self-consistent way by converging the linear response with respect to the Hubbard
parameter.

To determine the Hubbard parameter in a self-consistent way, a small perturbation o
is added to the potential of the atomic sites I [92]. The response of the electron density
defines the linear response function x7; [92]:

on'!

X1J = 5.7 (2.31)

The Hubbard parameter can then be determined from the linear response function where
the difference between the inverse of the perturbed and a bare response function is taken
into account [92]:

Ul = (xo — )71 (2.32)

where yq is the bare response function and x is the perturbed response function. The
Hubbard parameter can be determined in a self-consistent way by iteratively updating
the effective potential and the electron density until convergence is reached:

1. Determine unperturbed ground-state: Calculate the electronic density of the
unperturbed ground-state from the self-consistent Kohn-Sham formalism.

2. Perturbation: Add a small perturbation a! to the effective potential of the
atomic site I and determine the on-site density n! within a non-self-consistent
calculation of the ground-state. Using finite differences and Eq. (2.31) yields the

bare response function yp.

3. Non-self-consistent calculation: Calculate the perturbed effective potential
and occupation n! from the non-self-consistent Kohn-Sham formalism at the fixed
ground-state density. Using finite differences and Eq. (2.31) yields the perturbed

response function xg.

4. Self-consistent calculation: Repeat step 3, but now within a self-consistent
calculation of the ground-state. This means that the electron density is updated in
each iteration until convergence is reached. Using finite differences and Eq. (2.31)

yields the perturbed response function .

5. Update Hubbard parameter: Calculate the Hubbard parameter U’ from the
linear response function y and the bare response function xo using Eq. (2.32).

6. Convergence check: Compare the updated and previous Hubbard parameter.

Distinguish between two cases:

(a) If the difference between updated and previous Hubbard parameters is be-
low a predefined threshold, the calculation is converged. The last Hubbard
parameter is considered as the final Hubbard parameter.

13



Chapter 2. Electronic ground-state theory

(b) If the difference updated and previous Hubbard parameters is above a pre-
defined threshold, repeat steps 2-6 until convergence is reached.

This approach allows for a more accurate description of the electronic structure of ma-
terials with strong electron-electron interactions, such as transition metal oxides and
heavy fermion systems, as it takes into account the self-consistent response of the elec-

tron density to the effective potential.

2.3 Basis set

Many ansatzes for the wavefunction exist and can be applied to solve the Kohn-Sham
equations, e.g. superposition of atomic orbitals (LCAO), plane waves, or Gaussian-
type orbitals [81]. The choice of the ansatz depends on the system under consideration
and the computational resources available. In this work, we use plane waves as basis
functions to solve the Kohn-Sham equations. The plane wave basis set is defined as [81]:

®;(r) = \/IV > egeST, (2.33)
G

where G is a reciprocal lattice vector, cg are the coefficients of the plane wave expansion,
and r is the position vector. The plane wave basis set is a complete set of orthonormal
functions that can be used to represent any wavefunction in a periodic system. The
coefficients cq are determined by solving the Kohn-Sham equations self-consistently.
The plane wave basis set is defined in reciprocal space, which is the Fourier transform
of the real space. The reciprocal lattice vectors G are defined as:

2
G ="(hk,0), (2.34)
a

where « is the lattice constant, and h, k, and [ are integers that define the reciprocal
lattice vectors. The plane wave basis set is defined in a box with periodic boundary
conditions, which means that the wavefunction is periodic in all three dimensions. The
plane wave basis set is a complete set of orthonormal functions that can be used to
represent any wavefunction in a periodic system. The coefficients cg are determined by
solving the Kohn-Sham equations self-consistently.

As they have the periodicity of the lattice, the advantage of using plane waves as basis
functions is that they are computationally efficient and can be easily parallelized. The
disadvantage of using plane waves as basis functions is that they formally require an
infinite number of plane waves for accurate representation of the wavefunction. Hence,
the plane wave basis set is truncated at a cutoff energy Feut, which defines the maximum
kinetic energy of the plane waves included in the basis set. The cutoff energy is defined
as:

R o
5 |G* < Eew. (2.35)

A higher cutoff energy allows more plane waves to be included in the basis set, improving
the accuracy of the results [93]. However, this also increases computational demands, as
the number of plane waves grows with the cutoff energy. Thus, it is necessary to balance

accuracy and computational efficiency. Additionally, the k-point mesh determines how
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the Brillouin zone is sampled. A finer k-point mesh yields more precise results, but
also raises computational cost due to the increased number of k-points required for the
calculation.

Another limiting factor are the number of electrons in the system. In all-electron models,
all electrons are treated explicitly in the self-consistent calculation of the Kohn-Sham
equations. The number of plane waves required to converge the results is proportional
to the number of electrons in the system. For heavy elements with many core electrons,
this leads to a large number of plane waves required to converge the results, which
increases the computational cost significantly. Hence, instead of all-electron models,
pseudopotentials are used to reduce the number of plane waves required to converge the

results.

2.4 Pseudopotentials

In this concept two types of electrons are distinguished: valence and core electrons [81].
On the one hand, the valence electrons are the electrons that are involved in chemical
bonding and determine the electronic properties of the material. Therefore, the valence
electrons are treated explicitly when solving the Kohn-Sham equations to caluclate the
electron density. On the other hand, the core electrons are the electrons that are not
involved in chemical bonding and are tightly bound to the nucleus. The core electrons are
treated implicitly by using pseudopotentials, which are effective potentials that replace
the core electrons and their interactions with the valence electrons. The interaction of
the valence electrons with ionic core (frozen core electrons plus nucleus) is represented by
an effective potential, which is called pseudopotential [81]. The pseudopotential vps(r)
is given by a superposition of pseudopotentials of single atoms:

Ups(r) = Z Ués(r - Ry), (2.36)
1

1
ps

is constructed such that it reproduces the scattering properties of the core electrons and

where v- (r —Ry) is the pseudopotential of atom I at position R;. The pseudopotential
their interactions with the valence electrons. The effective potential veg(r) is then given
by:

Ve (T) = va(I') + v (T) + Vxe(T). (2.37)

By defining a cutoff radius R., the pseudopotential is constructed such that the wave-
function of the core electrons is replaced by a smooth function outside the cutoff radius.
The pseudopotential is then used to calculate the effective potential veg(r), which is
used to solve the Kohn-Sham equations. The pseudopotential method allows to reduce
the number of plane waves required to converge the results, as the core electrons are not
treated explicitly [81].

Several pseudopotentials have been developed, e.g., norm-conserving pseudopotentials,
ultrasoft pseudopotentials, and the projector augmented wave (PAW) method. The
norm-conserving pseudopotentials are the simplest and most widely used pseudopoten-
tials [94]. They are constructed such that the norm of the wavefunction is conserved
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Chapter 2. Electronic ground-state theory

when the core electrons are replaced by the pseudopotential. The ultrasoft pseudopo-
tentials are a generalization of the norm-conserving pseudopotentials, which allow for a
larger cutoff radius and a smaller number of plane waves to converge the results. The
PAW method combines the benefits of both norm-conserving and ultrasoft pseudopoten-
tials [95]. It describes the core electrons and their interactions with the valence electrons
more accurately, while still reducing the computational cost.

2.5 Hellman-Feynman theorem

The forces acting on the nuclei are given by the Hellman-Feynman theorem [96], which
states that the force acting on the nucleus [ is given by the derivative of the total energy
with respect to the position of the nucleus [96]:

g _ _OF _ 0B 0By 0Bex
I~ "9R; GRI OR; OR;

=e /ZZ 3,0( )d3r—|—e2ZZZ]LRj3, (2.38)
Ry = R — Ryl

The first term describes the interaction of the nucleus with the electron density, while the
second term describes the interaction of the nucleus with other nuclei. An important fact
is that the Hellmann-Feynman forces are also functionals of the electron density, which
makes them suitable for DFT calculations. The forces acting on the nuclei are calculated
from the Hellmann-Feynman theorem, and the atomic positions are updated using a
steepest descent or conjugate gradient method. After each iteration the Hellmann-
Feynman forces are calculated and the atomic positions are updated until convergence
is reached. The convergence criterion is usually set to a force threshold, which defines the
maximum force acting on the nuclei. If the maximum force acting on the nuclei is below
the force threshold, the calculation is considered converged. The Hellmann-Feynman
theorem allows to calculate the forces acting on the nuclei in a self-consistent way,
which is important for geometry optimization and molecular dynamics simulations [96].
Another important application of the Hellmann-Feynman forces are the calculation of
phonon frequencies at the I'-point within the so called frozen-phonon method.

2.6 Frozen-phonon method

There are several methods to calculate phonons, such as the linear response method
and the frozen-phonon method. In this work, the frozen-phonon method is employed to
determine the phonon frequencies at the I'-point. The following description is based on
Ref. [81]. It is assumed that a given Bravais lattice defines the crystal structure, leading
to periodic boundary conditions due to translational invariance. The lattice vector RY
of the n-th unit cell corresponds to the equilibrium configuration, i.e., the energetically
minimized state of the solid. Translational invariance holds between the lattice vectors
RY—RY of any two unit cells. The position of the p-th atom within the unit cell is given
by Ry, so the equilibrium position of the p-th atom in the n-th unit cell is Rg + Ry,
To describe phonons, atomic displacements from equilibrium must be considered. The
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2.6. Frozen-phonon method

time-dependent displacement of the p-th atom in the n-th unit cell is denoted by uy,.
When atoms oscillate around their equilibrium positions, their time-dependent positions
are given by [81]:

R, =R)+ R, +u,, (2.39)

Subsequently, the Taylor series of the effective potential Veg(R) around the equilibrium
position R = RY + R, up to the second order is considered within the harmonic
approximation [81]:

Ver(R) = V(R?) +ZZZ Unpia
n=1p=1a= 1 Rnpia RO
=0

Ay oy oy erm

unuaumw@
n,m=1 pu,rv=1qa,5=1 npa m’/B
=P 0,mvg
1 % T d
=5 Z Z %: D, v 3 Un gy B - (2.40)
n,m= =1

Here a and 8 denote the direction of the displacement, e.g. in Cartesian coordinates,
with d = 3 and the spatial operator R, = (Rnu1, Ruu2, ng)T. The number of atoms
per unit cell is described with r. The first two terms vanish, as the effective potential
is minimized at the equilibrium position of the nuclei. The third term describes the
harmonic approximation of the effective potential, which is used to calculate the phonon
frequencies. The Hessian matrix gives the forces when the nuclei are displaced from their
equilibrium positions [81]:

% r d
==Y YD Prpamrstms (2.41)
m=1v=1 =1

For the time-dependent atomic displacement unua(t) = Rpu(t) — R?W the following

ansatz is used:

Unpa (t) = manwe*iwt (2.42)

where M, is the mass of the nucleus y, and @y, is the amplitude of the atomic displace-
ment. After Fourier transformation, the equation of motion (EOM) is given by [81]:

Z Z |:( )/M V3 q) — w25ua51/,3 wyg =0 (2.43)

v=1g=1

where q is the wave vector, and w,g is the amplitude of displacement:
e = Wyae IBA. (2.44)

The dynamical matrix D(q) is defined as:
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1

powB = W‘bua,uﬁ-

The dynamical matrix describes the interaction of the nuclei with each other and their

D (2.45)

interactions with the electron density. The eigenvalues of the dynamical matrix give
the phonon frequencies. In order to determine the phonon frequencies, the dynamical
matrix is diagonalized. The phonon frequencies at the I'-point are given by the square
root of the eigenvalues of the dynamical matrix:

%= (en|Dlen) (2.46)

w

where e, are the eigenvectors of the dynamical matrix, and w, are the frequencies of
phonon mode n.

In order to solve Eq. (2.43) and obtain the phonon frequencies, the dynamical matrix
needs to be calculated. In the framework of the frozen-phonon method, the dynamical
matrix is calculated by displacing the nuclei from their equilibrium positions. In this
state the system is considered as frozen, and the forces acting on the nuclei are calcu-
lated using the Hellmann-Feynman theorem in combination with the electron density
yielded by the Kohn-Sham equations. The forces acting on the nuclei are calculated for
different displacements of the nuclei, and the dynamical matrix is constructed from the
forces acting on the nuclei. The dynamical matrix is then diagonalized to obtain the
phonon frequencies. The frozen-phonon method is a powerful tool to calculate phonon
frequencies, as it allows to calculate the phonon frequencies at the I'-point without the
need for a supercell calculation. However, it is limited to small displacements of the
nuclei, as large displacements can lead to anharmonic effects, which are not taken into
account by Eq. (2.40). Nevertheless, in this work the frozen-phonon method is sufficient
to calculate the phonon frequencies at the I'-point, as the displacements of the nuclei
are small and the anharmonic effects are negligible.
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3 Electronic excitated-state theory

3.1 Nonlinear optics

If a solid, e.g. an insulator or a semiconductor, immersed in an electric field &€, the
dipoles inside the solid will generate a polarization field P against the applied field.
The sum of the applied field and the polarization field is the total field inside the solid
also called displacement field D [24]:

D =€ + P, (3.1)

where €q is the permittivity of free space. The relation between the external field £ and
displacement field D is given by the constitutive relation:

D = €€, (3.2)

where ¢, is the relative permittivity of the solid. In a first approximation, the polariza-

tion field P can be expressed as:
P = cole; — 1)E = eox&, (3:3)

where x is the electric susceptibility of the solid. The electric susceptibility is a measure
of how easily the dipoles inside the solid can be polarized by an external field. For an
isotropic solid, the electric susceptibility is a scalar. In the case of large electric fields
(10° volts/cm), the relation between the time-dependent polarization field P(t) and the
electric field £(t) is given by the following expansion [24]:

Pilt) = X Ei(1) + XCAEH (0)ER() + X E (D) EDEE) + .., (3.4)

where i, j, k,l are the indices of the Cartesian coordinates, and Gaussian units as well
as Einstein summation convention are used. The first term is the linear response of the
solid to the applied field. All terms behind the first term are nonlinear responses. In fact,
Eq. 3.4 describes an instantaneous response of a solid to an applied field. However, in
reality, the response of a solid to an applied field is not instantaneous. The polarization
field P(t) depends on the history of the applied field £(t) and the response of the solid
is delayed. This delay is described by a convolution integral [24]:

Pilt) = [ X (¢ = 1)& ()t + [[ XEAE — t1,t = )& (01)Ex(t2)dtrdlty
T ﬂf Xk (t = 11, — to,t — t3)E;(t1)Ex(t2) € (t)dty dtadts + ., (3.5)
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Figure 3.1: A schematic representation of (a) second-harmonic generation (SHG), (b)
third-harmonic generation (THG)

Here, ngl-)(t —t1), Xg])g(t —t1,t—t2), and Xz(?lz:l(t —t1,t —tog,t —t3) are the linear, second-
order, and third-order response functions, respectively. These tensors characterize the
material’s response to one, two, or three incident photons, and thus encode a wide
range of nonlinear optical phenomena. To analyze which processes are described by
each response function, it is useful to transform the polarization field P(t¢) into the

frequency domain. The Fourier transform of P(t) is given by [24]:

Pil(w) = xi (wiwn)&(wn) + [[ xihws w1, w2)Ej(wn)Ex(ws)dundowsy

+ jff Xz(?lz;l (w; w1, w9, W3)5j (w1)Ek(wg)é’l(uJ3)dw1dw2dw3 + ...

= ngl')(ws wi)€j(wr) + Xz(?ll(w; w1, w2)Ej(w1)Ex(w2)

+ X (w3 w1, w2, w8) 5 (1) Ep (W) Er(w3) + . (3.6)

where wi,ws,ws are the frequencies of the electric field £(w) and w = >, w; is the
frequency of the polarization field P(w). The last conversion is only valid for monochro-
matic fields, e.g., with sinusoidal time-dependence. For different configurations of the
electric fields, the response( )functions describe different optical phenomena. The first-
1

order response function x;;

scribe various optical phenomena such as second-harmonic generation (SHG) and third-

(w;w1) describes linear optics. The nonlinear terms de-

harmonic generation (THG) (see Fig. 3.1). For SHG, two photons with the same fre-
quency wi = wo are mixed to generate a photon with frequency w = 2w;. For THG,
three photons with the same frequency w; = ws = w3 are mixed to generate a photon
with frequency w = 3w;. Other processes described by the nonlinear response func-
tions include sum frequency generation (SFG), difference frequency generation (DFG),
two-photon absorption (TPA), etc. Table 3.1 summarizes the most important nonlinear
optical processes.

How large are nonlinear effects? Assuming an atomic electric field £ = £, ~ 10! V/m
and linear susceptibility y*) of the order of unity, the second-order susceptibility y(2) =
xW /€ is of the order of 1072 m/V. Similarly, the third-order susceptibility X3 =
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3.2. Band-structure theory

Table 3.1: Summary of several three- and four-wave mixing processes. The first column
describes the wave mixing process with the relationship between the frequencies (w1, wo
and ws) of the incoming and outgoing (w) photons.

Wave mixing process w1, W, W w
Second-harmonic w1 = Wy 2w1
generation
Sum frequency generation w1 # wo w1 + wo
Difference frequency w1 # wo w1 — wWo
generation
Pockels effect woy — 0 w1
Optical rectification w1 = wo 0
Third-harmonic generation W] = wo = w3 3w
Two photon absorption w1 =wy = —Wws w1
DC Kerr effect wi =wo =10 w3
Optical Kerr effect Wo = —W3; Wy # wo w1
Intensity-dependent Wo = —W3; W = Wo w1

refractive index

x1M /€2, is of the order of 1072* m/V [24]. Hence, the linear response term is the dom-
inating factor in the electric polarization since the nonlinear susceptibilities are very
small compared to the linear susceptibility. The study of nonlinear optical processes
is challenging on both fronts: Computationally, double precision is needed because the
nonlinear signals are tiny differences of large quantities accumulated over long time evo-
lutions. Experimentally, the signals are weak and demand high-intensity, precisely con-
trolled lasers and careful alignment to detect. Electric fields of an order of 10° volts/cm
are required to observe nonlinear optical effects. This was first achived by Franken et al.
in 1961, who observed SHG in quartz [97]. By now, such electric fields can be achieved
by using commercial high-power lasers as well as exploiting phase matching conditions.
How can the nonlinear susceptibilities be calculated? In this work two different ap-
proaches are discussed. The first approach is the sum over states approach based on
time-dependent perturbation theory. The second approach is a real-time approach.

3.2 Band-structure theory

Based on pertubation theory, an analytical expression for the optical response functions
are derived by Leitsmann et al. [98]. The interaction between electrons and an external
electromagnetic field with the vector potential A(r,¢) and the scalar potential ®(r,?)
can be described by the Hamiltonian H in the interaction picture. The interaction
Hamiltonian is given by:
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1 Y )
H=—"> (p;—eA(rit))* +V(r), (3.7)

2m =

where p; is the momentum operator of the i-th electron, e is the charge of the electron,
V(r) is the potential energy of the system and r; is the position operator of the i-th

electron. The Hamiltonian can be rewritten in a more convenient form:

N 2 2
pi & (& 2
H=Y |2t 4+ — (p;- A(ri,t) + A(ri,t) - p;) + — A%(r;, )| + V(r), .

The first term is the kinetic energy of the unperturbed system. The second term indi-
cates the time-dependent response of the electon’s wave function to the external field
and yields the so called dynamical current density (in some literature also called the
paramagnetic current density) [98]:

(" (r, 6)Vip(r, t) — p(x, 1) V™ (r, 1)) , (3.9)

. e
Jayn(rst) = m

using the continuous equation:

Op(r,t
P LG i) =0, (3.10)
ot
and the Heisenberg equation:
Op(r,t) i

The third term in Eq. (3.8) describes an instantaneous response of the system to the
external field. This term and the dynamical current density give together the total
current density j(r,¢) [98]:

62

i(r,t) :jdyn(rat) - %p(r,t)A(r,t), (3.12)

where c¢ is the speed of light. In the interaction picture, the time evolution operator
U(t) is given by [98]:

U(t) :—% t H"U(t"dt'
_ ;:L/too H(t/)dt/ + <_;>2fm at’ /t;o H(t/)H(t//)U(t//)dtﬂ 4. (313)

which can be expanded recursively to any order. Using this the induced current density

Jina(r,t) can be expressed as:

Jina(r,0) = U @)j(r, )U (t) = jayn (r, ). (3.14)

The induced current density j;,4(r,t) is the response of the system to the external field
which can be expressed by the expansion:

jind(r’ t) = Z.]l()lq)d(ra t)’ (315)
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(@)

where j, 4(r,t) is the i-th order response function. The first-order induced current

density is given by:
e t) =~ [ jdt [ayns ('), jayn.a(x,6)] Ag(r',t), (3.16)

and the second-order:

o) =~ o o f ot [ o
~Jayn,s(x" "), [ayn,s(t', 1), Jayn,a(r, t)]] Ap(r’, 1) (3.17)

where «, 8 are the indices of the Cartesian coordinates. The induced current density
Jina(r,t) can be expressed in terms of the polarization field P(r,t) [98]:

jind(rat) - atpég?t) (3.18)

This leads in combination with Eq. (3.16) to the following expression for the linear

response function e,g(w;w) [98]:

8re? Pram (K) P (k)
nmk mn
and the second-order response function X((fﬁ),y(—Qw; w,w) [98]:
-3
(2 . —ie 1
Xajy (~2wiw,w) = h2m3o3V z;k wWmn (k) —
Fr(K)Pim {pmlpln} Frt ()P {P5i00, } (3.20)

win(k) — @ wmi(k) — @

with frm(k) = f(en(k)) — f(em(k)) the difference of the Fermi-Dirac distribution func-
tion of eigenstates n and m, © = w+1in with n a small positive number, V' the volume of
the system, p2, (k) = (¢ (k)|pa|tVm(k)) the matrix element of the momentum operator
between the eigenstates n and m, and wy,(k) = €, (k) — €,(k) the energy difference
between the eigenstates n and m. The notation {...} means:

3 _ L 3
{pmlpzn} - 5 (pmlpzn +p7npml) : (321)
Equation (3.20) can be split into two-band contributions [98]:

LU (g ) = —ie? 5 16 frn ()P { AP }

By RPm3V = | wimn (k) (wima (k) — 20)

_ fnm(k)p%m {Afnnp;/rm}
Winn (K)*(wmn (k) —@) |’

(3.22)

and a three-band contribution [98]:
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. B Y
X(Q),three(_2w;w’ w) . —163 Z P%m {pmlpln}

aBy - R2m3V — wln(k) - 2wmn(k)
_ [ 16 frim (k) . fou(k)
Winn (k)3 (Wimn (k) = @) wpi (k)3 (Wi (k) — @)
fln(k)
+wln(k)3(¢uln(k) — w)] ' (3.23)

As a result, the optical response functions are obtained by summation over states, which
can be calculated in the framework of DFT. Here this theory is described in the IPA.
This means that the electrons are treated as non-interacting particles. This is a good
approximation for undoped nonmagnetic semiconductors and insulators at 0 K. However,
it is possible to use this approach within the GW approximation to include self-energy
effects. In addition, Bethe-Salpeter equations (BSE) can be solved in order to account
for excitionic and local field effects [98]. In order to save computational time, only the
two-band contribution can be calculated since in practice the three-band contribution is
very small. Also the sum over states can be limited to a certain number of bands which
need to be converged.

An issue of the sum over states approach is that the formalism derived in a perturbative
approach and thus the sum itself become more complex as the order of the response
function increases. To avoid this problem, another ansatz is presented in the following
section. This ansatz is based on the real-time propagation of the wave function in the
presence of an external field. This approach allows to calculate the nonlinear response
functions of in principle any order in a more efficient way.

3.3 Real-time approach

The idea of the real-time approach is that if the external electric field, on the one hand,
and the dynamical polarization, on the other hand, are known, the optical response
can be derived from Eq. (3.4). For this the dynamical polarization is calculated in the
time-domain from real-time simulations.

How to define the polarization in periodic systems? This question was a problem for
many years. In order to understand why this problem is so difficult, let’s first consider
an isolated system, i.e. a system with open boundary conditions. The polarization is
defined as the dipole moment per unit volume:

P = é/rp(r)dr, (3.24)

where V' is the volume of the system and p(r) is the charge density at the position r.
In this case, the polarization is a well-defined quantity. However, in periodic systems,
the situation is different. A naive way to define the polarization is to use the same
definition as for isolated systems and generalize it to periodic systems. In doing so, two
approaches are thinkable.

Firstly, the dipole moment could be averaged over the whole sample. In this case, the
contributions of the dipole moments inside the sample cancel each other. The only
contribution to the dipole moment is the dipole moment at the surface of the sample
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3.3. Real-time approach

resulting from charge accumulations at the surface [99]. As a result, the polarization is
in this definition not a bulk property but a surface property. Another issue is that the
whole sample needs to be treated in the calculations which is, assuming a system with
1023 particles, not feasible.

Secondly, the dipole moment could be averaged over the unit cell. In this case, the
polarization is a bulk property. However, the problem is that the dipole moment is
not a well-defined quantity in periodic systems since the unit cell is not unambiguously
defined. Depending on the choice of the unit cell, the dipole moment can be different.
As the polarization needs to be a well-defined quantity, this approach is not feasible
either.

Another proposal might be to derive the macroscopic polarization from the macroscopic
average of the microscopic polarization:

V- Pmicro = _p(r>7 (325)

where Picro is the microscopic polarization. However, also in this approach the macro-
scopic polarization is not a well-defined, since the microscopic polarization is defined up
to a constant.

After all proposals failed to well-define the polarization, in the next section the modern
approach to define the polarization in periodic systems is presented, which was intro-
duced by King-Smith and Vanderbilt [100].

3.3.1 Dynamical Berry phase

In the theory of polarization in periodic systems, King-Smith and Vanderbilt make use
of the concept of the Berry phase [101, 102]. In order to understand this concept let’s
first consider a system which is described by a Hamiltonian H(R):

which depends on a set of parameters R that parameterize an arbitrary process. The
eigenstates of the Hamiltonian are denoted by [¢,(R)) and the corresponding eigenen-
ergies are denoted by E,(R). If the parameters R are changed adiabatically, and the
system is in the eigenstate |1, (R)), the wave function acquires a phase factor v,,:

i _ (Un(R)[¢n(Ra)) (3.27)

given by:
Y = —Im1In (¢ (R1)|¢n(R2)) - (3.28)

Since the phase of the wave function is defined up to a constant, it has no physical
meaning. However, if the wave fuction is changed adiabatically around a closed path in
parameter space with several parameters R, the phase factor ,, becomes:

Yo = —ImIn (¥ (R1)[¢n(R2)) (¥n(Ra2)[n(R3)) (¥n(R3)[¢n(R1))) - (3.29)
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Chapter 3. Electronic excitated-state theory

Now each wave function appears with its complex conjugated complement. As a result,
constant phase shifts cancel each other out, yielding a gauge-invariant phase factor 7,
also called the Berry phase. The Berry phase can be generalized to a closed path C in
parameter space with several parameters R.:

= fé <¢R(R)‘88R¢n(R)> iR, (3.30)

After introducing the Berry phase for an abstract problem, the theory of King-Smith
and Vanderbilt is presented, which exploits the Berry phase to define the change of the
polarization in periodic systems [100]. From the flow of the polarization currents, the
change of the polarization AP can be expressed as:

AP = / L (3.31)

where )\ parameterizes the process. The derivative %7; can be described using perturba-

tion theory:

OPu __ifeh s~ (W ke ) Pa 1 N) (1 (V)| 250000, 1 (V)
nmk (En,k()‘) - Em,k()‘))Q

ox — NQm
where N is the number of unit cells in the system, 2 is the volume of the unit cell,

+cc., (3.32)

Viks(A) is the Kohn-Sham potential, and €, x(A) is the Kohn-Sham eigenvalue. In a
periodic system, the Schrédinger equation is given by:

2

T + Vics(r 1 [Ynx(x) = e [¥nxc(r)) - (3.33)

The wave function |, k(r)), obeying Born-von Karman boundary conditions, can be

expressed as:

[¥n (1)) = €7 Juy i (r)) (3.34)

according to Bloch’s theorem [103], where |u,k(r)) is the periodic part of the wave
function. Inserting this into Eq. (3.33) yields:

5 (0 K)* + V(r }|unk r)) = €nk |Uunk(r)). (3.35)

Equation (3.35) has now a periodic Hamiltonian parameterized by the wave vector k.
This gives rise to the expectation value of the momentum operator p and the Kohn-Sham
potential Vi g(r) resulting in the following expression for the change of the polarization:

226
APo = oy [ kS (vl G ). (3.36)

n

by integrating A from 0 to 1, exploitig Vks(0) = Vikgs(1), setting f = 2 for spin-
degenerate bands, and choosing a gauge where the wave function is periodic in k-space,
ie |[Ynk) = |¥nx+q) and

k(1)) = G Juy e a(r)), (3.37)
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3.3. Real-time approach

with G a reciprocal lattice vector, which is in 1D given by G = 27n/L with n an integer
and L the length of the system. Equation (3.36) has the form of a Berry phase with the
closed path in parameter space being the Brillouin zone.

While the King-Smith-Vanderbilt (KSV) formulation of the polarization expresses the
change of the polarization in terms of the Berry phase of Bloch states, it is strictly
defined for non-interacting systems and relies on the representation of the wave function
in reciprocal space. A generalized formulation in real space is given by Resta who
reformulated in terms of ground state many-body wave functions |¥) via the Berry
phase [104-106]:

eNk, aq

AP, = —2—
P 2nV

ImlIn <\Ifo

eiq“'R‘\IJO> , (3.38)

where qo = 1\?5 is the smallest distance in reciprocal space between the two points

along the direct?on o with the reciprocal lattice vector b, and Ny, the number of k-
points in the direction «, and a, is the lattice vector in the direction a. The operator
R = Zg\il r; is the total position operator of the system. Considering the many-body
wave function |¥y) as a Slater determinant of the single-particle wave functions |1y, k),
the polarization can be expressed in terms of the Berry phase of the single-particle wave
functions. This can be expressed as the determinant of an overlap matrix Sy, k/n:

Skm,k’m’ = <¢m,k

eiqa.lem/’k/> , (3.39)

where m and m’ are the band indices. As a result, the change in polarization can be
expressed as:

efaq

AP, = —
Pa 2Ny Lv

ImIndet S, (3.40)
where Ny is the number of k-points in the direction perpendicular to b, and f = 2
for spin-degenerate bands. From the periodic gauge it folllows that the overlap matrix
Skm.k'n 18 only non-zero if k’ — k = q,. As a result, the overlap matrix reduces to:

Smn(ka k + qa) = <Um,k|vn,k+qa> ) (341)
where vy, x is the periodic part of the wave function. The polarization is then expressed
as a product of Ny_ overlap matrices Sy, (k,k + qq):

Nie, —1

ef aa
A = —— Im]1 det S(k;, k; 3.42
Pa Gy Nké %: m in g € ( 75 Kq +qa)7 ( )

where v is the volume of the unit cell. Exploiting matrix properties, the product of the
determinants can be rewritten as the trace of the logarithm of the overlap matrices:

Ny, —1
ef aq -
AP, =—— I trin S(k;, k; +qq)- 4
L 20 Nyt kzg . ; i S + o) (34
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Chapter 3. Electronic excitated-state theory

3.3.2 Equation of motion

Following the scheme of Souza et al. [76], a Lagrangian formalism is applied to a Hamil-

tonian of the form:
H=H+ H(1), (3.44)

where HY is the unperturbed single-particle Hamiltonian and H¢ (t) is the time-dependent
perturbed Hamiltonian describing the coupling with an external electric field £(¢). Ac-
cording to Ref. [76] the Lagrangian is given by:

th 0
L= Fk Z <Un7k 8tU7%k> — EO —v€ - P, (345)
nk
where E° is the unperturbed energy:
1
0_ + 0
B =5 % (v ae 2| o) (3.46)

using HY = e KT HO0ekT  The last term in Eq. (3.45) describes the coupling of the
external electric field £ to the polarization P of the system. In order to derive the

equation of motion from the Lagrangian, the Euler-Lagrange equation is used:

d (35) or_ (3.47)

dt \og¢)  0q
where ¢; are the generalized coordinates and ¢; their time derivatives. The generalized
coordinates are given by the periodic part of the wave function v,, x and the generalized

momenta are given by the time derivative of the periodic part of the wave function vy, k.
The equation of motion can be expressed as:

d 6L oL
= -~ = 4
&t Gomn] ~ Gonn] (3.48)
4 . P
Zha |Un,k> — Hk |Un,k> — Nkvg . m = 0, (349)

where 6L is the variation of the Lagrangian and dv,, k is the variation of the periodic
part of the wave function. The variation of the polarization can be expressed as [76]:

0P ef o 3 B
<5vn,k| - _% w;ké—v (’U:L_ak> - ’vn,k>> ) (3.50)

with
[75) = D (S(6), K)o [0 . )+ (3.51)

where k$ = k + Ak, with Ak, the distance in reciprocal space between the two points
along the direction o with the reciprocal lattice vector b,. Inserting this into the
equation of motion yields:

Zﬁ% |'Um,k> = (ng + wk(é') + ’LUL(E)) |Um,k> , (3.52)
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3.3. Real-time approach

where wy (&) is the coupling operator of the external electric field £ to the polarization
P resulting from the variation of the polarization:
ief
we(E) = = (a0 E)Ni, Y 0

dm ma o=%

Tien ) (Vmk - (3.53)

Since the coupling operator is not hermitian, wlt(é') is added to ensure a well-defined
hermitian operator. This is possible since at any time wL(S ) |[vmx) = 0 [76].

3.3.3 Computational scheme

To calculate the optical response of a system from the real-time propagation of the wave
function, the following computational scheme, implemented in the Yambo code [47-49],

is used:

1. The Kohn-Sham eigenstates [¢,, k) and the corresponding eigenenergies €, are
computed. This part of the calculation is done using a plane wave based DFT code.
If needed, the quasiparticle correction within the GoW approximation. Based on
these quantities, the single-particle Hamiltonian H° is constructed.

2. According to the algorithm of Ref. [107], the EOM (Eq. (3.52)) is integrated for
an applied external electric field £(t), yielding the time-dependent periodic part of
the wave function v, x(t). As a result, the dynamical polarization P(t) is obtained
from the overlap matrix Sy (k,k + qq) of the Berry phase.

3. The dynamical polarization P(t) is Fourier transformed to the frequency domain

yielding the nonlinear response function of any order.

Unlike the sum over states approach, the real-time method is flexible with respect to
the form of the external electric field. Various field profiles can be applied, such as a
delta-like pulse E(t) = £0d(t —tp), a monochromatic sinusoidal field () = g sin(wrt),
or a quasi-monochromatic field €(t) = Egsin(wrt) exp(—d%(t — to)?/2), where &g is the
field amplitude, wy, is the frequency, and § characterizes the pulse width. The delta-
like pulse is typically used for linear response calculations, while the monochromatic
and quasi-monochromatic fields are suited for nonlinear response. The computational
scheme accommodates any of these field types without modification [49].

To avoid spurious contributions from the system’s eigenfrequencies which are excited
by the sudden application of the electric field at ¢g, a finite dephasing is introduced by
adding an imaginary term to the Hamiltonian [49]:

r=——"' > (|vl,k> (k| + ’Ulo,k> <U101<D ; (3.54)

“Ydeph 1

where Yqeph is the dephasing rate and ‘vlok> are the Bloch functions of the unperturbed
Hamiltonian HY. The dephasing rate determines the lifetime of the excited states and
is chosen such that the eigenfrequency contributions to the nonlinear response are sup-

pressed.
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Chapter 3. Electronic excitated-state theory

The dynamical polarization P(t) is evaluated for a simulation time significantly exceed-
ing the dephasing time. Beginning from an initial equilibrium state, the polarization is
analyzed by expanding it in a Fourier series [49]:

P(t)= Y CMexp|-iw™t], (3.55)
where p(™ are the Fourier coefficients and w™ = nwy, is the frequency of the nt®

harmonic. The coefficients p(™ are obtained by truncating the series at order S and
sampling 2S5 + 1 values P; = P(t;) over one period T, = 2mw/wy. For each Cartesian
direction «, this yields the linear system [49]:

S
S FPCM =Py i=1,..,28 41, (3.56)

where ]-"i(n) = exp [—iw(")tz} defines the Fourier matrix. Solving this system for C&n)

allows extraction of the n'-order susceptibility by dividing by the n'™™ power of the a
component of &.

The nonlinear susceptibilities exhibit rapid convergence with S: for instance, Ref. [49]
demonstrates that second-order susceptibilities converge with S = 4, while third-order
susceptibilities converge with S = 6.

3.3.4 Electron correlation

Different correlation effects can be accounted for by constructing the corresponding effec-
tive Hamiltonian in Eq. (3.52). The simplest approximation for the effective Hamiltonian
we consider in this work is the IPA describing the unperturbed (zero-field) Kohn-Sham
system [85]:

h2
h= =53 V4 Ve + Valo”] + Vae = 3 e [une) (une] [0, (3.57)

where V1 is the electron-ion interaction, Vi [p°] and Vie [p°] are respectively the Hartree
and exchange-correlation potentials evaluated at the unperturbed ground-state electron
density pY, enx the Kohn-Sham energies (eigenvalues) and |u, k) the periodic part of
the Kohn-Sham wavefunctions. The Hamiltonian in Eq. (3.57) has two main shortcom-
ings. First, the band gaps obtained from the Kohn-Sham energies are systematically
underestimated—yielding to an overall underestimation of the optical gap. Second, the
response of the density-functional potentials to the change in the density is missing
and so are local-field effects and quasi-particle excitations. The former shortcoming is
corrected by introducing a state-dependent scissor operator term,

AH =" A Jtn i) (unil (3.58)

where state-dependent A,y is the scissor operator. That is, considering the Kohn-
Sham energies as the zero-order approximation to quasiparticle energies, the scissor
operator introduces a first order correction. Such correction can be obtained from first-

principles within the so-called GW approximation derived from many-body perturbation
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theory [108] (a simpler approach is to have a single scissor operator chosen to reproduce
e.g. the experimental fundamental band gap). To address the second shortcoming, one
can introduce the fluctuation of the Hartree potential (Eq. (3.57)) generated by the
variation of the electron density induced by the external fields [49], and the screened-
exchange self-energy term [107]. This latter term is a nonlocal operator which accounts
for the screened electron-hole attraction and introduces excitonic effects. This approxi-
mation is explained in more detail presented in the next section based on Ref. [107].

3.3.5 Real-time Bethe-Salpeter equation

The time-dependent Bethe-Salpeter equation is a method to include excitonic effects in
the optical response of a system which will be presented following Refs. [102, 107, 109].
The Hamiltonian of the system is given by:

H=h+H"™ + HE, (3.59)

where h is the single-particle Hamiltonian given by Eq. (3.57) with density p, H™ is
the many-body Hamiltonian and H¢ is the time-dependent perturbation Hamiltonian
with an external electric field £(¢). In the so called non-equilibrium Green’s function
(NEGF) formalism, Kadanoff and Baym introduced the time-dependent Green’s func-
tion G(r, t;r’,t") which describes the time evolution of the system. The Green’s function
is defined for a fixed momentum k and is given by [110]:

Groymyc(t1, t2) = / 6 k()G (r, 151 1) by e () drdr, (3.60)

where ¢, k(r) are the eigenstates of the single-particle Hamiltonian h and n; and ng
are the band indices. In the EOMs for the Green’s function in Eq. (3.60) is obtained
from creation and destruction operators in the framework of the second quantization.
However, the EOMs is a recursive dependence of two, three etc. particle Green’s func-
tion. In order to truncate this recursive chain, a self-energy operator Xy (t1,t2), holding
information of all higher order Green’s functions is introduced. Since the two-particle
Green’s functions as well as the self-energy terms depent explicitly on ¢; and t5 due to
the missing time-translation invariance for non-equilibrium situations, one defines an
advanced X2 (G%), a retarded X} (G} ), as well as a greater and a lesser 3 X5 (G Gy)
self-energy operator (Green’s function). This results in the following EOM [109]:

. 0
’Lhafthgank(tl, tg) = 5(t1 — t2)5n1n2

+ Dok (01) Gy i (1, 82) + Y Uny e (81) G i (B2, £2)

n3

+Z/df3 (2 inak (t15 13) Grgnak (13, t2)
na

=+ »< (tl,t3)G23n2k(t3,t2)]. (3.61)

ninsk

<
ninsk

Together with the adjoint equation for (.%G
< . (t1,t2) and analogously for G- | (t1,t2) can be derived. These

ninsk ningk

coupled equations are called the Kadanoff-Baym equations (KBEs).

(t1,t2), the equation of motion for the
Green’s function G
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In the static limit, Eq. (3.61) can be simplified by adopting a static retarded approxi-
mation for the self-energy operator:

M (1, t2) = [ROOMEX (1)) — V| 6(t1 — 1), (3.62)
Y<(t1,t2) =0, (3.63)

where LCOHSEX (1) is the Coulomb-hole plus screened-exchange (COHSEX) self-energy
operator [111]. Correlation effects already present in the single-particle Hamiltonian h
are subtracted from the COHSEX self-energy. The COHSEX self-energy is composed
as DOOHSEX ¢,y = $8BX () 4 £COH () with

SSEX (pr/ ) = iW (r, v/, GG (', 1, 1), (3.64)

1
SO (e v/ 1) = —W(r, 1/, G<)§5(r —1'), (3.65)
where W (r,r’, G<) is the dynamically screened Coulomb interaction in the RPA. The
first term represents the screened-exchange interaction, while the second term accounts
for the Coulomb-hole contribution. Both are obtained from the static limit of the GW

self-energy [109, 111]. With this approximation, Eq. (3.61) decouples from 3~ and

becomes diagonal in time:

in-2 G ) = [+ HE(®) + Vg — VI

8t1 nlngk
i (ZCOHSEX(t) — Vaelp)), Gt (t)]mm, (3.66)
where p is the ground-state density of the fully interacting system, given by:
pr) =" fux ok (@), (3.67)
nk

with f,x the Fermi-Dirac occupation number. The time-dependent electron density
p(r,t) reads: .
? *
prt) =+ Y duk(®) O (r) Gy (1) (3.68)

ninsk

In order to apply the GoWy+BSE approach, Eq. (3.66) is rewritten as:

miG<

5 Cnak(®) = [hac+ M+ HE (1) + VI [g] — VI

+ (ECOHSEX[G<] _ ZCOHSEX[G<D, G}f (t)] (3.69)

nins’
where Ahy is the scissor operator which is added to the single-particle Hamiltonian Ay
in order to correct for the underestimation of the optical band gap [112]. The Kohn-
Sham exchange-correlation potential Vic[p] disappears as it is independent of G<(t).
The solution for the unperturbed Hamiltonian hy is given by:

GS e = i 10y (3.70)

ninsk

under the assumption that the Fermi-Dirac distribution function of the independent
particle system is not affected by the introduction of the GoW} correction.
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When switching on an external electric field, a variation in the Green’s function G<(t)
is expected and, in turn, also a variation in the self-energy as well as Hartree potential.
For a strong external electric field, the change of these quantities depends on all orders
of the electric filed. However, assuming a weak external electric field, the linear term
in the electric field is sufficient to describe the change of the Green’s function. In this
linear response limit, Eq. (3.69) reduces to the GoWy+BSE approach as will be shown in
the following [113]. The linear response is expressed in the retarded correlation function
X" (r,t;x/, ") which is defined as [114]:

p(r, ) -

Wy —
Xr(I',tar,t)—mS:O,

which can be expressed as an expansion in terms of independent particle wave functions

Pix(r):
Xr(ra t; I‘/, t/; q) = Z Z X;j,k;lm,k’ (ta t/; Q)¢i,k (r)¢9,k+q(r)¢ik’(r/)¢;§1,k’+q(r/)a (372)

ij.k lm.k’

where q is the momentum of the incoming photon. The matrix elements of the retarded

correlation function xj; ., 1 (t, s @) are given by:

Nijactmae (6130) = [ [ drdr' 674 ()b 104 q () 050cka(®)orie (). (3.73)

The caluclation of momentum transfer q is in principle possible, but here the focus is
on the pure optical response. Hence, the momentum is set to zero, i.e. q =0 [115].

In combination with Eq. (3.68) and (3.72), Eq. (3.71) can be rewritten in terms of the
matrix elements of the retarded correlation function Xij kilm, K/ (t,t):

5 <ZGZ<J, (t )>

5Hf;np( 3 (3.74)

Xijxmx (6 1) =
£=0

Inserting this into Eq. (3.69) yields a new equation of motion for the retarded correlation
function Xj 1, p (£ 1):

a ~
ih X eimp (1 1) = [+ A + HE (1) + V()] — V(5]

0
0H, lm p( )
+ D[G(1)] - Z[G], GR (1) ;- (3.75)

Now let’s derive the variation for the scissor operator, Hartree potential and the self-
energy operator with respect to pertubation H®(t). From Eq. (3.75) in combination
with Eq. (3.74) and the scissor operator Ahy = (e GOIZVO - effﬁ()énm the variation of the
single-particle Hamiltonian, scissor operator and pertubation Hamiltonian with respect

to the perturbation HE(t) is given by:

5 r
57() [hk T Ahk + Hg (t)’ Glf (tﬂ 7i ( jGISWO - 6inOVVO)in,k;lm,p(t - t/)
lm ,P
+i(fik — fix)0510im0k p (3.76)
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where eg{OWO is the GoWj correction to the Kohn-Sham eigenvalue efl{{S . Since the sys-

tem is invariant under time translation for weak external electric fields, the retarded
correlation function depends only on the time difference t — ¢'.

The variation of the Hartree potential is obtained from Eq. (3.74) and the derivative
chain rule:

V@) = > Y [fat dt”(;(;i“[ (t)ixm pamae (VO HE, o (). (3.77)

nn’,p lm,k’ (

Similarly the variation of the self-energy operator can be derived. The Hartree potential
and the self-energy operator can be expressed in terms of the screened interaction W
and the long range part of the Coulomb potential v9=" responsible for local field effects:

Vi (t) = —2i Z G (o —0. ik (3.78)

ZSI(,,):—ISEX ZZGJZ k— q) mk,z(k q);nk,j(k— Q)(t) (379)

1’]7

Inserting Eq. (3.78) into Eq. (3.77) yields the variation of the Hartree potential with
respect to the perturbation H€ (t):

o
———— |V p(t)] - Vil[p], G:
s e PO1 = G
= =2(fac = f1) 3 U sestaXotpeimp (= 1), (3.80)

st

Analogously, the variation of the self-energy operator with respect to the perturbation
HE(t) is given by:

) ~
7 sl R AU RS HEr]
lmp =
fzk - f]k Z jk,s(k—q);ik,t(k— q)Xst (k—q);lm p(t t/)v (381)

st,q

where the variation of the screened interaction with respect to the perturbation is ne-
glected. As a result, the variations of scissor operator, Hartree potential and self-energy
operator with respect to the perturbation H¢ (t) can be inserted into the equation of
motion for the retarded correlation function:

{h“) ( - eg(owo)] Xijkim,p(W) = i(fix — fj1c)j1

=0
d; l(szm(sk p T i Z ( jk,s(k—q);ik,t(k—q) — 20?1‘,1(;315,1() X;t,(k—q);lm,p(w) ) (3'82)
st,q

whereby also a Fourier tranformation with respect to the time difference ¢t — t' is per-
formed. This equation has finally the form of the BSE.

Starting from a single-particle Hamiltonian h with its eigenstates and eigenvalues and the
scissor correction Ah, obtained from previous DFT and GoWj calculations, respectively,
a time-dependent pertubation in form of an external electric field in a shape like in

Sec. 3.3.3 is switched on. This yields the equation of motion as expressed in Eq. (3.69)
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3.3. Real-time approach

which can be integrated in the scheme of second-order Runge-Kutta for the diagonal part
of G< [116, 117]. Similarly, to the the TDDFT approach from Sec. 3.3.3, the optical
response of the system is obtained from the time-dependent polarization by Fourier
transformation. In terms of non-equilibrium Green’s functions, the polarization is given

by:

Pl) =~ 3 rumacGomi (), (3.83)
Vv

n,m.k

where V' is the volume of the unit cell and 7, x is the dipole matrix element between
the two states n and m with momentum k. The computational scheme is implemented
in the Yambo code [47, 48, 107].
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4 Frequency-mixing spectroscopy in two-

dimensional crystals

4.1 Two-dimensional materials: h-BN & MoS,

Two-dimensional materials have attracted significant attention over the past decade due
to their exceptional electronic and optical properties, arising from reduced dimensional-
ity and quantum confinement [118, 119]. Among them, A-BN and MoSs represent two
paradigmatic cases. Although both share a layered hexagonal lattice structure, they
differ fundamentally in their electronic nature. While hA-BN is a wide band gap insu-
lator (about 6 €V) [120], MoSs is a transition-metal dichalcogenide (TMD) [121, 122].
Their contrasting band structures and dielectric screening make them ideal prototypes
for exploring excitonic effects and nonlinear optical phenomena in 2D systems.
Hexagonal boron nitride crystallizes in a honeycomb lattice with alternating boron and
nitrogen atoms, which break inversion symmetry (see Fig. 4.1(a)). The combination of
strong in-plane covalent bonding and weak van der Waals interlayer coupling leads to flat
monolayers [123]. Despite its large gap, h-BN monolayer exhibits pronounced excitonic
effects. The reduced dielectric screening in two dimensions enhances the Coulomb inter-
action between electrons and holes [124]. These excitons dominate the optical absorption
and give rise to distinct peaks in the linear and nonlinear spectra [77, 125], providing a
proper test case of many-body interactions in this otherwise wide gap material.

The bilayer h-BN symmetry depends on stacking. In the usual AA’ antiparallel stacking
(see Fig. 4.1(b)), the two sheets are related by inversion, so their second-order polar-
izations (all even-order as well) cancel and SHG vanishes [126, 127]. If the bilayer is
perturbed, e.g., by a small twist, lateral shift, strain, the inversion symmetry is lifted
and second-order polarization reappears [126, 128]. The mentioned ways of breaking
symmetry are computationally demanding as they require large supercells. However,
the application of an out-of-plane electric field in form of FI-SHG is an efficient way
to break inversion symmetry in bilayer A~-BN and induce a second-order response. In
contrast to monolayer A-BN, an interlayer hybridization between the bands of the two
layers, crossing at the K point, occurs in bilayer A-BN. This leads to a dark exciton
below the bright exciton, which is absent in the monolayer case [129].

Monolayer MoSs (see Fig. 4.1(c)) belongs to the family of TMDs characterized by direct
band gaps in the visible range and strong spin-orbit coupling [121, 130]. The absence of
inversion symmetry and the presence of inequivalent K and K’ valleys in the Brillouin
zone cause spin-valley locking [131], enabling valley-selective optical excitation with
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Nitrogen Boron
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6.9,

h-BN monolayer h-BN bilayer MoS; monolayer
(a) (b) (c)

Figure 4.1: The strucuture of (a) A~-BN monolayer (in-plane), (b) A-BN bilayer (out-of-
plane), and (¢) MoSy monolayer (in-plane)

circularly polarized light [132-136]. The lowest-energy excitonic transitions, labeled
A and B, originate from spin-split valence bands at the K point [137-143]. A more
dominating excitonic transition along the K — I' high-symmetry axis is labeled as C
exciton [77, 144]. These excitons are responsible for the strong photoluminescence of
monolayer MoSs and contribute substantially to its nonlinear optical response [70, 77,
145].

Both, h-BN and MoSsy serve as model systems to study excitonic phenomena in 2D
materials. Their contrasting electronic structures enable to understand the influence of
dimensionality, screening, and spin-orbit coupling on the linear and nonlinear optical
response. The following approach and the corresponding results are based on Ref. [P5].

4.2 Theoretical background

4.2.1 Nonlinear response from real-time simulations

The nonlinear optical susceptibilities are obtained from the time evolution of Bloch
electrons in a uniform time-dependent electric field (see the corresponding workflow in
Fig. 4.2) [49]. The approach developed in Ref. [49], limited to a single monochromatic
field as presented in Sec. 3.3, is extended. This extension enables access to a wide range
of nonlinear phenomena. In this chapter, attention is given to SFG and DFG (Sec. 4.2.2)
as well as FI-SHG (Sec. 4.2.3).

As outlined in Sec. 3.3, the time evolution of the electronic system under the influence
of two monochromatic homogeneous fields £;(t) and E3(t) is governed by the following
EOMs for the valence Bloch states (see Fig. 4.2):

z’h%|vmk> = {H® + e [E1(t) + E2(1)] - Duc} [V (4.1)

where |v,x) = |vmk(t)) denotes the periodic part of the time-dependent Bloch states.

'During the finalization of this work, a new study has been published proposing an alternative
approach by Ono [146] to the one developed in Ref. [P5].
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Electronic structure calculation

€KS

[ Signal postprocessing ] /\\I\
W w
\j Im{,\@"}

Figure 4.2: In this workflow each box represents a separate run, executed by different
codes/code run-levels. In the first step, the electronic structure is calculated. This is the
input for the real-time simulation (blue box) and—in case of calculations beyond the
independent particles—for the calculation of quasiparticle correction and the building-
blocks for the self-energy operator, that are also input of the real-time simulation. The
output from the real-time simulation is postprocessed to obtain, e.g. nonlinear spectral
properties (with kind permission from M. Griining).

On the right-hand side of Eq. (4.1), the second term represents the coupling with the
external field in the dipole approximation. This coupling is expressed as a k-derivative
operator. The tilde indicates that the operator is gauge covariant, meaning the solutions
of Eq. (4.1) remain unchanged under unitary rotations at k (see Ref. [76] for further
details). HIE/IB denotes the effective many-body Hamiltonian. Various correlation effects
can be included by constructing the corresponding effective Hamiltonian (see Fig. 4.2).
The most sophisticated effective Hamiltonian considered in this work is the TD-aGW?
approximation [107] (see Sec. 3.3.5), which incorporates electron-hole interaction and
local field effects:

HY'® = H{S + AHy + Vi (r)[Ap] + Ssex[A] (4.2)

where HES is the Hamiltonian of the unperturbed Kohn-Sham system [85], AHj, is the
scissors operator applied to the Kohn-Sham eigenvalues, and Vj,(r)[Ap] is the real-time
Hartree potential [49], which accounts for local field effects [113] arising from system
inhomogeneities. The term Yggx is the screened-exchange self-energy that describes the

electron-hole interaction [107]. Ap and A~ are, respectively, the variations of the density

2Notice that the TD-aGW approximation was called TD-BSE, TD-SEX or TD-HSEX in previous
publications [47, 74, 107].
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Figure 4.3: A schematic representation of the nonlinear processes studied in this work:
(a) sum frequency generation (SFG), (b) difference frequency generation (DFG) and (c)
field-induced second-harmonic generation (FI-SHG).

and the density matrix induced by the external fields. In the limit of small perturbations,
Eqgs. (4.1) and Eq. (4.2) reproduce the optical absorption calculated with the GW+BSE
approach [113] as demonstrated both analytically and numerically in Ref. [107]. The
other approximation considered is the IPA, which corresponds to HMB = HXS,

The real-time polarization along the lattice vector a is obtained from the solutions |v,k)
of Eq. (4.1) as [76]:

Ny—1
efla
Py(t) = _2f7r|V|Im log H detS (k, k+q;t), (4.3)
k

where S(k,k + q;t) denotes the overlap matrix between the time-dependent valence
states |vpk) and [Uykiq), V is the unit cell volume, f is the spin degeneracy, Ny is
the number of k-points along the polarization direction, and q = 27/(Nga). The n-
order susceptibilities x(™) are then extracted from the frequency-dependent polarization,
which is expanded in a power series of the two incident fields as:

3 2 3 2
Paw) =3 S X DwiwnEswn) + 3 3 X (wiwi, w)Es(wi)€, (w))
B=11i=1 B,y=14,j=1
3 2

3
+ 3 S X swiwiwiw)Es(wi)Ey (w))Es(wr) + O(EY),  (4.4)
57776:1 lv]vkzl
where w;, w; are the frequencies of the perturbing fields £3 and &,, and w is the frequency
of the outgoing polarization, with «, 5,7 denoting the Cartesian directions.

4.2.2 Sum frequency generation

A schematic representation of the SFG and DFG response functions considered in this
work is shown in Fig. 4.3(a),(b). These correspond to x?(w,w;,w;) in Eq. (4.4), where
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4.2. Theoretical background

w = w; £ w;. The procedure for deriving SFG and DFG from the time-dependent
polarization is described in Sec. 4.3. Here, their Lehmann representation is discussed,

as it is useful for interpreting the results.
The general form of the second-order susceptibility, X&ng

representation, obtained through second-order perturbation theory [24], reads:

(w3; w1, w2) in the Lehmann

3
—ie apxBax o Boavaxn axo

m3cZ:3cZ:1cZz2 VY (@2 — Q)\/)((Dg — QA) ((:dl + Q)\)(tbg + Q)\/)

2
X&gw(ws;wl,w) =

_ Yoraaw Bao oA Bo
(@1*QA/)(@2+Q)\) (@1*9)3)((;}3*9)\)
YorBan o Borcn Yo

Gt Q)@+ D) (@2 — Q) (@1 + ) |7 (4.5)
where 2y denote the excitation energies of the system, and ) represents the mo-
mentum matrix elements (\|P,|\) between excited states, with analogous definitions
for By and vyyv. The quantities @1 = wy + in, W2 = ws + in, and W3 = W + Wy are
used, where 7 is a small positive parameter introducing dephasing. The many-body
momentum operator is given by P = ), p;, with p; acting on particle <.

An approximation to Eq. (4.5) can be obtained by substituting many-body states and
energies with excitonic ones [113]: |A\) >~ |[¥$) and Q) ~ E). For the SFG case, where
ws = w] + ws, only positive contributions to y(? are retained, yielding:

P, oxPsz Py v P, oP. \\Ps
ngw(wl + wo; wi, wo) A Z G 2;0)‘ BN~ 7,20 NG W’O% AN 6’AEO
o [(@2 — V) (@01 + @2 — Ey) (01 — Ex) (@2 + Ey)
P, o Py oo Pg v Ps o P v Py
. o, 00 Py 2 P avo _ PgoaPapnPyno (4.6)

(@1 — Ex)(@1 + @2 — Ex) (@2 — Ex)(@1+Ey)|’

where Py v = (VSpa|PSFC) as defined in Ref. [74]. A similar approach has been
adopted in the literature for the SHG case [98, 147]. According to this expression,
strong peaks are expected when wj + wsy is resonant with an excitonic energy or when
the individual laser frequencies w1, ws are resonant with an exciton. It should be noted
that the first and third terms exhibit poles at both one-photon (i.e., wi,ws) and two-
photon (w; + wy) resonances. Furthermore, if P,y is nonzero for A # X, resonances

involving two distinct excitonic energies may also occur.

4.2.3 Field-induced second-harmonic generation

Among the higher-order responses that can be extracted from Eq. (4.4), the FI-SHG
is considered (see Fig. 4.3(c)). In a system with inversion symmetry all even-order
susceptibilities vanish. For instance, the second-order polarization:

PP =3 X2 (2w w,w)E (W)€ (W), (4.7)
jk

is zero if the system is centrosymmetric, as is the case for h-BN bilayer shown in
Fig. 4.1(b). However, when an external field & is applied, an additional contribution to
the second-order polarization:
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Chapter 4. Frequency-mixing spectroscopy in two-dimensional crystals

(2)
PO =3 [xif-,l(—zw;w,w) " W&@] EWEW),  (48)
ik

arises, where R(€) indicates the dependence of the crystal structure on the applied
field. The term dxgjz-,)c(R(S ), €)/d&; is nonzero in centrosymmetric systems, leading to
a finite second-order polarization. This effect is known as FI-SHG. The derivative of
the second-order susceptibility with respect to the external field can be split into two

contributions:
dxg) (R(g), g) B 8ng2.l)c(R0, 8) " Z axgl)g(R7 E = 0) OTna (4 9)
dé& N o0& na OTna 9& ’ .
£=0 R=Ro

where 7, are the atomic displacements induced by the external field and Ry is the
equilibrium crystal structure. The first term represents the electronic contribution,
while the second term accounts for the ionic contribution to the FI-SHG. According to
Grillo et al. [80] the ionic contribution is neglectable. If & is static, i.e. v = 0, the
electronic contribution to the FI-SHG can be expressed as:

aXz(JQI)c (Ro, &)

3

£=0

Similarly, if v < w, i.e., & is in the THz range (see Fig. 4.3(c)), it follows that 2w+v ~ 2w
and Eq. (4.8) can be rewritten as

2 3
P (2wF) = Y X, (2w 0,0, )€ (W) Er(w) &) (4.11)
jk
In this context, the additional electric field in the THz range can be considered as small
perturbation that breaks the symmetry. Extracting the x(3) values from Pi@)(2w+) and

Pi(2)(2w_), the corresponding FI-SHG for low-frequency time-dependent pump fields is
obtained.

4.3 Signal processing: two external monochromatic fields

The signal processing of the polarization P(t) is based on the discrete Fourier transform
(FT), similar to the approach of Attaccalite and Griining [49] discussed in Sec. 3.3. Ex-
tending this formalism to include an additional field, as in Eq. (4.1), is straightforward.
The main challenge addressed in this work is to develop practical and accurate methods
for extracting the relevant nonlinear susceptibilities from the resulting polarization P(t).
While a discrete FT-based strategy is used in Ref. [49] (Sec. (4.1)) for a single external
monochromatic field, this analysis can be generalized to multiple external fields. The
method proposed in this section is quite general and could be applied to Hamiltonians
that differ from the one used in this work. Examples include tight-binding and other
lattice models.

However, the common period for two or more commensurate frequencies can be several
hundred femtoseconds, leading to very long and computationally expensive simulations.
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Figure 4.4: SFG of h-BN with a pump frequency wo = 3 eV obtained at the IPA
level using the full discrete Fourier transformation (FT) (blue solid line), singular value
decomposition (SVD) (magenta dashed line), and the nonlinear least square fit (LSF)
(vellow dotted line). Results obtained with different sampling times are shown. The
discrete FT needs a sampling time (385 fs) about 26 times larger than the SVD and
LSF (15 fs). Below is displayed the difference in logarithmic scales for SVD and LSF,
respectively, with 5 fs less sampling time to show the convergence.

Two monochromatic fields with commensurate frequencies, wy and wo, are considered.
Frequencies are commensurate as long as they are rational numbers (i.e., w1, ws € Q).
The fundamental frequency is obtained from the greatest common divisor of wy and ws:

o = ged([10™w ], [10Mws])

o : (4.12)

where m = max(ny, ng) and ny, ny are the number of decimals in wy and wy, respectively.
The resulting polarization P(t) is periodic with period 7' = 27 /wy and can thus be
expressed as a Fourier series as in Eq. (3.55), in terms of the harmonics of wy. Since the
frequencies of the external fields are multiples of the fundamental frequency, w3 = Mwy
and wy = Nwyp, the |M £ N| harmonics correspond to SFG and DFG. When the system
of linear equations in Eq. (3.56) is set up, the sum over harmonics must be truncated
at a suitable S to include these processes (i.e., S £ M + N). Compared to the case of
a single external field, the dimension of the system of linear equations is significantly
increased. More importantly, 7' can become very large for frequency pairs with more
than one decimal (see Fig. 4.4). Depending on the ratio of w; and wy, 7" may be
orders of magnitude larger than typical laser periods in the near-infrared to near-UV
range (= 1 — 5 fs). As computational expense increases linearly with simulation time,
processing the polarization signal from two monochromatic fields using these approaches
can result in computationally demanding simulations.

Alternatively, the polarization P(t) can be expanded as a product of two Fourier series,
one in the harmonics of wy and the other in the harmonics of ws:

Pt) = i C™exp [—i(nwy + muws)t] (4.13)

n,m=—00
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where the matrix of Fourier coefficients is denoted by C(™™) The Fourier coefficients
are obtained by solving a system of (257 + 1)(252 + 1) linear equations:

S1 Sa
>3 A -, (119

n=—S51 m=—55

where ]-'i(n’m) = exp|—i(nw1 + mws)t;| and Si, Sy are the maximum number of harmonics
considered for each external field. Compared to the discrete F'T with a single external
field, the relevant coefficients can be directly identified; for example, n = 1, m = 1 yields
the SFG and n = 2, m = £1 yields the FI-SHG (with wy = Q). However, the system of
linear equations in Eq. (4.14) is generally ill-conditioned. To solve Eq). (4.14), the Moore-

Penrose inverse [148, 149], also known as the pseudoinverse, of ]-"Z-(n’m is computed using
singular value decomposition (SVD). With this approach (referred to as SVD), a much
shorter sampling time than T can be used, which significantly reduces the simulation
time compared to the discrete FT.

A further approach for obtaining the Fourier coefficients is to solve a least squares

problem (LSF) [150]. In this method, the set of c™ is determined by minimizing:

N

D>~ [Pa(ti) = Palts)?, (4.15)

where N denotes the number of sampling points and P is the truncated Fourier series
of Eq. (4.13) up to order S. As with the SVD-based approach, the main advantage of
the LSF over the discrete F'T is that only a portion of the period T needs to be sampled
to accurately determine the Fourier coefficients. For example, in the case of h-BN,
Fig. 4.5 shows the polarization from the simulation compared with that reconstructed
from Eq. (4.13) using coefficients obtained via LSF. Although only 15 fs are sampled,
accurate results are achieved.

The accuracy and performance of the three approaches are compared in Fig. 4.4 for
the SFG of h-BN. By employing the SVD- and LSF-based approaches, the required
simulation time can be reduced by a factor of 26 compared to the discrete FT.

For the LSF to be accurate, one must carefully sample the key features of the signal, e.g.
minima, maxima, and turning points. This implies that, in general, the LSF needs more
sampling points P, ; (that is a higher sampling rate) than the discrete FT. This does
not impact the cost of the simulations since a small time step is needed to integrate the
equation of motion in Eq. (4.1). Non-uniform sampling (logarithmic or randomized) is
more effective—thus reducing the sampling rate—than uniform sampling in capturing
the key features of the signal, especially for high-frequency signals. An example of
logarithmic sampling for LSF is shown in Fig.. 4.5.

Another aspect to be considered is the choice of the susceptibility tensor element to be
calculated. Depending on the crystal symmetry, certain tensor elements are equivalent;
however, directions in which the linear response is non-zero tend to be less precise and
more unstable. This is attributed to two factors. First, the spurious signal resulting
from the sudden switch-on is stronger. Second, the fitting procedure is less accurate

since the linear response coeflicient is about 6 orders of magnitude larger than the SHG,
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Figure 4.5: The time-dependent polarization (purple solid line) of A-BN calculated at
the independent particle level with two electric fields (w1 = 0.2 eV, we = 3 €V). The
signal can be divided into two regions: an initial “equilibration” region (up to t >
Ydeph, here t = 50 fs) during which the system’s eigenfrequencies are suppressed by
dephasing and a region where Eq. (4.13) holds. In the second region the polarization
is logarithmically sampled (teal dots) within a converged time window of 15 fs, smaller
than the fundamental period of 20.678 fs of the signal. This sampling time is sufficient
to correctly determine the Fourier coefficients by the nonlinear least square fit (LSF) as
verified by reconstructing the polarization (lavender dashed line) within the fundamental
period using the Fourier coefficients and the truncated Eq. (4.13).

SFG, and DFG coefficients. Therefore, if possible, directions where the linear response
is absent should be selected. For instance, in the case of the second-order response for
2D hexagonal systems such as those studied here, it is preferable to consider the off-
diagonal elements, e.g., Xg)za given that X§22)2 = X§22)2 by crystal symmetry.

Furthermore, the LSF approach encounters its most challenging scenario when w; = ws.
When the frequencies are exactly equal, the least squares problem becomes ill-posed.
For instance, considering the first term of the second-order polarization:

PR = x® (2wr; w1, w1)E%(wr) + X P (2w wa, w2) €% (wn)
+ XD (w1 + waswr, w2)E(w1)E(w2) + .. (4.16)

If wy = wy, the SHG and SFG terms become indistinguishable, and their coefficients
cannot be uniquely determined by least squares optimization. Similar difficulties are
encountered when one frequency is an integer multiple of the other.

In such cases, several strategies can be adopted. The repeated terms in the fitting func-
tion may be removed, starting values for the optimization can be taken from the closest
already computed frequencies, or the results can be interpolated from neighbouring
frequencies.

It should be noted that the quasi-degenerate case also presents difficulties for the discrete

FT approach, as closely spaced frequencies lead to rapid beats in the signal. Accurately
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Table 4.1: All the parameters used in the nonlinear response calculations for both MoSs
and h-BN monolayers: the k-point sampling used in the IPA (TD-aGW in parentheses),
the range of bands considered Ny, the cutoff, €.y, and the number of bands, €pangs,
used to converge the dielectric function eg g/, the energetic shift (AFE,) for the scissor
operator applied to the Kohn-Sham band structure, the height of the supercell L,, and
the effective layer thickness deg. The 2L-h-BN calculations are only at the IPA level, so
no information about dielectric constant and scissor operator are reported.

System  k-points Ny, €cut €bands AFEg, L, (A) deoft (A)
(Ha) (eV)
MoSy 30 x 30 4-13 ) 200 0.72 10.88 6.15
(21 % 21)
h-BN 30 x 30 3-7 ) 200 3.35 10.58 3.33
(18 x 18)
2L-hA-BN 30 x 30 5-14 - - - 10.58 6.66

resolving these beats requires a very long sampling interval to capture the beat frequency
(w1 — w2).

However, cases involving degenerate or nearly degenerate frequencies are of limited theo-
retical and experimental relevance. Theoretically, for degenerate frequencies, the proce-
dures described in Ref. [49] (see Sec. 3.3.3) can be used to extract the second-harmonic,
while experimentally, interest is typically focused on distinct frequencies resonant with
different electron-hole excitations [73].

4.4 Computational details

Ground-state properties of the h~-BN mono- and bilayer and the MoSy monolayer were
obtained within discrete FT using the Quantum Espresso code [45, 46]. The PBE
functional [89] was adopted together with scalar-relativistic optimized norm-conserving
pseudopotentials from the PseudoDojo repository (v0.4) [151] for A-BN and from the
Fritz Haber Institute (FHI) [152] for MoSs. The Kohn-Sham Hamiltonian was diago-
nalized for a specified number of states (see k-points and bands Ny, in Table 4.1), which
were then used as the basis set to represent all operators entering Eq. (4.1). All real-time
simulations were carried out using the Yambo code [47]. The EOMs [Eq. (4.1)] were
propagated using the Crank-Nicolson integrator with a time-step of 0.01 fs. Dephasing
was included by sampling between 50-200 fs in all simulations. The static dielectric
function eg g’ required for the screened-exchange self-energy, Yspx in Eq. (4.2), was
computed within the random-phase approximation (see Ref. [47] for more details). All
calculations were performed in a supercell, and for each system, the susceptibility ex-
tracted from the time-dependent polarization was rescaled to the effective thickness,
dof, Tesulting in Xyescaled(W) = L /deg - X(w), where L, denotes the z dimension of the
supercell. The SFG and DFG spectra were obtained by performing simulations for all
frequency pairs, w;,w;, within the chosen energy ranges. The relevant susceptibilities
were extracted from the resulting polarizations [Eq. (4.4)] using the YamboPy code [P6],
as described in Sec. 4.3. All simulation parameters are summarized in Table 4.1.
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Figure 4.6: SFG/DFG spectra for h-BN in panels (a), (b) at the IPA and in panels (c),
(d) at the TD-aGW level. The heatmaps have been generated using a frequency grid of
w1 X wo = 96 x 96 points. For each frequency pair a real-time simulation was run and
the output signal processed.

4.5 Results

The approach outlined in Secs. 4.2-4.3 is applied to the SFG and DFG in A-BN and
MoSs monolayers. h-BN monolayer is a wide band gap insulator with strong excitonic
features and provides a clear example of the need for an accurate inclusion of excitonic
effects. MoSy monolayer is one of the most widely studied 2D material, including its
SFG and DFG [69, 72]. Since the h~-BN and MoSs monolayers belong to the Ds;, point
group [153], they have only one non-vanishing second-order susceptibility tensor element
with X(222)2 = _Xgl)l = _X521)2 = —X(122)1 = (@3 For SFG and DFG, results are shown in a
heatmap, in which each point has been obtained by a separate real-time simulation. As a
guide to reading such heatmaps (see, e.g., Fig. 4.6), reference can be made to Eqgs. (4.5)-
(4.6). The susceptibilities corresponding to SFG/DFG have poles both at one-photon
(w1,2 = Q) and at two-photon (w; £wy = 1)) resonances with single-particle transitions
(or with excitons) in the system. The one-photon resonances correspond to vertical (w;)
and horizontal (wz) lines in the SFG and DFG heatmaps. In the SFG heatmap, the

two-photon resonances correspond to negative slope lines running from we = €2 to

3For MoS, the orientation of the x aligned along an armchair direction following the conventions of
Ref. [154] has been chosen.
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Figure 4.7: Calculated imaginary dielectric function of (a) h-BN and (b) MoSy at the
IPA (blue dashed line) and TD-aGW (orange solid line) level. The excitonic peaks E
and Ey of h-BN are located at around 6.1 €V and 7 eV, respectively (panel (a)). The
degenerate excitonic peak A/B as well as C can be seen at around 2.2 eV and 3 eV,
respectively (panel (b)).

wy = ), while in DFG they correspond to positive slope lines starting at ws = 2y and
wy = ). Further, the diagonal wy; = wo corresponds to the SHG in the SFG and the
optical rectification in the DFG heatmap. In Sec. 4.5.3, THz-induced second-harmonic
generation in 2L-~A-BN is considered. This system has inversion symmetry and thus has
zero SHG at zero-field.

4.5.1 SFG and DFG in monolayer h-BN

In Fig. 4.6, the SFG and DFG spectra for A-BN at the IPA and TD-aGW levels are
reported. At the IPA level, the SFG spectrum (Fig 4.6(a)) of h-BN is dominated by
two-photon resonances with single-particle transitions between 4-6 eV (negative slope
bands). In particular, the lowest-energy band corresponds to the transition from the
valence band minimum to the conduction band maximum. The one-photon transitions
(vertical and horizontal bands) are much weaker though a significant enhancement is
observed for part of the spectra both resonant with one- and two-photon absrption.
In particular, this portion of the SFG spectrum is twice as intense as the SHG (the
w1 = wy diagonal). The DFG spectrum (Fig 4.6(b)) is dominated by the resonant
optical rectification between 4-6 €V (w1 = wq). Further, one-photon resonances (vertical
and horizontal bands) are visible, again enhanced when two-photon resonances are also
present. These results can be straightforwardly related to the IPA absorption spectrum
(see e.g. Ref. [77], which presents a broad peak between 4-6 €V). This broad peak can
be found in the calculated absorption spectrum in Fig.4.7(a).

As expected, the addition of the electron-hole interaction drastically changes the SFG/DFG
spectra®. Sharper and much stronger (note the different color scale) features appear in
the TD-aGW spectra, corresponding to the Fq, Fo excitonic peaks at around 6.1 eV and
7 eV [125]. These two excitonic peaks can also be identified in the calculated absorption

4Note that the shift of the onset is due to the addition of the scissor operator in Table 4.1 partially
compensated by the exciton binding energy.
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spectrum at TD-aGW level in Fig. 4.7(a). Two-photon resonances with the two excitons
are clearly visible in the SFG spectrum (negative slope lines in Fig 4.6(c)) and DFG
spectrum (positive slope lines starting at the exciton energy in Fig 4.6(d)). One-photon
resonances are also visible (as vertical/horizontal lines). The responses are significantly
enhanced in the SFG (DFG) when one laser is resonant with E; (F2) and the second
laser with Fy — E7. These spectral features correspond to the first and third terms in
Eq. (4.6) and provide a measure of the strength of exciton-exciton transitions. In the
DFG spectrum, strong features are visible as well on the diagonal, corresponding to
the exciton-resonant optical rectification, as well as when one laser is resonant with one
exciton and the second with the other (corresponding to the second and fourth term in
Eq. (4.6)).

4.5.2 SFG and DFG in monolayer MoS-,

In Fig. 4.8, the SFG and DFG spectra for monolayer MoSs at both the IPA and TD-
aGW levels are presented. When compared with h-BN, the differences between the IPA
and TD-aGW spectra are less striking, as already observed for the absorption [143] and
SHG [77]. Similarly to what was observed for the SHG [77, 145, 155], a significant
enhancement is seen at resonances with the C exciton (~ 3 eV), while the weaker A and
B excitons (= 2.2 €V, as spin-orbit coupling is not included the peaks are degenerate)
show minimal excitonic enhancement. These excitonic peaks are also visible in the linear
absorption spectrum as shown in Fig. 4.7(b).

The SFG spectrum shows a strong two-photon resonance with the C exciton (nega-
tive slope line) while the DFG spectrum shows a strong one-photon resonance (ver-
tical/horizontal line) and a strong exciton resonant optical rectification. Though less
evident than for A-BN, there is an enhancement in the intensity in correspondence of
exciton-exciton transitions. In the SFG (Fig 4.8(c)), the signal is enhanced when one
laser is resonant with the A/B exciton (about 2.2 eV) while the frequency of the second
matches the energy difference between the C and A /B excitons. In the DFG (Fig 4.8(d)),
the signal is enhanced when one laser is resonant with the C exciton (about 3 V) while
the frequency of the second corresponds to the energy difference between the C and A/B
excitons. SFG and DFG were measured in mono- [70, 72, 156, 157] and few-layers [69]
MoSs. In the presence of metal substrates [156], excitonic resonances were shown to be
strongly attenuated, and their position shifted due to gap renormalization. These effects
are beyond the methodology presented in this manuscript. Other measurements are per-
formed in a pump-probe configuration with a delay between the pump and probe [156],
which in our case requires the inclusion of dephasing effects that are beyond the scope of
the present work. Finally, for insulating substrates and synchronized pump and probe,
our simulation results are in agreement with existing measurements. In particular, SFG
has been observed [157] at 2.9 eV when laser fields at 1.2 eV and 1.9 eV were injected.
The DFG was observed [72] by fixing one laser at 3.06 eV and varying the second
between 0.79 and 0.95 eV, showing an enhancement of the signal between 2.1-2.2 eV,
which the authors attributed to excitonic effects in this region. Our results support this

interpretation.
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Figure 4.8: SFG/DFG spectra for MoSs in panels (a) and (b) at the IPA and in panels
(c), (d) at the TD-aGW level. The heatmaps have been generated using a frequency
grid of w1 X we = 96 x 96 points for the IPA and w; X wy = 72 x 72 for the TD-aGW.
For each frequency pair a real-time simulation was run and the output signal processed.
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Figure 4.9: Calculated THz field-induced second-harmonic generation of bilayer h-BN
with v=10 THz at the IPA level. Each curve consists of 192 frequency steps between

w=1-6¢€V.
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4.5.3 Field-induced second-harmonic generation in bilayer h-BN

In Fig. 4.9, the third-order susceptibility corresponding to FI-SHG in bilayer h-BN at the
IPA level is shown. For each frequency w, a real-time simulation was performed in the
presence of a THz pump (v = 10 THz). The response functions in the figure correspond
to two configurations: both pump and probe along the y direction (Xg)m), and pump
along x with probe along y (Xg)m) In both cases, a strong resonance is observed at
approximately half the electronic band gap, around 2—3 €V, similar to the SHG in
monolayer h-BN [77]. It can be seen that the response intensity is higher when pump
and probe are parallel compared to the perpendicular configuration. The magnitude of
x®) is comparable to that of bulk ferroelectric oxides, which are recognized for their
excellent nonlinear properties [25]. These results indicate that two-dimensional crystals

may be employed as detectors for THz radiation [158].

4.6 Conclusions

In this chapter, a computational framework is presented to study sum and difference
frequency generation by means of real-time simulations in presence of multiple laser
fields. With multiple fields, the signal processing required to extract the nonlinear
susceptibilities is numerically challenging. In particular, using a discrete Fourier trans-
form approach may need very long and thus computationallly costly simulations. The
approaches based either on the singular value decomposition or on the least squares
optimization give accurate results with short sampling time, allowing to significantly
reduce the simulation time. These approaches enable the calculation of second-order
response functions, as SFG/DFG, and higher nonlinear response functions, as FI-SHG,
including excitonic effects within many-body theory.

For the systems studied, monolayer A-BN and MoS,, including excitonic effects in SFG
and DFG spectra is critical. In both materials, strong features corresponding to exci-
ton transitions, as recently experimentally observed for another layered material [73],
are predicted. Further, the results on FI-SHG for a h-BN bilayer demonstrate that
the approach can be used to compute and interpret nonlinear terahertz spectroscopy
of solids [159]. Finally, the approach presented can be coupled to atomic vibrations by
using finite displacement methods [160, 161], opening the way to simulate other spectro-
scopic techniques such as CARS. Since the pure NRB in CARS is not directly available
experimentally [65], the ab initio real-time simulation is a promising feature to support
CARS measurements. This is applied on ferroelectric oxides such as LN, which is part
of the investigation in the next chapter.
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5 Ferroelectric oxides under strain

5.1 Ferroelectric oxides: LiNbO3 & LiTaOs3

LN is an uniaxial ferroelectric oxide that crystallizes in the trigonal space group R3e,
belonging to the point group 3m. It has a Curie temperature of about 1480 K. In its
ferroelectric phase, oxygen atoms form a distorted hexagonal close-packed lattice. The
resulting oxygen octahedral cages are alternately occupied by lithium ions, niobium ions,
or left vacant in a periodic arrangement along the z axis. These ions inside are slightly
shifted with respect to the center of the oxygen cages causing a spontaneous polarization
of approximately 0.7 Cm~2 along the z axis [5]. The noncentrosymmetric structure is
responsible for the strong second-order nonlinear optical response [25].

In contrast to the z axis of LN, the x and y directions are non-polar. Although optically
equivalent, they differ structurally in their atomic stacking sequence: along x axis, the
crystal consists of repeating —Og — LigNbg — Og layers, while along the y axis it is
built from stacked LiaNboOg layers [5, 162, 163] (see Fig. 5.1). This anisotropy implies
that compressive and tensile stress applied along x and y axes will affect the atomic
arrangement, and consequently the linear and nonlinear optical response, in distinct
ways.

LT has a similar structure and properties, with tantalum ions replacing niobium ions,
and shares the same R3c space group as well as many physical properties with LN,
but exhibits slight differences due to the heavier Ta atom and its slightly larger ionic
radius [5]. For instance, the elastic and vibrational properties of LT closely mirror those
of LN [164]. Because of their structural similarity, comparative studies of LN and LT
allow to understand the role of chemical substitution from strain-induced vibrational

properties.

5.2 Modeling uniaxial stress

In order to model stress in a crystal, it is neccessary to understand how the crystal
responds to an applied stress in terms of the deformation of the crystal lattice. Such
mechanical properties are described by the fourth rank elastic stiffness tensor ¢;;; and
the elastic compliance tensor s;;;; whereby s;;1; is the inverse of the elastic stiffness
tensor (cjjri), i-e. Sijk = C;jil‘ Both these tensors connect the symmetric and second
rank strain €;; and stress o;; tensors to each other. The stress tensor o;; is defined by
force applied to an unit area of a material, while the strain tensor ¢;; is the relative
change of length in a material. In the elastic regime, stress and strain are connected
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Figure 5.1: Top view of the LN crystal structure. Dotted lines show the = and y
directions. The hexagonal unit cell is shown.

by both the elastic stiffness tensor and the elastic compliance tensor via Hooke’s law,
which can be written as:

€ij = SijklOkl, (5 1)
Oij = Cijki€kl-

Equation (5.1) can be simplified by using Voigt notation:

11 — 1 12 - 6 13 =+ 5
22 — 2 21 - 6 23 — 4
33 —+ 3 31 =5 32 — 4,

reducing the number of independent components to 36. As the components of the
stiffness tensor are the second-order derivatives of the mechanical energy density with
respect to strain components, stiffness and compliance tensor are further reduced to 21
independent components with Schwarz’s theorem [165].

As a result, the strain-stress relationship can be expressed in a more compact form [5,
165]:

Om = Cmn€n,

(5.2)

€m = SmnOn-

In the case of ferroelectric LN crystal, which belongs to the trigonal crystal system
and 3m point group, the elastic compliance and stiffness tensors can be written in the
following form [5, 165]:
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S11 S12 S13 Su4 0 0
s12 s11 s13 —suu O 0
(] = s13 s13 s33 O 0 0 ’ (5.3)
S14 —S14 0 S44 0 0
0 0 0 0 S44 2814
0 0 0 0 2s14  Seg
cn1 c2 c3 cg 0 0
ci2 ci1 cg —ca 0 0
(emn] = c13 c3 c33 0 0 0 (5.4)
Cl4 —Ci14 0 Cq4 0 0
0 0 0 0 C44 C14

0 0 0 0  cia ces

The elastic compliance tensor is given in the Cartesian basis whose orientation related
to the rhombohedral unit cell is defined by the standard orientation by Weis et al. [5].
In this work a rhombohedral unit cell is applied which is also oriented according to
this standard orientation. However, the orientation is not yet unambiguously defined
by this convention. In accordance to the standard orientation, the basis vector of the
rhombohedral unit cell can point in either the Cartesian 4y or -y direction. The former
is the general case for the rhombohedral unit cell and the latter for the basis of the
elastic compliance tensor. Hence, the basis of the elastic compliance tensor was rotated
by 180° about the z axis by a basis transformation according to Ref. [166]. This basis
transformation results in the same tensor elements, except from a sign change of s14 —
—5814 and c14 — —c14.

To model uniaxial stress, the following procedure is applied as described in Refs. [P1-
P3]. The lattice vectors of the rhombohedral unit cell a,(e) [¢ = 1,..,3] are adjusted
after the application of a strain tensor e according to:

aq(€) = (I +€)aq(0), (5.5)

where I is denoted as the identity matrix. The corresponding strain tensor under uni-
axial stress can be derived by the elastic compliance tensor and Eq. (5.19). In order to
calculate uniaxial stress in the Cartesian directions, one of the first three components
(the uniaxial stress components) of the stress tensor is set to a nonzero value, while
the remaining components are set to zero. This leads with Eq. (5.19) to a strain tensor
which can be used to obtain the lattice vectors that arise under uniaxial stress. After
adjusting the lattice vectors of the rhombohedral unit cell according to the stress, the
atomic positions are relaxed within DFT with fixed lattice vectors. In this procedure,
uniaxial stress is modeled with explicit consideration of Poisson ratios and shear strain
effects. Since the corresponding strain tensor under uniaxial stress is derived from the
elastic compliance tensor, it is neccessary to investigate the elastic properties of LN
crystals first which will be presented in the following section (see Sec. 5.3) based on the
results of Ref. [P2]. The corresponding strain tensor for various uniaxial stress values is
shown in Table 5.1 compiled from the results of the DFT calculations using the PBEsol
exchange-correlation functional.
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Table 5.1: The strain tensor corresponding to the applied uniaxial stress in = (i = 1),
y (i = 2), and z (i = 3) direction, respectively. For all cases, €13 = €12 = 0. All
calculations are done using the PBEsol exchange-correlation functional.

x stress y stress 7 stress

oy [GPa] 1 2 3 1 2 3 1 2 3

[%] 0.603 1.206 1.809 -0.140 -0.280 -0.420 -0.135 -0.270 -0.405
€2 [%] -0.140 -0.280 -0.420 0.603 1.206 1.809 -0.135 -0.270 -0.405
[%]  -0.135 -0.270 -0.405 -0.135 -0.270 -0.405 0.508 1.016  1.524
%]  -0.064 -0.128 -0.192 0.064 0.128 0.192 0.000 0.000  0.000

5.3 Elastic Properties

5.3.1 Computational details

The electronic ground state calculations are performed within DFT using the GGA [88]
as implemented in the Quantum Espresso package [45, 46]. Optimized norm-conserving
Vanderbilt pseudopotentials [151, 167] are used, with projectors up to [ = 2 for Li and
O and [ = 3 for Nb. The electronic wave functions are expanded in a plane-wave basis
with a kinetic energy cutoff of 85 Ry. Brillouin zone sampling is carried out with an
8 x 8 x 8 k-point mesh. Atomic positions are relaxed until the Hellmann-Feynman forces
and total energy converge below 10™% a.u. and 107° a.u., respectively.

If uniaxial strain is applied, e.g. in the x direction, i.e. €1 # 0 = €5 = €3 = €4 = €5 = €,
four linear equations between the corresponding stress tensor elements and the nonzero

strain tensor element result

01 = C11€1, (5.6a)
02 = C12€1, (5.6b)
03 = C13€1, (5.6¢)
04 = Cl4€]. (5.6d)

The stress tensor for various uniaxial strain values is calculated within DFT, ranging
from —1 % to 1% in increments of 0.2 %, ensuring the strain remains within the linear
elastic regime. By applying Eqgs. (5.6) to the computed stress tensor elements at each
strain, the elastic constants are extracted via linear fitting. The elastic compliance
tensor components are then obtained as the inverse of the stiffness tensor as expressed
in Eq. (5.2).

In this work, this procedure is implemented using both the PBE [89] and the revised
PBEsol [90] exchange-correlation functionals, each with and without the DFT+U cor-
rection in the formalism of Cococcioni and de Gironcoli [92]. The effective Hubbard
potential for Nb is determined to be 3.1eV from linear response calculations in Quan-
tum Espresso, as described in Sec. 2.2.4, consistent with literature values [168, 169].

The following results are shown from Ref. [P2].
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Figure 5.2: The calculated stress tensor elements as a function of uniaxial strain in x
direction. The elastic stiffness tensor elements are obtained by the linear fits correspond-
ing to Eqgs. (5.6).

5.3.2 Results

For uniaxial strain applied in the x direction, the stress tensor is computed for various
strain values and fitted according to Egs. (5.6), yielding the elastic constants from the
slope as shown in Fig. 5.2. All other possible configurations of uniaxial strain can be
found in the Appendix A.1.1. The elastic constants obtained from these linear stress-
strain relationships are averaged and summarized in Table 5.2. The elastic compliance
tensor, calculated as the inverse of the elastic stiffness tensor, is also included in Ta-
ble 5.2. The results show good agreement with Warner et al. [6], with the PBEsol
functional providing the closest match to experiment. While tuning the Hubbard po-
tential slightly improves the agreement, applying the Hubbard correction to PBEsol
worsens the agreement for c14 and cq4. This is consistent with the work of Weck and
Kim [170], who showed that different elastic tensor elements respond differently to the
effective Hubbard potential. As the Hubbard correction increases computational cost
and does not consistently improve accuracy, all subsequent calculations use the PBEsol
functional without Hubbard corrections.

5.4 Vibrational properties

5.4.1 Theoretical background

At the zone center of bulk LN, the vibrational modes can be classified into Ay, As
and E symmetry classes, each with distinct characteristics and optical activity. Bulk
LN possesses four Aj, five As and nine twofold-degenerate E modes. The A; and E
modes are both Raman and infrared active. These modes are characterized by specific
symmetry properties [164]: A; modes involve vibrations that preserve the threefold
rotational symmetry of the crystal and exhibit atomic displacement aligned primarily
along the z direction. E modes are twofold-degenerate and involve vibrations in the x-y
plane. These displacements break rotational symmetry, particularly, through oxygen
atom motion. In contrast, Ao modes are not optically active, as they lack changes in
polarizability or dipole moment necessary for Raman or infrared activity. Instead, As
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Table 5.2: Comparison between the calculated elastic stiffness and compliance tensor
elements with PBE, PBE+U (Ueg = 3.1€V), PBEsol and PBEsol+U (Usg = 3.1€V)
and the experimental values of Warner et al. [6].

Elastic constants PBE PBE+U PBEsol PBEsol+U  Warner et
al. [6]
c11 [GPa] 182 192 197 206 203
c12 [GPa] 57 57 59 57 53
c13 [GPa] 58 62 68 72 75
c14 [GPa] 13 8 10 4 9
c33 [GPa] 215 223 233 240 245
cs4 |[GPa] 47 57 58 69 60
ces [GPal 63 68 69 74 75
s11 [TPa™1] 6.65 6.10 6.03 5.64 5.78
s19 [TPa™1] -1.84 -1.44 -1.40 -1.09 -1.01
s13 [TPa~!] -1.30 -1.30 -1.35 -1.36 -1.47
s14 [TPa™!] -2.35 -1.06 -1.28 -0.39 -1.02
s33 [TPa™1] 5.35 5.20 5.08 4.99 5.02
s44 [TPa™1] 22.58 17.84 17.68 14.54 17.0
se6 [TPa™!] 16.83 14.95 14.86 13.56 13.6

modes involve atomic displacements that are antisymmetric and do not couple with
electromagnetic fields, rendering them silent in optical spectra. This symmetry-based
distinction plays a critical role in determining the optical properties and selection rules
for vibrational modes in bulk LN. The Raman tensors for irreducible representations for
the R3c symmetry are [171]

a 0 0
A1(z2)=10 a 0], (5.7)
00 b
c 0 0
E(y) = —c d|, (5.8)
0 d 0
0 —c —d
E(-z)=|-c 0 o0 |. (5.9)
—d 0 0

All possible scattering geometries in back-scattering Raman spectroscopy are compiled in
Table 5.3. In the R3c symmetry of LN, certain modes are expected for specific polariza-
tion configurations within Porto notation ko (e, es)ks where ko, kg are the propagation
directions of incoming and scattered photons and eg, eg are their polarization. Accord-
ing to the selection rules A; and E modes are visible in (z,z) and (y,y) geometries,

while in (z, z) and (y, z) configurations E modes are nonzero only. Due to the crystal
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Table 5.3: Selection rules and Raman tensor elements for all investigated backscattering
geometries for bulk LN with R3c symmetry. z, y, z refer to the orthogonal reference
system for tensor properties. TO and LO label transverse and longitudinal optical
modes, respectively.

Configuration Symmetry Eff. TO Eff. LO

z(y,y)x A; TO, E TO a? + c?

x(y, 2)T E TO d?

x(z,y)x E TO d?

x(z,2)x A; TO b?

y(x,z)y A; TO, E LO a? c?
y(x,2)y E TO d?

y(z,z)y E TO d?

y(z,2)y A; TO b?

z(z,x)z A; LO, E TO c? a?
z(x,y)z E TO c?

2(y,x)z E TO c?

2(y,y)z A; LO, ETO c? a?

symmetry and since the theoretical study does not involve longitudinal optical (LO)
modes, the spectra for the (z,x) and (y,y) as well as for the (z, z) and (y, z) spectra are
equal in theoretical spectra. Additionally, the (z, z) and (x,y) configuration show only
A; and E modes, respectively [164].

In the following the computational details and the corresponding results from Ref. [P1]

are presented.

5.4.2 Computational details

The DFT calculations are carried out within the GGA [172] using the PBE func-
tional [89] as implemented in VASP [44]. PAW [95] potentials are employed, with
projectors up to I = 3 for Nb and Ta, and | = 2 for Li and O, as validated in pre-
vious work [164]. The electronic wave functions are expanded in a plane-wave basis
with a kinetic energy cutoff of 475eV. To model uniaxial stress, the lattice constants of
the rhombohedral unit cell are adjusted as described in Sec. 5.2. Experimental lattice
constants (akN = 5.494 A, o™N = 55.867° and ak' = 5.474 A, o7 = 56.171°) [164] and
elastic constants from Warner et al. [6] are used in this section, as vibrational properties
are sensitive to the choice of lattice parameters.

Previous investigations have shown that the vibrational properties of stoichiometric LN
and LT are slightly affected by the doping of 5% MgO, as shown in Refs. [164]. Hence,
the calculations for stoichiometric LN and LT are compared with p-Raman spectroscopy
measurements in combination with a uniaxially stressed cell [32] of stoichiometric as well
as of 5% MgO-doped LN, which is a common doping level in experiments [173].

The calculations were performed in two ranges for LN and LT: First, the effects of strain,
i.e. compressive as well as tensile strain, on the phonon frequencies have been calculated
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Figure 5.3: DFT calculated relative frequency shifts of the E(TO4) mode of stoichio-
metric LN as a function of strain in z direction in (a) steps of 0.4 % and (b) steps of
0.02%. The linear fit and the standard deviation for both are plotted and their fitting
parameters displayed. The slopes for strain are defined as (Aw)/(|A¢|) and displayed
with the fitting error.

in fine increments up to values reachable in the experiments. Second, calculations for
higher values of strains, but larger increments, were performed. For LN and LT this
procedure has been performed for lower strains up to 0.10%, as well as for higher
values up to 2.4 %. Here, increments of 0.02 % and 0.4 % have been chosen, respectively.
The Hellmann-Feynman forces are minimized under a threshold value of 0.005eV /A by
relaxation of the atomic positions.

The I'-centered phonon frequencies and eigenvectors are derived by the frozen-phonon
method [174] without symmetry constraints. For the calculation of the Hessian matrix,
atomic displacements of 0.015 A in each Cartesian direction are considered. Since the
approach does not take into account the long-range electric fields accompanying the
longitudinal-optical (LO) phonons, the calculations are restricted to transversal-optical
(TO) phonons. An 8 x 8 x 8 k-point mesh is used to sample the first Brillouin-zone
corresponding to the rhombohedral unit cell, which yields 192 irreducible points.

5.4.3 Results

In order to benchmark the accuracy of the present models, the calculated phonon fre-
quencies for unstrained stoichiometric LN and LT are compared with previous stud-
ies [164] (see Appendix A.1.2 for full data). Relative to the experimental results of
Ref. [P1], the largest discrepancy for LN and LT is found for the A;(TO4) mode, with

deviations of 20cm~—! and 22cm—!

, respectively. The average deviation from experi-
ment is approximately 8.7cm ™! for LN and 8.4cm™! for LT. These values are compa-
rable to the mean deviations reported in Ref. [164] (10.7cm™! for LN and 10.8 cm™!
for LT), indicating good agreement with both prior theoretical and experimental data.
The typical deviations are also consistent with those found in other literature, such as
Refs. [173, 175].

To illustrate the calculated dependence of phonon frequencies, the E(TO4) mode of LN
is shown in Fig. 5.3. Figures 5.3(a) and (b) display the results for larger and smaller

strain increments, respectively. The frequency shift of the E(TO,4) mode exhibits an
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Figure 5.4: The DFT calculated relative frequency shifts of (a) E(TOg) (first row), (b)
E(TOs) (second row) and (c¢) Aij(TO32) (third row) modes of stoichiometric LN as a
function of strain in steps of 0.4 % along the x, y and z direction. The slopes for strain
are defined as (Aw)/(|A€|) and displayed with the fitting error.

approximately linear relationship with the applied compressive strain. This linear trend
is observed for all calculated modes under both compressive and tensile strain in stoi-
chiometric LN and LT, consistent with previous results for LN and LT under hydrostatic
pressure as presented by Mendes-Filho et al. [21]. In Fig. 5.3(a), the frequency increases
by up to 6 cm™!, while in (b) the increase is up to 0.3cm 1.

The calculations show that in stoichiometric LN and LT, the degeneracy of the E modes
is lifted when strain is applied along the x or y direction, due to the reduction of
the threefold symmetry. This results in splitting into two branches, consistent with
previous studies on various 2D materials that reported mode splitting under symmetry
reduction by strain [176, 177]. Therefore, for strain along xz and y, all E modes are
treated individually. For instance, the E(TOg) mode exhibits pronounced splitting under
compression along x and y (see Fig. 5.4(a)). In contrast, for z compression, the E(TOyg)
mode remains degenerate, as strain along z does not reduce the symmetry. This behavior
holds for all E modes of LN and LT under strain.

Since the slopes for strain along the x and y directions in both LN and LT are very
similar due to the crystal symmetry (see Appendix A.1.2), Table 5.4 reports only the
slopes for strain along the x direction. With the exception of the A;(TO;) and A;(TOy,)
modes, compressive strain results in an increase in frequency, while tensile strain leads
to a decrease, consistent with previous studies on other materials [178, 179]. For LN, the
slopes under compressive and tensile strain are nearly identical for each mode, differing
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Table 5.4: Calculated slopes of transversal A; and E modes of stoichiometric LN under
compressive and tensile strain, and stoichiometric LT under compressive strain in the x
direction at higher strains in cm~!/%. The slopes for strain are defined as (Aw)/(|A¢]).

Phonon mode LN comp. LN tens. [em™!/%] LT comp.
[em™ /%] [em ™1 /%]
A1(TOy) 0.22 -4.49 3.46
A1(TO,) 4.45 -3.03 5.08
A1(TO3) 4.82 718 4.69
AL(TO,) 6.35 -1.03 3.74
E(TO,) 0.48/4.24 -0.61/-2.81 2.25/1.03
E(TO,) 1.74/-0.14 22.11/-0.11 0.46/3.59
E(TO;) 1.48/3.27 -3.67/-1.05 3.05/2.82
E(TO,) 4.28/-0.11 -4.49/-0.12 2.58/2.90
E(TOs) 6.20/6.94 -8.90/-13.24 10.76/8.61
E(TOg) 12.80/11.03 7.62/-4.45 13.64/14.27
E(TO7) 4.18/2.40 0.11/0.15 2.00/1.42
E(TOs) 2.87/-0.55 -7.08/0.70 5.30/3.25
E(TOy) -0.67/7.06 2.98/-7.02 4.77/4.79

mainly in sign. While this behavior is expected, it is not universal, as shown for a
2D material by Pak et al. [178]. Although both E(TOj5) and E(TOg) modes exhibit
the largest frequency shifts under compressive and tensile strain, under compression
the E(TOg) mode has a larger slope than E(TOs), whereas under tension this order is
reversed, as seen in Table 5.4. This trend holds for strain along both x and y directions
in LN and LT (see Appenidx A.1.2).

Additionally, Table 5.4 lists the results for LT under compression for the same modes.
Direct comparison with LN shows that the values are very similar in both directions
and magnitude, consistent with Mendes-Filho et al. [21] and expected since LN and
LT are isostructural materials. However, some minor differences are present. Notably,
the degeneracy lifting is less pronounced in LT compared to LN. For example, the
upper branch of the E(TO;) mode has a much smaller slope in LT. The E(TOg) mode
also shows a much weaker degeneracy lift in LT under compression than in LN. These
differences can be understood by considering the eigenvectors shown in Fig. 5.5 for
A1(TO;_4) and E(TO1_9) modes in the rhombohedral unit cell [164, 173]. Modes with
significant vibrational contributions from Nb and Ta ions, such as E(TO;), display
slightly different behavior between LN and LT [164]. In contrast, modes with minimal
Nb/Ta contributions in their eigenvectors behave similarly under compression in both
materials. For the E(TOg) mode, where O atom displacements dominate over Nb/Ta,
the difference between LN and LT may be attributed to the nature of the Nb/Ta-
O bond, as discussed in Refs. [164, 173]. The average Nb-O bond length (2.02A) is
slightly longer than Ta-O (2.00 A). Stronger bonding with the oxygen atoms, and thus
larger deformation of the oxygen octahedron, may be the reason for differences between
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Figure 5.5: The eigenvectors of the Raman active vibrations of unstrained stoichiometric
LN and LT in the rhombohedral unit cell of the transversal phonon modes with A; and
E symmetry. Thereby light grey is denoted as Li, dark grey as Nb/Ta, and red as O
ion, while the green arrows represent the displacement direction.

LN and LT concerning the E(TOg) mode. Similarly, small differences in E(TO7) and
E(TOg), which are pure oxygen octahedron distortions, may also be related to the
different Nb/Ta-O bonding.

For x compression, the theoretical results show that the E(TOg) mode exhibits a lifting
of degeneracy, consistent with Sec. 5.4.3. For a more precise comparison, Table 5.5 lists
the slopes for higher strains under y and z compression. The theoretical prediction of
degeneracy lifting provides a new perspective for interpreting the experimental data.
Specifically, for & compression, the measured Z(YY)Z data aligns with the calculated
upper branch, while the Z(XY)Z and Z(XX)Z measurements correspond to the lower
branch. For y compression, the situation is reversed: the Z(XY)Z and Z(XX)Z geome-
tries show the higher slope, and Z(YY)Z the lower slope. Thus, by employing different
scattering geometries, the experimental data can reproduce the theoretically predicted
lifting of degeneracy under  and y compression.

Based on this interpretation, it can be concluded that the experimental and theoretical
data fit very well. For a more accurate comparison, the slopes for higher strains for y
and z compression are listed in Table 5.5.

Interpreting the experimental data as lifting the degenerate E modes on x and y com-
pression can also help characterize compressed LN. From the data, it can be implied
that one has x compressed LN when the Z(YY)Z geometry measures a higher slope than
for the Z(XY)Z and Z(XX)Z geometries. If, on the other hand, one has y compressed
LN, this argument just reverts. In contrast, if no splitting of E modes is observed in dif-
ferent scattering geometries, it can be concluded that the LN under investigation must
be a z-compressed sample. Furthermore, the experimental comparison in Fig. 5.6 and
Table 5.5, confirms the prediction that the E(TOg) mode is the mode with the highest

slope for x and y compression.
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Table 5.5: Comparison between the theoretical response at higher strains with the
experimental response of stoichiometric LN stressed in y direction and 5 % Mg-doped
LN stressed in z direction. Asterisks label modes that are Raman silent in the given
scattering geometry and the E(TO5) mode since experimentelly a disentanglement of
the E(TOs) and E(TOg) mode is not possible.

sLN-y (cm™1/%)

5Mg-LN-z (cm™!/%)

Modes | Z(XX)Z Z(XY)Z Z(YY)Z Theory | X(2Z)X X(YZ)X X(YY)X Theory
A{(TOy) * * * 0.09 | -4.97 * 510 -2.97
+0.93 + 5.63
A1(TO,) * * * 446 | 749 + * 598 + 444
1.08 4.73
A1(TO3) * * * 413 | 454 + * 019 0.65
1.24 +14
A1(TOy) * * * 570 | -4.94 * 6.94  -4.91
+0.65 + 0.60
E(TO;) | 627+ 597+ 441+ 4.05/ * 040 + -0.15  -0.61
0.63 0.63  0.60 1.48 044  +0.54
E(TO;) | 548+ 484+ 156+ -1.30/ * 061 + 1.08+ -2.55
0.35 0.35 0.34 2.55 0.53 1.51
E(TO3) | 756 + 581+ 468+ 1.50/ * 146+ 144+ 050
1.04 1.04 1.07 393 1.75 7.44
E(TO,) | 45+ 444+ 242+ 022/ * 543 +  -3.84 240
0.69 069  0.68 3.80 0.92 +
11.74
E(TOs) * * * 8.79/ * * * -0.68
6.30
E(TOg) | 129+ 1113 916+ 1151/ * 072+ 190+ -0.94
185 +1.85 202  10.08 2.31 1.9
E(TO;) | 3414+ 164+ 123+ 437/ * 721+ 769+ 475
0.68 0.68  0.82 1.98 264  0.59
E(TOg) | 856+ 672+ 327+ -0.61/ * 673+ 620+  3.35
0.48 048 070  4.83 0.62 5.94
E(TOy) - - - 7.18/ - - 795 0.90
-0.67 +
13.41
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Figure 5.6: Comparison of the experimental and theoretical frequency shift (at lower
strains): (a)-(b) E(TOg) phonon mode under compression along the x and y axes of
stoichiometric LN. The shaded region around all the curves is the confidence interval of
the linear fit.

As discussed, most phonon mode frequencies increase linearly with increasing compres-
sion. However, for certain modes and strain directions such as A;(TO4) under z stress,
the opposite trend is observed. Both theory and experiment reveal a linear decrease
in frequency with increasing z compression (see Fig. 5.7(b)). This unusual behavior
can also be explained by the eigenvectors. Figure 5.5 shows that the oxygen ions move
toward and then away from the positively charged niobium ions. Under z compres-
sion, the reduced cation-cation distance means that, as the oxygen ions move away from
niobium, the restoring force from niobium is weakened due to the closer proximity of
lithium ions, which also exert a Coulomb force on the oxygen ions. Consequently, the
frequency decreases under z compression. A similar argument applies to the A1(TOq)
mode. Additional results for other modes under z compression are summarized in Ta-
ble 5.5.

Furthermore, calculations have shown that the degeneracy of the E modes is lifted for x
and y compression upon symmetry reduction. The splitting has also been observed in
experiments when measured under different scattering geometries. Based on the theo-
retical and experimental investigations three rules can be formulated to characterize the
direction of uniaxial compression of a LN sample using different scattering geometries.
This only concerns the E modes. The sample is  compressed if higher frequency shifts
are observed for the Z(YY)Z geometry than for the Z(XY)Z and Z(XX)Z geometries
when applying the same compressive stress. For y compression, the opposite is the
case. In contrast, when no differences are observed between the frequency shift of the
E modes for various scattering geometries, it can be concluded that the sample under
investigation must be z compressed. Accordingly, the extracted slopes serve as reference
values for the observed peak shifts. Using these slopes, one can identify the type of
compression in LN crystals, which contributes to understanding the nature of DWs and
improves the application of waveguides.

Since LN is an optically nonlinear materials, it is expectable that their nonlinear optical
properties depend on strain. Therefore, further studies of strained LN regarding its linear
and nonlinear optical responses, could provide deeper insight into the characterization
of ferroelectric DWs and piezoelectric devices. For this reason, the following sections
will focus on the optical response of these materials as a function of strain.
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Figure 5.7: Frequency shifts of (a) the E(TO7) and (b) the A;(TO4) mode from the
theoretical stoichiometric and experimental 5% Mg-doped LN sample when compressing
along the z direction. The E(TO7) mode shows a positive slope while the A;(TO4) shows
a negative slope for z compression.

5.5 Optical properties

5.5.1 Theoretical background

The piezo-optic tensor with its piezo-optic coefficients (POCs) m, [i = 1,...,6;m =
1,...,6] describes the change in the refractive indices with the applied stress on a crystal.
This relationship is expressed in the linear regime via

AB; = Timom, (5.10)

whereby AB; = A(n; %) with the refractive index n; is the relative change of the imper-
meability with applied stress. In turn, the photoelastic tensor p;, [t = 1,...,6;n =1, ..., 6]
characterizes the change in the refractive indices with the internal strain in a crystal
with

ABZ = Pin€n- (511)

However, since the internal strain is difficult to determine, it is often more convenient to
quantify the POCs for experimental measurements [180]. If the piezo-optic and elastic
stiffness tensor are known, the photoelastic tensor can be calculated by

Pin = TimCmn- (512)
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For crystals of the R3c space group, the piezo-optic and photoelastic tensor have the
following form [5, 165]

m1 M2 M3 T4 0 0
T2 M1 713 —Ti4 0 0
0 0 0
(o) = [ 73 TR T : (5.13)
my1 —mg1 0 Ty 0 0
0 0 0 0 T44 2m41
0 0 0 0 2T4 11 — T2
P11 P12 P13 Dia 0 0
P12 P11 p13 —puu O 0
0 0 0
[pm] _ p31 P31 P33 (5.14)
ps1r —ps1 0 paa O 0
0 0 0 0 puu  pu

0 0 0 0 P14 P115p12

In this work, the calculated dispersion of the dielectric function is used to determine
the dispersion of the refractive indices under stress and a complete set of piezo-optic.
Using Eq. (5.12), as well as the calculated elastic constants in Tab. 5.2 and the POCs,
the dispersion of the full set of photoelastic coefficients is predicted.

To describe the change of the second-order nonlinear optical response as a function of
stress, the nonlinear photoelastic tensor is introduced. Its definition is given in analogy
to the linear optical photoelastic tensor, which quantifies the coupling between the linear
optical response and strain. The linear photoelastic effect is expressed by a second-rank
tensor [5, 165].

Similarly, the strain-induced contribution to the total nonlinear polarization P;(2w)
[i=1,..,3]

Pi(2w) = XE?,)C(—Qw;w,w)Sj(w)Sk(w), (5.15)

in the presence of external electric fields £ and & [,k = 1, .., 3] with frequency w, can

be described, to first order, by an additional term in the nonlinear optical susceptibility
XZ(JQ% This additional term is a second-order nonlinear fifth-rank photoelastic tensor
Dijkgh = Pijkgh(—2wiw,w) [i = 1,..,3;5 = 1,.,3;k = 1,..,3;9g = 1,..,3;h = 1,..,3].
Thus,

xff,l = XZ(JQ-;QO) + Dijkgh€gh. (5.16)

(2,0)

where y; 7 ,;0 2)

and x5 [P =1,.,3;5 =1,.,3;k = 1, .., 3] denote the second-order suscep-

tibility tensor of the unstrained and strained crystal, respectively [181, 182]. Since both

the strain €, = €y [n =1,...,6] and the second-order susceptibility tensor d;; = %Xg,l
[i=1,..,3;¢=1,...,6] can be expressed in contracted notation, the nonlinear photoelas-
tic tensor for SHG is represented as a third-rank tensor pi, [i = 1,...,3;4=1,...,6;n =

1,...,6], such that
_g0 1
dyy = dz’é + §pign€n. (5.17)
Again in analogy to the linear case, a second-order nonlinear piezo-optic tensor of third-

rank mip, [0 =1,...,3;4 =1,...,6;m = 1, ..., 6] can be introduced to describe the coupling
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of the nonlinear optical response to the stress tensor o, [m = 1,...,6], i.e., for the
description of the stress-induced SHG:

1
diyp = dgg) + §7rifm0m; (518)

by inserting

€n = SnmOm, (5.19)

where sp, [0 = 1,...,6;m = 1,...,6] is the elastic compliance tensor, and using the
definition

Titm = PitnSnm- (520)

5.5.2 Computational details

The electronic ground state calculations are performed within DFT using the Quantum
Espresso package [45, 46] applying the same setup as in Sec. 5.3. The GGA func-
tional [88] with the PBEsol modification [90] is used to accurately describe structural
and mechanical properties. The resulting lattice constants show excellent agreement
with Ref. [5], with deviations of 0.255 % in the rhombohedral lattice constant and
0.007 % in the angle.

To model the linear and nonlinear optical response of the strained crystals, uniaxial
stress is applied from —3 GPa to 3 GPa in steps of 1 GPa in all Cartesian directions,
respectively. The corresponding strain tensor for the stress values is indicated in Ta-
ble 5.1. With the additional calculation of the linear optical response under shear stress,
ie. for o4 # 0 = 01 = 09 = 03 = 05 = 0¢, the complete photoelastic properties are
obtained. As the linear regime for shear stress is an order of magnitude smaller than
for uniaxial stress, shear stresses of —0.1 GPa and 0.1 GPa are applied.

The optical response, i.e., Re[e] and Imle] as well as Re [X(Z)} and Im [X(Q)], is calculated
in a real-time approach as implemented in Yambo [47-49], in which the dynamical polar-
ization is defined in the Berry-phase formulation as described in Sec. 3.3. This method
has already been successfully applied to unstrained stoichiometric LN [25]. All optical
calculations are done with a 13 x 13 x 13 k-point mesh without symmetry constraints,
ensuring well-converged optical spectra. To obtain the optical spectrum, a series of 64
simulations of 47 fs each for a monochromatic electric field at the pump wavelength in
a photon energy range from 0.2¢eV to 4eV (6200 nm to 310 nm) is carried out. Since
all optical calculations are performed within the IPA, the band gap is underestimated,
resulting in a red-shift of the optical spectra. In this work, only the electronic contribu-
tions to the susceptibility are considered. Although this introduces some inaccuracies in
the low-energy region of the spectra, the relative changes in susceptibility remain reli-
able. For SHG, the absolute values of the real and imaginary parts of the susceptibility
are discussed.

Since LN belongs to the 3m point group, it has four independent SHG components
with di5 = dog, d31 = ds2, ds3, and doe = da1 = dig [24]. In fact, the calculations
for unstrained LN show four independent SHG components. Yet non vanishing values

(although generally small) for ds4, dss, dsg, d32 and dgs are calculated. Moreover, day is
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Figure 5.8: Calculated dispersion of (a) di5 and dag, and (b) d3; and dsp with the
sum of two-band contribution (non perturbative approach) and in a real-time approach
(perturbative approach). In (b) the non pertubative approach yields the same result for
d31 and d32.

not equal to di5 and seems to be damped (see Fig. 5.8 and Fig. A.2). In order to check
this issue, optical nonlinearities are also calculated using the perturbative approach of
Riefer et al. [183] (see Appendix A.1.3). In this approach, the wave functions and eigen-
values, calculated in the VASP code [44], are postprocessed. The computational details
for the calculation of these wave functions are described in the Appendix A.1.3. The
SHG is obtained from the two-band contribution from Eq. (3.22) in the framwork of the
pertubtaive approach from Sec. 3.2 derived from Refs. [98, 184, 185]. The absolute SHG
values determined by VASP are somewhat smaller than those of Yambo as can be seen
in Fig. 5.8. However, the nonvanishing SHG components calculated with the real-time,
non perturbative approach are also non-vanishing in the calculations performed with
the frequency based, perturbative approach, excluding issues in the code implementa-
tion (see Fig. 5.8 and Appendix A.1.3). Hence, the real-time approach as implemented
in Yambo is used for the investigation of the SHG under stress and is considered as reli-
able. The inconsistent SHG components can be attributed to numerical issues caused by
the missing phononic contributions in the applied IPA caluclations, and are not further
discussed in this work. In the next sections the results of the optical properties under
uniaxial stress from Refs. [P2, P3] are summarized.

5.5.3 Results: Piezo-optic coefficients

Based on the calculated dielectric function, the refractive indices are determined as
a function of the excitation energy under uniaxial stress in the Cartesian directions
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Figure 5.9: Calculated relative impermeability AB; for 626 nm under uniaxial stress in
(a) x, (b) y and (c) z direction and (d) shear stress. The POCs are determined by the
slope of the linear fit.

and shear stress. Typically, the refractive indices and birefringence are measured at an
excitation wavelength of 633 nm. Therefore, for the verification of the calculated results,
the optical properties are discussed for a wavelength of 626 nm from the calculated
series as it is closest to the experimental wavelengths. The calculated refractive indices
and birefringence of unstrained LN at 626 nm are n, = 2.390, n, = 2.264 and An =
—0.126, and in reasonable agreement with the experimental values at 633 nm at room
temperature (nSP = 2.2910, n&P = 2.2005, An®P = —0.0905) [5].

Figure 5.9 shows the impermeabilities as a function of uniaxial stress in the respective
Cartesian directions and shear stress for 626 nm. The impermeabilities change roughly
linearly for both compressive and tensile stress. The POCs are obtained via the im-
permeabilities under uniaxial stress and Eq. (5.10) [see Fig. 5.9]. As already shown in
Ref. [P1] by the lifting of the degeneracy of the E modes of LN, the threefold rotational
symmetry of the crystal is broken by stress in x or y direction. In linear optics, the
symmetry lowering results in the lifting of the degenerate ordinary dielectric function
under z and y stress. Due to the anistropy of x and y axis (see Sec. 5.1), LN is trans-
formed by x and y stress from a uniaxial to a biaxial crystal in the zy-plane. This is
also mirrored by 71 # m12. The B; decreases under x stress and Bs decreases under
y stress by approximately the same amount. In addition, By increases under z stress
and B; increases under y stress by a similar amount. The reason for this is that LN
belongs to the R3c space group [5], which is why 7152 = 791 applies to the piezo-optic
coefficients. For the same reason, it holds m3; = mo3. Thus, B3 increases by the same
amount for uniaxial stress in x and y direction.
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Figure 5.10: DFT calculated dispersion of the (a) ordinary (dashed lines) and extraordi-
nary (solid lines) refractive index and (b) birefringence for uniaxial stresses in z direction
from —3 GPa to 3 GPa in steps of 1 GPa.

It is also shown in Ref. [P1] that stress in the z direction does not lower the symmetry
of LN, and does not lift the degeneracy of phonon modes with E symmetry. This is
also in agreement with the results of this study, as the ordinary refractive index remains
degenerate under stress in z direction and, therefore, LN remains a uniaxial crystal, as
can be seen in Fig. 5.9(c). Under stress in z direction, the ordinary refractive index
decreases, while the extraordinary refractive index barely changes. In turn, this implies
that the change in birefringence is mainly determined by the change in the ordinary
refractive index, except for the sign, as can be seen from the slopes in Figs. 5.9(c) and
5.10(a) and (b). Figure 5.10(a) shows the dispersion of the two refractive indices under z
stress. Again, it can be seen that it is mainly the ordinary refractive index that changes
with applied z stress. Figure 5.10(b) demonstrates the dispersion of birefringence. Since
the birefringence is mainly determined by the change in the ordinary refractive index,
it increases at excitation energies of up to 3.3eV with the application of uniaxial stress
in z direction. Close to the minimum, which is slightly blue-shifted with z stress, this
behavior reverses.

The resulting POCs at 626 nm are summarized in Tab. 5.6 alongside values from Refs. [186,
187]. Since the error in the slope from the linear fit to B in Figs. 5.9(a) and (b) is sig-
nificantly larger than for By, only the w11 and 7o values obtained from the B fit are
discussed in Tab. 5.6 and hereafter. Similarly, the magnitude of m4; from Fig. 5.9(b)
is reported in Tab. 5.6. The larger deviation from linearity for B may be due to the
approximate validity of the linear relationship between By and o;/02 up to 3 GPa or
—3GPa. Aside from this, the error bars in Fig. 5.9 indicate that all other imperme-
ability and stress tensor components exhibit a strictly linear relationship. Using the
calculated POCs and the elastic stiffness tensor from Tabs. 5.2 and 5.6, the photoelastic
tensor is obtained via Eq. (5.12). The resulting photoelastic coefficients are compared
with Refs. [188, 189] in Tab. 5.7. Both the calculated piezo-optic and photoelastic co-
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Table 5.6: Calculated POCs 7y, (in Brewster, 1 Br= 1072 m?/N) for 626 nm in com-
parison with Ref. [186, 187] for 633 nm at room temperature averaged over different
symmetry-equivalent sample geometries.

Tim [Br] This work Ref. [186] Ref. [187]
M1 -0.34 -0.38 -0.47
T2 0.25 0.09 0.11
m3 0.49 0.80 2.00
m31 0.37 0.50 0.47
m33 0.02 0.20 1.60
T4 -0.19 -0.81 0.70
T4l -0.77 -0.88 -1.90
T44 1.62 2.25 0.21

Table 5.7: Calculated photoelastic coefficients p;, for 626nm in comparison with
Ref. [188, 189] for 633 nm at room temperature.

Din This work Ref. [188] Ref. [189]
P11 -0.021 -0.021 0.036
D12 0.064 0.060 0.072
D13 0.108 0.172 0.092
D31 0.097 0.142 0.178
D33 0.055 0.118 0.088
D14 -0.017 -0.052 -

P41 -0.090 -0.109 0.155
D44 0.078 0.121 -

efficients show good agreement with literature. The present results confirm the POCs
from Ref. [186], except for w2 and w33, which show larger deviations. Nevertheless, w33
is also much smaller than 713 in Ref. [186], indicating that the birefringence change is
mainly governed by the ordinary refractive index, which must decrease under z stress
since 0 < 7m13. Thus, the ratio 0 < w13 — 733 reflects the increase in birefringence with z
stress, consistent with the behavior shown in Fig. 5.10.

The photoelastic coefficients are determined directly by the Dixon-Cohen method [190]
in Ref. [189] and by piezo-optic measurements using Eq. (5.12) in Ref. [188]. The main
difference between Ref. [188] and Ref. [189] is the sign of pi; and ps as ultrasonic
methods like the Dixon-Cohen technique are ambiguous in the determination of the sign
of the photoelastic coefficients. The photoelastic coefficients calculated in this work
confirm the negative sign of pi1, p14 and py;.

The piezo-optic and photoelastic coefficients are calculated not only for an excitation
wavelength of 626 nm, but also their dispersion in the step size explained in Sec. 5.5.2.
These are displayed in Fig. 5.11. The component p;3 has a saddle point between 3.4 eV
and 3.6eV. All other components have an extremum between 3.5eV and 3.8eV, which
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Figure 5.11: DFT computed (a) piezo-optic and (b) photoelastic coefficients as function
of the excitation energy.

is related to the electronic band gap of 3.5eV that has been reproduced using IPA.
Since the change in birefringence is indicated by w13 — w33 and pi13 — p33, these are
additionally plotted in Fig. 5.11.
about 3 eV respectively 3.3 eV under uniaxial strain respectively stress, the birefringence

On the one hand, up to an excitation energy of

increases. On the other hand, its change decreases in this range. In turn, from 3.0eV
respectively 3.3 eV, the birefringence decreases under uniaxial strain respectively stress
in z direction. Its change has a maximum at around 3.8eV. This behavior under z
stress for different excitation energies corresponds to the calculated dispersion of the
birefringence for different z stresses in Fig. 5.10.

5.5.4 Results: Second-order nonlinear piezo-optic coefficients

Figure 5.12 shows the calculated dependence of the different SHG components on the
applied strain and compares it with the measured values from a colaboration as pub-
lished in Ref. [P3]. In the experiment, the same apparatus as in Ref. [P1] is used, which
allows the measurement of the SHG components under uniaxial stress. For the mea-
surements, a LN thin film of 600 nm is used. Since the surface effects of such a thin film
containing several hundreds of unit cells is minimal, comparison with theoretical results
obtained for pure LN bulk crystals is reasonable. For more details on the experimental
setup, see Refs. [P1, P3]. The SHG components change linearly for small stresses, in
accordance to Refs. [181, 182, 192, 193]. In Fig. 5.12 the calculated SHG components for
an excitation wavelength of 933 nm is shown, which is the calculated excitation closest
to the experimental laser (950nm). The measured components are extrapolated by a
linear fit, and plotted as a function of the stress in each Cartesian direction as well. The
extrapolated linear fits of the experimental data show the same stress dependence of the
calculated data, although the magnitude of the components shows some deviation.

The calculated absolute values of the SHG tensor components for the unstrained crystal
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Figure 5.12: Calculated and measured SHG components with linear fits for 933 nm
(theory) and 950 nm (experiment) under uniaxial stress in (a) z, (b) y and (c) z direction.
The experimentally determined SHG components are normalized using Ref. [191]. (a)
m point group symmetry with do; = dig. (b) m point group symmetry with do; = dys.
(¢) 3m point group symmetry with ds; = ds2 and dog = do1 = dys.

differ somewhat from literature values [191, 194-197] (see Appendix A.1.3). While the
ratio between dso and ds; is in reasonable agreement with reported values, the calculated
ds3 component does not exhibit the largest magnitude, in contrast to experiment, as
shown in Fig. 5.12. Notably, Riefer et al. [183] also found a similar ratio of dss to the
other components in their IPA calculations. Since this work focuses on the relative
changes in SHG under uniaxial stress, more advanced computational methods beyond
the IPA are not applied.

As shown in previous studies [P1-P3] (see Sec. 5.4.3 and 5.5.3), applying stress along
the z direction maintains the crystal symmetry. Consequently, four independent SHG
components are observed, as illustrated in Fig. 5.12(c). The identities for m3 listed in
Table 5.8 follow from the symmetry properties of the crystal under uniaxial z stress,
consistent with Ref. [182]. The das4 component is not discussed in detail here, but it is
expected that doy and di5 remain equal under uniaxial z stress, i.e., mo43 = w153, due to
the preserved symmetry [182].

In contrast, the C5,, symmetry is reduced by stress in x and y direction, again in agree-
ment with previous investigations, which reported a lifting the degeneracy of the Raman
active E modes [P1] as well as on the splitting of the ordinary refractive index [P2]. Due
to the symmetry reduction under z and y strain, the crystal symmetry changes into
the m point group with the mirror plane perpendicular to the y axis. The predicted
reduction of a crystal from 3m to m point group symmetry under x and y strain is also
in agreement with Ref. [182]. Also Mennel et al. have reported a symmetry reduction
under mechanical strain in 2D crystals which is reflected in their resulting polarization-
reflecting SHG patterns [192, 193]. When studying SHG under uniaxial stress in « and
y direction, the symmetry reduction becomes evident by splitting the identical SHG
components as shown in Figs. 5.12(a) and (b). For the m point group the SHG tensor
has ten independent elements [24]. Indeed, the number of the independent elements is
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Table 5.8: The relation between the uniaxial stress direction and the resulting crystal
symmetry with its corresponding independent nonzero SHG and piezo-optic coefficients
for 3m point group symmetry. The discussed tensor elements are represented as bold
indices. All other tensor elements and identities are not discussed in this work but are
expected to be nonzero. The nonlinear second-order susceptibility tensors for the m and
3m point group are expressed in detail in Appendix A.1.3.

Components of o,,  Crystal symmetry Nonzero Nonzero
components of d;y components of s,

1,2 m 22, 21, 23, 24, 15, 241 = 152,
16, 32, 31, 33, 34 242 = 151,
321 = 312,
322 = 311,
332 = 331,
211 = —212,
221 = —222,
161 = —162,
231 = 232, 341,
342
3 3m 15 = 24, 31 = 32, 243 = 153,

33,22=21=16 323 =313, 333,
163 = 213 = 223

increased as can be seen in Figs. 5.12(a) and (b). These are exactly the independent
components which are expected for a crystal with m point group symmetry. The doy
and the d34 component are also expected to behave as independent components, but are
not taken into account in the discussion.

In particular, the da3 component, which is vanishing at 0 GPa due to the crystal sym-
metry, appears under x and y stress. Both for compressive as well as tensile stress, the
calculated dog value increases linearly with roughly the same gradient. The appearing of
dos is also in agreement with the measurements which observe a non zero value for the
da3 component (see Fig. 5.12(b)) confirming the symmetry reduction experimentally.
From previous studies, it is known that DWs in LN behave in first approximation as the
compressed bulk [15, 18]. The SHG contrast at the DWs of LN has been investigated,
as well [20, 26, 198]. Hence, from the results of SHG under stress conclusions can be
drawn concerning the DWs in LN. Especially, it is expected that new tensor elements
occur at the DWs due to symmetry reduction. This is in agreement with the appearing
do3 component. From the comparison of the calculated slopes under x and y stress and
in agreement with Ref. [182], the identities shown in Table 5.8 for m;; and 7o can be
concluded as a property of the crystal symmetry, which reduces from the 3m to the m
point group under x and y stress.

In Table 5.9 the calculated and measured independent nonlinear POCs derived from the
linear fits in Fig. 5.12 are shown for an excitation wavelength of 933nm and 950 nm,
respectively. The calculated nonlinear POCs are close to the determined experimentally
obtained values. Especially, the ds2, d3; and dos components have the largest change
under stress in y direction. In particular, the calculations show, that the w222 component
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Table 5.9: Calculated and measured nonlinear POCs g, (in pmV~—!GPa~!) for 933 nm
and 950 nm obtained from the linear fit of Fig. 5.12. The experimental coefficients are
normalized using Ref. [191]. Since da3 is zero in the unstressed case, the sign of ma32 and
o33 could not be experimentally determined and an alternative normalization procedure
was performed. The corresponding values are marked with an asterisk.

Tiom [pPmV 1GPa™!] Theory Exp.
T151 0.54 -
T211 -1.01 -
T161 -0.83 -
T159 -1.37 —
T332 0.06 -
m312 -1.17 —
T922 -2.68 —1.7+1.0
T232 —1.67/1.77 +14*+1.1
T322 0.45 _
153 0.82 —
T223 0.43 0.8+ 0.5
T233 0.00 +0.06* £ 0.08
T323 0.70 0.324+0.15
T333 -1.23 -

has the highest absolute value compared to all other components for y stress. Further-
more, the change of the ds3 component, i.e. w333, is the largest for uniaxial stress in z
direction.

In the following, the calculated dispersion of the SHG and nonlinear POCs is discussed
as they mirror the crystal symmetry as indicated in Table 5.8. As the spectra of ds;
and dsz show many features under uniaxial stress, Fig. 5.13(a)-(c) shows exemplary the
calculated dispersion of the d3; and dss component for different stress values. As with
Riefer et al. [183], the main features of unstrained LN are also in the range between
1.5eV and 3eV. The peaks of the SHG components and the ratios between each other,
as well as the components in the visible range roughly correspond to those of Riefer
et al. (see Fig. 5.13 and Appendix A.1.3). In particular, the d3; component of the
unstrained LN has a peak at about 2eV as in Ref. [183]. This peak is linearly blue-
shifted and the intensity increased when LN is tensile stressed in z direction as can
be seen in Fig. 5.13(c). To a similar amount, the peak is red-shifted and reduced in
its intensity with compression in z direction. Since LN remains in the 3m point group
under z stress, the dispersions of ds; and dsz are the same in Fig. 5.13(c). For the ds;
component, the changes in the peaks are very high compared to the other components
which are shown in Appendix A.1.3.

When the crystal is stressed along the x or y direction, the symmetry of LN is reduced
to the m point group and, therefore, identical compenents as d3; and dss are split as
already mentioned above. The dispersion of the SHG components under uniaxial stress
is shown in Figs. 5.13(a) and (b). Moreover, the identities of Table 5.8 hold also for
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Figure 5.13: DFT computed dispersion of d3; and ds2 under uniaxial stress in (a) z, (b)
Y and (C) z direction as well as (C) the diSpeI'SiOIl of 311, 7322, 7321, 7312, 7313 and 7321

the dispersion of the SHG components. From the dispersion of the SHG components
under uniaxial stress, the dispersion of the nonlinear POCs can be concluded according
to Eq. (5.18), as well. In Fig. 5.13(d) the dispersion of three independent POCs, derived
from the dispersion of Figs. 5.13(a)-(c), are shown. Indeed, the identities of Table 5.8
hold except from some small deviations for example w317 and 7390 at around 2eV due
to numerical issues. Up to 1.5eV, which is the range of major technical relevance, the
displayed coefficients are roughly constant. For z stress, the first peak of the ds; and
dss component changes the most. Due to the shift of this peak at around 2eV, the
maximum of the w313 and w303 for the corresponding excitation energy is obtained. The
dss and ds3; component for x and y stress, respectively, have a growing local maximum
at around 2.5eV. As a result the w301 and 7312 components yield a maximum for this
excitacion energy. On the other hand, the local minimum at around 2.8 eV is shrinking
for the d31 and d3z component under x and y stress, respectively. As a result, for m3q;
and 7322 a maximum at around 2.8 eV can be derived. The dispersion of the other POCs

is shown in the Appendix A.1.3.
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5.6 Coherent anti-Stokes Raman spectroscopy

5.6.1 Theoretical background

In contrast to spontaneous Raman scattering, CARS is a third-order nonlinear optical
process in which pump (wp) and Stokes (ws) fields coherently excite a vibrational mode
v at £, = wp — ws. A probe field at frequency wp, then scatters inelastically from this
vibrational coherence, giving rise to anti-Stokes emission at [199, 200]:

Was = Wp — Ws + Wpr. (5.21)

Usually, the same laser is employed for the pump and probe fields, such that w, = wp,
and Eq. (5.21) reduces to was = 2wy, — ws (see Fig. 5.14). The CARS spectral intensity
can be written as [201]

Icars (w) (S8 ’fff X(g) (w; Wp, —Ws, wpr)gp (Wp) gs* (ws) gpr(wpr)
Hw — wp + ws — wpr) dwp dws dwpr|2 : (5.22)

where ) is the third-order susceptibility and Ep, &, and &, are the spectral am-
plitudes of the pump, Stokes, and probe fields, respectively. Here, the Stokes field
enters as a complex conjugate amplitude £ (ws) because the CARS process annihilates
a Stokes photon while creating pump, probe, and anti-Stokes photons (see Fig. 5.14).
Equation (5.22) can be recast into a more compact form [201]:

Teans(@) o [{Cu(w) X (@)} # Epul(w)|

, (5.23)

where * denotes convolution, and Cg(w) = [Es(w) * Ep(w)] is the coherent stimulation
profile given by the cross-correlation * of the Stokes and pump spectra.
For a spectrally narrow probe and slowly varying instrumental response, the intensity

can be approximated as
Icars(w) ~ |C(w) X(3)(w)‘2, (5.24)

where C'(w) is an effective instrumental factor that incorporates the coherent stimulation
profile, the probe spectrum, and the frequency-dependent detection efficiency of the
setup (e.g., optics, spectrometer, and detector response). In experiments, C'(w) must be
determined or calibrated in order to obtain quantitative CARS spectra. In theoretical
calculations, the instrumental factor is set C(w) = 1.

It is convenient to separate the susceptibility into resonant and nonresonant parts [201]:

3 3
V(@) = Xt (@) + xR (). (5:25)
The resonant part Xg) arises from vibrational Raman-active modes (see Fig. 5.14(b)).
For a single mode v of frequency 2, and damping I, [199, 200]:

3 Ny 8&1" 80%[
ng])fl’R(_was; Wp, _wS7wpr) = Z Qy - (U)p - Ws) - ’LFu (8QZ> <8Qu> ’ (526)
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Figure 5.14: A schematic representation of: (a) spontaneous Raman, (b) resonant co-
herent anti-Stokes Raman scattering (CARS) and (c) nonresonant background (NRB)
in CARS.

where €, and I'), are frequency and damping of mode v, N, is the oscillator density,
@, is the normal coordinate, and 0 /@, are the Raman tensor elements for mode v.
Compared to spontaneous Raman scattering, Eq. (5.26) contains the product of two
Raman tensors because the vibrational coherence is both created by the pump-Stokes
pair and read out by the probe field in a coherent four-wave-mixing process. In contrast,
in spontaneous Raman the scattering intensity is proportional to the modulus square of
a single Raman tensor. As a result, the resonant part can be calculated by determining
the Raman tensor from first-principles approaches like the frozen-phonon method as
presented in Sec. 2.6 or density functional perturbation theory (DFPT) [45, 46].

The nonresonant part Xl(\?f){ originates from virtual electronic four-wave mixing path-
ways [199, 200] (see Fig. 5.14(c)). Far from electronic resonances, it is slowly varying
with frequency [59]. Since the nonresonant part can be considered as a combination of
different virtual processes like SFG and DFG, the approach of Ref. [P5] presented in
Sec. 4 can be used to calculate the nonresonant part of the third-order susceptibility.
For this purpose, the Fourier coefficients with n = 2 and m = —1 need to be determined
from Eq. (4.14).

The interference between XS) and XI(\?P){ can be seen explicitly in |x(®)|2 = | XI(\?P){+X

X(?’) 24 X(g) 2+ 2Re X(g) *X(3) . Far from electronic resonances ®) s slowly varying
NR R NR AR NR

(3)‘2 _
w2 =

and essentially real, so the cross term has a asymmetric line shape [65].

The labeling for the CARS polarization configurations follows the notation for spon-
taneous Raman scattering, where the first set of parentheses indicates the polarization
of the incident fields (pump, probe, and Stokes) and the second set indicates the po-
larization of the detected anti-Stokes field. The propagation direction is indicated by
the indices outside the parentheses. Since the theoretical models are independent of the
propagation direction, only the polarization configurations are indicated for theoretical
CARS spectra.
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5.6.2 Computational details

The CARS spectra are computed by evaluating Eq. (5.26) for the resonant contribution
and using the methodology described in Sec. 5.5.2 for the nonresonant part. For the
resonant part, phonon eigenvectors and frequencies are obtained via DFPT as imple-
mented in Quantum Espresso [45, 46], employing the same computational parameters
and strained structures as in Sec. 5.5.2. Raman tensors are determined using finite
displacement calculations, with atomic displacements of 0.01 A along each Cartesian
axis, and the same computational setup as previously described. The dielectric tensor
is evaluated from the DFT wave functions and eigenvalues, considering 65 electronic
states to ensure convergence within 1 %. This yields the Raman tensors for all phonon
modes at the I' point which can be inserted into Eq. (5.26) to obtain the resonant part
of the third-order susceptibility. The phonon lifetimes I';, and oscillator densities N, are
not calculated in this work, and the resonant part is only known up to a scaling factor.
For the resonant part, the Raman spectrum is drawn using Gaussian smearing with an
arbitrary width of 10cm™! corresponding to a typical measured line-width.

For the nonresonant part, the approach described in Ref. [P5] is employed, where the
Fourier coefficients with n = 2 and m = —1 are extracted from Eq. (4.14). The same
computational parameters as in Sec. 5.5.2 are used, with a less dense 8 x 8 x 8 k-point
mesh to reduce computational cost for test calculations. As this work is a collaboration
with experimental CARS measurements, the pump and probes energies are chosen at
1.165 eV to match the experimental conditions.

5.6.3 Results

The calculated nonresonant part of the third-order susceptibility component Xg:gx)xz of
unstrained LN is shown in Fig. 5.15(a). The raw data (points) exhibit some numerical
noise, which is smoothed using an exponential fit (solid lines) in the frequency range
relevant for CARS measurements (0.541 €V to 1.652 eV). The real part of Xg(c?;)m is neg-
ative and decreases with increasing frequency, while the imaginary part is positive and
increases with frequency. The nonresonant part is then combined with the resonant
contribution, calculated using Eq. (5.26) and the Raman tensors obtained from DFPT.
The resulting CARS spectrum for the (zzx, z) polarization configuration of stoichiomet-
ric LN is presented in Fig. 5.15(b), alongside experimental y(xzz,x)y CARS data from
congruent LN (R. Buschbeck, private communication, 2025). Since the derivative of the
polarizability with respect to the normal coordinate is only known up to a scaling factor,
and the oscillator density N, and lifetimes I', are not determined, the absolute magni-
tude of the resonant part is unknown. Therefore, both the resonant and nonresonant
contributions are normalized to the experimental data. Since the square of the sum of the
resonant and nonresonant part determines the CARS intensity, three terms contribute:
the resonant part squared, the nonresonant part squared, and the interference term. The
latter is responsible for the asymmetric line shapes as also discussed in Ref. [65]. Since
the resonant part is proportional to the Raman tensor, it is expected that the relative
intensities of the phonon modes in the calculated CARS spectrum correspond to those
in the Raman spectrum. Indeed, the calculated CARS spectrum reproduces the main
features of the y(x, z)y spontaneous Raman spectrum from Ref. [164]. For this geometry

80



5.6. Coherent anti-Stokes Raman spectroscopy

Nonresonant CARS Spectrum CARS y(xxx,X)y

~. 400

P (a) 1.0 1.5 (b) === CARS Experiment cLN y(xxx,x)y
S_ 300 A | | a CARS Theory (xxx,x)
< o

S o e o ol S e

% 200 1 . . ‘,: d ~

’3& 100 - S c

5 20400 >

3 MBS I -

3 01 S 8

& — Re(y® . fit 5o = w/
3 —100 1 et yexp- T . \ -

- e Re(x"®) pure data ’.‘
é —200 q = Im(x®) exp. fit t‘ /"V/,
=5 e Im(x®) pure data ® =
= —-300 4 . . . . . : : :

0 2 4 6 8 200 400 600 800
hwas (eV)

Raman shift (cm™1)

Figure 5.15: (a) Real and imaginary part of the susceptibility component Xg(c:i)m of NRB
in CARS of unstrained LN calculated with the approach of Sec. 4. The points indicate
the calculated raw values. The solid lines correspond to an exponential fit to smooth the
data in the range between 0.541 eV and 1.652 eV where the CARS measurements are
performed. (b) Calculated (zzx,z) CARS spectrum of stoichimetric LN in comparison
with experimental y(zzz, x)y CARS spectrum of congruent LN. The calculated CARS
spectrum is obtained by the absolute square of the sum of the resonant and nonresonant
part which is obtained from the fit in the inset of (a). Since the absolute value of the

resonant part is not known, the resonant and nonresonant part are normalized to the
experimental data.

A1 TO and E LO modes are expected to be observed. However, LO-TO splitting is not
captured since it is compuationally more expensive. As a result, only the A; TO modes
are seen in the calculated CARS spectrum. Especially, the strong A;(TO4) mode at
600 cm~! and the weaker A;(TO;_3) modes between 240 cm~! and 350 cm™! are well
reproduced in comparison the spontaneous Raman spectrum from Ref. [164]. Although
the A1(TO;_3) modes are in a good agreement also with the experimental CARS spec-
trum, there is a dominating peak at around 520 cm~! with a very large width in the
experimental CARS spectrum which might be a LO mode corresponding to another
polarization configuration mixed in the CARS spectrum due to slight misalignment of
the sample. In accordance to Hempel et al. [65], the small shoulder at around 630 cm™*
can be assigned to the A;(TO4) mode. Moreover, the last peak at around 870 cm~!
which can be classified as E(LOg) mode is missing in the calculated CARS spectrum.
The calculated CARS spectrum shown in Fig. 5.15(b) represents the first attempt to
theoretically model a CARS spectrum for a crystalline solid. Although many assump-
tions and approximation have to be made, the calcuated data is in good agreement with
the experiment and allows fot the interpretation of the measured data. Since the calcu-
lation of the nonresonant part is very time consuming in relation to the resonant part
and the peaks of the CARS spectrum are mainly determined by the resonant part, only
the resonant part is calculated under strain in the following. It is assumed that strain
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Chapter 5. Ferroelectric oxides under strain

does not significantly modify the nonresonant contribution, since Xl(\?f){ is evaluated in

the low-frequency, non-dispersive regime, far from electronic resonances. In this regime,
strain is expected to affect at most the overall magnitude of Xl(\?f){ (i.e., the slowly vary-
ing background), but not to introduce additional resonant features or new peaks in the
CARS spectrum.

Due to the lack LO-TO splitting in the present calculations, there is only one configu-
ration that can be properly compared with the experimental CARS data, namely the
(zzz, z) configuration, where only A; TO modes are expected. The calculated resonant
CARS spectra of stoichiometric LN under uniaxial stress between -2 % and 2 % in x,
y and z direction are shown in Fig. 5.16, along with experimental y(zzz,z)y CARS
spectra from congruent LN off and on a x wall (R. Buschbeck, private communication,
2025). In the theoretical spectra, the A;(TO;) mode at around 250 cm™!, as well as
the A1(TO4) mode at around 600 cm™!, are clearly visible. This is in agreement with
the theoretical and experimental spontaneous Raman spectra from Ref. [164]. In the
experimental CARS spectrum, small peaks between 240 cm™! and 350 cm ™! are visible
which can be assigned to the A;(TO;_3) modes and one large peak at around 520 cm ™!
(which appears in all experimental spectra, see Appendix A.1.4), which seems to be the
same as in the previous experimental CARS spectrum shown in Fig. 5.15(b). The fact
that this peak appears in this configuration as well supports the assumption that this
peak corresponds to another polarization configuration mixed in the CARS spectrum
caused by a misalignment of the sample. The corresponding peak has a shoulder at
around 630 cm~! which is already assigned to the A;(TO4) mode. On the DW the
peak at around 520 cm™! disappears and the shoulder at around 630 cm~! becomes
more pronounced. This result fits well to the calculated CARS spectra under strain,
where the intensity of the A;(TO4) mode is increasing under uniaxial tension in x or
y direction. The calculated resonant CARS spectra of all other configurations under
uniaxial stress in x, y and z direction are shown in Appendix A.1.4.

The attentive reader may ask: Why is the y(zzz, z)y configuration the only one where
only TO modes are expected? According to the selection rules shown in Table 5.3,
there is also the y(z, z)y or the z(x,y)z configuration where only TO modes are ex-
pected. Are the selection rules of spontaneous Raman from Table 5.3 not transferable
to CARS? The answer is yes and no: According to Eq. (5.26), the resonant part of the
third-order susceptibility is proportional to the product of two Raman tensors, which,
respectively, obey the selection rules of spontaneous Raman scattering. However, the
product of two (in general different) Raman tensors can yield nonzero contributions in
polarization configurations that are forbidden in spontaneous Raman scattering. For
example, in the y(xxx,z)y configuration, the resonant CARS signal arises from the
product of Raman tensor elements a,, and a,,. As a consequence, different symmetry
species can contribute simultaneously to a given polarization configuration, so that, for
instance, both A; and E modes can overlap in the same spectral region. Hence, while
the selection rules for spontaneous Raman provide a useful guideline, the actual polar-
ization dependence of CARS can be more complex due to the involvement of multiple
Raman tensor elements. Since the resonant part is proportional to the product of two
Raman tensors, CARS is also not symmetric under exchange of the polarizations of the
incident and scattered light, in contrast to spontaneous Raman scattering. For instance,
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5.6. Coherent anti-Stokes Raman spectroscopy

y(zzz,z)y
X stress y stress zZ stress +2
—— Theory —— Theory —— Theory
----- Bulk (exp. CARS) ----- Bulk (exp. CARS) ----- Bulk (exp. CARS)
----- DW (exp. CARS) ----- DW (exp. CARS) ----- DW (exp. CARS)
s
© —_
> &
2 r0 O
@ =
b o)
=
£
T T T T T T T T T T ‘2

T T
200 400 600 80 200 400 600 800 200 400 600 80
Raman shift (cm~1) Raman shift (cm~1) Raman shift (cm™1)

Figure 5.16: Calculated (zzz, z) resonant CARS spectrum of stoichiometric LN under
uniaxial stress between -2 % and 2 % in z, y and z direction. The calculated intensities
are drawn with an arbitrary Gaussian broadening of 10 cm~!. The dotted lines indicate
the y(zzz, z)y experimental CARS spectrum of congruent LN off and on the domain
wall (R. Buschbeck, private communication, 2025).

the y(xxx, z)y configuration is not equivalent to the y(zzz,x)y configuration, as can be
seen in the calculated as well as measured CARS spectra in Appendix A.1.4.

As already seen in Fig. 5.16, the raw y(zzx, z)y CARS spectrum exhibits a very broad
and intense feature around 520 cm ™!, superimposed on the sharper phonon resonances.
Additional insight can be gained by applying a phase-retrieval (PR) procedure to these
experimental CARS data, following the approach of Camp et al. [201]. In the trans-
formed y(zzx, z)y spectrum (see Fig. 5.17), the peak positions and relative intensities of
the phonon modes are in much better agreement with the calculated CARS spectrum,
while the very broad feature around 520 cm ™! is strongly reduced and no longer appears

—1 and

as a distinct resonance. At the same time, the phonon modes between 200 cm
400 cm ™! become the dominant features. In this frequency range the calculated spec-
trum is governed by overlapping A; and E modes, and the transformed experimental
spectrum reflects this behavior. A further key observation from the comparison between
bulk and DW spectra is the emergence of a new, well-defined peak at approximately
630 cm~! at the DW, which can be assigned to the A;(T0O4) mode and is essentially
absent in the corresponding bulk response. This is fully consistent with the above con-
siderations, mentioning that the shoulder at around 630 cm ™! becomes more pronounced
at the DWs. The same trend is reproduced in the calculated spectra under strain, where
the intensity of the Aj(TO4) peak at 630 cm~! shows a pronounced and systematic de-
pendence on the applied strain. Altogether, these findings indicate that the large, broad
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Figure 5.17: Calculated (zzz,z) resonant CARS spectrum of stoichiometric LN under
uniaxial stress between -2 % and 2 % in z, y and z direction. The calculated intensities
are drawn with an arbitrary Gaussian broadening of 10 cm~!. The dotted lines indicate
the y(xxx, z)y experimental CARS spectrum of congruent LN off and on the domain
wall. The dashed lines indicate the y(zzx, 2)y experimental phase-retrieval (PR) spec-

trum of congruent LN off and on the domain wall (R. Buschbeck, private communication,
2025).

peak at about 520 cm ™! in the raw CARS spectra of the bulk is neither of resonant nor
of purely nonresonant vibrational origin, but is instead dominated by the experimental
detector function C'(w), which includes, for instance, frequency-dependent detection ef-
ficiency and phase-matching effects. In the theoretical modeling this function is set to
C(w) = 1, such that these setup-specific contributions are absent and only the intrinsic
vibrational contribution to X(3) is retained. However, the quantitative details of the
PR spectrum inevitably depend on the choice of parameters entering the PR procedure
(e.g., the specifics of the Kramers-Kronig implementation), as discussed in detail by
Camp et al. [201]. The overall picture of a detector function-dominated feature around
520 cm~! and dominant overlapping A; and E modes between 200 cm ™! and 400 cm ™!
is thus robust, even though fine intensity ratios should be interpreted with appropriate

caution, and the microscopic origin of the broad structure near 520 cm™*

cannot yet
be regarded as completely and unambiguously resolved. All other comparisons of the
theoretical resonant CARS spectra with the experimental PR spectra are shown in Ap-
pendix A.1.4. In addition, to the sepctrum shown in this section, the PR z(zzx,y)z
and z(yyy, x)z spectra fit very well to the theoretical resonant CARS spectra. Thus,
deeper knowledge of the interplay between resonant CARS, nonresonant background,

and experimental setup is required for a better understanding of the experimental and
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theoretical CARS spectra.

(b) Spin down

Energy (eV)

Energy (eV)

Figure 5.18: Electronic band structures in (a) and (b) of the Nb 1 (4d') small bound
polaron and (c) and (d) of the Nb{~Nbxt (4d' — 4d") bipolaron in LN. The localized
electronic state related to the polaron is plotted in blue (spin up channel in (a) and spin
up and down channel in (c) and (d)).

5.7 Polaronic properties

5.7.1 Theoretical background

In LN, excess electrons can become self-trapped through strong coupling to the sur-
rounding lattice, forming small polarons. These play a crucial role in the electronic
transport properties of the material. In particular, the occurrence of polaronic defects
at ferroelectric CDWs might be a key mechanism responsible for the enhanced conduc-

tivity observed in these regions [37, 39, 202].
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Especially, the Nby; antisite, where a niobium atom occupies a lithium site, is one of
the dominant defects in LN and occurs in large concentrations in congruent LN, which
is grown under Nb-rich conditions. This defect can occur in different charge and spin
states depending on the electron occupation of the Nb 4d orbitals [37, 39, 202]:

e The neutral Nbii+ defect with an empty 4d° state,

o The Nb;{ small bound polaron with one localized electron in the 4d" state 5.18(a)
and (b),

e And the Nbﬁleﬁg bipolaron, with two electrons in the 4d' —4d! shared between
neighboring Nb ions 5.18(c) and (d).

On the one hand, the small bound polaron can appear with axial symmetry, where the
electron is localized around the Nby; site in a shape of a dumbbell oriented along the
z axis, reflecting the crystal symmetry of LN. One the other hand, the small bound
polaron can relax to lower energy-tilted associated with a quasi-Jahn-Teller distortion,
in which the local threefold rotational symmetry is broken (see Fig. 5.19(d)). This
distortion leads to a further local lattice relaxation that stabilizes the polaronic state.
The bipolaron is formed by a pair of bound electrons from the Nby; antisite defect and
the regular neighboring Nbyy, site, and retains its axial symmetry (see Fig. 5.19(e)) [39].
While the structure and energetics of these defects in unstrained LN are well established,
their behavior under external strain is less understood. This is particularly relevant for
CDWs, where strong internal strain fields and symmetry breaking might alter defect
stabilities and affect polaron formation.

Therefore, the relative formation energies of the neutral Nb?j{, the small bound polaron
Nbﬁr, and the bipolaron NbﬁDNbf(ﬁg under uniaxial strain applied along the crystal-
lographic x, y, and z directions are computed in this work. This serves as a first step
toward understanding how strain influences the thermodynamic stability of polarons,
and in turn, how such effects might enable charge transport along CDWs via polaron
hopping mechanisms.

5.7.2 Computational details

Strain is modeled following the approach of Refs. [P1-P3]. Compressive strain is applied
from 0 to 2.4 % in increments of 0.8 %. Calculations use a I'-centered 4 x 6 x 4 k-point
mesh and a 2 x 1 x 1 orthorhombic supercell containing 120 atoms, corresponding to
a Li:Nb ratio of 92 %, which is close to the congruent composition. Previous studies
by Nahm and Park [168] and Sanson et al. [169] have demonstrated that the DET+U
formalism of Cococcioni and de Gironcoli [92] accurately describes the strongly localized
d electrons in Nb defects. Therefore, a DF'T+U approach is employed with an empirical
Hubbard parameter Ugg = U — J = 4 €V [168, 169] for the Nb d electrons. The defect
formation energy Ey for a defect X in charge state ¢ is calculated as [203, 204]:

Ef(X7) = E*%¥(X7) — E*%(bulk) + > nip; + q(Er + Ey + AV) (5.27)

(2

where E*%(X7) and E**!(bulk) are the total energies of the supercell with and with-
out the defect, and n; and u; are the number and chemical potential of species ¢ added
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Figure 5.19: DFT calculated relative formation energy of the (a) NbiT(4d°), (b)
Nb;T(4d") (c) Nb{F-Nbif (4d' —4d') antisites of LN under uniaxial strain in , y and 2
direction, respectively. The lines are drawn for the eyes. The electronic charge density
associated with the (d) 4d' bound small polaron in the quasi-Jahn-Teller distortion and
(e) 4d' — 4d* bipolaron. Green and red balls represent the niobium and oxygen atoms,
respectively.

or removed to form the defect. Fp is the Fermi energy referenced to the valence band
maximum FE,, and AV aligns the reference potential between the defect and bulk su-
percells [203]. Since the last two terms in Eq. (5.27) are constant under strain in a first
approximation, it is sufficient to compute EY*%(X9) and E**%!(bulk) as a function of
strain € to determine the relative formation energy AEy. In the following, the results
of Ref. [P4] are shown.

5.7.3 Results

Figures 5.19(a)-(c) show the resulting relative formation energies of the investigated
defects. In particular, Fig. 5.19(b) shows the relative formation energy as a function of
uniaxial strain of the small bound polaron in the quasi-Jahn-Teller distortion as indi-
cated in Fig. 5.19(d), which is known as the true ground state of the 4d' polaron [202].
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Furthermore, the relative formation energy of the 4d' — 4d! bipolaron is displayed in
Fig. 5.19(c), which consists of a covalent bond between the antisites and its nearest
Nb neighbor as shown in Fig. 5.19(e) [202]. The formation energies of the investi-
gated antisites are decreasing roughly linearly with the applied stress as can be seen in
Figs. 5.19(a)-(c). As a result, it can be concluded that the formation energy of these
defects at the DWs is lowered, as well. This effect is less pronounced with decreasing
charge of the antisites. The relative formation energy is the same for each strain direc-
tion except from the bipolaron whose formation energy shrinks even more for z strain.
As the Nby; — Nbynyp bond is built along the z direction, a compression in the z direction
results in a shortened, stronger bond.

5.8 Conclusions

In this chapter, a comprehensive theoretical and experimental investigation of the vibra-
tional, optical, and polaronic properties of LN (and for the vibrational part LT) under
uniaxial stress has been presented.

By doing so, the elastic properties of LN with the full set of elastic stiffness and com-
pliance tensor components have been investigated from first principles. The calculated
tensor quantities are consistent with experimental data [6]. Especially the PBEsol func-
tional yields the best agreement with the experimental values. Subsequently, the elastic
constants have been used to model uniaxial stress in LN crystals.

First, phonon frequencies as a function of strain have been computed for both LN and
LT and compared to experimental data. All phonon modes exhibit sensitivity to strain.
Theoretical and experimental findings consistently show an approximately linear depen-
dence of the phonon frequencies on strain, which can be understood by examining the
calculated eigenvectors. The observed linear slopes are in agreement with previous stud-
ies under hydrostatic pressure [21]. Both experimental and theoretical results indicate
that x and y compressed LN exhibit especially large peak shifts for the E(TO5/5) modes,
while z compressed LN shows pronounced shifts for the A;(TOz), E(TO7), and E(TOs)
modes [21]. Furthermore, calculations have shown that the degeneracy of the E modes
is lifted for x and y compression due to symmetry reduction. This splitting has also
been observed experimentally when using different scattering geometries. Additionally,
calculations have indicated that LT exhibits a strain response very similar to that of
LN.

The full set of the linear piezo-optic and photoelastic tensors has been calculated as a
function of excitation energy. As a result, the behavior of the refractive index as well as
the birefringence under strain could be understood. In addition, the magnitude and sign
of the piezo-optic and photoelastic coefficients, expressing the photoelastic properties,
in Refs. [186, 187] have been confirmed by the calculations provided in this work.

In addition, the second-order nonlinear piezo-optic properties of LN have been investi-
gated through comprehensive calculations of the SHG tensor under uniaxial stress and
compared with thin-film LN measurements. This has enabled the determination of the
nonlinear POCs, as defined in Refs. [181, 182], resulting in a three-dimensional strain
map of the SHG response in LN. Notably, the splitting of identical SHG tensor elements

and the appearance of new components are prominent signatures of symmetry reduc-
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tion under x and y stress. This suggests that such new tensor elements should also
be present at DWs, consistent with observations of SHG contrast at DWs [20, 26, 198].
Furthermore, the calculated dispersion of the nonlinear POCs allows reconstruction of
SHG modifications under uniaxial stress for different laser wavelengths. Both, the inves-
tigation of the phonon frequencies of LN as well as its refractive and nonlinear optical
nature under strain provides a set of references which may help to interpret, e.g. Raman
signatures, of DWs or to improve the application of waveguides.

The CARS spectra have been calculated from first principles for the first time for solid
crystals such as LN by combining the resonant contribution from Raman-active phonon
modes with the nonresonant electronic contribution, computed using the first principles
approach of Ref. [P5]. The calculated CARS spectrum for the (zzz,z) polarization
configuration of stoichiometric LN show similarities to the main features of experimental
CARS data from congruent LN, particularly the strong A;(TO4) mode at 600 cm~! and
the weaker A1(TO;_3) modes between 240 cm ™! and 350 cm~!. The relative intensities
of the phonon modes in the calculated CARS spectrum correspond well to those in
the spontaneous Raman spectrum of Ref. [164]. The analysis also highlights that the
polarization dependence of CARS can be more complex than that of spontaneous Raman
scattering due to the involvement of multiple Raman tensor elements, leading to nonzero
contributions in configurations that are forbidden in spontaneous Raman scattering. The
disentanglement of resonant and nonresonant contributions provides valuable insight
into the microscopic origin of the measured CARS spectra. All experimental CARS
spectra show a large broad peak at around 520 cm™! which does not appear in the
calculated resonant CARS spectra. Since the nonresonant part can be calculated from
first principles as well, it can be concluded that this peak is neither of resonant nor of
nonresonant vibrational origin. Instead, it is dominated by the experimental detector
function C(w), which includes, for instance, frequency-dependent detection efficiency
and phase-matching effects. This is where the theoretical modeling can help to interpret
the experimental data, since in the calculations this function is set to C'(w) = 1, such
that these setup-specific contributions are absent and only the vibrational contribution
and the NRB in x®) is retained.

At the end, the relative formation energies of the Nb‘?{, Nbﬁr small bound polaron
and the NbﬁDNbﬁE bipolaron have been calculated under uniaxial strain in x, y and
z direction. The results show that the formation energy of all polarons associated with
the antisite are reduced under compression, indicating that polarons are more likely to
form at CDWs enhancing their conductivity.

Overall, the results presented in this chapter connect the elastic, vibrational, optical, and
polaronic properties of LN under stress. These results not only reproduce experimental
observations but also offer predictive insights into the behavior of strained LN and its
DWs.
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6 Summary & outlook

The work presented in this thesis has focused on modeling the response of ferroelectric
and two-dimensional materials to external perturbations from first principles. Two main
directions have been pursued.

In the first part of this work, a real-time formalism has been developed to simulate
nonlinear frequency-mixing processes from first principles, based on the dynamical po-
larization, calculated within the modern theory of polarization. The method extends
the real-time approach of Attaccalite and Griining [49] to SHG by allowing the decom-
position of the dynamical polarization into individual frequency components, making it
applicable to SFG, DFG, and FI-SHG [P5]. The method has been implemented within
the Yambo [47, 49] and YamboPy [P5, P6] codes. It has been validated for the IPA
as well as TD-aGW [107], reducing to GW+BSE in the linear regime. The approach
has been demonstrated on the prototypical two-dimensional crystals A-BN and MoSs
monolayer, extending the understanding of their excitonic nature. This methodological
development has provided the theoretical framework to model CARS.

The subsequent part of this thesis is dedicated to the application of the novel theoretical
approach to the investigation of ferroelectric oxides under strain. Starting from the de-
termination of the elastic properties [P2], the vibrational [P1] as well as refractive [P2]
and nonlinear optical properties [P3] under uniaxial stress have been investigated for LN
(the vibrational part for LT). The results provide a quantitative three-dimensional map
of the vibrational and optical properties under stress. As DWs have been shown to be-
have as a strained bulk, the obtained results also allow for the interpretation of exciting
physical phenomena occuring at DWs such as the SHG or Raman signal enhancement.
The calculation of CARS has been established using the first principles approach of
Ref. [P5]. The resulting phonon mode intensities in the computed CARS spectra closely
match those observed in spontaneous Raman spectra of Ref. [164]. Furthermore, Nby;
associated polarons under strain have been studied to gain deeper insight into the con-
tributions of polarons to the enhanced conductivity at DWs [P4]. This investigation also
implies that strain-engineered defect configurations could be used to tailor the electronic
conductivity of ferroelectric oxides.

Looking forward, several extensions of this work are necessary. On the methodologi-
cal side, the real-time approach to nonlinear optical processes can be combined with
many-body perturbation theory at the GW+BSE level, allowing for a more accurate
description of excitonic effects and optical dispersion when investigating LN under uni-
axial stress. The inclusion of finite-temperature effects and electron-phonon coupling
would enable realistic modeling of the temperature dependence of photoelastic proper-
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ties. The maxima of the POCs can be related to the maximum values of the coefficient of
the acousto-optic (AO) figure of merit [205, 206]. Since the calculation of this quantity
requieres the POCs, the theoretical investigation of the AO figure of merit of LN can be
a follow-up investigation, as well. From an application perspective, extending all these
calculations to lithium niobate-tantalate solid solutions and other polar oxides would
help optimize materials for integrated photonic [1-4] and acousto-optic devices [4, 7-14].
Combining the strain-dependent response maps established here with real-time CARS
simulations opens the possibility of predictive modeling of strain- and defect-sensitive
optical spectroscopies, enabling the quantitative interpretation of experiments on DWs.
However, the resonant part of the CARS spectrum should be calculated in absolute val-
ues to enable quantitative comparisons with experimental data. As in the experiment
the complete CARS spectrum without distinction between resonant and nonresonant
part is visible, it is of particular interest to know the relative magnitude of the resonant
and nonresonant parts. Nevertheless, a recent work of Hempel et al. [207] has shown
that the nonresonant part as well as the phonon dephasing times can be extracted from
time delayed, broadband CARS measurements, tested with SiOs and diamond. Hence,
combining such experimental data with the present theoretical framework could allow
for calculations of the absolute CARS values in future studies. Furthermore, the anal-
ysis of the theoretical CARS spectra under stress without considering LO modes is
limited. Hence, the calculation of CARS under consideration of LO-TO splitting is an
important next step. In addition, the investigation of polarons at DWs in the frame-
work of Ginzburg-Landau-Devonshire theory as applied in Ref. [P4] is of high interest
to better understand the formation of polarons at DWs as well as their influence on the
conductivity.

Recent experimental investigations on bilayer MoSs have revealed two main features in
optical absorption. First, a giant Stark splitting of bright interlayer excitons (IEs) into
opposite, well-separated dipole branches that shift linearly with an out-of-plane field and
strongly (weakly) hybridize with the intralayer B (A) exciton [208]. Secondly, the clean
IE crossing turns under electron doping into stochastic hybridization, determined by the
interlayer electron coherence whose strength increases with density and decreases with
temperature [209]. The established real-time simulations of frequency-mixing processes
can also be applied to bilayer MoS, for a theoretical description of these observed effects.
Computing SFG and DFG maps and FI-SHG, as in Ref. [P5], across gate- and twist-
tuned IE-A/B resonances might be useful to quantify the IE-B anticrossing and the
linear dipole branch shifts in the nonlinear response, offering a quantitative complement
to absorption measurements. In parallel, the real-time simulations can include electron
doping to determine how electron coherence modifies the nonlinear response.
Methodologically, the real-time approach can also be extended and applied beyond op-
tics to electric conductivity. Mao et al. [210] recently developed an ab initio method
to calculate the shift current (SC) response in 2D materials. Using a real-time ap-
proach with a monochromatic electric field that couples in analogy to Ref. [49] through
a dynamical Berry phase formulation describing a current:

J(w) = oW (@)EW) + 37 0@ (wi,w))E(wi)E(w)) + O(E?), (6.1)
(]
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where o(1)(w) is the linear conductivity tensor and o(?)(w;, w;) is the second-order non-
linear conductivity tensor responsible for the bulk photovoltaic effect including SC. The
SC response is calculated in its time-domain and can then be analyzed analogously to
Ref. [P5]. This can be done at GW+BSE level including excitonic effects, which have
been shown to strongly enhance the SC response in 2D materials [210]. This framework
captures how inversion breaking, layer polarity, and exciton character tune the magni-
tude and sign of the SC in 2D materials. Hence, computing both the nonlinear response
as well as the SC of MoSs bilayer one can predict gate- and twist-tailored modifications
in IE and moiré trion formations, hybridizations, and energy-ordering.
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Appendix

A.1 Ferroelectric oxides under strain

A.1.1 Elastic properties
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Figure A.1: The calculated stress tensor elements as a function of (a) €1, (b) €2, (c) €3,
(d) €4, (e) €5 and (f) €, while the rest of the strain tensor is set to zero in each case.

95



Chapter 6. Summary & outlook

A.1.2 Vibrational properties

In order to compare the calculated phonon frequencies in unstrained LN and LT with
Ref. [164], they are displayed in Table A.1 and A.2. In addition, Table A.3 and A.4
show all the slopes of LN and LT under uniaxial compressive and tensile strain.

Table A.1: Calculated frequencies of the Raman active phonon modes in unstrained LN

in comparison with calculated and measured frequencies of Ref. [164].

Phonon mode Theory [cm™1] Theory [cm™?] [164] Exp. [em™1] [164]
A1(TOy) 242 239 252-255
A1(TO2) 282 289 275276
A1(TO3) 350 353 333-334
A1(TOy) 613 610 633
E(TO) 150 148 150-151
E(TO,) 216 216 237
E(TOs) 265 262 262-263
E(TO4) 319 323 320-321
E(TOs) 372 380 367-369
E(TOg) 384 391 367-369
E(TOr) 420 423 432
E(TOg) LY 279 580-581
E(TOy) 668 667 664
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Table A.2: Calculated frequencies of the Raman active phonon modes in unstrained LT
in comparison with calculated and measured frequencies of Ref. [164].

Phonon mode Theory [cm™!] Theory [em™1!] [164] Exp. [cm™!] [164]
A(TOy) 200 209 209-210
A1(TO2) 255 286 256-257
A1(TO3) 369 376 359-360
A1(TOy) 578 591 600
E(TOy) 139 144 143
E(TO2) 193 199 210
E(TO3) 247 253 254257
E(TOy) 313 319 315-317
E(TOs3) 370 409 383384
E(TOg) 384 420 383384
E(TO7) 452 459 460-465
E(TOsg) 579 590 592
E(TOy) 658 669 661-662
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Table A.3: Calculated slopes of transversal A; and E modes of LN under compressive
and tensile strain in the x, y and z direction for strains in steps of 0.2% in ecm™!/%.
The slopes for strain are defined as (Aw)/(|A¢|).

Compressive strain (cm~!/%) Tensile strain (cm~!/%)
Phonon modes T Y z T Y z
direction direction direction | direction direction direction
A (TOy) 0.22 -0.09 -2.97 -3.46 -4.49 -4.07
A1(TO2) 4.45 4.46 4.44 -3.03 -3.08 -5.20
A1(TO3) 4.82 4.13 0.65 -7.18 -6.48 -0.32
A1(TOy) 6.35 5.70 -4.91 -1.03 0.31 5.36
E(TOy) 0.48/ 4.05/ -0.61 -0.61/ -3.98/ 0.30
4.24 1.48 -2.81 -0.39
E(TO2) 1.74/ -1.30/ -2.55 -2.11/ -1.23/ 1.14
-0.14 2.55 -0.11 -1.66
E(TO3) 1.48/ 1.50/ 0.50 -3.67/ -2.68/ -0.53
3.27 3.93 -1.05 -2.61
E(TOy) 4.28/ 0.22/ 2.40 -4.49/ 0.07/ -2.56
-0.11 3.80 -0.12 -4.78
E(TO3) 6.20/ 8.79/ -0.68 -8.90/ -13.14/ 1.29
6.94 6.30 -13.24 -11.82
E(TOg) 12.80/ 11.51/ -0.94 -7.62/ -2.19/ 1.12
11.03 10.08 -4.45 -7.76
E(TO7) 4.18/ 4.37/ 4.75 0.11/ 0.65/ -4.08
2.40 1.98 0.15 -0.13
E(TOs) 2.87/ -0.61/ 3.35 -7.08/ -3.12/ -2.57
-0.55 4.83 0.70 -5.20
E(TOy) -0.67/ 7.18/ 0.90 2.98/ -7.20/ -0.52
7.06 -0.67 -7.02 2.83
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Table A.4: Calculated slopes of transversal A; and E modes of LT under compressive

and tensile strain in the x, ¥ and z direction for strains in steps of 0.4 % in ecm™!/%.
The slopes for strain are defined as (Aw)/(|A¢|).

Compressive strain (cm™! /%)

Tensile strain (cm™!/%)

Phonon modes T Y z T Y z
direction  direction  direction | direction direction direction

A (TOy) 3.48 3.46 -2.72 -2.61 -2.74 2.75

A1(TO2) 5.34 5.33 3.89 -3.18 -3.05 -3.75

A1(TO3) 5.41 4.69 1.82 -12.73 -7.23 -1.78

A1(TOy) 5.53 3.74 -4.32 -4.37 -4.41 4.98

E(TOy) 1.55/ 2.25/ -0.45 -0.34/ -1.75/ 0.48
1.76 1.03 -2.38 -0.99

E(TO2) 3.12/ 0.46/ -3.33 -3.76/ -1.47/ 2.05
1.05 3.59 -0.68 -2.94

E(TO3) 3.09/ 3.05/ -1.29 -2.34/ -3.82/ 1.24
2.84 2.82 -4.33 -2.92

E(TO,) 3.17/ 2.58/ 1.65 -4.39/ -2.72/ -2.04
2.33 2.90 -2.99 -4.42

E(TO5) 8.39/ 10.76/ -0.24 -6.15/ -16.48/ 0.22
9.92 8.61 -16.13 -11.86

E(TOg) 14.80/ 13.64/ -0.79 -10.70/ -6.11/- 0.72
6.43 14.27 -7.49 11.74

E(TO7) 1.55/ 2.00/ 4.36 -0.68/ -0.74/ -4.68
1.86 1.42 -0.95 -0.84

E(TOs) 5.04/ 5.30/ 5.35 -1.98/ -0.97/ -4.51
2.27 3.25 -1.77 -2.92

E(TOy) 4.51/ 4.77/ 3.26 -2.38/ -2.80/ -2.80
3.84 4.79 -2.35 -3.21
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A.1.3 Optical Properties

The second-order nonlinear susceptibility tensor for the 1, m and 3m point group has
the following form

di1 dig diz dia dis dig
dor doa doz dos dos dos | (A1)
d31 d3z d3z d3s d3s dsg

dy

0 0 0 0 dis dig
dm - d21 dgg d23 d24 0 0 5 (A2)
d31 d3o d3z d3g O 0

0 0 0 0 dis —doo
d3m = —d22 d22 0 d15 0 0 y (A.3)
ds; ds; d3z3 0 0 0

with the contracted notation d;; = %Xijk and

11 12 13 165
(ij)=121 22 23| =16 2 4|=(). (A.4)
31 32 33 5 4 3

A comparison between the SHG calculated from the real-time approach (Yambo) and
the sum of the two-band contribution (VASP) of unstrained LN is shown in Fig. A.2.
The wavefunctions are calculated in VASP within the GGA [172] in the formulation
of PBE [89]. PAW [95] potentials have been used with projectors up to ¢ = 3 for
Nb, and ¢ = 2 for Li and O. For a comparison with the spectra from the real-time
approach the optimized lattice constants obtained from QUANTUM ESPRESSO have
been applied. The plane-wave basis set is expanded up to a kinetic energy of 475 eV and
the first Brillouin-zone corresponding to the rhombohedral unit cell is sampled using a
10x 10 x 10 k-point mesh, which is proved to be accurate enough [25]. For the calculation
of Eq. 10, 135 bands have been considered. Due to inconsistent results regarding the
crystal symmetry dsg, dss, dsg, ds2, dos, and doyg are not considered for the determination
of the nonolinear piezo-optic properties.

In Figs. A.3, A.4 and A.5 the calculated dispersion of the SHG coefficients for different
configurations of uniaxial stress in z, y and z direction are displayed, respectively. From
the gradient of the SHG coefficients with the applied stress, the dispersion of the non-
linear POCs are determined and shown in Fig. A.6. Similar to Ref. [2], the nonlinear
POCs have an increasing gradient close to the bandgap. These are caused by peak shifts
of the SHG coefficients, e.g. in Fig. A.5(g) due to small changes of the bandgap under
strain.
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Table A.5: Calculated SHG components of unstrained LN for an excitation wavelength
of 933 nm in comparison with experimental literature values. The di5 component is not
explicitly mentioned in the literature since di5 = d3o for the considered laser wavelength
in accordance to Kleinman symmetry.

di [pm/V]  Theory  Exp. [191] Exp. [194] Exp. [195] Exp. [196] Exp. [197]

da2 10.4 3 2.1 - - -
d32 19.8 6 4.3 3.7-6.3 - -
dis 19.0 - - - - -
dss 12.5 36 27 20-42 41.7 25
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Figure A.2: Calculated SHG components of unstrained LN obtained with sum of two-
bands contributions (non perturbative approach) and real-time approach (perturbative
approach). For (a) di1, (b) di2, (c) di3, (d) di4, (g) da3 and (i) dog, the results of both
approaches are identical.
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Figure A.3: Calculated SHG spectra of LN under uniaxial x stress between -3 and 3 GPa
in steps of 1 GPa (1 GPa is omitted). Due to the symmetry reduction from 3m to m
point group symmetry the daos component appears (see (e)). The identities for the m
point group symmetry from Table 5.8 apply to the SHG spectra under z stress.
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Figure A.4: Calculated SHG spectra of LN under uniaxial y stress between -3 and 3 GPa
in steps of 1 GPa (-3 GPa and 1 GPa are omitted). Due to the symmetry reduction from
3m to m point group symmetry the ds3 component appears (see (e)). The identities for
the m point group symmetry from Table 5.8 apply to the SHG spectra under y stress.
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Figure A.5: Calculated SHG spectra of LN under uniaxial z stress between -3 and 3 GPa
in steps of 1 GPa. Since the 3m point group symmetry is preserved uneder z stress, the
da3 component is still zero (see (e)). The identities for the 3m point group symmetry
from Table 5.8 apply to the SHG spectra under z stress.
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Figure A.6: Calculated spectra of the nonlinear piezo-optic coefficients of LN. Such
coefficients, which are identical in the 3m point group, are shown together (see Table 5.8).
Apart from minor deviations, the identies of Table 5.8 apply. Up to 1.5 eV the coefficients

are nearly constant.

106



A.1. Ferroelectric oxides under strain

A.1.4 Coherent anti-Stokes Spectroscopy
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Figure A.7: Calculated (xzz,x) resonant CARS spectrum of stoichiometric LN under
uniaxial stress between -2 % and 2 % in z, y and z direction. The calculated intensities
are drawn with an arbitrary Gaussian broadening of 10 cm~!. The dotted lines indicate
the y(xxz,x)y experimental CARS spectrum of congruent LN off and on the domain
wall. The dashed lines indicate the y(xxx, z)y experimental phase-retrieval (PR) spec-
trum of congruent LN off and on the domain wall (R. Buschbeck, private communication,
2025).
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Figure A.8: Calculated (yyy,y) resonant CARS spectrum of stoichiometric LN under
uniaxial stress between -2 % and 2 % in z, y and z direction. The calculated intensities
are drawn with an arbitrary Gaussian broadening of 10 cm™!. The dotted lines indicate
the z(yyy, y)z experimental CARS spectrum of congruent LN off and on the domain wall.
The dashed lines indicate the z(yyy, y)z experimental phase-retrieval (PR) spectrum of
congruent LN off and on the domain wall (R. Buschbeck, private communication, 2025).
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Figure A.9: Calculated (zxz,z) resonant CARS spectrum of stoichiometric LN under
uniaxial stress between -2 % and 2 % in z, y and z direction. The calculated intensities
are drawn with an arbitrary Gaussian broadening of 10 cm™!. The dotted lines indicate
the y(xxx, z)y experimental CARS spectrum of congruent LN off and on the domain
wall. The dashed lines indicate the y(zzz, z)y experimental phase-retrieval (PR) spec-
trum of congruent LN off and on the domain wall (R. Buschbeck, private communication,
2025).
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Figure A.10: Calculated (zzz,z) resonant CARS spectrum of stoichiometric LN under
uniaxial stress between -2 % and 2 % in z, y and z direction. The calculated intensities
are drawn with an arbitrary Gaussian broadening of 10 cm™!. The dotted lines indicate
the y(zzz, z)y experimental CARS spectrum of congruent LN off and on the domain wall.
The dashed lines indicate the y(zzz, x)y experimental phase-retrieval (PR) spectrum of

congruent LN off and on the domain wall (R. Buschbeck, private communication, 2025).
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Figure A.11: Calculated (zzx,y) resonant CARS spectrum of stoichiometric LN under
uniaxial stress between -2 % and 2 % in z, y and z direction. The calculated intensities
are drawn with an arbitrary Gaussian broadening of 10 cm™!. The dotted lines indicate
the z(zzz,y)z experimental CARS spectrum of congruent LN off and on the domain
wall. The dashed lines indicate the z(zzz,y)z experimental phase-retrieval (PR) spec-

trum of congruent LN off and on the domain wall (R. Buschbeck, private communication,

2025).
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Figure A.12: Calculated (yyy,x) resonant CARS spectrum of stoichiometric LN under
uniaxial stress between -2 % and 2 % in z, y and z direction. The calculated intensities
are drawn with an arbitrary Gaussian broadening of 10 cm™!. The dotted lines indicate
the z(yyy, x)z experimental CARS spectrum of congruent LN off and on the domain wall.
The dashed lines indicate the z(yyy, )z experimental phase-retrieval (PR) spectrum of
congruent LN off and on the domain wall (R. Buschbeck, private communication, 2025).
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Figure A.13: Calculated (zzz, z) resonant CARS spectrum of stoichiometric LN under
uniaxial stress between -2 % and 2 % in z, y and z direction. The calculated intensities
are drawn with an arbitrary Gaussian broadening of 10 cm™!. The dotted lines indicate
the y(zzz, z)y experimental CARS spectrum of congruent LN off and on the domain wall.
The dashed lines indicate the y(zzz, z)y experimental phase-retrieval (PR) spectrum of

congruent LN off and on the domain wall (R. Buschbeck, private communication, 2025).

113






Bibliography

[1]

2]

[3]

[10]

[11]

L. Arizmendi, Photonic applications of lithium niobate crystals, Phys. Status Solidi
(a) 201, 253-283 (2004).

M. Bazzan and C. Sada, Optical waveguides in lithium niobate: Recent develop-
ments and applications, Appl. Phys. Rev. 2, 40603 (2015).

E. L. Wooten, K. M. Kissa, A. Yi-Yan, E. J. Murphy, D. A. Lafaw, P. F. Halle-
meier, D. Maack, D. V. Attanasio, D. J. Fritz, G. J. McBrien, and D. E. Bossi,
A review of lithium niobate modulators for fiber-optic communications systems,
IEEE J. Sel. Top. Quantum Electron. 6, 69-82 (2000).

M. Parfenov, P. Agruzov, I. Il'ichev, and A. Shamray, Simulation of Ti-indiffused
lithium niobate waveguides and analysis of their mode structure, J. Phys. Conf.
Ser. 741, 12141 (2016).

R. S. Weis and T. K. Gaylord, Lithium niobate: Summary of physical properties
and crystal structure, Appl. Phys. A 37, 191-203 (1985).

A. W. Warner, M. Onoe, and G. A. Coquin, Determination of elastic and piezo-
electric constants for crystals in class (3 m), J. Acoust. Soc. Am. 42, 1223-1231
(1967).

1. V. Il'ichev, A. S. Kozlov, P. V. Gaenko, and A. V. Shamray, Optimisation of the
proton-exchange technology for fabricating channel waveguides in lithium niobate
crystals, Quantum Electron. 39, 98-104 (2009).

M. Friedrich, W. G. Schmidt, A. Schindlmayr, and S. Sanna, Optical properties
of titanium-doped lithium niobate from time-dependent density-functional theory,
Phys. Rev. Mater. 1, 034401 (2017).

M. Rusing, P. O. Weigel, J. Zhao, and S. Mookherjea, Toward 3D integrated
photonics including lithium niobate thin films: A bridge between electronics, radio
frequency, and optical technology, IEEE Nanotechnol. Mag. 13, 18-33 (2019).

Q. Li, H. Zhang, H. Zhu, and H. Hu, Characterizations of single-crystal lithium
niobate thin films, Crystals 12, 667 (2022).

S. Reitzig, M. Riising, J. Zhao, B. Kirbus, S. Mookherjea, and L. M. Eng, “Seeing
is believing”—in-depth analysis by co-imaging of periodically-poled X-cut lithium
niobate thin films, Crystals 11, 288 (2021).

115


https://onlinelibrary.wiley.com/doi/abs/10.1002/pssa.200303911
https://onlinelibrary.wiley.com/doi/abs/10.1002/pssa.200303911
https://doi.org/10.1063/1.4931601
https://doi.org/10.1109/2944.826874
https://dx.doi.org/10.1088/1742-6596/741/1/012141
https://dx.doi.org/10.1088/1742-6596/741/1/012141
https://doi.org/10.1007/BF00614817
https://doi.org/10.1121/1.1910709
https://doi.org/10.1121/1.1910709
https://doi.org/10.1070/QE2009v039n01ABEH013878
https://doi.org/10.1103/PhysRevMaterials.1.034401
https://doi.org/10.1109/MNANO.2019.2916115
https://doi.org/10.3390/cryst12050667
https://doi.org/10.3390/cryst11030288

Bibliography

[12]

[13]

[14]

[19]

[20]

[21]

22]

[23]

[24]

116

T. Kampfe, B. Wang, A. Hauimann, L.-Q. Chen, and L. M. Eng, Tunable non-
volatile memory by conductive ferroelectric domain walls in lithium niobate thin
films, Crystals 10, 804 (2020).

A. Honardoost, K. Abdelsalam, and S. Fathpour, Rejuvenating a versatile photonic
material: Thin-film lithium niobate, Laser Photonics Rev. 14, 2000088 (2020).

D. Zhu, L. Shao, M. Yu, R. Cheng, B. Desiatov, C. J. Xin, Y. Hu, J. Holzgrafe,
S. Ghosh, A. Shams-Ansari, et al., Integrated photonics on thin-film lithium nio-
bate, Adv. Opt. Photon. 13, 242-352 (2021).

T. Jach, S. Kim, V. Gopalan, S. Durbin, and D. Bright, Long-range strains and
the effects of applied field at 180° ferroelectric domain walls in lithium niobate,
Phys. Rev. B 69, 064113 (2004).

J. Padilla, W. Zhong, and D. Vanderbilt, First-principles investigation of 180°
domain walls in BaTiOgs, Phys. Rev. B 53, R5969-R5973 (1996).

G. Berth, W. Hahn, V. Wiedemeier, A. Zrenner, S. Sanna, and W. G. Schmidt,
Imaging of the ferroelectric domain structures by confocal Raman spectroscopy,
Ferroelectrics 420, 44-48 (2011).

M. Riising, S. Neufeld, J. Brockmeier, C. Eigner, P. Mackwitz, K. Spychala, C. Sil-
berhorn, W. G. Schmidt, G. Berth, A. Zrenner, and S. Sanna, Imaging of 180° fer-
roelectric domain walls in uniaxial ferroelectrics by confocal Raman spectroscopy:
Unraveling the contrast mechanism, Phys. Rev. Mater. 2, 103801 (2018).

D. A. Scrymgeour, V. Gopalan, A. Itagi, A. Saxena, and P. J. Swart, Phenomeno-
logical theory of a single domain wall in uniaxial trigonal ferroelectrics: Lithium
niobate and lithium tantalate, Phys. Rev. B 71, 184110 (2005).

U. Acevedo-Salas, B. Croes, Y. Zhang, O. Cregut, K. D. Dorkenoo, B. Kirbus,
E. Singh, H. Beccard, M. Riising, L. M. Eng, et al., Impact of 3D curvature on

the polarization orientation in non-Ising domain walls, Nano Lett. 23, 795-803
(2023).

J. Mendes-Filho, V. Lemos, and F. Cerdelra, Pressure dependence of the Raman
spectra of LiNbO3 and LiTaOg, J. Raman Spectrosc. 15, 367-369 (1984).

G. Stone, B. Knorr, V. Gopalan, and V. Dierolf, Frequency shift of Raman modes
due to an applied electric field and domain inversion in LiNbOgs, Phys. Rev. B 84,
134303 (2011).

M. D. Fontana and P. Bourson, Microstructure and defects probed by Raman
spectroscopy in lithium niobate crystals and devices, Appl. Phys. Rev. 2, 040602
(2015).

R. W. Boyd, Nonlinear Optics, 3rd ed. (Academic Press, 2008).


https://doi.org/10.3390/cryst10090804
https://doi.org/10.1002/lpor.202000088
https://doi.org/10.1364/AOP.411024
https://doi.org/10.1103/PhysRevB.69.064113
https://doi.org/10.1103/PhysRevB.53.R5969
https://doi.org/10.1080/00150193.2011.594774
https://link.aps.org/doi/10.1103/PhysRevMaterials.2.103801
https://doi.org/10.1103/PhysRevB.71.184110
https://doi.org/10.1021/acs.nanolett.2c03579
https://doi.org/10.1021/acs.nanolett.2c03579
https://doi.org/10.1002/jrs.1250150602
https://doi.org/10.1103/PhysRevB.84.134303
https://doi.org/10.1103/PhysRevB.84.134303
https://doi.org/10.1063/1.4934203
https://doi.org/10.1063/1.4934203

Bibliography

[25]

[26]

[30]

[31]

[36]

C. Dues, M. J. Miiller, S. Chatterjee, C. Attaccalite, and S. Sanna, Nonlinear
optical response of ferroelectric oxides: First-principles calculations within the
time and frequency domains, Phys. Rev. Mater. 6, 065202 (2022).

S. Cherifi-Hertel, H. Bulou, R. Hertel, G. Taupier, K. D. Dorkenoo, C. Andreas,
J. Guyonnet, I. Gaponenko, K. Gallo, and P. Paruch, Non-Ising and chiral ferro-

electric domain walls revealed by nonlinear optical microscopy, Nat. Commun. 8,
15768 (2017).

S. Cherifi-Hertel, C. Voulot, U. Acevedo-Salas, Y. Zhang, O. Crégut, K. D.
Dorkenoo, and R. Hertel, Shedding light on non-Ising polar domain walls: In-
sight from second harmonic generation microscopy and polarimetry analysis, J.
Appl. Phys. 129, 081101 (2021).

P. S. Bednyakov, B. I. Sturman, T. Sluka, A. K. Tagantsev, and P. V. Yudin,
Physics and applications of charged domain walls, npj Comput. Mater. 4, 65
(2018).

C. S. Werner, S. J. Herr, K. Buse, B. Sturman, E. Soergel, C. Razzaghi, and
I. Breunig, Large and accessible conductivity of charged domain walls in lithium
niobate, Sci. Rep. 7, 9862 (2017).

M. Zahn, E. Beyreuther, I. Kiseleva, A. S. Lotfy, C. J. McCluskey, J. R. Maguire,
A. Suna, M. Riising, J. M. Gregg, and L. M. Eng, Equivalent-circuit model that
quantitatively describes domain-wall conductivity in ferroelectric LiNbOg, Phys.
Rev. Appl. 21, 024007 (2024).

L. Liu, K. Xu, Q. Li, J. Daniels, H. Zhou, J. Li, J. Zhu, J. Seidel, and J.-F.
Li, Giant domain wall conductivity in self-assembled BiFeOs nanocrystals, Adv.
Funct. Mater. 31, 2005876 (2021).

E. Singh, H. Beccard, Z. H. Amber, J. Ratzenberger, C. W. Hicks, M. Riising, and
L. M. Eng, Tuning domain wall conductivity in bulk lithium niobate by uniaxial
stress, Phys. Rev. B 106, 144103 (2022).

J. R. Whyte, R. G. P. McQuaid, P. Sharma, C. Canalias, J. F. Scott, A. Gruver-
man, and J. M. Gregg, Ferroelectric domain wall injection, Advanced Materials
26, 293-298 (2014).

G. Catalan, J. Seidel, R. Ramesh, and J. F. Scott, Domain wall nanoelectronics,
Rev. Mod. Phys. 84, 119-156 (2012).

J. Wang, J. Ma, H. Huang, J. Ma, H. M. Jafri, Y. Fan, H. Yang, Y. Wang,
M. Chen, D. Liu, et al., Ferroelectric domain-wall logic units, Nat. Commun. 13,
3255 (2022).

G. F. Nataf, M. Guennou, J. M. Gregg, D. Meier, J. Hlinka, E. K. H. Salje, and
J. Kreisel, Domain-wall engineering and topological defects in ferroelectric and
ferroelastic materials, Nat. Rev. Phys. 2, 634-648 (2020).

117


https://link.aps.org/doi/10.1103/PhysRevMaterials.6.065202
https://doi.org/https://doi.org/10.1038/ncomms15768
https://doi.org/https://doi.org/10.1038/ncomms15768
https://doi.org/10.1063/5.0037286
https://doi.org/10.1063/5.0037286
https://doi.org/10.1038/s41524-018-0121-8
https://doi.org/10.1038/s41524-018-0121-8
https://doi.org/10.1038/s41598-017-09703-2
https://doi.org/10.1103/PhysRevApplied.21.024007
https://doi.org/10.1103/PhysRevApplied.21.024007
https://doi.org/https://doi.org/10.1002/adfm.202005876
https://doi.org/https://doi.org/10.1002/adfm.202005876
https://doi.org/10.1103/PhysRevB.106.144103
https://doi.org/https://doi.org/10.1002/adma.201303567
https://doi.org/https://doi.org/10.1002/adma.201303567
https://doi.org/10.1103/RevModPhys.84.119
https://doi.org/10.1038/s41467-022-30983-4
https://doi.org/10.1038/s41467-022-30983-4
https://doi.org/10.1038/s42254-020-0235-z

Bibliography

[37]

[38]

[41]

[42]

[44]

[45]

[46]

[47]

[48]

[49]

118

S. Sanna, Bound electron polarons in lithium niobate, in 2015 Symposium on
Piezoelectricity, Acoustic Waves, and Device Applications (SPAWDA) (2015) pp.
523-527.

A. Krampf, M. Imlau, Y. Suhak, H. Fritze, and S. Sanna, Evaluation of similarities
and differences of LiTaOs and LiNbOgs based on high-t-conductivity, nonlinear
optical fs-spectroscopy and ab initio modeling of polaronic structures, New J.
Phys. 23, 033016 (2021).

F. Schmidt, A. L. Kozub, U. Gerstmann, W. G. Schmidt, and A. Schindlmayr,
Electron polarons in lithium niobate: Charge localization, lattice deformation, and
optical response, Crystals 11, 542 (2021).

M. Krenz, U. Gerstmann, and W. G. Schmidt, Bound polaron formation in lithium
niobate from ab initio molecular dynamics, Appl. Phys. A 128, 480 (2022).

M. Imlau, H. Badorreck, and C. Merschjann, Optical nonlinearities of small po-
larons in lithium niobate, Appl. Phys. Rev. 2 (2015).

G. Kresse and J. Hafner, Ab initio molecular dynamics for liquid metals, Phys.
Rev. B 47, 558 (1993).

G. Kresse and J. Furthmiiller, Efficiency of ab-initio total energy calculations for
metals and semiconductors using a plane-wave basis set, Comput. Mater. Sci. 6,
15-50 (1996).

G. Kresse and J. Furthmiiller, Efficient iterative schemes for ab initio total-energy
calculations using a plane-wave basis set, Phys. Rev. B 54, 11169-11186 (1996).

P. Giannozzi, S. Baroni, N. Bonini, M. Calandra, R. Car, C. Cavazzoni,
D. Ceresoli, G. L. Chiarotti, M. Cococcioni, I. Dabo, et al., Quantum espresso: a
modular and open-source software project for quantum simulations of materials,

J. Phys. Condens. Matter 21, 395502 (2009).

P. Giannozzi, O. Andreussi, T. Brumme, O. Bunau, M. B. Nardelli, M. Calandra,
R. Car, C. Cavazzoni, D. Ceresoli, M. Cococcioni, et al., Advanced capabilities
for materials modelling with Quantum ESPRESSO, J. Phys. Condens. Matter 29,
465901 (2017).

D. Sangalli, A. Ferretti, H. Miranda, C. Attaccalite, I. Marri, E. Cannuccia,
P. Melo, M. Marsili, F. Paleari, A. Marrazzo, et al., Many-body perturbation
theory calculations using the yambo code, J. Phys. Condens. Matter 31, 325902
(2019).

A. Marini, C. Hogan, M. Griining, and D. Varsano, yambo: An ab initio tool for
excited state calculations, Comput. Phys. Commun. 180, 1392-1403 (2009).

C. Attaccalite and M. Griining, Nonlinear optics from an ab initio approach by
means of the dynamical Berry phase: Application to second- and third-harmonic
generation in semiconductors, Phys. Rev. B 88, 235113 (2013).


https://doi.org/10.1088/1367-2630/abe3ac
https://doi.org/10.1088/1367-2630/abe3ac
https://doi.org/https://doi.org/10.3390/cryst11050542
https://doi.org/https://doi.org/10.1007/s00339-022-05577-y
https://doi.org/10.1063/1.4931396
https://doi.org/https://doi.org/10.1103/PhysRevB.47.558
https://doi.org/https://doi.org/10.1103/PhysRevB.47.558
https://doi.org/https://doi.org/10.1016/0927-0256(96)00008-0
https://doi.org/https://doi.org/10.1016/0927-0256(96)00008-0
https://doi.org/10.1103/PhysRevB.54.11169
http://stacks.iop.org/0953-8984/21/i=39/a=395502
https://dx.doi.org/10.1088/1361-648X/aa8f79
https://dx.doi.org/10.1088/1361-648X/aa8f79
https://dx.doi.org/10.1088/1361-648X/ab15d0
https://dx.doi.org/10.1088/1361-648X/ab15d0
https://www.sciencedirect.com/science/article/pii/S0010465509000472
https://link.aps.org/doi/10.1103/PhysRevB.88.235113

Bibliography

[50]

[58]

[61]

[62]

L. Zhou, H. Fu, T. Lv, C. Wang, H. Gao, D. Li, L. Deng, and W. Xiong, Nonlinear
optical characterization of 2D materials, Nanomaterials 10 (2020).

H. Lotem, R. T. Lynch, and N. Bloembergen, Interference between Raman reso-
nances in four-wave difference mixing, Phys. Rev. A 14, 1748-1755 (1976).

C. L. Evans and X. S. Xie, Coherent anti-Stokes Raman scattering microscopy:
Chemical imaging for biology and medicine, Annu. Rev. Anal. Chem. 1, 883-909
(2008).

C. Zhang, D. Zhang, and J.-X. Cheng, Coherent Raman scattering microscopy in
biology and medicine, Annu. Rev. Biomed. Eng. 17, 415-445 (2015).

G. L. Petrov, R. Arora, and V. V. Yakovlev, Coherent anti-Stokes Raman scattering
imaging of microcalcifications associated with breast cancer, Analyst 146, 1253—
1259 (2021).

Q. Tang, B. Li, J. Wang, Y. Liu, I. Pinkas, H. Rigneault, D. Oron, and L. Ren,
Electronic-resonance coherent anti-Stokes Raman scattering spectroscopy and mi-
croscopy, ACS Photonics 11, 3467-3475 (2024).

K. Ikeda and K. Uosaki, Coherent phonon dynamics in single-walled carbon nan-
otubes studied by time-frequency two-dimensional coherent anti-Stokes Raman
scattering spectroscopy, Nano Lett. 9, 13781381 (2009).

G. Dovbeshko, O. Fesenko, A. Dementjev, R. Karpicz, V. Fedorov, and O. Y.
Posudievsky, Coherent anti-Stokes Raman scattering enhancement of thymine ad-
sorbed on graphene oxide, Nanoscale Res. Lett. 9, 1-11 (2014).

J. Koivistoinen, P. Myllyperki6, and M. Pettersson, Time-resolved coherent anti-
Stokes Raman scattering of graphene: Dephasing dynamics of optical phonon, J.
Phys. Chem. Lett. 8, 41084112 (2017).

A. Virga, C. Ferrante, G. Batignani, D. De Fazio, A. Nunn, A. Ferrari, G. Cerullo,
and T. Scopigno, Coherent anti-Stokes Raman spectroscopy of single and multi-
layer graphene, Nat. Commun. 10, 3658 (2019).

J. Ling, X. Miao, Y. Sun, Y. Feng, L. Zhang, Z. Sun, and M. Ji, Vibrational imag-
ing and quantification of two-dimensional hexagonal boron nitride with stimulated
Raman scattering, ACS Nano 13, 14033-14040 (2019).

A. Paddubskaya, D. Rutkauskas, R. Karpicz, G. Dovbeshko, N. Nebogatikova,
I. Antonova, and A. Dementjev, Recognition of spatial distribution of CNT and
graphene in hybrid structure by mapping with coherent anti-Stokes Raman mi-
croscopy, Nanoscale Res. Lett. 15, 1-7 (2020).

G. Lee, K. M. Jyothsna, J. Park, J. Lee, V. Raghunathan, and H. Kim, Confocal
nonlinear optical imaging on hexagonal boron nitride nanosheets, PhotoniX 4, 27
(2023).

119


https://www.mdpi.com/2079-4991/10/11/2263
https://doi.org/10.1103/PhysRevA.14.1748
https://doi.org/https://doi.org/10.1146/annurev.anchem.1.031207.112754
https://doi.org/https://doi.org/10.1146/annurev.anchem.1.031207.112754
https://doi.org/https://doi.org/10.1146/annurev-bioeng-071114-040554
https://doi.org/10.1039/D0AN01962C
https://doi.org/10.1039/D0AN01962C
https://doi.org/10.1021/acsphotonics.4c01187
https://doi.org/10.1021/nl803027c
https://doi.org/https://doi.org/10.1186/1556-276X-9-263
https://doi.org/10.1021/acs.jpclett.7b01711
https://doi.org/10.1021/acs.jpclett.7b01711
https://doi.org/https://doi.org/10.1038/s41467-019-11165-1
https://doi.org/10.1021/acsnano.9b06337
https://doi.org/https://doi.org/10.1186/s11671-020-3264-8
https://doi.org/https://doi.org/10.1186/s43074-023-00103-6
https://doi.org/https://doi.org/10.1186/s43074-023-00103-6

Bibliography

[63]

[64]

[71]

120

H. Dai, Y. Wang, J. Zhao, H. Liu, Z. Liu, and D. Liu, Enhanced double resonance
Raman scattering in multilayer graphene with broadband coherent anti-Stokes
Raman spectroscopy, Nanoscale 16, 1247-1253 (2024).

E. Lin, M. Scherman, A. Pierret, B. Attal-Tretout, A. Andrieux, L. Tailpied,
T. Taniguchi, K. Watanabe, and A. Loiseau, Hyperspectral microscopy of boron ni-
tride nanolayers using hybrid femto/picosecond coherent anti-Stokes Raman scat-
tering, Opt. Lett. 49, 2329-2332 (2024).

F. Hempel, S. Reitzig, M. Riising, and L. M. Eng, Broadband coherent anti-Stokes
Raman scattering for crystalline materials, Phys. Rev. B 104, 224308 (2021).

K. Niu and R. A. Marcus, Sum frequency generation, calculation of absolute in-
tensities, comparison with experiments, and two-field relaxation-based derivation,

PNAS 117, 28052814 (2020).

A. Morita, Theory of sum frequency generation spectroscopy, Vol. 97 (Springer,
2018).

J. A. Maytorena, W. L. Mochan, and B. S. Mendoza, Hydrodynamic model for
sum and difference frequency generation at metal surfaces, Phys. Rev. B 57, 2580
(1998).

D. Li, W. Xiong, L. Jiang, Z. Xiao, H. Rabiee Golgir, M. Wang, X. Huang, Y. Zhou,
Z. Lin, J. Song, et al., Multimodal nonlinear optical imaging of MoSs and MoSa-
based van der Waals heterostructures, ACS Nano 10, 3766-3775 (2016).

T. Yang, E. Pollmann, S. Sleziona, E. Hasselbrink, P. Kratzer, M. Schleberger,
R. K. Campen, and Y. Tong, Interaction between a gold substrate and monolayer
MoSs: An azimuthal-dependent sum frequency generation study, Phys. Rev. B
107, 155433 (2023).

K. Yao, E. Yanev, H.-J. Chuang, M. R. Rosenberger, X. Xu, T. Darlington,
K. M. McCreary, A. T. Hanbicki, K. Watanabe, T. Taniguchi, et al., Continu-
ous wave sum frequency generation and imaging of monolayer and heterobilayer
two-dimensional semiconductors, ACS Nano 14, 708-714 (2019).

Y. Wang, M. Ghotbi, S. Das, Y. Dai, S. Li, X. Hu, X. Gan, J. Zhao, and Z. Sun,
Difference frequency generation in monolayer MoSs, Nanoscale 12, 19638-19643
(2020).

Y. Kim, H. Kim, H. Jang, J.-H. Ahn, and J. Lee, Dual resonant sum frequency
generations from two-dimensional materials, Nano Lett. 20, 4530-4536 (2020).

D. Sangalli, M. D’Alessandro, and C. Attaccalite, Exciton-exciton transitions in-
volving strongly bound excitons: An ab initio approach, Phys. Rev. B 107, 205203
(2023).

V. A. Margulis, E. E. Muryumin, and E. A. Gaiduk, Spectral characteristics of the
sum-frequency generation from atomically thin hexagonal crystals lacking center-
of-inversion symmetry, J. Opt. 17, 065502 (2015).


https://doi.org/https://doi.org/10.1039/D3NR02978F
https://doi.org/10.1364/OL.519571
https://doi.org/10.1103/PhysRevB.104.224308
https://doi.org/10.1073/pnas.1906243117
https://doi.org/10.1103/PhysRevB.57.2580
https://doi.org/10.1103/PhysRevB.57.2580
https://doi.org/10.1021/acsnano.6b00371
https://doi.org/10.1103/PhysRevB.107.155433
https://doi.org/10.1103/PhysRevB.107.155433
https://doi.org/10.1021/acsnano.9b07555
https://doi.org/10.1039/D0NR01994A
https://doi.org/10.1039/D0NR01994A
https://doi.org/10.1021/acs.nanolett.0c01363
https://doi.org/10.1103/PhysRevB.107.205203
https://doi.org/10.1103/PhysRevB.107.205203
https://doi.org/10.1088/2040-8978/17/6/065502

Bibliography

[76]

[77]

[80]

I. Souza, J. ffiguez, and D. Vanderbilt, Dynamics of Berry-phase polarization in
time-dependent electric fields, Phys. Rev. B 69, 085106 (2004).

M. Griining and C. Attaccalite, Second harmonic generation in A-BN and MoS,
monolayers: Role of electron-hole interaction, Phys. Rev. B 89, 081102 (2014).

M. Reid, I. V. Cravetchi, and R. Fedosejevs, Terahertz radiation and second-
harmonic generation from inas: Bulk versus surface electric-field-induced contri-
butions, Phys. Rev. B 72, 035201 (2005).

Y. Ding, Y. Zeng, X. Yu, Z. Liu, J. Qian, Y. Li, Y. Peng, L. Song, Y. Tian,
Y. Leng, et al., Terahertz-assisted even harmonics generation in silicon, Iscience
25 (2022).

S. Grillo, E. Cannuccia, M. Palummo, O. Pulci, and C. Attaccalite, Tunable second
harmonic generation in 2D materials: Comparison of different strategies, SciPost
Phys. Core 7, 081 (2024).

G. Czycholl, Theoretische Festkorperphysik - Von den klassischen Modellen zu
modernen Forschungsthemen, 3rd ed. (Springer-Verlag, 2007).

F. Jensen, An Introduction to Computational Chemistry, Vol. 3 (John Wiley &
Sons, Ltd, 2017).

M. Born and R. Oppenheimer, Zur Quantentheorie der Molekeln, Ann. Phys. 379,
1—31(1924).

P. Hohenberg and W. Kohn, Inhomogeneous electron gas, Phys. Rev. 136, B864—
B871 (1964).

W. Kohn and L. J. Sham, Self-consistent equations including exchange and corre-
lation effects, Phys. Rev. 140, A1133-A1138 (1965).

W. Kohn, Nobel lecture: Electronic structure of matter—wave functions and den-
sity functionals, Rev. Mod. Phys. 71, 1253-1266 (1999).

J. P. Perdew, Generalized gradient approximations for exchange and correlation:
A look backward and forward, Physica B: Physics of Condensed Matter 172, 1-6
(1991).

J. P. Perdew, J. A. Chevary, S. H. Vosko, K. A. Jackson, M. R. Pederson, D. J.
Singh, and C. Fiolhais, Atoms, molecules, solids, and surfaces: Applications of

the generalized gradient approximation for exchange and correlation, Phys. Rev.
B 46, 6671-6687 (1992).

J. P. Perdew, K. Burke, and M. Ernzerhof, Generalized gradient approximation
made simple, Phys. Rev. Lett. 77, 3865-3868 (1996).

J. P. Perdew, A. Ruzsinszky, G. I. Csonka, O. A. Vydrov, G. E. Scuseria, L. A.
Constantin, X. Zhou, and K. Burke, Restoring the density-gradient expansion for
exchange in solids and surfaces, Phys. Rev. Lett. 100, 136406 (2008).

121


https://doi.org/10.1103/PhysRevB.69.085106
https://doi.org/10.1103/PhysRevB.89.081102
https://doi.org/10.1103/PhysRevB.72.035201
https://doi.org/10.1016/j.isci.2022.103750
https://doi.org/10.1016/j.isci.2022.103750
https://doi.org/10.21468/SciPostPhysCore.7.4.081
https://doi.org/10.21468/SciPostPhysCore.7.4.081
https://doi.org/https://doi.org/10.1002/andp.19243790902
https://doi.org/https://doi.org/10.1002/andp.19243790902
https://doi.org/https://doi.org/10.1103/PhysRev.136.B864
https://doi.org/https://doi.org/10.1103/PhysRev.136.B864
https://doi.org/https://doi.org/10.1103/PhysRev.140.A1133
https://doi.org/https://doi.org/10.1103/RevModPhys.71.1253
https://doi.org/https://doi.org/10.1016/0921-4526(91)90409-8
https://doi.org/https://doi.org/10.1016/0921-4526(91)90409-8
https://link.aps.org/doi/10.1103/PhysRevB.46.6671
https://link.aps.org/doi/10.1103/PhysRevB.46.6671
https://doi.org/10.1103/PhysRevLett.77.3865
https://link.aps.org/doi/10.1103/PhysRevLett.100.136406

Bibliography

[91]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

122

V. I. Anisimov and O. Gunnarsson, Density-functional calculation of effective
coulomb interactions in metals, Phys. Rev. B 43, 7570-7574 (1991).

M. Cococcioni and S. de Gironcoli, Linear response approach to the calculation
of the effective interaction parameters in the LDA 4+ U method, Phys. Rev. B 71,
35105 (2005).

H. Monkhorst and J. Pack, Special points for Brillouin zone integrations, Phys.
Rev. B 13, 5188 (1976).

D. Vanderbilt, Soft self-consistent pseudopotentials in a generalized eigenvalue
formalism, Phys. Rev. B 41, 7892-7895 (1990).

P. E. Blochl, Projector augmented-wave method, Phys. Rev. B 50, 17953-17979
(1994).

R. P. Feynman, Forces in molecules, Phys. Rev. 56, 340-343 (1939).

P. A. Franken, A. E. Hill, C. W. Peters, and G. Weinreich, Generation of optical
harmonics, Phys. Rev. Lett. 7, 118119 (1961).

R. Leitsmann, W. G. Schmidt, P. H. Hahn, and F. Bechstedt, Second-harmonic
polarizability including electron-hole attraction from band-structure theory, Phys.
Rev. B 71, 195209 (2005).

D. Vanderbilt and R. D. King-Smith, Electric polarization as a bulk quantity and
its relation to surface charge, Phys. Rev. B 48, 4442-4455 (1993).

R. D. King-Smith and D. Vanderbilt, Theory of polarization of crystalline solids,
Phys. Rev. B 47, 1651-1654 (1993).

M. V. Berry, Quantal phase factors accompanying adiabatic changes, Proc. R. Soc.
A 392, 45-57 (1984).

C. Attaccalite, Non-linear response in extended systems: a real-time approach
(2017), arXiv:1609.09639 [cond-mat.mtrl-sci| .

F. Bloch, Uber die Quantenmechanik der Elektronen in Kristallgittern, Z. Physik
52, 555-600 (1929).

R. Resta, Macroscopic polarization in crystalline dielectrics: the geometric phase
approach, Rev. Mod. Phys. 66, 899-915 (1994).

R. Resta, Quantum-mechanical position operator in extended systems, Phys. Rev.
Lett. 80, 1800-1803 (1998).

R. Resta and S. Sorella, Electron localization in the insulating state, Phys. Rev.
Lett. 82, 370-373 (1999).

C. Attaccalite, M. Griining, and A. Marini, Real-time approach to the optical
properties of solids and nanostructures: Time-dependent Bethe-Salpeter equation,
Phys. Rev. B 84, 245110 (2011).


https://doi.org/https://doi.org/10.1103/PhysRevB.43.7570
https://link.aps.org/doi/10.1103/PhysRevB.71.035105
https://link.aps.org/doi/10.1103/PhysRevB.71.035105
https://doi.org/10.1103/PhysRevB.13.5188
https://doi.org/10.1103/PhysRevB.13.5188
https://doi.org/10.1103/PhysRevB.41.7892
https://doi.org/10.1103/PhysRevB.50.17953
https://doi.org/10.1103/PhysRevB.50.17953
https://doi.org/https://doi.org/10.1103/PhysRev.56.340
https://doi.org/10.1103/PhysRevLett.7.118
https://doi.org/10.1103/PhysRevB.71.195209
https://doi.org/10.1103/PhysRevB.71.195209
https://doi.org/10.1103/PhysRevB.48.4442
https://doi.org/10.1103/PhysRevB.47.1651
https://doi.org/10.1098/rspa.1984.0023
https://doi.org/10.1098/rspa.1984.0023
https://arxiv.org/abs/1609.09639
https://arxiv.org/abs/1609.09639
https://doi.org/https://doi.org/10.1007/BF01339455
https://doi.org/https://doi.org/10.1007/BF01339455
https://doi.org/10.1103/RevModPhys.66.899
https://doi.org/10.1103/PhysRevLett.80.1800
https://doi.org/10.1103/PhysRevLett.80.1800
https://doi.org/10.1103/PhysRevLett.82.370
https://doi.org/10.1103/PhysRevLett.82.370
https://doi.org/10.1103/PhysRevB.84.245110

Bibliography

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

F. Aryasetiawan and O. Gunnarsson, The GW method, Rep. Prog. Phys. 61, 237
(1998).

D. Kremp, M. Schlanges, and W.-D. Kraeft, Quantum statistics of nonideal plas-
mas (Springer, 2005).

L. P. Kadanoff, Quantum statistical mechanics (CRC Press, 2018).

B. Farid, R. Daling, D. Lenstra, and W. van Haeringen, GW approach to the
calculation of electron self-energies in semiconductors, Phys. Rev. B 38, 7530-
7534 (1988).

G. Onida, L. Reining, and A. Rubio, Electronic excitations: density-functional ver-
sus many-body Green’s-function approaches, Rev. Mod. Phys. 74, 601-659 (2002).

G. Strinati, Application of the Green’s functions method to the study of the optical
properties of semiconductors, Riv. Nuovo Cim. 11, 1-86 (1988).

G. Pal, Y. Pavlyukh, W. Hiibner, and H. C. Schneider, Optical absorption spectra
of finite systems from a conserving Bethe-Salpeter equation approach, Eur. Phys.
J. B 79, 327-334 (2011).

N.-H. Kwong and M. Bonitz, Real-time kadanoff-baym approach to plasma oscil-
lations in a correlated electron gas, Phys. Rev. Lett. 84, 1768-1771 (2000).

C. Runge, Uber die numerische Auflésung von Differentialgleichungen, Math. Ann.
46, 167-178 (1895).

S. Schmitt-Rink, D. S. Chemla, and H. Haug, Nonequilibrium theory of the optical
stark effect and spectral hole burning in semiconductors, Phys. Rev. B 37, 941-955
(1988).

M. G. Stanford, P. D. Rack, and D. Jariwala, Emerging nanofabrication and quan-
tum confinement techniques for 2D materials beyond graphene, npj 2D Mater.
Appl. 2, 1-15 (2018).

G. Kim, B. Huet, C. E. Stevens, K. Jo, J.-Y. Tsai, S. Bachu, M. Leger, S. Song,
M. Rahaman, K. Y. Ma, et al., Confinement of excited states in two-dimensional,
in-plane, quantum heterostructures, Nat. Commun. 15, 6361 (2024).

G. Cassabois, P. Valvin, and B. Gil, Hexagonal boron nitride is an indirect bandgap
semiconductor, Nat. Photonics 10, 262-266 (2016).

A. Splendiani, L. Sun, Y. Zhang, T. Li, J. Kim, C.-Y. Chim, G. Galli, and
F. Wang, Emerging photoluminescence in monolayer MoSs, Nano Lett. 10, 1271
1275 (2010).

K. F. Mak, C. Lee, J. Hone, J. Shan, and T. F. Heinz, Atomically thin MoSs: A
new direct-gap semiconductor, Phys. Rev. Lett. 105, 136805 (2010).

123


https://doi.org/10.1088/0034-4885/61/3/002
https://doi.org/10.1088/0034-4885/61/3/002
https://doi.org/10.1103/PhysRevB.38.7530
https://doi.org/10.1103/PhysRevB.38.7530
https://doi.org/10.1103/RevModPhys.74.601
https://doi.org/10.1007/BF02725962
https://doi.org/https://doi.org/10.1140/epjb/e2010-10033-1
https://doi.org/https://doi.org/10.1140/epjb/e2010-10033-1
https://doi.org/10.1103/PhysRevLett.84.1768
https://doi.org/https://doi.org/10.1007/BF01446807
https://doi.org/https://doi.org/10.1007/BF01446807
https://doi.org/10.1103/PhysRevB.37.941
https://doi.org/10.1103/PhysRevB.37.941
https://doi.org/https://doi.org/10.1038/s41699-018-0065-3
https://doi.org/https://doi.org/10.1038/s41699-018-0065-3
https://doi.org/https://doi.org/10.1038/s41467-024-50653-x
https://doi.org/https://doi.org/10.1038/nphoton.2015.277
https://doi.org/https://doi.org/10.1021/nl903868w
https://doi.org/https://doi.org/10.1021/nl903868w
https://doi.org/10.1103/PhysRevLett.105.136805

Bibliography

[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133)]

[134]

[135]

[136]

124

K. S. Novoselov, D. Jiang, F. Schedin, T. Booth, V. Khotkevich, S. Morozov, and
A. K. Geim, Two-dimensional atomic crystals, Proc. Natl. Acad. Sci. U.S.A. 102,
10451-10453 (2005).

Y. Wang, Z. Nie, and F. Wang, Modulation of photocarrier relaxation dynamics
in two-dimensional semiconductors, Light Sci. Appl. 9, 192 (2020).

L. Wirtz, A. Marini, and A. Rubio, Excitons in boron nitride nanotubes: dimen-
sionality effects, Phys. Rev. Lett. 96, 126104 (2006).

C.-J. Kim, L. Brown, M. W. Graham, R. Hovden, R. W. Havener, P. L. McEuen,
D. A. Muller, and J. Park, Stacking order dependent second harmonic generation
and topological defects in h-BN bilayers, Nano Lett. 13, 5660-5665 (2013).

D. Kim, Y. Lee, A. Chacén, and D.-E. Kim, Effect of interlayer coupling and sym-
metry on high-order harmonic generation from monolayer and bilayer hexagonal
boron nitride, Symmetry 14, 84 (2022).

K. Yao, N. R. Finney, J. Zhang, S. L. Moore, L. Xian, N. Tancogne-Dejean,
F. Liu, J. Ardelean, X. Xu, D. Halbertal, et al., Enhanced tunable second harmonic
generation from twistable interfaces and vertical superlattices in boron nitride
homostructures, Sci. Adv. 7, eabe8691 (2021).

F. Paleari, T. Galvani, H. Amara, F. Ducastelle, A. Molina-Sénchez, and L. Wirtz,
Excitons in few-layer hexagonal boron nitride: Davydov splitting and surface lo-
calization, 2D Materials 5, 045017 (2018).

D. Y. Qiu, F. H. da Jornada, and S. G. Louie, Optical spectrum of MoSy: Many-
body effects and diversity of exciton states, Phys. Rev. Lett. 111, 216805 (2013).

G. Wang, A. Chernikov, M. M. Glazov, T. F. Heinz, X. Marie, T. Amand, and
B. Urbaszek, Colloquium: Excitons in atomically thin transition metal dichalco-
genides, Rev. Mod. Phys. 90, 021001 (2018).

K. F. Mak, K. He, J. Shan, and T. F. Heinz, Control of valley polarization in
monolayer MoSs by optical helicity, Nat. Nanotechnol. 7, 494-498 (2012).

H. Zeng, J. Dai, W. Yao, D. Xiao, and X. Cui, Valley polarization in MoSs mono-
layers by optical pumping, Nat. Nanotechnol. 7, 490-493 (2012).

T. Cao, G. Wang, W. Han, H. Ye, C. Zhu, J. Shi, Q. Niu, P. Tan, E. Wang, B. Liu,
et al., Valley-selective circular dichroism of monolayer molybdenum disulphide,
Nat. Commun. 3, 887 (2012).

D. Xiao, G.-B. Liu, W. Feng, X. Xu, and W. Yao, Coupled spin and valley physics
in monolayers of mosy and other group-VI dichalcogenides, Phys. Rev. Lett. 108,
196802 (2012).

W. Zhang, K. Tanaka, Y. Hasegawa, K. Shinokita, K. Matsuda, and Y. Miyauchi,
Bright and highly valley polarized trions in chemically doped monolayer MoSs,
Appl. Phys. Express 13, 035002 (2020).


https://doi.org/https://doi.org/10.1073/pnas.0502848102
https://doi.org/https://doi.org/10.1073/pnas.0502848102
https://doi.org/https://doi.org/10.1038/s41377-020-00430-4
https://doi.org/10.1103/PhysRevLett.96.126104
https://doi.org/https://doi.org/10.1021/nl403328s
https://doi.org/https://doi.org/10.3390/sym14010084
https://doi.org/https://doi.org/10.1126/sciadv.abe8691
https://doi.org/10.1088/2053-1583/aad586
https://doi.org/10.1103/PhysRevLett.111.216805
https://doi.org/10.1103/RevModPhys.90.021001
https://doi.org/https://doi.org/10.1038/nnano.2012.96
https://doi.org/https://doi.org/10.1038/nnano.2012.95
https://doi.org/https://doi.org/10.1038/ncomms1882
https://doi.org/10.1103/PhysRevLett.108.196802
https://doi.org/10.1103/PhysRevLett.108.196802
https://doi.org/10.35848/1882-0786/ab7485

Bibliography

137]

[138]

[139]

[140]

[141]

[142]

[143]

[144]

[145]

[146]

[147]

[148]

[149]

[150]

A. Ramasubramaniam, Large excitonic effects in monolayers of molybdenum and
tungsten dichalcogenides, Phys. Rev. B 86, 115409 (2012).

A. Korményos, G. Burkard, M. Gmitra, J. Fabian, V. Zélyomi, N. D. Drummond,
and V. Fal’ko, k- p theory for two-dimensional transition metal dichalcogenide
semiconductors, 2D Materials 2, 022001 (2015).

Z. Y. Zhu, Y. C. Cheng, and U. Schwingenschlogl, Giant spin-orbit-induced
spin splitting in two-dimensional transition-metal dichalcogenide semiconductors,
Phys. Rev. B 84, 153402 (2011).

G.-B. Liu, W.-Y. Shan, Y. Yao, W. Yao, and D. Xiao, Three-band tight-binding
model for monolayers of group-VIB transition metal dichalcogenides, Phys. Rev.
B 88, 085433 (2013).

E. S. Kadantsev and P. Hawrylak, Electronic structure of a single MoSs monolayer,
Solid state communications 152, 909-913 (2012).

A. Korméanyos, V. Zélyomi, N. D. Drummond, and G. Burkard, Spin-orbit cou-
pling, quantum dots, and qubits in monolayer transition metal dichalcogenides,
Phys. Rev. X 4, 011034 (2014).

A. Molina-Sanchez, D. Sangalli, K. Hummer, A. Marini, and L. Wirtz, Effect of
spin-orbit interaction on the optical spectra of single-layer, double-layer, and bulk
MoS3, Phys. Rev. B 88, 045412 (2013).

L. M. Malard, T. V. Alencar, A. P. M. Barboza, K. F. Mak, and A. M. de Paula,
Observation of intense second harmonic generation from MoSs atomic crystals,
Phys. Rev. B 87, 201401(R) (2013).

J. Ruan, Y.-H. Chan, and S. G. Louie, Exciton enhanced nonlinear optical re-
sponses in monolayer h-BN and MoS,: Insight from first-principles exciton-state
coupling formalism and calculations, Nano Lett. 24, 15533-15539 (2024).

A. Ono, Extracting nonlinear dynamical response functions from time evolution,
Phys. Rev. Lett. 135, 026401 (2025).

A. Riefer and W. Schmidt, Solving the Bethe-Salpeter equation for the second-
harmonic generation in Zn chalcogenides, Phys. Rev. B 96, 235206 (2017).

E. H. Moore, On the reciprocal of the general algebraic matrix, Bull. Am. Math.
Soc. 26, 294-295 (1920).

R. Penrose, A generalized inverse for matrices, Math. Proc. Camb. Philos. Soc.
51, 406413 (1955).

P. Virtanen, R. Gommers, T. E. Oliphant, M. Haberland, T. Reddy, D. Cour-
napeau, E. Burovski, P. Peterson, W. Weckesser, J. Bright, et al., SciPy 1.0:
Fundamental algorithms for scientific computing in Python, Nat. Methods 17,
261-272 (2020).

125


https://doi.org/10.1103/PhysRevB.86.115409
https://doi.org/10.1088/2053-1583/2/2/022001
https://doi.org/10.1103/PhysRevB.84.153402
https://doi.org/10.1103/PhysRevB.88.085433
https://doi.org/10.1103/PhysRevB.88.085433
https://doi.org/https://doi.org/10.1016/j.ssc.2012.02.005
https://doi.org/10.1103/PhysRevX.4.011034
https://doi.org/10.1103/PhysRevB.88.045412
https://doi.org/10.1103/PhysRevB.87.201401
https://doi.org/10.1021/acs.nanolett.4c03434
https://doi.org/10.1103/qsxr-c2pq
https://doi.org/10.1103/PhysRevB.96.235206
https://cir.nii.ac.jp/crid/1573387450082342272
https://cir.nii.ac.jp/crid/1573387450082342272
https://doi.org/10.1017/S0305004100030401
https://doi.org/10.1017/S0305004100030401
https://doi.org/10.1038/s41592-019-0686-2
https://doi.org/10.1038/s41592-019-0686-2

Bibliography

[151]

[152]

[153]

[154]

[155]

[156]

[157]

158

159

160

[161]

[162]

163]

126

M. van Setten, M. Giantomassi, E. Bousquet, M. Verstraete, D. Hamann,
X. Gonze, and G.-M. Rignanese, The PseudoDojo: Training and grading a 85
element optimized norm-conserving pseudopotential table, Comput. Phys. Com-
mun. 226, 39 - 54 (2018).

P. Rivero, V. Manuel Garcia-Suarez, D. Pereniguez, K. Utt, Y. Yang, L. Bellaiche,
K. Park, J. Ferrer, and S. Barraza-Lopez, Systematic pseudopotentials from ref-

erence eigenvalue sets for DFT calculations: Pseudopotential files, Data Br. 3,
21-23 (2015).

Y. Li, Y. Rao, K. F. Mak, Y. You, S. Wang, C. R. Dean, and T. F. Heinz, Probing
symmetry properties of few-layer MoSs and h-BN by optical second-harmonic
generation, Nano Lett. 13, 3329-3333 (2013).

M. L. Trolle, G. Seifert, and T. G. Pedersen, Theory of excitonic second-harmonic
generation in monolayer MoSy, Phys. Rev. B 89, 235410 (2014).

K. Beach, M. C. Lucking, and H. Terrones, Strain dependence of second harmonic
generation in transition metal dichalcogenide monolayers and the fine structure of
the ¢ exciton, Phys. Rev. B 101, 155431 (2020).

T. Yang, S. Sleziona, E. Pollmann, E. Hasselbrink, P. Kratzer, M. Schleberger,
R. K. Campen, and Y. Tong, Isolating the optical response of a MoS, monolayer
under extreme screening of a metal substrate, Phys. Rev. B 109, L161402 (2024).

H. Jang, K. P. Dhakal, K.-1. Joo, W. S. Yun, S. M. Shinde, X. Chen, S. M. Jeong,
S. W. Lee, Z. Lee, J. Lee, et al., Transient SHG imaging on ultrafast carrier
dynamics of MoSy nanosheets, Adv. Mater. 30, 1705190 (2018).

J. Chen, P. Han, and X.-C. Zhang, Terahertz-field-induced second-harmonic gen-
eration in a beta barium borate crystal and its application in terahertz detection,
Appl. Phys. Lett. 95 (2009).

T. Elsaesser, K. Reimann, and M. Woerner, Nonlinear terahertz spectroscopy of
solids, in Concepts and Applications of Nonlinear Terahertz Spectroscopy, Second
Edition, 2053-2563 (IOP Publishing, 2024) pp. 5-1 to 5-54.

Y. Gillet, M. Giantomassi, and X. Gonze, First-principles study of excitonic effects
in raman intensities, Phys. Rev. B 88, 094305 (2013).

H. P. Miranda, S. Reichardt, G. Froehlicher, A. Molina-Sanchez, S. Berciaud, and
L. Wirtz, Quantum interference effects in resonant Raman spectroscopy of single-
and triple-layer MoTey from first-principles, Nano Lett. 17, 2381-2388 (2017).

S. Sanna and W. G. Schmidt, Lithium niobate X-cut, Y-cut, and Z-cut surfaces
from ab initio theory, Phys. Rev. B 81, 214116 (2010).

S. Sanna and W. G. Schmidt, LiNbO3 surfaces from a microscopic perspective, J.
Phys. Condens. Matter 29, 413001 (2017).


https://doi.org/https://doi.org/10.1016/j.cpc.2018.01.012
https://doi.org/https://doi.org/10.1016/j.cpc.2018.01.012
https://doi.org/https://doi.org/10.1016/j.dib.2014.12.005
https://doi.org/https://doi.org/10.1016/j.dib.2014.12.005
https://doi.org/https://doi.org/10.1021/nl401561r
https://doi.org/10.1103/PhysRevB.89.235410
https://doi.org/10.1103/PhysRevB.101.155431
https://doi.org/10.1103/PhysRevB.109.L161402
https://doi.org/https://doi.org/10.1002/adma.201705190
https://doi.org/10.1063/1.3176439
https://doi.org/10.1103/PhysRevB.88.094305
https://doi.org/10.1021/acs.nanolett.6b05345
https://link.aps.org/doi/10.1103/PhysRevB.81.214116
https://dx.doi.org/10.1088/1361-648X/aa818d
https://dx.doi.org/10.1088/1361-648X/aa818d

Bibliography

[164]

[165]

[166]

[167]

168

169

[170]

[171]

[172]

[173]

[174]

[175]

176

[177]

S. Sanna, S. Neufeld, M. Riising, G. Berth, A. Zrenner, and W. G. Schmidt,
Raman scattering efficiency in LiTaO3z and LiNbOj crystals, Phys. Rev. B 91,
224302 (2015).

R. E. Newnham, Properties of Materials (Oxford University Press, 2004).

W. L. Bond, The mathematics of the physical properties of crystals, Bell Syst.
Tech. J. 22, 1-72 (1943).

D. R. Hamann, Optimized norm-conserving Vanderbilt pseudopotentials, Phys.
Rev. B 88, 85117 (2013).

H. H. Nahm and C. H. Park, First-principles study of microscopic properties of the
Nb antisite in LiNbO3: Comparison to phenomenological polaron theory, Phys.
Rev. B 78, 184108 (2008).

A. Sanson, A. Zaltron, N. Argiolas, C. Sada, M. Bazzan, W. G. Schmidt, and

2+4/3+

S. Sanna, Polaronic deformation at the Fe impurity site in Fe:LiNbOg crys-

tals, Phys. Rev. B 91, 94109 (2015).

P. F. Weck and E. Kim, Assessing Hubbard-corrected AM05+U and PBEsol+U
density functionals for strongly correlated oxides CeO2 and Ce20O3, Phys. Chem.
Chem. Phys. 18, 26816-26826 (2016).

R. Schaufele and M. Weber, Raman scattering by lithium niobate, Phys. Rev. 152,
705 (1966).

J. P. Perdew, J. A. Chevary, S. H. Vosko, K. A. Jackson, M. R. Pederson, D. J.
Singh, and C. Fiolhais, Erratum: Atoms, molecules, solids, and surfaces: Appli-
cations of the generalized gradient approximation for exchange and correlation,

Phys. Rev. B 48, 4978-4978 (1993).

M. Riising, S. Sanna, S. Neufeld, G. Berth, W. G. Schmidt, A. Zrenner, H. Yu,
Y. Wang, and H. Zhang, Vibrational properties of LiNb;_,Ta,O3 mixed crystals,
Phys. Rev. B 93, 184305 (2016).

W. G. Schmidt, F. Bechstedt, and G. P. Srivastava, I1I-V(110) surface dynamics
from an ab initio frozen-phonon approach, Phys. Rev. B 52, 2001-2007 (1995).

P. Hermet, M. Veithen, and P. Ghosez, First-principles calculations of the non-
linear optical susceptibilities and Raman scattering spectra of lithium niobate, J.
Phys. Condens. Matter 19, 456202 (2007).

D. Doratotaj, J. R. Simpson, and J.-A. Yan, Probing the uniaxial strains in MoSs
using polarized Raman spectroscopy: A first-principles study, Phys. Rev. B 93,
075401 (2016).

M. Huang, H. Yan, C. Chen, D. Song, T. F. Heinz, and J. Hone, Phonon soft-
ening and crystallographic orientation of strained graphene studied by Raman
spectroscopy, Proc. Natl. Acad. Sci. U.S.A. 106, 7304-7308 (2009).

127


https://doi.org/10.1103/PhysRevB.91.224302
https://doi.org/10.1103/PhysRevB.91.224302
https://doi.org/https://doi.org/10.1002/j.1538-7305.1943.tb01304.x
https://doi.org/https://doi.org/10.1002/j.1538-7305.1943.tb01304.x
https://link.aps.org/doi/10.1103/PhysRevB.88.085117
https://link.aps.org/doi/10.1103/PhysRevB.88.085117
https://link.aps.org/doi/10.1103/PhysRevB.78.184108
https://link.aps.org/doi/10.1103/PhysRevB.78.184108
https://link.aps.org/doi/10.1103/PhysRevB.91.094109
http://dx.doi.org/10.1039/C6CP05479J
http://dx.doi.org/10.1039/C6CP05479J
https://doi.org/10.1103/PhysRev.152.705
https://doi.org/10.1103/PhysRev.152.705
https://doi.org/10.1103/PhysRevB.48.4978.2
https://link.aps.org/doi/10.1103/PhysRevB.93.184305
https://doi.org/10.1103/PhysRevB.52.2001
https://doi.org/10.1088/0953-8984/19/45/456202
https://doi.org/10.1088/0953-8984/19/45/456202
https://doi.org/10.1103/PhysRevB.93.075401
https://doi.org/10.1103/PhysRevB.93.075401
https://doi.org/10.1073/pnas.0811754106

Bibliography

178

[179]

[180]

[181]

[182]

[183]

[184]

[185]

[186]

[187]

[188]

[189)]

[190]

[191]

128

S. Pak, J. Lee, Y.-W. Lee, A.-R. Jang, S. Ahn, K. Y. Ma, Y. Cho, J. Hong, S. Lee,
H. Y. Jeong, et al., Strain-mediated interlayer coupling effects on the excitonic
behaviors in an epitaxially grown MoSy /WSy van der Waals heterobilayer, Nano
Lett. 17, 5634-5640 (2017).

B. G. Oliveira, A. Zabardasti, H. Goudarziafshar, and M. Salehnassaj, The elec-
tronic mechanism ruling the dihydrogen bonds and halogen bonds in weakly bound
systems of H3SiH— — —HOX and H3SiH— — —XOH (X = F, Cl, and Br), J. Mol.
Model. 21, 77 (2015).

B. Mytsyk, N. Demyanyshyn, A. Andrushchak, and O. Buryy, Photoelastic prop-
erties of trigonal crystals, Crystals 11 (2021).

I. L. Lyubchanskii, N. N. Dadoenkova, M. I. Lyubchanskii, T. Rasing, J.-W. Jeong,
and S.-C. Shin, Second-harmonic generation from realistic film—substrate inter-
faces: The effects of strain, Appl. Phys. Lett. 76, 1848-1850 (2000).

J.-W. Jeong, S.-C. Shin, I. L. Lyubchanskii, and V. N. Varyukhin, Strain-induced
three-photon effects, Phys. Rev. B 62, 1345513463 (2000).

A. Riefer, S. Sanna, A. Schindlmayr, and W. G. Schmidt, Optical response of
stoichiometric and congruent lithium niobate from first-principles calculations,
Phys. Rev. B 87, 195208 (2013).

J. L. P. Hughes and J. E. Sipe, Calculation of second-order optical response in
semiconductors, Phys. Rev. B 53, 10751-10763 (1996).

D. E. Aspnes, Energy-band theory of the second-order nonlinear optical suscepti-
bility of crystals of zinc-blende symmetry, Phys. Rev. B 6, 4648-4659 (1972).

B. G. Mytsyk, A. S. Andrushchak, N. M. Demyanyshyn, Y. P. Kost’, A. V. Kityk,
P. Mandracci, and W. Schranz, Piezo-optic coefficients of MgO LiNbOg crystals,
Appl. Opt. 48, 1904-1911 (2009).

B. G. Mytsyk, Y. A. V. Pryris, and A. S. Andrushchak, The lithium niobate
piezooptical features, Cryst. Res. Technol. 26, 931-940 (1991).

B. H. Mytsyk, N. M. Demyanyshyn, and Y. P. Kost’, Signs of elastooptic coeffi-
cients in low-symmetry materials, Mater. Sci. 50, 762-770 (2015).

R. W. Dixon, Photoelastic properties of selected materials and their relevance for
applications to acoustic light modulators and scanners, J. Appl. Phys. 38, 5149—
5153 (1967).

R. W. Dixon and M. G. Cohen, A new technique for measuring magnitudes of
photoelastic tensors and its application to lithium niobate, Appl. Phys. Lett. 8,
205-207 (1966).

Z. H. Amber, B. Kirbus, L. M. Eng, and M. Riising, Quantifying the coherent in-
teraction length of second-harmonic microscopy in lithium niobate confined nanos-
tructures, J. Appl. Phys. 130, 133102 (2021).


https://doi.org/10.1021/acs.nanolett.7b02513
https://doi.org/10.1021/acs.nanolett.7b02513
https://doi.org/10.1007/s00894-015-2616-2
https://doi.org/10.1007/s00894-015-2616-2
https://www.mdpi.com/2073-4352/11/9/1095
https://doi.org/10.1063/1.126188
https://doi.org/10.1103/PhysRevB.62.13455
https://link.aps.org/doi/10.1103/PhysRevB.87.195208
https://doi.org/10.1103/PhysRevB.53.10751
https://doi.org/10.1103/PhysRevB.6.4648
https://opg.optica.org/ao/abstract.cfm?URI=ao-48-10-1904
https://doi.org/10.1002/crat.2170260723
https://doi.org/10.1007/s11003-015-9783-2
https://doi.org/10.1063/1.1709293
https://doi.org/10.1063/1.1709293
https://doi.org/10.1063/1.1754556
https://doi.org/10.1063/1.1754556
https://doi.org/10.1063/5.0058996

Bibliography

[192]

193]

[194]

[195]

[196]

[197]

198

[199]

[200]

[201]

[202]

203]

[204]

L. Mennel, M. Paur, and T. Mueller, Second harmonic generation in strained
transition metal dichalcogenide monolayers: MoSs, MoSes, WS, and WSes, APL
Photonics 4, 034404 (2019).

L. Mennel, M. M. Furchi, S. Wachter, M. Paur, D. K. Polyushkin, and T. Mueller,
Optical imaging of strain in two-dimensional crystals, Nat. Commun. 9, 516 (2018).

D. Roberts, Simplified characterization of uniaxial and biaxial nonlinear optical
crystals: a plea for standardization of nomenclature and conventions, IEEE J.
Quantum Electron. 28, 2057-2074 (1992).

1. Shoji, T. Kondo, A. Kitamoto, M. Shirane, and R. Ito, Absolute scale of second-
order nonlinear-optical coefficients, J. Opt. Soc. Am. B 14, 2268-2294 (1997).

Z. Hao, L. Zhang, W. Mao, A. Gao, X. Gao, F. Gao, F. Bo, G. Zhang, and
J. Xu, Second-harmonic generation using ds3 in periodically poled lithium niobate
microdisk resonators, Photon. Res. 8, 311-317 (2020).

R. Kremer, A. Boudrioua, P. Moretti, and J. Loulergue, Measurements of the non-
linear ds3 coefficients of light-ion implanted lithium niobate by second harmonic
generation in total reflection geometry, Opt. Commun. 219, 389-393 (2003).

K. J. Spychala, P. Mackwitz, M. Riising, A. Widhalm, G. Berth, C. Silberhorn,
and A. Zrenner, Nonlinear focal mapping of ferroelectric domain walls in LiNbOg:
Analysis of the SHG microscopy contrast mechanism, J. Appl. Phys. 128, 234102
(2020).

M. D. Levenson, C. Flytzanis, and N. Bloembergen, Interference of resonant and
nonresonant three-wave mixing in diamond, Phys. Rev. B 6, 3962-3965 (1972).

M. D. Levenson and N. Bloembergen, Dispersion of the nonlinear optical suscep-
tibility tensor in centrosymmetric media, Phys. Rev. B 10, 44474463 (1974).

C. H. Camp Jr, Y. J. Lee, and M. T. Cicerone, Quantitative, comparable coherent
anti-Stokes Raman scattering (CARS) spectroscopy: correcting errors in phase
retrieval, J. Raman Spectrosc. 47, 408-415 (2016).

F. Schmidt, A. L. Kozub, T. Biktagirov, C. Eigner, C. Silberhorn, A. Schindlmayr,
W. G. Schmidt, and U. Gerstmann, Free and defect-bound (bi)polarons in LiNbOj5:
Atomic structure and spectroscopic signatures from ab initio calculations, Phys.
Rev. Res. 2, 043002 (2020).

C. G. Van de Walle and J. Neugebauer, First-principles calculations for defects
and impurities: Applications to iii-nitrides, J. Appl. Phys. 95, 3851-3879 (2004).

S. Lany and A. Zunger, Assessment of correction methods for the band-gap prob-
lem and for finite-size effects in supercell defect calculations: Case studies for zno
and gaas, Phys. Rev. B 78, 235104 (2008).

129


https://doi.org/https://doi.org/10.1063/1.5051965
https://doi.org/https://doi.org/10.1063/1.5051965
https://doi.org/10.1038/s41467-018-02830-y
https://doi.org/10.1109/3.159516
https://doi.org/10.1109/3.159516
https://doi.org/10.1364/JOSAB.14.002268
https://doi.org/10.1364/PRJ.382535
https://doi.org/https://doi.org/10.1016/S0030-4018(03)01295-1
https://doi.org/10.1063/5.0025284
https://doi.org/10.1063/5.0025284
https://doi.org/10.1103/PhysRevB.6.3962
https://doi.org/10.1103/PhysRevB.10.4447
https://doi.org/https://doi.org/10.1002/jrs.4824
https://doi.org/10.1103/PhysRevResearch.2.043002
https://doi.org/10.1103/PhysRevResearch.2.043002
https://doi.org/https://doi.org/10.1063/1.1682673
https://doi.org/10.1103/PhysRevB.78.235104

Bibliography

205

206]

207]

[208]

209]

[210]

130

O. Buryy, N. M. Demyanyshyn, B. G. Mytsyk, A. S. Andrushchak, and D. Sugak,
Acousto-optic interaction in LGS and CTGS crystals, Opt. Continuum 1, 1314—
1323 (2022).

B. Mytsyk, A. Erba, J. Maul, N. Demyanyshyn, P. Shchepanskyi, and O. Syrotyn-
sky, Photoelasticity of CNGS crystals, Appl. Opt. 62, 7952-7959 (2023).

F. Hempel, M. Riising, F. Vernuccio, K. J. Spychala, R. Buschbeck, G. Cerullo,
D. Polli, and L. M. Eng, Phonon dephasing times determined with time-delayed
broadband coherent anti-stokes raman scattering, Phys. Rev. B 112, 224106
(2025).

N. Leisgang, S. Shree, 1. Paradisanos, L. Sponfeldner, C. Robert, D. Lagarde,
A. Balocchi, K. Watanabe, T. Taniguchi, X. Marie, et al., Giant stark splitting of
an exciton in bilayer MoSs, Nat. Nanotechnol. 15, 901-907 (2020).

X. Liu, N. Leisgang, P. E. Dolgirev, A. A. Zibrov, J. Sung, J. Wang, T. Taniguchi,
K. Watanabe, V. Walther, H. Park, et al., Optical signatures of interlayer electron
coherence in a bilayer semiconductor, Nat. Phys. , 1-7 (2025).

Y. Mao, J. Zhou, M. Griining, and C. Attaccalite, Shift current in two-dimensional
janus transition-metal dichalcogenides: The role of excitons, Phys. Rev. Mater. 9,
124002 (2025)


https://opg.optica.org/optcon/abstract.cfm?URI=optcon-1-6-1314
https://opg.optica.org/optcon/abstract.cfm?URI=optcon-1-6-1314
https://opg.optica.org/ao/abstract.cfm?URI=ao-62-30-7952
https://doi.org/10.1103/1ctr-csjy
https://doi.org/10.1103/1ctr-csjy
https://doi.org/https://doi.org/10.1038/s41565-020-0750-1
https://doi.org/https://doi.org/10.1038/s41567-025-02971-0
https://doi.org/10.1103/qth8-6spb
https://doi.org/10.1103/qth8-6spb

Publication list

[P1]

[P2]

[P3]

[P6]

[P9]

[P10]

E. Singh, M. N. Pionteck, S. Reitzig, M. Lange, M. Riising, L. M. Eng, and
S. Sanna, Vibrational properties of LiNbOs and LiTaOgs under uniaxial stress,
Phys. Rev. Mater. 7, 24420 (2023).

M. N. Pionteck and S. Sanna, Photoelastic properties of stoichiometric lithium
niobate from first-principles calculations, Phys. Status Solidi (a) , 2300970 (2024).

M. N. Pionteck, M. Roeper, B. Koppitz, S. D. Seddon, M. Riising, L. Padberg,
C. Eigner, C. Silberhorn, S. Sanna, and L. M. Eng, Second-order nonlinear piezo-
optic properties of single crystal lithium niobate thin films, Phys. Rev. B 111,
064109 (2025).

L. M. Verhoff, M. N. Pionteck, M. Riising, H. Fritze, L. M. Eng, and S. Sanna,
Two-dimensional electronic conductivity in insulating ferroelectrics: Peculiar
properties of domain walls, Phys. Rev. Res. 6, L042015 (2024).

M. N. Pionteck, M. Griining, S. Sanna, and C. Attaccalite, A real-time approach
to frequency-mixing spectroscopies: Application to sum and difference frequency
generation in two-dimensional crystals, SciPost Physics 19, 129 (2025).

F. Paleari, A. Molina-Sanchez, M. Nalabothula, R. Reho, M. Bonacci, J. Castelo,
J. Cervantes-Villanueva, M. Pionteck, M. Silvetti, C. Attaccalite, and H. Pereira
Coutada Miranda, YamboPy: a pre/post-processor tool for Yambo and Quantu-
mEspresso written in Python., Zenodo (2025).

C. Kofahl, J. Uhlendorf, B. A. Muscutt, M. N. Pionteck, S. Sanna, H. Fritze,
S. Ganschow, and H. Schmidt, Oxygen diffusion in Li(Nb, Ta)Og single crystals,
Phys. Status Solidi (a) 222, 2300959 (2025).

A. Cammarata, M. Pruneda, R. Poloni, J. Carrete, P. Garcia-Fernandez, M. Griin-
ing, X. He, M. Pionteck, N. Protik, M. Todorovic, A. Togo, X. Wang, and
7. Zanolli, Software interoperability in atomistic simulations of materials, sub-
mitted to Comput. Mater. Sci. (2025).

M. N. Pionteck and S. Sanna, LiNbO3(0001) surfaces: Raman spectra from first
principles, in preparation.

R. Buschbeck, M. N. Pionteck, N. Fugal, M. Riising, S. Kehr, S. Sanna, and L. M.
Eng, Understanding and utilizing the B-CARS contrast mechanism of lithium

niobate domain walls, in preparation.

131


https://link.aps.org/doi/10.1103/PhysRevMaterials.7.024420
https://doi.org/10.1002/pssa.202300970
https://doi.org/10.1103/PhysRevB.111.064109
https://doi.org/10.1103/PhysRevB.111.064109
https://doi.org/10.1103/PhysRevResearch.6.L042015
https://doi.org/10.21468/SciPostPhys.19.5.129
https://hal.science/hal-04991952
https://doi.org/https://doi.org/10.1002/pssa.202300959

Publication list

[P11]

[P12]

[P13]

[P14]

[P15]

132

K. Holtgrewe, F. Ziese, J. Bilk, M. N. Pionteck, K. Eberheim, F. Bernhardt,
C. Dues, and S. Sanna, Tuning the conductivity of metallic nanowires by hydro-
gen adsorption, in High Performance Computing in Science and Engineering 20,
edited by W. E. Nagel, D. H. Kroner, and M. M. Resch (Springer International
Publishing, Cham, 2021) pp. 133-146.

M. N. Pionteck, F. Bernhardt, J. Bilk, C. Dues, K. Eberheim, C. Fink, K. Holt-
grewe, N. Jockel, B. Muscutt, F. A. Pfeiffer, F. Ziese, and S. Sanna, Dynamical
properties of the Si(553)-Au nanowire system, in High Performance Computing
in Science and Engineering 21, edited by W. E. Nagel, D. H. Kroner, and M. M.
Resch (Springer International Publishing, Cham, 2023) pp. 97-111.

M. N. Pionteck, F. Bernhardt, C. Dues, K. Eberheim, C. Fink, K. Holtgrewe,
F. A. Pfeiffer, N. A. Schéfer, L. M. Verhoff, F. Ziese, and S. Sanna, Hyperpolariz-
abilities of LiNbQOs3, LiTaO3 and KNbOs calculated from first principles, in High
Performance Computing in Science and Engineering '22, edited by W. E. Nagel,
D. H. Kroner, and M. M. Resch (Springer Nature Switzerland, Cham, 2024) pp.
129-143.

M. N. Pionteck, F. Bernhardt, K. Eberheim, C. Fink, F. A. Pfeiffer, N. A. Schéfer,
L. M. Verhoff, F. Ziese, and S. Sanna, First principles investigation of the LiNbOg
and LiTaOgs lattice dynamics under uniaxial stress, in High Performance Com-
puting in Science and Engineering ’23, edited by W. E. Nagel, D. H. Kroner, and
M. M. Resch (Springer Nature Switzerland, Cham, 2024) accepted.

M. N. Pionteck, F. Bernhardt, K. Eberheim, C. Fink, F. A. Pfeiffer, N. A. Schéfer,
L. M. Verhoff, F. Ziese, and S. Sanna, Effect of Mg doping on the LiNbOj fer-
roelectric phase transition, in High Performance Computing in Science and En-
gineering 24, edited by W. E. Nagel, D. H. Kroner, and M. M. Resch (Springer
Nature Switzerland, Cham, 2025) accepted


https://doi.org/https://doi.org/10.1007/978-3-030-80602-6_9
https://doi.org/https://doi.org/10.1007/978-3-031-17937-2_6
https://doi.org/https://doi.org/10.1007/978-3-031-17937-2_6
https://doi.org/https://doi.org/10.1007/978-3-031-46870-4_10
https://doi.org/https://doi.org/10.1007/978-3-031-46870-4_10

	1 Introduction
	2 Electronic ground-state theory
	2.1 The many-body problem
	2.2 Density functional theory
	2.2.1 Hohenberg-Kohn theorems
	2.2.2 Kohn-Sham formalism
	2.2.3 Exchange-correlation functionals
	2.2.4 Strongly correlated systems

	2.3 Basis set
	2.4 Pseudopotentials
	2.5 Hellman-Feynman theorem
	2.6 Frozen-phonon method

	3 Electronic excitated-state theory
	3.1 Nonlinear optics
	3.2 Band-structure theory
	3.3 Real-time approach
	3.3.1 Dynamical Berry phase
	3.3.2 Equation of motion
	3.3.3 Computational scheme
	3.3.4 Electron correlation
	3.3.5 Real-time Bethe-Salpeter equation


	4 Frequency-mixing spectroscopy in two-dimensional crystals
	4.1 Two-dimensional materials: h-BN & MoS2
	4.2 Theoretical background
	4.2.1 Nonlinear response from real-time simulations
	4.2.2 Sum frequency generation
	4.2.3 Field-induced second-harmonic generation

	4.3 Signal processing: two external monochromatic fields
	4.4 Computational details
	4.5 Results
	4.5.1 SFG and DFG in monolayer h-BN
	4.5.2 SFG and DFG in monolayer MoS2
	4.5.3 Field-induced second-harmonic generation in bilayer h-BN

	4.6 Conclusions

	5 Ferroelectric oxides under strain
	5.1 Ferroelectric oxides: LiNbO3 & LiTaO3
	5.2 Modeling uniaxial stress
	5.3 Elastic Properties
	5.3.1 Computational details
	5.3.2 Results

	5.4 Vibrational properties
	5.4.1 Theoretical background
	5.4.2 Computational details
	5.4.3 Results

	5.5 Optical properties
	5.5.1 Theoretical background
	5.5.2 Computational details
	5.5.3 Results: Piezo-optic coefficients
	5.5.4 Results: Second-order nonlinear piezo-optic coefficients

	5.6 Coherent anti-Stokes Raman spectroscopy
	5.6.1 Theoretical background
	5.6.2 Computational details
	5.6.3 Results

	5.7 Polaronic properties
	5.7.1 Theoretical background
	5.7.2 Computational details
	5.7.3 Results

	5.8 Conclusions

	6 Summary & outlook
	Appendix
	A.1 Ferroelectric oxides under strain
	A.1.1 Elastic properties
	A.1.2 Vibrational properties
	A.1.3 Optical Properties
	A.1.4 Coherent anti-Stokes Spectroscopy


	Bibliography
	Publication list

